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THESIS SUMMARY 

 
The research contained within the PhD thesis investigates the role of biofilms in chronic 

rhinosinusitis (CRS). Following an exhaustive literature review of CRS aetiology, 

pathogenesis and microbiology, the key deficiencies in our understanding of this disease were 

highlighted; with particular attention paid to potential role biofilms might play in this disease. 

It was clear from the literature that the issue of the common biofilm-forming organisms in 

CRS was incompletely understood and that if this was clarified, it could then be used as a 

basis for more species-specific investigation of biofilms in CRS. Adopting a species-specific 

approach may facilitate the development of targeted, novel anti-biofilm strategies that could 

be employed to improve the outcomes of our most recalcitrant patients. 

 

This research investigation commenced with a study to directly correlate a newly developed 

Fluorescence in situ Hybridisation (FISH) protocol with the current gold standard- BacLight 

staining imaged on the confocal scanning laser microscope (CSLM). Not only did this project 

validate FISH as a tool for biofilm identification in CRS but also it also clearly elucidated the 

research scenarios in which each of these complementary techniques could be used. This will 

assist to guide future research. A larger cohort study then identified S. aureus as the most 

common biofilm-forming organism in an often polymicrobial mix that may contain fungal 

biofilms. The clinical relevance and immunological consequences of biofilm characterisation 

were then explored.  

 

A retrospective clinical investigation found that patients with unimicrobial H. influenzae 

biofilms had mild disease that was highly responsive to current treatment strategies. In 

contrast, patients with S. aureus biofilms whether alone or in association with other species 

had severe disease and poor evolution after surgery. These results suggest that in CRS, not all 

biofilms are the same. Investigating the immunological consequences of biofilm 
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characterisation in CRS also separated out the two common biofilm-forming organisms H. 

influenzae and S. aureus. H. influenzae biofilms were not associated with a particular skewing 

of the T-helper adaptive immune response or a release of superantigens. However S. aureus 

biofilm interact with the immune system both directly, with a skewing of the T cell response 

towards the T-helper2 cascade and a subsequent eosinophilic inflammation, and indirectly via 

dispersing planktonic clones that may release superantigens into the sinuses. Importantly this 

study was also able to differentiate the effect of superantigens and S. aureus biofilms by 

discovering that superantigens act via IgE induction whereas S. aureus biofilms skew the T-

helper response towards the T-helper2 pathway with elevated IL-5, ECP and TGF-β1 being 

characteristic of their presence. This novel discovery highlights a potential independent role 

for S. aureus biofilms in CRS pathogenesis, providing a link between biofilms and disease for 

the first time. 

 

Finally, with an eye to the future, we developed a novel, non-invasive diagnostic test for S. 

aureus biofilms. We were able to achieve this via detection of the exopolysaccharide matrix 

component poly-N-acetylglucosamine (PNAG). PNAG is essential for biofilm formation by 

S. aureus and its detection allows us to differentiate between purely planktonic cultures of this 

organism and the more quiescent biofilm form, which may escape detection by routine 

microbiological testing, but has been demonstrated already to be associated with severe, 

surgically recalcitrant disease. The development of this test requires further testing but will 

ultimately be able to diagnose S. aureus biofilms without the need for mucosal biopsies, 

allowing pre- and post-operative biofilm detection to guide directed and aggressive anti-

biofilm treatment strategies. 
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CHAPTER ONE 

 

SYSTEMATIC REVIEW OF THE LITERATURE 
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1.1 CHRONIC RHINOSINUSITIS AS A DISEASE 
 

1.1.1 CHRONIC RHINOSINUSITIS, DEFINITION  

Rhinosinusitis is defined as a group of disorders characterized by inflammation of the mucosa 

of the nose and paranasal sinuses1. The older term sinusitis has largely been replaced because 

of the more recent appreciation of the nose and sinuses acting as a single pathological entity. 

Hence Rhinosinusitis is a more correct term. According the ICD-9, Rhinosinusitis is divided 

into acute and chronic2, and currently is further subdivided temporally, based on duration of 

symptoms: 

1. Acute Rhinosinusitis- <4 weeks duration 

2. Subacute Rhinosinusitis- 4-12 weeks 

3. Chronic Rhinosinusitis- >12 weeks 

 This differentiation is arbitrary and the point of much debate. Are these diseases a continuum 

of the same disease or are they pathologically distinct?  

 

Aetiologically, acute bacterial Rhinosinusitis (ABRS) is clearly a bacterially mediated 

infectious disease with Streptococcus pneumoniae, Haemophilus influenzae and Moraxella 

catarrhalis the common inciting organisms3. The pathologic hallmarks of acute inflammation, 

such as fluid exudation and neutrophil emigration, are consistently found in ABRS4 and 

clinically, it also shares the features typical of acute planktonic bacterial infection with high 

culture rates and acceptable antibiotic sensitivity that renders patients completely symptom 

free between infrequent exacerbations.  

 

Conversely, CRS is characterized histologically by the presence of lymphocytes, 

macrophages and occasionally eosinophils, along with blood vessel proliferation, fibrosis and 

tissue necrosis4. As discussed below, a direct causal relationship between microorganisms and 

inflammation in the nose and sinuses is difficult to establish as a single, unifying cause for 
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this disease. So it is thought that CRS is unlikely to be the chronic result of ABRS and is 

more likely to represent a distinct pathological entity5. CRS is best described as a symptom 

complex without regard to the underlying pathogenic stimulus6. The features necessary for a 

diagnosis of CRS have been debated numerous times, but ultimately formalized by the 

Chronic Rhinosinusitis Task Force of the Sinus and Allergy Health Partnership7,8. This Task 

Force built on the work previously published in 1997 by the multidisciplinary Rhinosinusitis 

Task Force9 and the purely subjective criteria for CRS diagnosis were expanded to include 

confirmatory objective evidence of sinonasal inflammation. Thus the diagnosis of CRS 

currently requires the following: 

1. Duration of disease greater than 12 continuous weeks 

2. Clinical symptoms consistent with CRS 

i. Major symptoms- facial pain/pressure, nasal obstruction, nasal 

discharge/purulence, discoloured postnasal drainage, hyposmia/anosmia 

ii. Minor symptoms- headache, halitosis, fatigue, cough, dental pain, ear 

pain/pressure/fullness, fever 

3. Objective evidence of inflammatory disease 

i. Endoscopy- nasal polyps, polypoid swelling, oedema or erythema of the 

middle meatus or ethmoid bulla, generalized or localised 

erythema/oedema/granulation tissue 

ii. Imaging- CT scan, Water’s view plain sinus X-Ray 

 

From a clinical and research viewpoint, CRS needs to be differentiated from recurrent ABRS. 

Recurrent ABRS implies the complete absence of symptoms or signs of inflammation 

between acute episodes, whereas CRS has symptoms lasting longer than a continuous 12-

week period and this may include a variable relapsing and remitting course with frequent 

acute exacerbations. Importantly in CRS, the signs and symptoms of inflammatory disease 

never completely resolve between these exacerbations.  
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1.1.2 CHRONIC RHINOSINUSITIS, EPIDEMIOLOGY 

Given the difficulties already described with accurately diagnosing CRS, it is not surprising 

that epidemiological data analyzing the prevalence of this condition varies greatly in its 

outcomes1. In studies from the United States, the prevalence of CRS in all its forms has been 

reported between 15.5%10 and 16%11, making it the second most common chronic disease. 

Furthermore it is actually the most common self-reported chronic health condition7, although 

this data may suffer from the bias of a self-reported study, given the difficulty even the 

medical profession has in classifying this disease because in contrast to these high rates of 

diagnosis, prevalence of doctor-diagnosed CRS based on a review of ICD-9 coding was only 

2%12. In truth, the actual prevalence probably lies somewhere between the figures. The 

epidemiology of nasal polyposis is largely derived from European studies, which have 

reported a prevalence of 2.1-4.3%13-15. A single study from Korea found the prevalence to be 

higher in that population at 6.5%16. 

 

Epidemiological data from Australia, and indeed South Australia, is consistent with the 

reporting of this condition globally. In 2004-5 the Australian Bureau of Statistics National 

Health Survey found that over 1.8 million (9.2%) Australians suffer from the symptoms of 

chronic sinusitis17 and in 2009, the Health Omnibus Survey of over 3000 participants found a 

13.2% prevalence of CRS within the South Australian population18. In addition, the rate of 

nasal polyposis diagnosis was 3.8% and the combined prevalence (sinusitis +/- polyposis) was 

14.8%.  

 

In addition to being a common chronic disease, CRS also has significant quality of life and 

socioeconomic implications. CRS sufferers report a significantly lower quality of life index in 

measures of bodily pain and social functioning than do patients with higher profile conditions 

such as congestive cardiac failure, angina, chronic obstructive pulmonary disease and back 

pain19.  
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The socioeconomic impact of this disease is far reaching20. In a recent US health care survey 

12.5 million office based doctor visits per year resulted in a diagnosis of CRS, with hospital 

clinic visits reaching more than 1.1 million21. Patients with CRS were twice as likely to visit 

their primary health care provider and filled 5 times as many prescriptions as patients without 

this disease. In the US alone direct health care expenditure on the treatment of CRS exceeds 6 

billion dollars per annum, with restricted or absent work days, estimated at more than 77 

million per year, making the true financial burden of CRS on society significantly greater10.  

 

1.1.3 CHRONIC RHINOSINUSITIS, CLINICOPATHOLOGICAL SUBDIVISION 

The traditional view of even CRS on its own as a single disease entity is now being 

challenged by recent research. CRS is probably best considered as an umbrella term covering 

a number of distinct disease entities, in which the ultimate end-point is inflammation of the 

sinonasal mucosa. Clinically, the most common division of CRS is based on the presence 

(CRSwNP) or absence (CRSsNP) of nasal polyposis. Nasal polyps are non-neoplastic 

inflammatory swellings of the sinonasal mucosa. Histologically, the surface epithelium 

overlying a polyp is composed of intact respiratory epithelium but may demonstrate 

squamous metaplasia in parts22. The basement membrane is thickened and deep to this, the 

stroma is markedly oedematous with a mixed inflammatory infiltrate in the absence of normal 

mucoserous glands. Clinically the symptom patterns of CRS with and without nasal polyps 

differ and their response to medical and surgical therapy may also be different. CRSsNP 

typically presents with pain along with anterior and posterior nasal discharge, whereas 

CRSwNP commonly leads to primary complaints of nasal obstruction and anosmia. The 

evidence for altered treatment response between these groups is conflicting. Despite a surgical 

success rate reported as 54.3%, compared with 93.7% for the CRSsNP group, presence of 

nasal polyposis was not a significant factor on multivariate analysis23. This has been 

confirmed in other studies24,25, but these studies have also concluded that CRSwNP patients 

are more likely to require revision surgery24. As discussed below, more objective delineation 
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of these two groups is increasingly possible based on cytokine, mediator and cellular patterns 

and this may enable true differentiation of different CRS subgroups. 

 

In addition to the clinical division, CRSwNP has been further subdivided histopathologically, 

by the identification of eosinophilic mucus (EM) in a proportion of patients. On histological 

analysis, EM consists of necrotic eosinophils, mixed inflammatory cells and Charcot-Leyden 

crystals26, suggesting an eosinophilic infiltration and activation has occurred in the sinuses. 

Even amongst EM-CRS, patients can be further subdivided based on the presence of fungi 

within the mucosa and systemic allergy to fungi, as demonstrated in Table 1.1. The relevance 

of this additional subgrouping has been brought into question by clinicopathological studies 

which suggests that EM-CRS as a whole may be a marker for a pathologically distinct form 

of CRS rather than individual subgroups, which appear to not be particularly different27.  
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Table 1.1: Subdivision of EM-CRS based on the presence of fungi in the mucosa and 

systemic fungal allergy.  
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So it is clear that the subdivision of CRS is currently inadequate. Whilst these two methods, 

in particular, have been proposed and largely accepted there is still much work to do in clearly 

defining these subgroups and the impact they have on the clinical course of the patient. 

Undoubtedly improving our understanding of the aetiopathogenesis of CRS is a requisite first 

step towards achieving this aim. 
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1.2 AETIOLOGY AND PATHOGENESIS OF CHRONIC RHINOSINUSITIS 
 

1.2.1 CHRONIC RHINOSINUSITIS, AETIOLOGY 

There is no doubt that over the last 30 years our understanding of the aetiopathogenesis of 

CRS has improved, however much work remains to be done. It is increasingly recognised that 

CRS represents a number of different disease entities but unfortunately this inability to clearly 

define the disease has impeded our search to understand the mechanisms underlying the 

characteristic sinonasal inflammation. Historically CRS has been considered to be an 

infectious disease, but this is rapidly being replaced by an understanding that it is 

predominantly an inflammatory disorder4. The failure of CRS to comply with Robert Koch’s 

famous postulates28 (discussed below) for microbial causality of disease has cast doubt over 

the role microorganisms might play in the initiation of this disease. However, as our 

knowledge of bacterial pathogenic mechanisms improves so too our appreciation of the 

inflammatory pathways bacteria exploit outside the confines of Koch’s work paradigm has 

also advanced. This paradigm shift has reignited the belief that bacteria may in fact be 

involved in establishing the sinonasal inflammation that characterizes CRS. The heterogeneity 

of disease phenotypes suggests to us that there is unlikely to ever be a single underlying cause 

ever found for this disease. Rather we need to further our understanding of the host and 

environment factors that interact in our patients to cause disease. These are discussed in the 

following sections.   

 

1.2.2 CHRONIC RHINOSINUSITIS, HOST FACTORS 

There are a number of disease states that associate with CRS and clearly play a role in its 

initiation in a subset of patients. Diseases such as cystic fibrosis, primary ciliary dyskinesia, 

Kartagener’s syndrome and a range of immunodeficiencies are examples of genetic diseases 

that, for various reasons, predispose patients to developing the signs and symptoms of CRS. 
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Furthermore, acquired diseases such as Samter’s triad with aspirin hypersensitivity and 

acquired immunodeficiencies may also be involved in the onset of CRS in a select few 

patients. Finally, local host factors such as anatomy, sinonasal neoplasia, antrochoanal polyps 

and retention cysts may all either contribute to CRS or mimic its symptomatology.  

 

For the large majority of CRS patients, though, these factors are not relevant and it is these 

‘idiopathic’ cases that stimulate much debate and on-going research in the field of Rhinology. 

The precise aetiology and pathogenic mechanisms that drive the inflammatory process in 

these patients remain unclear. Initially exposure to air pollutants and allergens was proposed29 

however subsequent research investigating both IgE-mediated and non-IgE-mediated allergic 

mechanisms in CRS have produced conflicting results. There is a higher prevalence of allergy 

in CRS when compared with control subjects and furthermore IgE is elevated in some CRS 

subgroups30. Indeed IgE hypersensitivity to fungal allergens is a diagnostic criterion for AFS, 

implying it should play a role in that disease phenotype31. But interestingly IgE negative 

patients can have an almost identical disease presentation as the classical AFS, suggesting 

Type 1 Hypersensitivity does not particularly play a role in the pathogenesis of CRS, or 

possibly AFS. Work from our department has also found that the presence of allergy in CRS 

patients does not significantly influence disease severity, extent of disease radiologically or 

the likelihood of requiring revision surgery32. So allergy as a pathogenic mechanism in CRS 

has largely been discredited.  

 

The respiratory epithelium of the sinonasal mucosa occupies a strategic location between the 

host’s interior and exterior environments. At this interface, the local immune system contacts 

a myriad of inhaled antigens, commensal microorganisms and potential pathogens. A critical 

function of this epithelial barrier is to differentiate between self and non-self as well as 

pathogenic and non-pathogenic microorganisms33. The ability of the host to exist in 

homeostasis with ordinary environmental organisms but also to recognize the arrival of a 



���������� ��������������������������������������������#�$%���&������$�������

� �)�

pathogenic threat is critical in determining the balance of health and disease. The innate and 

adaptive immune system need to prevent pro-inflammatory molecules from inciting disease 

but also are required to deliver an effective, eradicative immune response to inhaled 

pathogens. It is believed that aberrations in the host’s local immune function may result in 

loss of these homeostatic mechanisms, thereby contributing to the onset of CRS. An over-

exuberant and persistent immune response to either a pathogenic or non-pathogenic organism 

establishes a cycle of disease that manifests as CRS. 

 

The components of the innate immune system include membrane bound pattern recognition 

receptors, inflammatory mediators (cytokines) and anti-microbial peptides (lysozyme, 

lactoferrin, defensins)34,35. Pattern recognition receptors, including toll-like receptors (TLR) 

and NOD-like receptors, recognize the pathogen associated molecular patterns (PAMPs) of 

parasites, viruses, bacteria, yeasts and mycobacteria providing the first interaction between 

the invading microorganism and the host’s defense. The tight coordination of all components 

of the host’s defense ensures that many local immune responses only require activation of the 

innate system to effectively eradicate invading organisms.  

 

Conversely, the adaptive immune system is a highly developed, specific pathway for 

responding to known immunologic stimuli. Traditionally, the adaptive T-cell response has 

been subdivided into T-helper1 and T-helper2 pathways, but this is probably an over-

simplification, with other T cell subsets such as the T-helper17 cells involved in the adaptive 

response as well36. The T-helper1 response is orchestrated by interferon-γ (IFN-γ) and IL-12 

and is directed primarily against intracellular pathogens such as viruses. The T-helper2 

pathway, on the other hand, responds to parasites as well as playing a role in allergic 

inflammatory processes, such as asthma. The T-helper2 response is driven by IL-4, IL-5 and 

IL-1337. The pro-inflammatory effects of both of these responses are kept in check by the T-
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regulatory cells38. T-regulatory cells limit excessive immune responses, primarily acting via 

IL-10.  

 

Interestingly other chronic inflammatory diseases that occur at the mucosa-environment 

interface are immunologically divided by the T-helper cell response33. In this way, chronic 

obstructive pulmonary disease (COPD) displays T-helper1 characteristics whereas asthma is a 

classical T-helper2 polarised disease. Crohn’s disease is a T-helper1 inflammation but 

ulcerative colitis is characteristically T-helper2 driven. Finally psoriasis is thought to be T-

helper1 with atopic dermatitis its T-helper2 counterpart in the integument. The question then 

arises whether or not CRS could be divided in a similar way based on the T cell response?39 

Indeed there is now good evidence that CRSsNP is a ‘remodeling’ disease driven by T-

helper1 cells and their cytokines IFN-γ and TGF-β40. CRSwNP patients however appear to 

have a T-cell response that is skewed towards the T-helper2 pathway with elevated IL-4 and 

IL-541. In contrast to the neutrophilic CRSsNP, the presence of IL-5 in CRSwNP recruits and 

activates eosinophils42,43. Degranulation of activated eosinophils in the sinonasal mucosa is 

thought to be responsible for the polypoid mucosal degeneration that is the clinical hallmark 

of the NP subdivision of CRS22. 

 

Beyond a ‘first-line’ response, the innate immune system is closely associated with the 

adaptive immune response. The integration of these two responses has not been extensively 

studied however it appears that dendritic cells are important in initiating the acquired 

response, as well as directing the T cell pattern of that response44,45. Furthermore IL-6 is the 

key mediator of this innate to adaptive transition46. It dampens down the innate response and 

accentuates the adaptive response by freeing T-helper and T-effector cells from the 

suppressive effects of IL-10 secreted by T-regulatory cells.   
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1.2.3 CHRONIC RHINOSINUSITIS, HOST VS ENVIRONMENT? 

Is CRS a disease caused entirely by defects in the host? The relative importance of both host 

genetics and the environment has not yet been elucidated. Several observations on this topic 

though imply that disease presentation is most likely a combination of both factors and their 

specific interactions. For example, the prevalence of CRS is thought to be increasing33. 

However, this is at a rate that is too fast to be attributed to genetic mutation alone. Thus 

environmental factors, perhaps including microbial exposure in early life, must be playing a 

role in this disease. The increasing prevalence of CRS is also mimicked in the other 

‘interface’ diseases discussed above. Thus the parallel rises in prevalence might imply a 

commonality in disease initiation. Furthermore in asthma, another inflammatory disease of 

the respiratory tract, the concordance rate for disease expression in identical twins is only 

50%47. There is no similar data available in CRS, but extrapolation from asthma would again 

imply that environmental factors are important in determining disease in a genetically 

susceptible host.  

 

On the other side of this argument, much research in the last 30 years has focused on potential 

external triggers being central to disease initiation in CRS. While an argument can be made 

for each of them having involvement in a subset of CRS patients, it is clear that none can be 

considered as a single unifying cause for all forms of this disease1,4,6,7. So just as CRS cannot 

be attributed solely to host defects, environmental factors also cannot be held entirely 

responsible for this disease. As a result, we now believe that this ‘idiopathic’ group of patients 

is afflicted with disease because of a complex interaction between the host and environmental 

factors (Figure 1.1). In order to understand the aetiopathogenesis of CRS, we need to improve 

our knowledge of all aspects of this paradigm, so that we might better understand the onset of 

this disease and therefore be able to provide targeted treatment strategies to reduce the 

recalcitrance rate of CRS. 
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Figure 1.1: CRS aetiopathogenesis demonstrating the complex interaction between the host 

and the most commonly considered external triggers- fungi, staphylococcal superantigens and 

biofilms.  

 

1.2.4 CHRONIC RHINOSINUSITIS, THE ROLE OF BACTERIA 

As already stated, ABRS is clearly a classical bacterially mediated infectious disease, 

conforming to the paradigm of Koch’s postulates. Bacterial recovery is consistent and 

antimicrobial therapy is highly effective. The same cannot be said for CRS and this has led to 

a change in thinking regarding the aetiopathogenesis of this disease. The bacteriology of 

ABRS is often extrapolated when deciding how to treat CRS sufferers because of its 

presumed infectious nature.48 Time has told us that this strategy was ultimately unsuccessful 

and the same bacteria so commonly found in ABRS and so amenable to traditional antibiotic 

therapy are simply not prominent in CRS. In particular S. pneumoniae, H. influenzae and M. 

catarrhalis are frequent ABRS pathogens that are rarely cultured in the chronic form of sinus 

inflammation49. Thus determining the correct microbiology of CRS was proposed to be of 

primary importance because it could then guide appropriate antibiotic therapy50. The 

dynamics of bacterial changes through the course of sinusitis has been demonstrated in a 
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study of serial cultures from the maxillary sinus of patients with acute and chronic sinusitis51. 

Failure to respond to therapy sees the typical ABRS bacterial species replaced by resistant 

aerobes and anaerobes. As chronicity develops, anaerobic bacteria then completely replace 

any aerobic organisms still present in the sinuses. This may be due to selective pressure by 

prescribed antimicrobial agents or physiological changes in the sinuses, such as reduced 

oxygen tension and increased acidity, which favour anaerobic growth50.  

 

Thus the presumption remained that understanding the microbiology of CRS should be able to 

successfully guide treatment of these patients, with the provision of culture-directed 

antibiotics effectively hastening disease resolution. However, despite numerous publications, 

the bacteriology of CRS remains uncertain52 with a lack of consensus in the literature. 

Furthermore the relative failure of both medical and surgical therapy in CRS has brought into 

question the relevance of bacteria to CRS pathogenesis altogether53.  

 

A review of the literature confirms the ambiguity surrounding the common bacterial species 

in CRS and their relevance to the disease. Anywhere between 15-80% of CRS patients will 

have positive sinus cultures at the time of their evaluation49,50,52, with aerobic and anaerobic 

species featuring prominently throughout the literature54. The variability in frequency of 

culture results reflects deficiencies in identification techniques and our limited understanding 

of bacterial dynamics in this disease. In this way, the correlation between standard culture 

rates and molecular identification techniques is poor and although the standard culture 

techniques are relatively inexpensive and widely available, they may fail to identify many 

relevant species55. This ultimately leaves the question of which species are relevant in CRS 

unanswered. There are many bacteria not traditionally considered in the context of CRS 

pathogenesis that are now being identified in the sinuses of these patients using sensitive 

techniques. Indeed the search for relevant bacteria in CRS has even extrapolated evidence 

from the lower airway by searching for atypical bacterial species such as Mycoplasma 
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pneumoniae, Chlamydia pneumoniae and Legionella pneumophila56. This investigation was 

ultimately unfruitful and thus more traditional bacterial species form the bulk of the literature 

pertaining to this topic. The traditional culture technique of puncturing the maxillary sinus 

was preferred because it ensured sterility and prevented contamination from the nasal 

vestibule or nasal cavity. More recently, though, it has been demonstrated that a swab from 

the middle meatus has a bacterial culture concordance rate of 73-83%, implying this 

technique is a feasible alternative to the more invasive maxillary sinus puncture57,58. Aerobic 

species such as S. aureus, Coagulase negative Staphylococci (CNS) and Corynebacterium are 

the most commonly cultured organisms57. The common anaerobic species include Prevotella, 

Fusobacterium, Peptostreptococcus, Diaphorobacter and Proprionibacterium55. The 

importance of anaerobic species is controversial but has been suggested to be clinically 

significant. Finegold et al59 reported that the recurrence of the signs and symptoms of CRS 

was twice as frequent when anaerobic bacterial counts exceeded 103 Colony Forming 

Units/mL.  

 

Approximately ⅓ of patients will exhibit polymicrobial bacterial growth and this frequently 

involves a mix of aerobic and anaerobic organisms. This co-inhabitation is thought to be 

synergistic in causing disease and limits our ability to eradicate these organisms with narrow 

spectrum antibiotics49. The pattern of bacterial cultures not only changes with disease 

chronicity but is also influenced by medical and surgical interventions. Gram negative bacilli 

such as Pseudomonas aeruginosa, Klebsiella pneumoniae, Proteus mirabilis, Enterobacter 

species and Escherichia Coli are rarely found in normal patients but may be selected out 

following antimicrobial therapy50. Similarly following Endoscopic Sinus Surgery (ESS), the 

sinuses are no longer sterile but rather demonstrate greater culture rates and are contaminated 

with a different spectrum of bacterial species from un-operated patients60. S. aureus, 

Enterobacteriaceae and P. aeruginosa are all more common in the post-operative sinus. 

Interestingly, bacteria cultured from the post-operative patient demonstrate higher levels of 
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antibiotic resistance, again implying that our medical and surgical interventions may exert 

pressure on the bacterial strains and induce genotypic changes to enable them to adapt with 

the harsh conditions61. 

 

There are numerous reasons why the emphasis placed on bacteria in CRS has been gradually 

curtailed. Traditionally the paranasal sinuses were presumed to be sterile but it is now known 

that most healthy controls will grow anaerobic species in their sinuses and almost half will 

grow aerobic species as well62. Thus Koch’s first postulate is left unfulfilled. CNS are 

common commensal bacteria found on skin and mucous membranes throughout the body and 

whilst their pathogenic ability is recognised in other diseases, namely orthopaedic implant 

infections, they are usually considered to be commensal and non-pathogenic in the sinuses57. 

Occasionally they are considered a potential pathogen because they are the only organism 

isolated from the sinuses, but this is only based on standard microbiological culture and 

understanding and therefore does not take into account the biofilm hypothesis, which may 

limit the culturability of other species existing in their biofilm form52. CNS is statistically 

more frequent in control samples than CRS subjects, but even when CNS are excluded from 

analysis, the remaining bacterial culture rates are very similar between normal controls and 

CRS patients63. This casts extreme doubt over the role of bacteria in CRS, at least acting in 

the traditional ways we are so familiar with. The potential explanations for the concordance of 

culture rates include the fact that bacteria may be innocent bystanders, may represent normal 

flora of the sinuses, may act in other ways than the traditional planktonic infective 

mechanisms or the definition of the non-diseased sinus may be inadequate63. 

 

The literature has now all but reached a consensus that traditional bacterial infection is not 

intimately associated with CRS pathogenesis. This doesn’t rule out a potential role for 

bacteria, operating via more non-traditional methods of disease induction such as biofilm 

formation, exotoxin release and small colony variant (SCV) existence53. Indeed the increased 
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number of pathogens recovered during acute exacerbations of CRS supports the biofilm 

hypothesis as during biofilm dispersal planktonic clones are released, initiating the signs and 

symptoms of disease exacerbation as well as being more readily culturable. This is discussed 

further below. 

 

1.2.5 CHRONIC RHINOSINUSITIS, THE ROLE OF SUPERANTIGENS 

Classically, activation of the immune system commences after an antigen is recognised and 

phagocytosed by an antigen-presenting cell (APC), commonly the dendritic cell in the 

sinonasal tract44. The ingested antigen is then processed intracellularly and presented to the T 

cell attached to the major histocompatibility complex (MHC) type II cell surface receptor of 

the APC (Figure 1.2). Binding of the APC-bound antigen fragment and the peptide binding 

groove of the T cell receptor (TCR) is a highly specific interaction requiring matching of the 

antigen to all five components of the TCR (Variable-α, V-β, Jα, Jβ, Dβ). This antigen-host 

interaction stimulates a small number of highly specific T cells and B cells, producing a 

controlled and targeted eradicative immune response as well as building a base of memory T 

cells that will demonstrate enhanced efficacy if the host contacts the same antigen again in the 

future. Unprocessed superantigens however can also activate the host’s immune system 

independent of the specific binding interaction of the peptide-binding groove by cross-linking 

the MHC-II on the APC and the V-β chain of the TCR (Figure 2)64. In addition to processing 

of superantigen via the classical antigen presentation pathway  (with activation of 0.001% of 

T cells), the superantigenic effect results in the polyclonal activation of up to 30% of the 

entire T cell population65.  
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Figure 1.2: Superantigen interaction with the host. The antigen-presenting cell (APC) may 

present processed components of the superantigen (2) to a primed T cell. Alternatively the 

superantigen may crosslink the T-cell receptor and antigen-presenting cell outside the 

peptide-binding groove (1), resulting in its ‘superantigenic effect’ (see text). 

 

The pathologic consequences of this are massive cytokine release and expansion of the 

specific TCR-Vβ lymphocyte subsets culminating in activation of both epithelial cells and 

eosinophils. S. aureus, Streptococcus pyogenes and various viruses can produce 

superantigens. S. aureus produces 19 known superantigens, which fall into two categories: 

Staphylococcal Exotoxins (e.g. SEA, SEB, SEC1, SEC2, SED etc) and Toxic Shock 

Syndrome Toxins (e.g. TSST-1)64. These have been implicated in the pathogenesis of diseases 

such as toxic shock syndrome and atopic dermatitis66 and there is evidence mounting now that 

they play a specific role in the pathogenesis of CRS as well67.  

 

The potential role of superantigens in CRS is based on the following observations. Firstly, S. 

aureus was cultured more frequently in CRSwNP (>60%) than both CRSsNP (27%) and 

control subjects (33%)68. Secondly, superantigens have been directly detected in the sinonasal 
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mucosa of CRSwNP patients69 along with specific IgE directed against staphylococcal 

superantigens in the same subset of CRS patients68,70. This has been fairly consistent at 

around 50% of this subgroup. The importance of detecting IgE directed against the 

superantigens is that it implies not only that the superantigens are present in the mucosa but 

also that they are activating the host immune system42 and it confirms the activation of the 

classical antigen presentation pathway because B cell activation is required for IgE 

production71. Similarly, the flow cytometric analysis of T lymphocytes in CRSwNP patients 

has shown expansion of polyp lymphocytes expressing TCRs with specific Vβ domains 

known to be induced by staphylococcal superantigens, again confirming a superantigen-host 

interaction72,73.  

 

These circumstantial associations were further strengthened by in vitro examination of the 

effect of S. aureus enterotoxin B (SEB) on nasal polyp tissue74. Importantly this study also 

linked superantigens to a mechanism of disease, by demonstrating that SEB shifted the 

cytokine profile towards the T-helper2 cytokines (IL-2, IL-4 and IL-5) in addition to 

dampening down the secretion of T-regulatory cytokines IL-10 and TGF-β1, in the explanted 

nasal polyp tissue. Suppression of T-regulatory cell function is postulated to contribute to the 

persistent nature of the inflammation seen in CRS75, whereas stimulation of the T-helper2 

pathway increases the local IL-5, providing a chemoattractant stimulus for eosinophils. 

Eosinophilic inflammation is the pathologic hallmark of CRSwNP, further establishing this 

mechanism as one solely concerned with the pathogenesis of CRSwNP41. 

 

The key point of the superantigen research in CRS is that these findings are restricted to 

CRSwNP42,76. They cannot be the primary cause of CRS but in association with other host 

and environment factors, they modify the presentation of disease by potentiating the polypoid 

inflammatory growth of the sinonasal mucosa via a skewing of the T cell response towards 

the T-helper2 pathway, recruiting and activating eosinophils.  
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1.2.6 CHRONIC RHINOSINUSITIS, THE ROLE OF FUNGI 

Katzenstein first discovered fungus (specifically Aspergillus) in the sinuses of CRS patients in 

198377, after which he coined the term ‘allergic Aspergillus sinusitis’ because of its 

histopathological similarities to allergic bronchopulmonary aspergillosus (ABPA). Since that 

time it has emerged as a prominent, but controversial aetiologic agent in CRS78. Fungi have 

been implicated in both invasive and non-invasive forms of this disease and most experts in 

this field would agree that fungi play a role in at least some patients with CRS. The clearest 

association between fungi and sinus disease is in invasive fungal sinusitis in the 

immunocompromised host79. However within the immunocompetent patient, allergic fungal 

sinusitis (AFS) is the only entity in which a role for fungi is generally accepted. Bent and 

Kuhn outlined the diagnostic criteria for the non-invasive AFS in 199431: 

1. Gross production of eosinophilic mucus containing non-invasive fungal hyphae 

2. Nasal polyposis 

3. Characteristic radiographic findings (unilateral disease, bony erosion and 

heterogenous areas of signal intensity within affected sinuses) 

4. Immunocompetence 

5. Allergy to cultured fungi 

 

Whilst this constellation of symptoms does clearly exist, how far the boundary of this sub 

classification stretches is debatable. In particular the importance of fungal allergy remains 

controversial. Rates of fungal sensitization have been shown to be similar between CRS 

patients and controls80 and furthermore, some CRS patients have allergy to fungi different to 

those cultured from their sinuses or mucus81. Type I hypersensitivity to fungi may in fact be 

misleading in the diagnosis and understanding of fungal sinus disease. 

 

In the remainder of patients (the majority) the requirement for allergy within the diagnosis 
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criteria, the true prevalence of culturable fungi in the sinuses and any potential interaction 

with the host has all been endlessly debated without any clear definition of the role of fungi 

being definitively outlined78,82-85. A key point of debate in defining a role for fungi in CRS is 

quantifying the true incidence of fungi within the sinuses and whether this constitutes 

pathogenicity or not. The reported incidence of fungus as the primary aetiological agent in 

CRS range between 6 and 20% using standard fungal detection techniques26,31. However 

fungi are difficult to culture in the clinical setting using standard techniques. Indeed, fungal 

culture is often negative despite the presence of fungal elements on histopathological 

examination86,87. Other researchers have employed polymerase chain reaction (PCR) 

techniques to detect fungi in 40% -50% of CRS patients88,89. Unfortunately this method only 

detects the species of fungi the PCR probe is designed for - usually 3-4 species only. 

Clouding our understanding of fungal cultures and their relationship to disease is the fact that 

fungi are ubiquitous in nature and pass through the sinonasal tract of the entire population on 

a daily basis. So it would be reasonable to expect that fungi would be present in normal 

control subjects as well as disease sufferers. Indeed in a microbiological study of fluid 

collected after a nasal lavage, fungi were culturable from 97% of CRS patients using 

specialised culture techniques; along with 100% of normal controls80. Furthermore, nasal 

lavage has the potential for cross contamination from the oro- and nasopharynx, as well as the 

sinonasal mucosa, reducing its specificity for detecting disease-causing organisms. So the 

presence of fungi in the sinuses or nose does not equate to disease. 

 

So if fungi do play a role in CRS, it is not merely their presence that is relevant but rather it 

may be the specific fungal species present, the fungal load or the host’s response to the 

presence of fungi that is critical in determining disease onset. This is difficult to accurately 

quantify and prove. However fungi have also been demonstrated to contribute to the 

inflammation in CRS by interacting with the immune system in a variety of ways. Fungi may 

incite eosinophillic inflammation, directly via interaction with toll like receptors, indirectly 
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via Ig Fc receptors or by inducing pro-eosinophillic secretion by other cells90. Additionally, 

fungal components have been shown to colocalise with fungi in the sinonasal mucosa91,92 and 

degranulate eosinophils from CRS patients in vitro by acting on protease activated receptors, 

which initiates a complex localised eosinophilic reaction93. Fungi also produce proteolytic 

enzymes, which diminish epithelial integrity and thus expose the epithelium to fungal 

elements, where their effect on skewing of the T-cell adaptive response is conflicting. Initially 

it was demonstrated that IL-5 and IL-13 were upregulated in the group with positive fungal 

culture94, subsequent research excluding co-morbid asthma patients revealed no significant 

elevations in these T-helper2 cytokines95. Finally, fungal elements can stimulate the sinuses 

and respiratory tract through IgE-mediated mechanisms. Patients who exhibit allergy to fungi 

experience airway hyper-responsiveness when exposed to increased fungal antigen in inhaled 

air, compared to non allergic controls96.  

 

The final area of research that attempted to implicate fungi in CRS was the clinical trial of 

anti-fungal therapies. Following two uncontrolled trials showing efficacy of topical 

Amphotericin B97,98 and a subsequent prospective trial from one of the same research 

groups99, four prospective, randomised, double-blind controlled trials did not show any 

benefit from the regular use of topical Amphotericin B sinus lavages100-103. Thus in the 

absence of clear pathological mechanisms and clinical improvement with eradicative 

therapies, the case for fungi being involved in the pathogenesis of CRS remains 

circumstantial and in need of further research. 
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1.3 BACTERIAL BIOFILMS 
 

1.3.1 BACTERIAL BIOFILMS, HISTORICAL PERSPECTIVE 

The last several centuries have seen the highly, motile and readily culturable planktonic form 

of pathogenic bacteria consistently mount life-threatening attacks on the human host. As a 

result of the devastation these diseases have caused, microbiological research has largely 

attempted to better understand this form of bacteria and ultimately control and eradicate it to 

improve the general health of the population104. The seminal work of Robert Koch on anthrax, 

tuberculosis and cholera through the 19th century changed the face of microbiology by laying 

down the conditions that must be satisfied before it can be accepted that particular bacteria 

cause particular diseases28. This paradigm has been fundamental to medicine’s ability to 

control a wide range of life-threatening diseases.  

 

A one-eyed reliance on this approach, however, may have limited development of a more 

thorough understanding of microbial processes because the way in which biofilm bacteria is 

vastly different from what we know of planktonic infections105. Anton van Leeuwenhoek 

provided the first report of bacterial biofilms from the dental plaque he scraped from his own 

teeth in the 17th century. However perhaps due to his poor standing in the scientific 

community at the time, this description went largely unnoticed until it re-emerged in the 

scientific literature in the 1970s106. At this time, the biofilm mode of growth was appreciated 

in environmental systems but during the 1980s and beyond, the biofilm hypothesis has been 

applied to a range of chronic diseases throughout the medical world. 

 

1.3.2 BACTERIAL BIOFILMS, STRUCTURE  

The currently accepted definition of a biofilm is that this entity represents 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 matrix of extracellular polymeric 
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substances that they have produced, and exhibit an altered phenotype with respect to growth 

rate and gene transcription107. The biofilm form represents a protected mode of growth that 

enables bacteria to survive in hostile environments and to colonise new niches by various 

dispersal mechanisms106,108. This mode of growth is profoundly different from the planktonic 

form that has been widely studied for centuries, despite the fact it is now recognised that 

>99% of bacteria preferentially adopt the biofilm state107,109. 

 

A biofilm consists of a dense aggregation of bacteria held together by diffuse extracellular 

polymers. It is recognised that biofilms are not a disorganised accumulation of bacteria but 

rather is a highly specialised community of bacteria spatially arranged to maximise their 

functional objectives. Mature biofilms typically form towers and clusters with channels 

amongst them to allow for the circulation of nutrients and expulsion of waste110. The two 

components that make up the biofilm- bacteria and matrix- are critical in determining the 

unique characteristic of bacteria existing in this way. The extracellular matrix is derived from 

exopolysaccharides, DNA, proteins and lipids and provides both a scaffold for on-going 

biofilm development as well as a protective barrier111. 

 

Within the biofilm, bacteria demonstrated extreme genetic and phenotypic diversity, a feature 

thought to be critical to their persistent survival. Biofilms may be polymicrobial, including 

bacterial and fungal co-existence, as well as polyclonal, whereby the biofilm is composed of 

multiple strains of a single species111. The relative proximity of the bacteria facilitates 

horizontal gene transfer amongst strains as a means for thwarting the adaptive response of the 

host. The distributed gene hypothesis (DGH) posits that there exists a supragenome that is 

much larger, 3-4 times, than the number of genes contained within a single strain’s 

genome112,113. The majority of genes are not possessed by all strains within their core genome 

but are dispersed amongst the distributed (present in a number of strains) and unique (present 

in only a few strains) genomes of each strain. The biofilm structure and the polyclonality of 
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bacteria within it provide a setting in which new strains are continually generated111. 

Ultimately new strains will have improved survival characteristics to withstand both host 

attack and antimicrobial therapy.   

 

1.3.3 BACTERIAL BIOFILMS, DEVELOPMENTAL LIFE CYCLE 

Bacteria initiate biofilm development in response to specific environmental cues, which are 

thought to vary between different biofilm-forming bacterial species114. Perhaps paradoxically, 

biofilms preferentially form in conditions of high surface shearing107. In this setting the 

resultant biofilm is typically stronger and more robust, reflecting this preferential growth 

scenario. Once committed to biofilm transformation, the bacteria proceed through a well-

defined life cycle. It is now recognised that this is a tightly controlled, highly regulated 

pathway that produces complex bacterial communities rather than random mixtures of 

floating bacteria109,114.  

 

The life cycle of a biofilm begins with an initial attachment of individual bacteria to a surface. 

Bacteria associate avidly with inert surfaces but may also form biofilms on dead or live tissue 

within the human host106. This initial phase involves cell-to-surface and cell-to-cell 

interactions that enable the bacteria to sense when a critical density has been reached. At this 

point, transcription of specific genes is activated and quorum sensing begins. Quorum sensing 

is the complex intercellular signaling network that guides the biofilm’s development from this 

point on. The discovery of quorum sensing confirmed the tightly regulated nature of biofilm 

development, during which a radical shift in transcriptional expression occurs105. Once a 

micro-colony has firmly adhered to the surface, the biofilm matures by producing its encasing 

exopolysaccharide matrix, giving it a 3-dimensional structure. During the maturation phase, 

the biofilm acquires its key features of genetic and phenotypic heterogeneity, which 

contribute to its core clinical distinguishers such as antibiotic resistance and evasion of host 

defences115.  With on-going nutrient availability, biofilm growth will continue but in the 
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absence of an unlimited food supply, peripheral bacteria will revert to the planktonic form and 

disperse from the community114. These motile bacteria can rapidly multiply enabling the 

biofilm to colonise new areas and may also be responsible for acute disease exacerbations that 

are a clinical hallmark of biofilm-mediated diseases by acting with more traditional bacterial 

dynamics106. 

 

1.3.4 BACTERIAL BIOFILMS, FUNCTION 

The two key features of biofilm bacteria are their resistance to antimicrobial therapy and their 

unique ability to persist despite host attack. Indeed these two features have contributed to our 

reluctance to label many chronic diseases as being of bacterial origin because these features 

sit outside of Koch’s postulates, discussed below. Application of the biofilm hypothesis 

however can address the conflict between Koch’s understanding and our clinical observations 

of such infections.  

 

Biofilm bacteria are reported to demonstrate resistance to antibiotic agents in the order of 

100-1000 times that of their planktonic counterparts116-119. The adoption of the biofilm 

phenotype significantly contributes to the spread of antibiotic resistance due to both the 

structure of the biofilm and the traditional eradication strategies that have been employed. 

Long courses of antibiotics expose bacteria to prolonged antibiotic selection pressure that 

favours the biofilm phenotype and enhanced survival, facilitating the acquisition of drug 

resistance profiles and efficient horizontal gene transfer amongst the bacteria comprising the 

biofilm111,120.  

 

Antibiotic resistance mechanisms that are common in planktonic strains of bacteria, such as 

efflux pumps, modifying enzymes and target mutations, do occur in biofilm bacteria but are 

insufficient to explain most cases of antimicrobial resistance amongst this subset of 

organisms121. We currently understand that the antibiotic resistance mechanisms of biofilm 
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bacteria are multiple but can be broadly grouped into the following three categories, which 

rely on the multicellular nature of the biofilm, thus differentiating them from planktonic 

bacterial resistance mechanisms: 

1. Delayed penetration of the biofilm matrix 

2. Altered growth rate of biofilm bacteria (‘resistant phenotype’) 

3. Altered microenvironment 

 

The biofilm matrix may physically retard antibiotic diffusion thus limiting its ability to reach 

the basal cells. During this delayed transit, the biofilm bacteria may have sufficient time to 

acquire drug resistance plasmids from surrounding organisms, compounding the resistance 

profile of these bacteria. Alternatively the negatively charged biofilm polymers (including 

periplasmic glucans of the P. aeruginosa matrix) may bind positively charged agents, such as 

aminoglycosides significantly blunting their efficacy122,123. The role of a resistant phenotype 

of bacteria is perhaps more speculative but at least in terms of bacteria existing in a non-

growing state (hence having minimal uptake of antibiotic) and proven alterations in gene 

expression the potential for this pathway to contribute to antibiotic resistance certainly 

exists121,124. Gene expression differentials that alter surface molecules, nutrient utilisation and 

virulence factors can all be a factor in the development of treatment resistance108. 

 

Of most importance in determining antimicrobial resistance is likely to be the structure and 

function of the biofilm community itself. The importance of the matrix has already been 

highlighted, but within the 3-dimensional biofilm structures gradients are set up that produce 

functional heterogeneity across the biofilm125. These gradients alter the microenvironment of 

the biofilm resulting in the depths of the community being both anoxic and acidic. This 

contributes to bacterial dormancy, altering antibiotic target sites, and antimicrobial inactivity, 

rendering the basal bacteria within a biofilm highly resistant to antimicrobial therapy and as 

such with current treatment regimes, biofilms are rarely eradicated121. This may suggest a role 
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for topical antibiotic therapy, which has the ability to delivery much higher concentrations to 

the target site122. 

 

The potential disease causing mechanisms utilized by biofilms may include cell detachment, 

endotoxin production and resistance to host immune attack or the provision of a niche for the 

generation of resistant organisms107. Biofilms are highly capable of evading sustained 

responses from the host immune system, resulting in persistent infection that is often 

described as ‘tenacious survival’ rather than aggressive virulence121. Even with competent 

innate and adaptive immune function, biofilm infections are rarely resolved121. The ability of 

biofilms to evade the host is still poorly understood but interference with phagocyte activity, 

ineffective opsonic antibodies and resistance to killing by reactive oxygen species have all 

been proposed107,120. It is also interesting to note that the role of the host in determining 

disease phenotype in biofilm infections points towards differences in the T-helper1/T-helper2 

balance120. Cystic fibrosis is commonly complicated by P. aeruginosa biofilm infections and 

the progression to chronicity has been associated with a T-helper2 bias in the host’s immune 

response126. This might determine healing rates from biofilm infections and the extent of 

collateral damage to host tissues. Similarly in chronic periodontitis Porphyromonas 

gingivalis, a common biofilm-forming pathogen in periodontal disease, is associated with an 

exuberant Th2 response that subsequently dictates disease initiation and progression127,128. It is 

proposed that the nature of the microbial challenge in some way determines the characteristics 

of the immune response and thus the progression of the disease129. P. gingivalis is thought to 

incite a poor innate immune response leading to polyclonal B cell activation and a Th2 

response. Ultimately non-protective antibodies are produced and a chronic infection 

established. The research into other periodontitis pathogens does not support this theory being 

an over-arching concept for all organisms130. Aggregatibacter actinomycetemcomitans and 

Prevotella intermedia are other biofilm-forming organisms that do not appear associated with 

a Th2 host adaptive immune response. They are considered to be of only minor importance in 
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periodontal disease. Thus the importance of local host immune factors cannot be discounted 

in the determination of disease in these chronic infective states and a shift towards the T-

helper1 cascade may indeed improve biofilm eradication by the host. 

 

1.3.5 BACTERIAL BIOFILMS, CLINICAL ASPECTS 

Koch’s postulates dictate that in order to establish a causal relationship between microbe and 

disease, the following must be demonstrated28: 

1. The organism is regularly found in the lesions of the disease 

2. It can be isolated in pure culture on artificial media 

3. Inoculation of this culture produces a similar disease in experimental animals 

4. The organism can be recovered from the lesions of these animals 

 

Strict adherence to this dictum has cast doubt over the role that bacteria might play in a range 

of diseases and it is clear that the question of whether biofilms are aetiologic agents in these 

chronic conditions cannot be proven according to Koch’s postulates104. Often all that can be 

stated is that an association between bacteria and the disease exists. So a shift in our thinking 

about disease production by bacteria also necessitates a change in how we determine a 

pathogenic link between bacteria and disease. The mechanisms by which this occurs are 

poorly understood. Nevertheless, the criteria set out by Parsek and Singh131 has recently been 

modified and form a sound basis for developing strong associations between biofilms and 

disease with which research in this field can progress132. The current diagnostic criteria for 

biofilm infections are:  

1. Pathogenic bacteria are associated with a surface 

2. Direct examination of infected tissue demonstrates aggregated cells in cell clusters 

encased in a matrix, which may be of bacterial and host origin 

3. Infection is confined to a particular site in the host 
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4. Recalcitrance to antibiotic treatment despite demonstrated susceptibility of planktonic 

bacteria 

5. Culture negative result in spite of clinically documented high suspicion of infection 

6. Ineffective host clearance evidenced by the location of bacterial cell clusters in 

discrete areas in the host tissue associated with host inflammatory cells 

 

Despite significant variations in both microbial causes and host tissues, biofilm infections 

share common characteristics that transcend these differences. Biofilm-mediated diseases 

carry a clinical course that is divergent from the highly pathogenic planktonic infections we 

are more accustomed to recognising and managing121. Biofilms will grow slowly and thus be 

slow to produce overt symptoms133. These subtle initial symptoms will not be life threatening 

but will fail to completely resolve with antimicrobial therapy. Antibiotics may ameliorate 

symptoms caused by dispersed bacteria but they are incapable of removing the bacterial 

nidus134. Thus the symptoms recur repeatedly until the biofilm is surgically removed106. The 

pattern of this relapsing and remitting course is characteristic, with the patient improving with 

the administration of antibiotic therapy but the infection returning when treatment is 

withdrawn105. The role of bacteria in diseases such as these is continually revisited because of 

this treatment resistance as well as the variable culture rates exhibited by bacteria existing in 

this form135. When culture-independent methods such as FISH and PCR are employed in 

conjunction with conventional culture techniques the inability of cultures to predict the 

presence of biofilm bacteria becomes evident. Thus standard cultures are not a valid 

diagnostic tool for determining the presence or absence of bacterial biofilms108. 

 

Following on with the diagnostic challenges posed by biofilm diseases, it is important to 

differentiate biofilm infection from colonization. Many bacteria adopt the biofilm form in or 

on the human host and exist in homeostasis with the host. Intestinal bacterial biofilms are a 

prototypic example of this, where the colonizing bacteria have an essential function in 
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maintaining intestinal health136.  Typically the absence of an overt inflammatory response 

characterizes this existence whereas the clinical signs of chronic inflammatory disease, 

coupled with the presence of surface attached bacterial species indicates a biofilm 

infection108. 

 

The acceptance of the biofilm hypothesis will lead to a reconceptualisation of many chronic 

infectious processes as diseases resulting from biofilm bacteria rather than non-infectious, 

inflammatory mechanisms105. This will necessitate new methods for detection and treatment 

of such diseases. The importance of identifying biofilms as a cause of chronic disease is 

because this provides a target for therapy and treatment success relies on directed treatment of 

the offending source. As our basic understanding of biofilms improves so to alternate 

treatment strategies will become clear. Given the unique heterogeneity of biofilms, it seems 

likely that multiple treatment strategies are required to eradicate these bacterial 

communities115,121. These strategies may include dissolution of matrix polymers, blockade of 

matrix synthesis or interference with cell signaling pathways137-139. 

 

1.3.6 BACTERIAL BIOFILMS, ROLE IN DISEASES OF THE EAR, NOSE AND THROAT 

The surgical specialty of Otorhinolaryngology (ORL) diagnoses and treats a wide range of 

infectious and inflammatory conditions throughout the head and neck. Many of these 

infections, such as acute otitis media, acute Rhinosinusitis, acute epiglottitis and acute 

tonsillitis all have features consistent with causation by planktonic strains of bacteria and thus 

fit the paradigm of classical bacterially mediated infectious diseases. For a range of other 

diseases, the role of bacteria has been more contentious, with an inability to fulfill Koch’s 

postulates preventing their classification as such. The reemergence of the biofilm concept 

may be able to clarify some of these inconsistencies. 
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Interestingly, the commonly cultured bacteria from head and neck infections are also known 

to be strong biofilm-forming organisms. Species such as S. aureus, H. influenzae, S. 

pneumoniae and P. aeruginosa are all prominent in this regard140. Not surprisingly, the 

biofilm paradigm has been applied to many head and neck diseases that were presumed to be 

inflammatory, non-bacterial diseases because of their variable culture rates and failure of 

eradication with appropriate antibiotics. The result of such investigations has brought to light 

the role of bacteria in a range of such conditions. 

 

Biofilm-mediated diseases of the ears nose and throat can be classified as either implant 

infections or chronic infections of host tissues. Given the avidity with which bacteria will 

associate with an inert surface, it is not surprising that biofilms have been recovered from 

numerous devices used within our specialty. On insertion, these devices are sterile. However 

there is now evidence in the literature or bacterial contamination of these devices, with 

bacteria forming biofilms on the surface of the device. Perhaps the most elegant descriptions 

of this have come from ventilating tympanostomy tubes141. The establishment of a biofilm on 

its surface is intimately linked to the development of troublesome post-tympanostomy tube 

otorrhea142,143, which is problematic for patient and clinician alike, requiring repeated courses 

of topical antibiotics. Bacterial biofilm colonization of cochlear implants144, ossicular 

reconstruction prostheses145, endotracheal and tracheostomy tubes146-148 as well as artificial 

speaking valves used in the laryngectomised patient149 has also been reported. In the case of 

endotracheal tubes, tracheostomy tubes and speaking valves, the presence of biofilms is at the 

root of increases in airway resistance and mucus plugging that currently demand regular 

device replacement140.  

 

The case for biofilm mediation of host tissue infection is more difficult to establish131. 

Nevertheless good evidence now exists that bacterial biofilms contribute to disease in 

conditions of the ears nose and throat150. Biofilms have been demonstrated on the surface of 
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mucosal biopsies in patients with otitis media with effusion151 and chronic suppurative otitis 

media152 in addition to being identified within the matrix of cholesteatoma specimens153. 

From recent research it can be surmised that the adenoid lymphoid tissue aggregation serves 

as a bacterial reservoir (existing in the biofilm form), potentially responsible for both local 

and regional disease. Locally, it has been demonstrated that paediatric patients with CRS have 

greater biofilm coverage of their adenoid mucosa than control subjects154 and regionally 

translocation of bacteria from the adenoid up the Eustachian tube is thought to contribute to 

the development of otitis media with effusion150. Finally, examination of tonsillar specimens 

from patients with chronic tonsillitis also implies a role for these bacterial communities in this 

disease155. The potential role of biofilms in CRS is discussed in the next section.  

 

1.3.7 BACTERIAL BIOFILMS, ROLE IN CHRONIC RHINOSINUSITIS 

As a disease, CRS shares many similar characteristics with other biofilm-mediated 

diseases156,157. The difficulties with ascribing bacteria as a causative agent in this disease have 

already been discussed, however the biofilm paradigm does potentially explain these 

shortcomings. The first reports associating biofilms with CRS appeared in 2004158. Since that 

time, significant amounts of research have approached this topic from different angles, all 

attempting to link biofilms to disease, and or suggest potential strategies to eradicate them. 

Within our department, we have developed the schema displayed in Figure 1.3 to categorise 

the different research in this area, as well as provide guidance for the current deficiencies and 

future needs. 
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Figure 1.3: Categorising current and future research in this field. Robustly answering each of 

these areas will define the role of biofilms in CRS. This has not been achieved to date. 

 

The association between biofilms and CRS was initially built on the visualization of bacteria 

within biofilms in three settings: 

1. In an animal model (firstly rabbits, then sheep)159,160 

2. On frontal recess stents removed from CRS patients161 

3. Directly on the mucosa of CRS patients158,162-168 

The ability to form biofilms in an animal model and have this replicate the inflammatory 

pathology seen in CRS was a significant indicator that biofilms may be a potential aetiologic 

agent in this disease159,160. However these studies were clearly limited by the confines of an 

animal model and in order to implicate them in the disease, they would need to satisfy the 

criteria of Parsek and Singh131, as already outlined. The demonstration of biofilms on frontal 

recess stents161 was not surprising given the avidity with which bacteria will associate with an 

inert surface and adopt the biofilm form. So the most significant advance in this field was the 

direct demonstration of biofilms on the mucosa of CRS patients158. This has been achieved 

using a range of imaging modalities, including scanning electron microscopy (SEM)158,166,167, 
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transmission electron microscopy (TEM)162,167 and CSLM165. The results of studies using 

each of these modalities are summarized in Table 1.2. It is now established, both in CRS and 

other diseases, that CSLM is the most sensitive and specific imaging modality for detecting 

biofilms on mucosal surfaces159. CSLM allows three-dimensional noninvasive visualisation of 

the bacterial cells and matrix forming the biofilm as well as digitally reconstructing the 

mature biofilm without distortion of its structure169.   

 

Author Imaging Modality CRS Controls 

Cryer et al157 SEM 4/16 (25%) NA 

Ramadan et al165 SEM 5/5 (100%) NA 

Sanclament et al166 SEM/TEM 24/30 (80%) 0/4 

Ferguson et al161 TEM 2/4 (50%) NA 

Sanderson et al167 FISH 14/18 (78%) 2/5 (40%) 

Psaltis et al164 BacLight/CSLM 17/38 (44%) 0/9 

Healy et al163 FISH 12/13 (92%) 3/3 (100%) 

Galli et al162 SEM 10/24 (41.7%) 0/20 

Hekiert et al267 SEM 17/60 (28%) NA 

Singhal et al175 BacLight/CSLM 36/51 (71%) 0/5 

 

Table 1.2: Literature summary of studies that documented biofilm frequencies in CRS 

patients and controls using a wide variety of microscopic imaging techniques. 

 

All of the techniques described so far can detect biofilm presence but are unable to 

characterize the species forming the biofilms. FISH is a technique that does enable speciation 

of biofilms to be performed. FISH is highly effective for detecting specific bacteria in clinical 

samples, with proven sensitivity and specificity170. In contrast to PCR, the high copy number 

per cell increases the detection sensitivity, potentially enabling detection of a single cell171. 
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When combined with CLSM it may also be used to understand the spatial organization of 

microbes within a complex polymicrobial community, a feat that is not possible with PCR 

alone171. FISH employs fluorescently labeled, oligonucleotide probes that bind the organism’s 

unique 16S rRNA sequence. The probes can be designed to target either a species-specific 

sequence to permit characterisation of discrete bacterial species or they can target a universal 

bacterial or fungal sequence, for broader identification169.  

 

FISH has been employed in CRS patients previously in an attempt to characterize the biofilm-

forming species in this disease. Sanderson et al168 enrolled 18 CRS patients and 5 control 

subjects and used a four-probe FISH technique, identifying S. pneumoniae, S. aureus, H. 

influenzae and P. aeruginosa. Their investigation identified biofilm formation in 14/18 (78%) 

CRS patients and 2/5 (40%) control subjects, with H. influenzae the most common organism. 

It was present in all 14 biofilm positive mucosal specimens in the CRS group. Interestingly, it 

was also identified in both biofilm positive control subjects. These results are at odds with 

other biofilm studies in this area, which have failed to identify biofilms in control 

subjects158,162,165-167. A key tenet of implicating bacteria in the pathogenesis of CRS has been 

their presence in disease but absence in health. The results of the Sanderson et al168 study 

challenge this doctrine. Alternatively, there may be methodological or analytical reasons why 

biofilms were identified in the control subjects. This remains unknown. Given the unique 

properties of H. influenzae, the identification of it by molecular methods in CRS patients and 

controls raises the possibility its importance has been under-recognised. 

 

Identifying a direct link between biofilms and the host would solidify biofilms in the 

pathogenesis of CRS. This has not been achieved to date, perhaps because it likely involves 

multiple defects in the host’s immune function. Certainly a key component of biofilm 

establishment involves evasion of the innate immune system. Lactoferrin is an antimicrobial 

peptide, second only to lysozyme in abundance in the airway secretions that has proven 
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antibacterial and anti-biofilm properties34,172. Interestingly lactoferrin is down regulated at the 

mRNA level in biofilm associated CRS, compared with CRS patients without biofilms173. 

Whilst a cause and effect can clearly be identified from the study design, or the use of mRNA 

analysis, it does raise the possibility that host lactoferrin deficiency blunts the innate bacteria-

clearing response and enables the microorganisms to attach to the surface, then either attack 

the host via bacterial virulence mechanisms or instigate a destructive, yet impotent, host 

response that ultimately fails to clear the biofilm, establishing a chronic inflammatory 

process.  

 

The effect of biofilms on mucociliary function has been established. Two SEM studies of 

biofilm presence and epithelial integrity concluded that biofilm positive patients have marked 

destruction of the epithelial layer with complete absence of cilia163,166. This is not the case for 

biofilm-negative CRS patients, in whom only ⅓ will have partial epithelial destruction and 

the remainder will have normal appearing ciliary structure. The combination of innate 

immune dysfunction and mucociliary impairment fails to clear bacteria in the sinuses and 

facilitates biofilm formation. The nature of further defects in either innate or adaptive 

immunity has not yet been described in biofilm-associated CRS, but would appear to be 

important given the current opinion of CRS pathogenesis (Figure 1.1). 

 

Finally, the clinical relevance of bacterial biofilms in CRS is increasingly understood. 

Through studies of both biofilm-forming capacity as well as with direct biofilm detection on 

the mucosal surface, their presence in now closely associated with a more severe disease 

pattern and treatment resistance174-176. Bendouah et al174 used a crystal violet assay to 

determine the biofilm-forming capacity of bacteria recovered from the time of ESS. Whilst 

this study did demonstrate that the biofilm-forming capacity of P. aeruginosa and S. aureus 

was associated with poor evolution after surgery, the methodology contradicts basic biofilm 

understanding that biofilm-forming bacteria are difficult to culture. Therefore the bacteria 
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recovered at the time of surgery are likely to be biased towards the planktonic organisms 

rather than truly sampling the biofilm-forming species. This knowledge has been built on with 

more robust investigations within our department. In both retrospective175 and prospective176 

studies of clinical outcomes, the presence of biofilms was a significant predictor of persistent 

CRS symptoms and on-going endoscopic evidence of sinonasal inflammation after surgery. In 

the retrospective review, the presence of fungus (either culture or microscopic evidence) was 

the only other predictor or poor mucosal outcomes after sinus surgery175. In a prospective 

review of 51 CRS patients the biofilm positive group (36/51, 71%) had more severe disease 

pre-operatively, both endoscopically and radiologically and in the post-operative follow-up of 

16 months, required more visits to their treating surgeon with more persistent symptoms, 

poorer quality of life and on-going evidence of sinonasal inflammation176. This was clear 

evidence that the presence of biofilms was associated with a different disease phenotype. 

Both of these studies used the BacLight/CSLM protocol, which is unable to identify specific 

species within the biofilms, so no comment could be made on the influence of different 

biofilm species on disease state.  

 

This is an important step in our understanding of biofilms in this disease because it highlights 

that patients with biofilms are a recalcitrant group who may warrant more intensive, directed 

therapies if we hope to improve their outcomes. Shortly after biofilms were identified on 

sinus mucosa, a search commenced to identify agents capable of eradicating these bacterial 

communities. Numerous strategies have so far been employed to attempt this and these can be 

broadly grouped as traditional antibiotics, physical removal techniques or dispersal agents 

that free bacteria from the biofilm. Of the traditional antibiotics, mupirocin looks the most 

promising with established in vitro and in vivo evidence of its efficacy177-179. It still requires 

further human study, although the results of a recent pilot study are promising. Others such as 

tobramycin and moxifloxacin have not had such impressive anti-biofilm effects180,181. Manuka 

Honey is a novel antibiotic and anti-biofilm agent with established efficacy against 
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established biofilms182,183. It does not appear to be subject to the bacterial resistance incurred 

by overuse of other antibiotics, and therefore may be a valuable choice for those patients 

requiring long courses of directed anti-biofilm treatment. Physical removal agents may be 

both chemical and mechanical, or may be combined in the one modality. Surfactants such as 

citric acid-zwitterionic surfactant (CAZS) can break the bond between the mucosal surface 

and the biofilm matrix and augmented with a mechanical force, such as a hydrodebrider178,184. 

CAZS, however, is ciliotoxic in the animal model of sinusitis, limiting its use185. Other 

physical removal agents may become available in the near future. Biofilm dispersal has not 

been employed in the Rhinology literature at this time, however is a potential future treatment 

modality because of its proven efficacy in other disciplines. 
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1.4 STAPHYLOCOCCUS AUREUS 

 

1.4.1 STAPHYLOCOCCUS AUREUS, FRIEND OR FOE? 

S. aureus is a gram positive, coagulase positive bacterium that has been recognised as a 

significant human pathogen for over 100 years186. S. aureus is a coccoid bacterium of 

approximately 1μm in diameter that typically forms grape-like clusters, due to its multi-planar 

cell division capability. It is a non-motile, facultative anaerobic organism also capable of 

generating energy through aerobic respiration.  

 

In humans, S. aureus is responsible for a diverse range of human infections from severe toxin-

mediated disease to invasive, pyogenic infections. It is also a frequent coloniser of skin and 

mucosal surfaces such as the anterior nares, throat, gastrointestinal tract and vagina187. Thus it 

can be friend and foe, commensal and pathogen. Colonization of the anterior nares is 

considered the most important site because its reservoir of bacteria may be rapidly transferred, 

endogenously, from this site resulting in invasive infections and bacteraemia with the same 

strain. This is particularly true for the immunocompromised host188. A significant proportion 

of the population is colonised with S. aureus in the nose at any one time189. Nasal carriage 

may be persistent in 10-35% of the population. 5-50% will never be colonised and the 

remaining 20-75% will be transiently colonised, presumably due to the presence of resident 

flora such as Staphylococcus epidermidis190.  

 

What triggers a normal commensal organism to become invasive? The duality of S. aureus 

interaction with the human host is unique, stretching from innocuous colonization to highly 

pathogenic invasion191. The mechanisms of determining this balance are poorly understood 

but involve the bacterial virulence factors discussed below, interacting with host variations, 

such as polymorphisms of TLR-2 signaling, and environment influences191. The importance 

of host and environment factors is underlined by the endogenous origin of S. aureus in 80% 
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of nosocomial infections with this organism190. In the hospital setting, patients are relatively 

impaired immunologically and placed at higher risk of systemic bacterial dissemination 

because of the frequent use of intravascular devices. In this setting, colonizing S. aureus 

switches to a pathogenic phenotype. The lack of genomic diversity between strains cultured in 

disease and asymptomatic carriers confirms that commensal and pathogenic strains are not 

distinct but rather are the same organism in different states192. During this phenotypic switch, 

the S. aureus undergoes a global change of expression patterns to activate the appropriate 

virulence genes. Whilst a wide variety of virulence genes have been identified in this 

organism, the genes necessary for different infections is still unclear. Indeed it is likely that 

through progressive stages of S. aureus infection, different virulence factors are triggered to 

the advantage of the invading pathogen. 

 

S. aureus can be responsible for a wide range of infectious diseases in both 

immunocompromised and healthy human hosts. Its broad capabilities as a pathogen are 

reflected in the diversity of diseases it can cause190. Superficial infections such as impetigo, 

folliculitis, furunculosis, superficial abscesses, pyomyositis and necrotizing fasciitis along 

with deep-seated infections such as pneumonia, endocarditis, epidural abscess, osteomyelitis 

and septic arthritis are all examples of its ability to generate pyogenic disease processes in 

humans. In addition to this it is also responsible for toxin-driven diseases such as bullous 

impetigo, scalded skin syndrome, food poisoning and toxic shock syndrome. 

 

1.4.2 STAPHYLOCOCCUS AUREUS, VIRULENCE FACTORS 

As a bacterium, S. aureus demonstrates an extraordinary repertoire of virulence factors that 

enables it to survive a wide range of potentially extreme conditions within the human host187. 

Its virulence is determined primarily by intrinsic bacterial factors that control attachment, 

penetration and immune evasion, coupled with host and environmental influences193. The 

expression of these factors by the S. aureus is transient, timed and disease-specific, tightly 
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regulated through a process of selective up- and down-regulation of virulence factors during 

different phases of infection. The ability of S. aureus to adapt and evolve in terms of 

resistance traits and virulence factors is unparalleled within the bacterial kingdom and is a key 

to its pathogenesis190.  

 

The wide range of virulence factors possessed by S. aureus can be broadly grouped into active 

and passive techniques that comprise either structural adaptations or secreted products188,194. 

Passive virulence factors are those that augment bacterial attachment, assist with evasion of 

the host immune system or neutralize host attacks on the S. aureus. Attachment improving 

agents include collagen binding protein, clumping factor A and B (binding to fibrinogen), 

Protein A, PNAG and fibronectin-binding protein (FBP)188. Many of these products also 

assist in immune evasion. For example, the cell-surface expression of FBP assists S. aureus to 

attach to host fibronectin, an extracellular matrix component, and promotes uptake by non-

phagocytic cells such as epithelium194. PNAG is essential for S. aureus biofilm formation and 

Protein A enables the S. aureus to sequester non-specific antibodies on its surface, efficiently 

protecting it from attack by the innate and acquired immune pathways195. Thus many of these 

factors have multiple attributes contributing to S. aureus virulence.  

 

A primary immune evasion technique of S. aureus is transformation to the biofilm form, as 

outlined below. Production of capsule polysaccharides also forms a protective coat around the 

bacteria that allows it to evade recognition194. Finally, the S. aureus produces a range of 

substances that neutralize the host’s attempts to eradicate it. These molecules may block 

neutrophil chemotaxis (such as chemotaxis inhibitory protein), prevent opsonisation, inhibit 

phagocyte receptor function or defuse post-phagocytosis antimicrobial mechanisms, allowing 

the S. aureus to persist in phagocytes such as macrophages and monocytes187,188,194. 

Antioxidants such as catalase, superoxide dismutase and staphyloxanthin, the carotenoid 

pigment that gives S. aureus its characteristic yellow colour on agar, protect from reactive 
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oxygen species secreted by host leukocytes190. Other neutralization mechanisms include 

Staphylococcal complement inhibitor, which blocks C3 convertase, proteases, that digest 

antimicrobial proteins, and other enzymes such as coagulase, lipase and hyaluronidase190,194. 

The ability of S. aureus to evade the host’s local immune defenses allows it to reach 

lymphatic and vascular channels where it can disseminate throughout the body. 

 

The active virulence methods possessed by S. aureus are primarily the toxins it secretes. S. 

aureus-derived exfoliative toxins, enterotoxins and TSST-1 have all been linked to the 

pathogenesis of human diseases190. Panton-Valentine Leukocidin (PVL) is a pre-formed toxin 

secreted by S. aureus and its leukocytolytic, neutrophil evasion and tissue necrosis properties 

contribute to necrotic skin diseases and pneumonia196. Other toxins contribute to phagocyte 

lysis, evasion of polymorphonuclear granulocytes and chemotaxis inhibition187. 

 

1.4.3 STAPHYLOCOCCUS AUREUS, GENOMIC REGULATION OF VIRULENCE 

The S. aureus genome is a circular chromosome that is 2.8-2.9Mbp in size197. As per the 

distributed gene hypothesis, the S. aureus genome is divided into core and accessory 

genomes. 75% of the genes are contained within the core genome, which is highly conserved 

among strains188. The core genome is made up of the stable core and variable core, the latter 

containing many of the genes that encode for virulence factors such as toxins, superantigens, 

exoenzymes and regulatory elements192. The accessory genome comprises the remaining 25% 

of S. aureus genes. These genes may be either distributed (present in a number of strains) or 

unique (present in a single strain)111. In addition to this the genome also contains 

Staphylococcal pathogenicity islands (SaPIs), which are 15-20kb elements located at constant 

positions in the chromosome188. The SaPIs carry genes coding for numerous toxins and 

virulence factors and possess bacteriophage-related attributes. 

 



���������� ������������������������������������������������������������"2&.(6/7�7��8"�&8��8"�

� ���

The nature of the S. aureus genome is that it contains many mobile elements that facilitate 

reshuffling of genetic information among strains. Virulence factors coded for by SaPIs may 

become encapsulated and spontaneously excised from the host chromosome, facilitating 

horizontal transfer of pathogenic genetic material198. Indeed PVL is highly transmissible 

because its genetic elements are carried on a bacteriophage, which may introduced to the S. 

aureus genome through lysogenization190. Mechanisms such as this undoubtedly enhance the 

ability of S. aureus to adapt and evolve to the changing threats of the host immune system and 

antimicrobial therapy. 

 

As already stated, the genes involved in S. aureus virulence are tightly controlled to produce a 

coordinated attack on the host. Differential gene expression studies suggest the pathogenesis 

of S. aureus infection involves a strategy of establishing itself in the host before attacking it as 

a secondary phenomenon188. Thus surface proteins involved in adhesion and defense will be 

synthesized early, followed later by synthesis of secreted enzymes. The primary regulator of 

S. aureus virulence factors is the agr locus, housing the accessory gene regulator. The agr 

locus contains both sensor and response regulator components to drive the sequential 

production and secretion of surface proteins, toxins and enzymes199.  

 

1.4.4 STAPHYLOCOCCUS AUREUS, THE BIOFILM FORM 

Adopting the biofilm phenotype has already been discussed as a virulence mechanism 

employed by S. aureus, enabling it to avoid recognition by the host and reducing its 

susceptibility to antibiotic therapy. It is believed that between 45 and 70% of S. aureus strains 

are capable of biofilm formation, again underlying the multiple virulence patterns of S. aureus 

and the relevance of specifically identifying biofilm-forming strains of the organism200. 

Comparative transcriptome analysis of the global gene expression of S. aureus grown both 

planktonically and under biofilm conditions proves that the adoption of the biofilm phenotype 

is the result of altered gene expression by the bacteria201. 160 genes are expressed at higher 
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levels in the biofilm-forming S. aureus than planktonic growth of this organism. With time 

however, the total number of upregulated genes decreases. Once established in the biofilm 

state, growth rate deceleration leaves the cells in a dormant state. In this state, their 

metabolism is further reduced due to depletion of nutrients and unfavourable oxygen 

conditions at the base of the biofilm201. 

 

Upregulated genes in the biofilm form include surface-associated proteins and the ica ABCD 

loci, which is responsible for PNAG production200. PNAG is a key adhesion component 

allowing firm attachment of bacteria to the surface, enabling planktonic bacteria to attach to 

the mucosal surface and once a critical number has amassed, quorum sensing guides the 

development of the biofilm. Furthermore, pigment production (staphyloxanthia) production is 

increased along with formate and urea metabolism genes202. Increased metabolism of urea is 

thought to enable the bacteria at the base of the biofilm to remove excess ammonia that would 

be cytotoxic to these cells. Finally, the genes involved in the oxidative stress response, 

catalase and superoxide dismutase, are also upregulated. Interestingly, in the planktonic form 

it is the proteases and toxins that are upregulated, further substantiating the quiescent state of 

biofilm bacteria201.  

 

1.4.5 STAPHYLOCOCCUS AUREUS, ROLE IN CHRONIC RHINOSINUSITIS 

The case for bacteria initiating CRS has already been discussed. It is unlikely that CRS is a 

classical infectious disease, the type of which we are so familiar with. Increasingly  S. aureus 

is recognised as potentially a major aetiologic factor in this disease through its wide variety of 

virulence factors and unique ability to evade the host and initiate disease with non-traditional 

methods203. The frequency of S. aureus identification using standard culture techniques is 

reported to be between 16-36% making it the most commonly identified organism in most 

studies48,52,57,58,60,204-208. Some important observations have recently been made that again 

underlines the interplay between the host and S. aureus in determining disease course. Both 
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the S. aureus culture rates from the sinuses and the rate of nasal colonization are similar 

between the polyposis subgroups of CRS and controls209-211, suggesting it is the host’s 

response to the presence of these organisms rather than the organisms themselves that 

contribute to disease. It is also worth considering that the rates of S. aureus detection using 

middle meatal sampling may be over-inflated because of this organism’s frequent residency at 

the nasal vestibule, a site from which the swab may become contaminated57. Nevertheless it 

remains the most frequently cultured organism from the sinuses of CRS patients, and via a 

wide range of mechanisms discussed below can contribute to disease initiation. 

 

In addition to being the most commonly cultured organism intra-operatively, S. aureus also 

complicates many post-operative sinus cavities as well. In CRS, the presence of intra-

operative S. aureus culture is a strong predictor of positive cultures of this organism in the 

post-operative period as well212. Thus planktonic S. aureus presence has predictive value in 

post-operative CRS patients. Biofilm formation by S. aureus also has prognostic implications. 

S. aureus is known to be a strong biofilm-forming organism that will readily adopt this form 

when physiologically stressed. The conditions within the diseased sinus, such as low oxygen 

tension, low pH, poor vascularity and mucociliary dysfunction provide a perfect medium for 

S. aureus to transform into its biofilm phenotype49,55. There is conflicting evidence about 

whether S. aureus is the most common biofilm-forming organism in CRS, or whether this title 

belongs to P. aeruginosa213,214. Prince et al214 concluded that P. aeruginosa was the most 

common-biofilm forming organism in CRS and that S. aureus biofilm formation was 

enhanced when in a polymicrobial bacterial mix that includes P. aeruginosa, however a 

limitation is that this is an ex vivo study requiring the culture of bacteria from the sinuses 

before determination of biofilm forming capacity is undertaken. According to the tenets of the 

biofilm hypothesis, this would miss a large number of bacterial species that are present in vivo 

because they would be unculturable with standard techniques. Nevertheless both S. aureus 

and P. aeruginosa biofilm-forming capacity, using this assay technique, are associated with 
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poor evolution after surgery, suggesting that in addition to the implications of its planktonic 

form, S. aureus biofilm formation is also prognostically relevant in CRS174 

 

S. aureus can also adapt in a variety of ways in the sinonasal environment to both prevent 

host attack and persist in the mucosa. S. aureus typically resides extracellularly but can also 

assume facultative intracellular residence, predominantly in neutrophils, epithelial cells, 

fibroblasts and endothelial cells amongst others215. This has several implications. It is 

proposed the intracellular bacteria may be a seeding reservoir for recurrent sinusitis episodes 

in addition to protecting the bacteria from professional phagocytes and antimicrobial agents, 

both of which act mainly on extracellular organisms209. A specific mechanism for intracellular 

residence is the transformation of planktonic cells to SCVs. SCVs are naturally occurring 

subpopulations that exhibit impaired cell separation, slow growth parameters, loss of 

pigmentation, reduced toxin production, low coagulase activity and impaired coagulase 

activity216. The identification of SCVs in diseases such as cystic fibrosis has linked them to 

persistent disease states in which they demonstrate significant resistance to antibiotic 

therapy217,218. These features appear similar to those of biofilm bacteria already discussed. 

Indeed biofilm formation is involved in SCV infections216. Finally the superantigenic effect of 

enterotoxins released by S. aureus has already been extensively discussed and provides 

another avenue for disease production by this organism in CRS. 
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SUMMARY OF THE LITERATURE REVIEW 

 

CRS is a very common yet poorly understood disease characterized by prolonged 

inflammation of the nose and paranasal sinuses. Numerous aetiologies have been proposed for 

this disease but none unreservedly implicated. Whilst previously considered to be a 

bacterially mediated infectious disease, this theory has now largely been surpassed and CRS 

is most commonly thought of as an inflammatory condition. This doesn’t exclude a role for 

bacteria and other microorganisms such as fungi and viruses, which might act in other non-

traditional ways. The new paradigm for understanding CRS pathogenesis now also 

acknowledges the intricate involvement of local defects in host immune function. Again these 

cannot be implicated in all cases of CRS. The interplay between these host factors and 

environmental triggers appears to be at the heart of disease onset in CRS but remains poorly 

understood. There is very little research that specifically addresses this interaction or the 

interaction between multiple aetiologic agents.  

 

Bacterial biofilms are a relatively new concept in the medical literature but biofilm-mediated 

diseases possess many distinguishing features that are common with CRS hence the adoption 

of the biofilm paradigm in relation to CRS pathogenesis appears attractive. This has only 

taken place over the last six years but a body of evidence is accumulating that supports a role 

for them in at least a proportion of CRS cases, in particular those patients who are recalcitrant 

to our current medical and surgical treatment algorithms. This evidence is largely 

circumstantial at present, consisting primarily of correlating the presence of biofilms on sinus 

mucosa with disease characteristics. The presence of biofilms in disease but absence in health 

might implicate them in CRS pathogenesis but this link requires more solid foundations.  

 



���������� �������������������������������������������������������������������������������������������������%�

� �(�

S. aureus is a highly pathogenic bacterium possessing numerous ways of both attacking and 

evading the host. Many of these have been identified in CRS patients such as superantigen 

production, intracellular residence, planktonic infection and biofilm formation. As a result, 

interest in the role S. aureus might play in CRS is increasing, but clearly there is further 

research to be undertaken in order to better understand how this innovative bacterium may 

initiation disease and contribute to its persistent nature. Little is known about the biofilm form 

of S. aureus in CRS. In previous studies it has been a relatively minor player. But other forms 

of the organism, in particular its planktonic form, are found very frequently. Indeed S. aureus 

is often the most commonly cultured organism in CRS patients and it is known to avidly 

adopt the biofilm form. Therefore it is reasonable to expect it can be found very frequently in 

its biofilm phenotype in at least a proportion of CRS patients. 

 

A number of deficiencies in our current understanding of biofilms in CRS have been 

identified from the literature review: 

1. The common biofilm-forming species within CRS patients are poorly understood at 

present 

2. There are question marks over the validity of FISH as a technique for biofilm 

characterisation because of the frequent report of biofilms in control subjects using 

this technique, a fact that is in contradiction to published studies using other 

techniques 

3. Whilst it is understood that the presence of biofilms is associated with poor evolution 

after endoscopic sinus surgery it is not known whether or not different biofilm species 

further influence post-operative course. The clinical relevance of biofilm 

characterisation is not yet understood 

4. A direct link between biofilms and the host in CRS is lacking. This is a critical step in 

linking biofilms to disease initiation and recalcitrance in CRS. Up to now, the 
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evidence that biofilms play a role in CRS is only circumstantial and little is known 

about the immunological consequences of biofilm characterisation 

5. Biofilm detection and characterisation currently requires substantial mucosal biopsies 

that are only available at the time of surgery. This significantly limits our 

understanding of biofilms in CRS. Without a non-invasive biofilm determination 

diagnostic test, the effect of ESS on biofilms, the evolution of biofilms in the post-

operative period, the ability to target high-risk patients in the peri-operative period and 

objective assessment of new anti-biofilm strategies is currently unknown. A non-

invasive diagnostic test is required to answer these questions. 

 

 These deficiencies form the basis for the research contained within this PhD thesis. 
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STUDIES TO BE PERFORMED 

 

1. Develop a FISH protocol for the detection and characterisation of bacterial and fungal 

biofilms in CRS and compare this to the gold-standard BacLight protocol to validate 

the FISH protocol’s reliability and validity in addition to determining the most 

appropriate use for each technique 

 

2. Utilise the FISH protocol in a cohort of CRS sufferers and controls aiming to highlight 

the most common bacterial biofilm species and whether or not fungi form biofilms in 

this patient group 

 

3. Conduct a clinical outcomes study to determine whether the characterisation of 

biofilms in CRS is clinically relevant. Extrapolate our currently understood knowledge 

of the detrimental impact of biofilms on post-operative outcomes in an attempt to 

further refine the influence of specific biofilm forming species 

 

4. Determine if unique host immune responses characterize the presence of S. aureus and 

H. influenzae biofilms in CRS patients. Furthermore investigate a potential link 

between the biofilm hypothesis and the superantigen theory by determining if these 

aetiologic agents coexist in a significant group of CRS sufferers 

 

5. Develop a non-invasive diagnostic test for the presence of S. aureus biofilms in CRS 

patients, paving the way for pre-operative and post-operative biofilm diagnosis as well 

as the ability to objectively evaluate the efficacy of anti-biofilm therapies 
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2.1 ABSTRACT 

Objectives/Hypothesis: Biofilms are increasingly recognised as having an aetiological role in 

CRS. Research into biofilms in CRS currently relies on microscopic imaging techniques, 

none of which are universally accepted. This study compares BacLight LIVE/DEAD staining 

and FISH, both utilising the CSLM, for biofilm determination and characterisation in CRS 

patients. 

Study Design: Prospective study. 

Methods: 20 CRS patients undergoing ESS were recruited for the study. Sinus mucosal tissue 

harvested at the time of surgery underwent both the BacLight/CSLM and FISH/CSLM 

protocols for biofilm determination and characterisation. 

Results: Combining the results of both protocols, 18/20 (90%) patients had bacterial biofilms 

demonstrable on at least one modality. The high biofilm detection rate combining the two 

techniques suggests the prevalence of biofilms in CRS may be greater than previously 

reported. The protocols had equivalent results in 15/20 patients. Using the differences 

observed in the remaining five patients, we highlight the most appropriate use for each 

technique.  

Conclusions: BacLight/CSLM and FISH/CSLM are complementary techniques for biofilm 

determination and characterisation. Both protocols are suited to different research areas and 

the selection of technique used should be based on the specific objectives of the research 

protocol. In this way we can utilise the advantages of each technique to facilitate effective 

research. 
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2.2 INTRODUCTION 

Late in the 17th century, bacteria were found to exist in two contrastingly different forms, the 

planktonic and the biofilm form. Not only are these two forms different phenotypically but it 

has been shown that they transcribe more than 70 different genes as well. Since Koch outlined 

his famous postulates in the mid 18th century, we have become very familiar with how 

planktonic bacteria cause a wide spectrum of acute infectious diseases. Recently, we have 

come to learn of the role that the sessile biofilm form plays in infections as well. The role of 

biofilms in chronic inflammatory diseases has become increasingly recognised across a range 

of medical and surgical specialties, including device-associated infections219, cystic 

fibrosis220, chronic prostatitis221 and otitis media with effusion141. Given its similarities with 

other biofilm-mediated diseases, the biofilm paradigm has recently been applied to CRS.  

 

In recent years a number of microscopic imaging modalities have been employed to attempt 

to identify biofilms on the sinus mucosal surface of CRS patients158,162,165,168. Our department 

has demonstrated that a nucleic acid probing technique using the BacLight LIVE/DEAD 

Viability Kit (Invitrgoen Corporation, Grand Island, NY) imaged under the CSLM is superior 

to SEM and TEM159 for the visualisation of biofilms on sinus mucosa. 

 

Conclusive evidence now exists for the presence of biofilms on the sinonasal mucosal surface 

of CRS patients158,162,164,165,168. In addition, it has been shown that their presence may also be 

associated with more severe sinus disease clinically and radiologically174,175. From this basis, 

research is now evolving from biofilm identification towards biofilm characterisation and 

investigations of the pathogenic role of biofilms in CRS. As the requirements of research in 

this field change, so too do the requirements of the imaging modality, with a new focus on 

identifying the most common biofilm-forming bacterial species emerging. FISH is a 
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technique that has the required specificity to identify individual bacterial, and fungal, species 

within a biofilm. 

 

The purpose of this study is to directly compare biofilm detection in CRS patients using the 

gold standard BacLight/CSLM protocol with our recently developed FISH/CSLM protocol222. 

In doing so we hope to identify the advantages and disadvantages of each modality as well as 

their ideal applications in biofilm research. 
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2.3 MATERIALS AND METHODS 

Study Design and Population 

This prospective, blinded study was undertaken in the tertiary referral rhinology practice of 

the senior author (PJW) based in Adelaide, South Australia, Australia. The institution’s 

Human Ethics Committee approved the study and all patients provided their consent to 

participate in the study. The study group consisted of 20 consecutive patients with CRS, as 

diagnosed using the criteria outlined by the Rhinosinusitis Task Force in 20037, undergoing 

Endoscopic Sinus Surgery (ESS). Exclusion criteria consisted of age less than 18 years, 

pregnancy, immune-compromised patients and impairment in mucociliary function (e.g. 

cystic fibrosis, Kartagener’s Syndrome). 

 

Preoperative data collection included symptom scores, allergy status, paranasal sinus CT 

scores, past medical history, presence of specific allergies, smoking status and nasal 

endoscopy findings. A standard symptom scoring system was used, whereby the treating 

surgeon would record on a 1-5 scale the severity of the following five sinonasal symptoms: 

nasal obstruction, rhinorrhea, headache/facial pain, altered smell and post-nasal drip. Allergy 

status was determined using a modified-Radioallergosorbent test (RAST), for common 

environmental allergens, and total serum IgE level. No patients had taken antibiotics, 

antifungals or steroids in the three weeks prior to their surgery. Intra-operative data, such as 

presence of polyps, pus or eosinophilic mucus, was recorded. All patients had tissue sent for 

histological analysis to facilitate sub classification into CRS and EM-CRS and when 

clinically indicated, patients had microbiology swabs sent for bacterial and fungal cultures. 

 

Tissue Collection and Transport 

All CRS patients had random pieces of sinus mucosal tissue harvested from the maxillary 

sinus or ethmoid cavity during their procedure. Tissue was immediately stored in Dulbecco’s 
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Modified Eagle Medium (Gibco, Invitrogen Corporation, Grand Island, NY) and transported 

on ice to our laboratory. Tissue was washed thoroughly in three separate beakers of MilliQ 

water (Millipore, MA, USA) to remove planktonic bacteria. BacLight analysis was performed 

using fresh tissue. Remaining tissue was frozen to -80°C for FISH analysis at a later time. Our 

group has previously validated this protocol222. All samples were de-identified by the person 

collecting the specimens and labelled from 1 through to 20 to ensure blinding of the 

researchers analysing the specimens.  

 

BacLight protocol 

The specimens were processed fresh and analysed within 2 hours of collection. Following 

washing, the sample was then immersed in 1 Ml of sterile MilliQ water (Millipore, MA, 

USA), to which 1.5Μl aliquots of component A (syto9) and component B (Propidium Iodide) 

of the BacLight LIVE/DEAD kit (Invitrogen, Molecular Probes) were added. With this 

combination of stains, cells/bacteria with intact cell membranes stain fluorescent green, 

whereas those with damaged membranes fluoresce red. After incubation in this solution in 

darkness at room temperature for 15 minutes, each sample was rinsed in sterile MilliQ water 

to remove excess stain. The specimens were mounted on cover slips for analysis.  

 

FISH protocol 

This study utilised our previously developed FISH protocol222. Our protocol uses species-

specific probes for S. aureus, P. aeruginosa and H. influenza. Probes for S. aureus and P. 

aeruginosa were commercially available (AdvanDx, Woburn, MA). The H. influenza probe 

was developed in our laboratory from published sequences170. Positive and negative control 

slides, using plated bacteria, were also analysed. 

 

The AdvanDx FISH protocol was followed as per the manufacturers instructions. Briefly, 

single 0.5x0.5mm pieces of sinus mucosal tissue for each of the four probes were heat-fixed 
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to individual glass slides, dehydrated in 90% alcohol and air-dried. The probe was applied to 

the tissue and hybridisation at 55°C occurred for 90 minutes. In addition, the H. influenza 

tissue was pre-hybridised with BET-42 for 30 minutes to reduce non-specific binding of the 

H. influenza probe. Slides were then washed in the manufacturer’s wash solution at 55°C for 

30 minutes and air-dried prior to analysis.  

 

Tissue Analysis and Biofilm Determination 

The BacLight stained tissues and post-hybridisation slides were transported to Adelaide 

Microscopy for analysis using the Leica TCS SP5 Confocal Scanning Laser Microscope 

(Leica Microsystems, Wetzlar, Germany). Independent investigators scanned the entire tissue 

area and depth of the BacLight (DS) and FISH (AF) slides using the Leica Application Suite 

Advanced Fluorescence (Leica Microsystems, Wetzlar, Germany). These image-acquiring 

investigators were blinded to the disease status of the patient. Imaging was performed at 

various magnifications (20x-80x), to appreciate the overall structure of the biofilm as well as 

accurately determine the size of the brightly fluorescing areas. In this way, we can 

differentiate bacteria from host tissue. Axial stacks in the Z plane, with a slice thickness of 

0.5μm, were taken through areas representative of biofilm. Using FISH and BacLight, 

bacterial biofilms were defined as areas of clustered fluorescence with elements of 

appropriate bacterial size (0.5-3μm) and shape, arranged in a characteristic three-dimensional 

structure. A less intense ‘blush’ surrounding the areas of discrete brightly fluorescing areas 

(i.e. the bacteria) was deemed to represent the exopolysaccharide matrix of the biofilm 

(Figure 2.1). Following acquisition of this data, three independent, blinded observers (AF, 

DS, AJP) then analysed all of the images using the guidelines set out above.  
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Figure 2.1. Representative microscopic images from patient 19. (A) LIVE/DEAD BacLight 

staining with live cells green and dead cells red. Live bacteria within a biofilm differentiated 

from live epithelial cells by size. (B) Staphylococcus aureus-specific FISH probe tagged with 

Alexa 488 fluorophore. S. aureus clustered in biofilm structure and easily differentiated from 

host tissue which is minimally stained. 

 

Statistical Analysis 

The results of this study were analysed using GraphPad Prism 5.0 software (San Diego, CA). 

For our analysis, data was assumed to be non-parametric and thus median and inter-quartile 

range were used. To assess inter-rater variability between the three image analysers, Fleiss’ 

Kappa statistic was calculated using Minitab 15 Statistical Software (Minitab Inc, State 

College PA, USA). 
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2.4 RESULTS 

Demographic and pre-operative data 

20 CRS patients undergoing ESS were recruited for this study. The study group consisted of 

11 females and nine males with a median age of 47 (IQR 29-56) years. This group contained 

three cigarette smokers and 10 patients with a history of asthma. 10 patients also had a 

positive environmental allergy when assessed using the modified-RAST test. Mould allergy 

was the most common amongst this group. In terms of disease severity, the median symptom 

score was 17 (IQR 15.25-19) and the median Lund-MacKay CT score was 14 (IQR 8.5-19).  

 

Intra-operative data 

The study group consisted of six patients with CRS with Nasal Polyposis. The remaining 14 

patients did not have Nasal Polyposis. Histological analysis allowed further sub-classification 

of these patients. 9/20 patients had EM-CRS (one of these fulfilled the criteria for AFS and 

the other eight were classified as NANFES). Of the 20 patients, 17 had microbiological swabs 

sent for analysis. 12 of these were positive for at least one organism. S. aureus (six positive 

cultures) was the most commonly cultured organism. Only one patient had a positive fungal 

culture (Aspergillus fumigatus).  

 

Biofilm data 

Three independent analysers, as detailed in the methods, reviewed the biofilm images. There 

was not exact correlation between the analysers; therefore Fleiss’ Kappa statistic was 

calculated to assess the inter-rater variability. The result of this test was 0.9148. This is 

greater than 0.81 and therefore considered to be almost perfect correlation223. The results 

presented in this section reflect the majority opinion between observers and are summarised 

in Table 2.1. 
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Using the BacLight/CSLM protocol, 13/20 (65%) patients had bacterial biofilms present on 

their sinus mucosa. Using the FISH/CSLM protocol, 14/20 (70%) had bacterial biofilms 

present. As demonstrated in Table 1, these are not exactly the same patients who were biofilm 

positive using the BacLight/CSLM protocol. Rather, 15/20 patients had equivalent results, be 

it biofilm present or absent, and the remaining 5 patients had biofilms demonstrable with one 

technique but not the other. Putting the results of both protocols together, 18/20 (90%) of 

patients had bacterial present on at least one imaging technique. Looking at the species data 

from the FISH/CSLM protocol, 10/20 (50%) of patients had S. aureus biofilms present on 

their sinus mucosal, making it the most common biofilm-forming organism in this set of 

patients. H. influenza was the second most commonly identified biofilm-forming organism, 

identified in 7/20 (35%). 
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Patient number BacLight FISH�

 Result Result Identified Species 

1 - - - 

2 � � SA 

3 � � SA 

4 - - - 

5 � � SA, HI 

6 - - - 

7 � � SA, PA 

8 � � SA 

9 - � SA, PA 

10 - � HI 

11 � � HI, PA 

12 - - - 

13 � - - 

14 � � SA, HI 

15 � � SA 

16 - � HI 

17 � - - 

18 � � HI 

19 � � SA 

20 � � SA, HI 

 

Table 2.1: BacLight/CSLM and FISH/CSLM biofilm determination and species 

characterisation results for all enrolled CRS patients 
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2.5 DISCUSSION 

This study has performed the first direct correlation between a BacLight/CSLM protocol and 

a FISH/CSLM protocol for biofilm determination and characterisation in CRS. Importantly, it 

highlights the benefits and pitfalls of both techniques, thereby proving there is not a single 

imaging approach that can be applied for all biofilm research. From this study we propose a 

selection algorithm for choosing the most appropriate microscopic biofilm imaging technique 

according to the aims of the research being conducted. 

 

CSLM utilises a state-of-the-art epifluorescence microscope to creates an ultrathin plane of 

focus whilst blocking out all out of focus light224. Importantly, the laser component of the 

microscope can provide an intense, deeply penetrating excitation energy for the fluorescently 

labelled probes used in our two protocols. This allows deep scanning of the mucosal tissue 

specimen, whilst maintaining a plane of focus of only 0.3μm. The stage of the microscope is 

computer-controlled and can be programmed to produce a ‘stack’ of digital images, which 

provides a three-dimensional picture of the tissue specimen and indeed the biofilm 

architecture. Appreciation and demonstration of the three-dimensional structure of the biofilm 

is critical in diagnosing the presence of biofilms using our morphological criteria. Thus we 

consider the CSLM to be a key component of any biofilm determination and characterisation 

imaging protocol. 

 

The BacLight LIVE/DEAD Viability Kit uses nucleic acid probes to specifically stain the live 

and dead cellular structures of the mucosal tissue, including epithelial cells, bacterial cells and 

the exopolysaccharide matrix, which contains bacterial DNA. This protocol is a reliable 

technique for biofilm detection with excellent inter-observer reliability165. The specific 

advantages of BacLight/CSLM are that tissue is prepared fresh, thus not distorting biofilm 
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architecture, and that this process takes less than 20 minutes to complete. It gives a rapid 

answer regarding biofilm presence or absence.  

 

FISH/CSLM employs probes to target complementary sequences of the microbial 16s RNA 

and can be designed in many ways. In this study we use species-specific bacterial probes, 

which target the unique genetic features that characterise individual bacterial species. This is 

the distinct advantage of FISH- it allows identification of specific bacterial and/or fungal 

species that are present within the biofilm. Our previous work has also included a universal 

fungal probe, which uses highly conserved gene sequences present in all fungal species, 

highlighting the flexibility of FISH to either be specific or general. This advance in 

technology unfortunately comes with a downside and that is that FISH is a time-consuming 

protocol that takes over three hours to complete. It also involves dehydrating steps, which 

may potentially distort tissue architecture, however in our experience, the three-dimensional 

biofilm structure is still clearly demonstrable using the CSLM.  

 

The respective advantages and disadvantages of these two protocols are nicely understood by 

examining the biofilm data presented in this study (Table 1). Firstly, an inherent weakness of 

morphological identification of biofilms is the inability to sample the entire sinonasal mucosa. 

It is well known that biofilms do not cover the mucosal surface and so whenever microscopy 

is used, a sampling error may exist. Although the two techniques used in this study enable a 

much larger sample to be analysed than previously possible with electron microscopy, they 

still suffer from the potential for sampling error, and this itself may partly explain the 

difference in detection rates observed with each modality. It should be mentioned here, that an 

unavoidable but inherent weakness of this study was the inability to process the same sample 

with both FISH and Baclight probes. As a consequence the degree to which sampling error 

played a role cannot be completely appreciated, but may be an explanation for the results of 

patient 9 who was BacLight negative but FISH positive for S. aureus and P. aeruginosa. 
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In addition to sampling error, we have identified two factors that may explain differences seen 

with the two protocols. Firstly, the difference in biofilm detection between the two modalities 

may relate to the use of specific bacterial FISH probes, rather than a universal probe. 

Although this has the advantage of heightening the specificity of this technique as well as 

allowing characterisation of biofilms, it may compromise the sensitivity of FISH as a biofilm 

detection tool. This may explain why 2 patients, 13 and 17, were both biofilm positive using 

the BacLight/CSLM protocol but were negative using the FISH/CSLM protocol. Utilising 

single species probes requires the investigator to presumptively choose the species they will 

be searching for. The bacteria chosen for this protocol were based on literature review and 

anecdotal evidence of the most important pathogenic species in CRS. Streptococcus 

pneumonia and Moraxella catarrhalis are both described in bacteriologic studies of CRS50 

and are both known biofilm-formers. Thus with a FISH/CSLM protocol, they will be missed 

if not specifically probed. However they are detected using the more general BacLight/CSLM 

protocol. This would also hold true for a range of other biofilm-forming species that may be 

present in our CRS patients. Thus the BacLight protocol is well suited to studies in which the 

research question is primarily biofilm presence or absence and specific species data is not 

required for the aims of the study. 

 

The second observed difference relates to the sensitivity of the BacLight/CSLM protocol. In 

patients 10 and 16, small volume H. influenza biofilms were detected using FISH/CSLM but 

were biofilm negative using the BacLight/CSLM protocol. It is known that H. influenza is a 

fastidious organism that is difficult to culture under standard conditions. In our FISH/CSLM 

experience, H. influenza typically forms low volume, scattered biofilms that lack the more 

robust, extensive structure seen with S. aureus and P. aeruginosa biofilms. Low volume 

biofilms such as these may be missed using the BacLight/CSLM protocol because the biofilm 

analysis of this modality requires the observer to differentiate biofilm bacteria from live 
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epithelial cells and epithelial cell organelles. Biofilms may penetrate within the mucosal layer 

and small area low volume biofilms may be potentially difficult to differentiate from cell 

organelles. On the other hand, the lack of staining of surrounding host tissue using our 

FISH/CSLM protocol makes the differentiation of biofilm from host tissue more 

straightforward. 

 

Moving forward with these two techniques, we propose that each should be utilised in set 

circumstances. BacLight/CSLM is the technique of choice for studies investigating generic 

biofilm-positive CRS patients as well as studies comparing this group with their biofilm-

negative counterparts. Application in this way utilises the advantages we have already 

highlighted. Tissue is prepared fresh, does not require a lengthy preparation time and the 

researcher can be confident all potential biofilm-forming species have been identified. As an 

example, our department has utilised these advantages in both published175 and unpublished 

studies (DS, AF, AJP, PJW) investigating the role of biofilms in determining the post-

operative course of our patients following Endoscopic Sinus Surgery. 

 

In contrast the use of FISH/CSLM is tailored for studies requiring identification of specific 

bacterial and fungal species. Thus FISH will be the technique of choice to launch research 

into the properties of specific biofilm-forming species. This may include genomic analysis of 

the common biofilm bacteria seen in CRS, in much the same way as research has been 

targeted to genomic analysis of H. influenza and S. pneumonia biofilms in otitis media with 

effusion and tympanostomy tube otorrhea225,226. Additionally, as fungal biofilm research 

expands, it is our experience that FISH/CSLM is more sensitive than BacLight/CSLM for 

fungal biofilm determination and will be the modality of choice in that area. 
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Despite the overall difference in detection rates seen, it is important to note that when used 

together the combined results of our BacLight/CSLM and FISH/CSLM protocols identify the 

presence of biofilms in a greater percentage of CRS patients than either modality can on its 

own. Thus despite the recent popularisation of the biofilm hypothesis in CRS, the actual 

prevalence and importance of biofilms in CRS may remain under-recognised. Again this 

highlights the need for more widespread mucosal analysis to accurately identify biofilms in 

CRS. Furthermore, it suggests a need to improve diagnostic accuracy by reducing the reliance 

on microscopic imaging techniques in the future. Alternative options may include genomic 

analysis and deep 16S bacterial RNA analysis as well as identification of components unique 

to the exopolysaccharide matrix of the biofilm. 
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2.6 CONCLUSION 

In conclusion, we have found that BacLight/CSLM and FISH/CSLM are complementary 

techniques for biofilm detection on the sinus mucosal specimens of CRS patients. Further to 

this, we believe both techniques have a role to play in biofilm determination and 

characterisation and propose specific situations where the benefits of each technique will be 

best utilised. 
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Objectives/Hypothesis: A potential role for bio-
films in Chronic Rhinosinusitis (CRS) has been pro-
posed, and the adverse impact they have on disease
severity and postoperative outcomes has also been
well described. Recent advances have allowed the spe-
cies within the biofilms of CRS patients to be clearly
characterized. This study investigates whether differ-
ent biofilm species have different disease outcomes.

Study Design: Retrospective review.
Methods: Twenty-four patients with medically

recalcitrant CRS undergoing Endoscopic Sinus Sur-
gery (ESS), in whom we had previously characterized
their biofilms using fluorescence in situ hybridization
(FISH), were reviewed a median of 11 months after
their surgery. They were evaluated for preoperative
disease markers and evidence of on-going disease in
the postoperative period.

Results: Thirty-seven biofilms were identified in
the 24 patients. Almost half had polymicrobial bio-
films. The presence of polymicrobial, rather than sin-
gle-species biofilms adversely affected preoperative
disease severity but did not alter postsurgical out-
come. Patients with single organism Haemophilus
influenzae biofilms presented with mild disease symp-
tomatically and radiologically and achieved normal
mucosa a short time after their surgery. Conversely,
patients with Staphlococcus aureus in their biofilm
makeup had more severe disease and a more compli-
cated postoperative course. The effect of Pseudomonas
aeruginosa and fungal biofilms is less clear.

Conclusions: Different biofilm species are asso-
ciated with different disease phenotypes. H. influen-
zae biofilms are typically found in patients with mild
disease, whereas S. aureus is associated with a more
severe, surgically recalcitrant pattern.

Key Words: CRS, S. aureus, H. influenzae,
biofilms, FISH, ESS, outcomes.

Level of Evidence: 2b.
Laryngoscope, 120:1701–1706, 2010

INTRODUCTION
Chronic Rhinosinusitis (CRS) is a heterogeneous

inflammatory disorder with a poorly understood etiopatho-
genesis. Many patients will respond to medical therapy;
however, a subset will fail this treatment and require surgi-
cal intervention. Endoscopic sinus surgery (ESS) is one of
the most commonly performed surgical procedures in our
discipline,1 and although the success rate of ESS is high,2 a
number of patients will have on-going disease despite well-
performed surgery. Predicting which patients will have sur-
gically recalcitrant disease has yet to be completely defined
in the literature. Factors such as depression,3 smoking,4

nasal polyposis,5 aspirin sensitivity,3 and gastroesophageal
reflux6 have all been demonstrated to adversely affect post-
ESS outcomes. Early identification of patients at risk of
on-going disease after surgery may facilitate a more aggres-
sive and targeted approach to perioperative medical
treatment of this group and possibly allow us to improve
their postsurgical outcomes.

Since 2004, biofilms have been consistently demon-
strated on the mucosal surface of CRS patients by a
number of authors.7–10 Furthermore, their presence has
been associated with more severe disease preoperatively
and poorer evolution following ESS in both retrospec-
tive11 and prospective12 trials. These two studies provide
convincing evidence of a difference in disease character-
istics and surgical response between patients with and
without biofilms. However, no species information is pro-
vided by the biofilm identification technique used in
these trials, so the question remains as to whether or
not the particular species forming the biofilm has any
bearing on postoperative evolution.

Recently, investigators have been able to identify
the bacterial species that form biofilms in CRS patients
using fluorescence in situ hybridization (FISH) with
species specific probes. Staphlococcus aureus13 and Hae-
mophilus influenza14,15 have been characterized as the
most common biofilm-forming organisms in two separate
CRS populations. Fungal biofilms have also been identi-
fied in these patients.13 Thus, FISH can assist us to
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4.1 ABSTRACT 

Objectives/Hypothesis: A potential role for biofilms in CRS has been proposed and the 

adverse impact they have on disease severity and post-operative outcomes has also been well 

described. Recent advances have allowed the species within the biofilms of CRS patients to 

be clearly characterized. This study investigates whether different biofilm species have 

different disease outcomes. 

Study Design: Retrospective review 

Methods: 24 patients with medically recalcitrant CRS undergoing ESS, in whom we had 

previously characterized their biofilms using FISH, were reviewed a median of 11 months 

after their surgery. They were evaluated for pre-operative disease markers and evidence of on-

going disease in the post-operative period. 

Results: 37 biofilms were identified in the 24 patients. Almost half had polymicrobial 

biofilms. The presence of polymicrobial, rather than single-species, biofilms adversely 

affected pre-operative disease severity but did not alter post-surgical outcome. Patients with 

single organism H. influenzae biofilms presented with mild disease symptomatically and 

radiologically and achieved normal mucosa a short time after their surgery. Conversely, 

patients with S. aureus in their biofilm make-up had more severe disease and a more 

complicated post-operative course. The effect of P. aeruginosa and fungal biofilms is less 

clear. 

Conclusions: Different biofilm species are associated with different disease phenotypes. H. 

influenzae biofilms are typically found in patients with mild disease whereas S. aureus is 

associated with a more severe, surgically recalcitrant pattern. 
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4.2 INTRODUCTION 

CRS is a heterogeneous inflammatory disorder with a poorly understood etiopathogenesis. 

Many patients will respond to medical therapy, however a subset will fail this treatment and 

require surgical intervention. ESS is one of the most commonly performed surgical 

procedures in our discipline251 and whilst the success rate of ESS is high252, a number of 

patients will have on-going disease despite well-performed surgery. Predicting which patients 

will have surgically recalcitrant disease has yet to be completely defined in the literature. 

Factors such as depression253, smoking254, nasal polyposis255, Aspirin sensitivity253 and 

Gastro-Esophageal Reflux256 have all been demonstrated to adversely affect post-ESS 

outcomes. Early identification of patients at risk of on-going disease after surgery may 

facilitate a more aggressive and targeted approach to peri-operative medical treatment of this 

group and possibly allow us to improve their post-surgical outcomes.  

 

Since 2004, biofilms have been consistently demonstrated on the mucosal surface of CRS 

patients by a number of authors162,165,167,236. Furthermore, their presence has been associated 

with more severe disease preoperatively and poorer evolution following ESS in both 

retrospective175 and prospective176 trials. These two studies provide convincing evidence of a 

difference in disease characteristics and surgical response between patients with and without 

biofilms. However no species information is provided by the biofilm identification technique 

used in these trials and so the question remains as to whether or not the particular species 

forming the biofilm has any bearing on post-operative evolution.  

 

Recently, investigators have been able to identify the bacterial species that form biofilms in 

CRS patients using FISH with species specific probes. S. aureus222 and H. influenza164,168 

have been characterized as the most common biofilm-forming organisms in two separate CRS 

populations. Fungal biofilms have also been identified in these patients222. Thus FISH can 
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assist us to investigate the impact different species have in CRS. Are all biofilms the same or 

do different biofilms result in different disease characteristics? We set out to answer this 

question in the current study. 

 

 



���������� ���
�����	���
��
��%��
�����	���
���1�����
	
����2�������$�����
� ����������������������������������������������������������������������������������+��
-�/3��43�5��-���3��464
� �

� ((�

4.3 MATERIALS AND METHODS 

Study Design 

A retrospective chart review of CRS patients undergoing ESS in the tertiary Rhinology 

practice of the senior author (PJW) was performed. Our institution’s Human Ethics 

Committee approved the study. All patients fulfilled the criteria for CRS diagnosis as outlined 

by the Rhinosinusitis Task Force7 and had failed maximal medical therapy prior to be 

considered for surgical intervention. In order to be included, patients must have had previous 

biofilm determination and characterisation performed (see below). Given our express interest 

in assessing the influence of different biofilm species on post-operative course, only biofilm 

positive patients were included. The differences between those patients with and without 

biofilms have already been well-described175,176. Secondly, the operating surgeon must have 

seen the patient at least twice in the three months following their surgery. This practice 

receives a large number of tertiary referrals from interstate Otolaryngologists, most of who 

are followed up by the referring physician rather than the operative surgeon. Thus these 

patients had to be excluded from this study. Patients were also excluded if they were under 18 

years of age, pregnant, immunocompromised, suffered ciliary dysmotility or if they had taken 

antibiotics or oral steroids in the three weeks prior to surgery. 

 

Biofilm Determination and Characterisation 

Our FISH protocol has been described previously222 and uses species specific probes for S. 

aureus, H. influenzae and P. aeruginosa as well as a universal fungal probe. All patients had 

sinonasal mucosa harvested from the ethmoid cavity at the time of their surgery and 

transported on ice to our laboratory in Dulbecco’s modified Eagle medium (Gibco, Invitrogen 

Corp., Grand Island, NY), without antibiotics or Amphotericin B, where it was cryopreserved 

for delayed processing. The hybridized slides were analysed at Adelaide Microscopy using 
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the Leica TCS SP5 Confocal Scanning (Leica Microsystems, Wetzlar, Germany). The 

definitions used for bacterial and fungal biofilms are contained elsewhere222.  

 

Data Collection 

Pre-operative and intra-operative data was collected at the time of surgery and enabled us to 

stratify disease severity. This data included demographics, symptom scores, Lund-Mackay 

CT scores, intra-operative endoscopy findings and microbiological results. Symptoms of 

nasal obstruction, rhinorrhea, post-nasal drip, facial pain/headache and change in smell were 

patient-derived and surgeon-recorded on a 1-5 scale to give a total out of 25. Post-operative 

details such as length of follow-up, number of follow-up visits, time to achieve objectively 

normal mucosa (measured in months) and microbiological culture results were all accessed 

during the chart review. Given the retrospective nature of this study, symptom scores in the 

post-operative period were not available and so the outcome measures remained purely 

objective. 

 

Data Analysis 

Data analysis was undertaken in three different ways. Firstly, patients were grouped based on 

whether or not they had persisting disease at the end of the follow-up period to try to identify 

risk factors for poor post-surgical evolution. Patients were defined as having persisting 

disease if they had objective evidence of abnormal mucosa and may include mucosal oedema, 

polyposis, crusting, granulation tissue, thick mucus or frank pus. Further to this, patients were 

defined as having a post-operative sinonasal mucosal infection if that any of these features of 

abnormal healing as well as a positive microbiology result. Secondly, patients were grouped 

based on the number of species contained within their biofilm make-up, to determine whether 

number of species within a biofilm is related to disease burden and post-operative course.  
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Finally, patients were analysed based on specific species contained within their biofilms. 

Each species was divided in three different ways and compared to all remaining patients:  

1. All occurrences of that species, regardless of whether this was a unimicrobial biofilm 

or was contained within a polymicrobial biofilm 

2. That species present only as a single organism biofilm  

3. That species when it existed in a polymicrobial biofilm  

 

Statistical Analysis 

Our results were analysed using GraphPad Prism 5.0 software (GraphPad Software, San 

Diego, CA). Significance values of α = 5%, β = 20% and p ≤ 0.05 were used. We considered 

our data to be non-parametric and so median and inter-quartile range (IQR) were reported. 

Fisher’s exact test was used for dichotomous data and the Mann-Whitney U test was used for 

analysis of ordinal data. The log rank (Mantel-Cox) test was used to calculate survival curves 

for persisting disease in the post-operative period. 
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4.4 RESULTS 

Demographic Analysis 

24 patients fulfilled the inclusion and exclusion criteria for analysis. The study group 

consisted of 13 males and 11 females with a median age of 48 (IQR 39.5-56). Phenotypically, 

our patients could be subdivided into 9 patients with nasal polyposis and 15 patients without 

polyposis. On history, there were 4 smokers and 4 patients with aspirin sensitivity but no 

patients with either depression or gastro-oesophageal reflux disease. Each of these previously 

described outcome predictors were analysed. There were no significant associations between 

any of these factors and the presence of particular biofilm species. Thus we believe the impact 

of specific biofilm species on post-operative outcome is an independent observation.  

 

Disease Characteristics 

In terms of pre-operative disease severity, the median symptom score was 17.5/25 (IQR 16-

20.75) and the median radiology score was 14.5/24 (IQR 10.25-19.75). These patients were 

followed-up for a median of 11 months (IQR 5-13). It is important to note that when a patient 

is asymptomatic and achieves normal mucosa they may be discharged from the clinic. This 

explains some of the patients with short follow-up times.  

 

11 (46%) patients had complete resolution of their disease by the end of the follow-up period. 

This left 13 (54%) patients with persisting disease and 10 (77%) of this group had S. aureus 

in their biofilm make-up. Not surprisingly, the group with persisting disease required more 

post-operative visits (median=6 and IQR=3.5-8.5 compared with median=3 and IQR=3-5, 

p=0.019) and had more sinonasal infections in the post-operative period (median=2 and 

IQR=1-4.5 compared with median=0 and IQR=0, p=0.0015). However it was not possible to 

predict this group based on their pre-operative symptoms or Lund-Mackay CT scores. 
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Post-Operative Infection 

13/24 patients had their post-operative course complicated by sinonasal infection, as defined 

by having evidence of infection clinically and a positive microbiology result. In line with our 

previous work212, post-operative infections are significantly associated with positive intra-

operative cultures (Fisher’s exact test, p=0.03). Analysing all other factors, the only other 

influence on post-operative infection is the presence of single-species H. influenzae biofilms, 

which reduced its incidence (as outlined above). There were no significant differences noticed 

within the other species groups and the number of species within a biofilm did not influence 

the frequency of post-operative infections.  

 

Biofilm Results 

The biofilm characterisation results are demonstrated in Table 4.1. 37 biofilm species were 

identified in the 24 patients. 11/24 (46%) patients had polymicrobial biofilms. H. influenzae 

appeared more commonly as a single organism biofilm compared with the other species, 

which were more commonly seen in polymicrobial biofilms. The number of species contained 

within a biofilm affected disease severity but not post-operative outcomes- the polymicrobial 

biofilm group had higher symptom scores (median=19.5 and IQR=18.25-21 compared with 

median=16 and IQR=15-17, p=0.0065) and higher Lund Mackay CT scores (median=19.5 

and IQR=12.75-22 compared with median=12 and IQR=6.5-16.5, p=0.0082) than did those 

patients with single species biofilms. However this did not affect the time to normal mucosa 

or likelihood of the patient having a post-operative infection.  
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SPECIES One 

(n=13) 

Two 

(n=9) 

Three 

(n=2) 

TOTAL 

(n=24) 

S. aureus 6 8 1 15 

H. influenzae 5 4 1 10 

P. aeruginosa 0 4 2 6 

Fungal 2 2 2 6 

TOTAL organisms 13 18 6 37 

 

Table 4.1: Biofilm characterisation. S. aureus is the most common biofilm-forming organism 

and 11/24 (46%) of patients had polymicrobial biofilms. 

 

H. influenzae Biofilms 

5 patients had H. influenzae as a single organism biofilm (Table 1). When these patients were 

compared to the remaining 19, a number of significant results were observed (Table 4.2). The 

H. influenzae group had significantly less severe disease symptomatically (median=15 and 

IQR=13-17 compared with median=19 and IQR=16-21, p=0.015) and radiologically 

(median=6 and IQR=4-14 compared with median=17 and IQR=12-22, p=0.0015). They then 

had rapid resolution of disease following their surgery, achieving normal mucosa significantly 

earlier than the remaining patients (median=0 and IQR=0-6 compared with median=13 and 

IQR=8.5-16, p<0.0001), with less post-operative infections (median=0 and IQR=0-0.5 

compared with median=3 and IQR=1-6, p=0.03). Their rapid disease resolution is also 

confirmed with the Mantel-Cox test (p=0.0127, see Figure 4.1a). When the entire H. 

influenzae group was analysed (n=10) and when just the polymicrobial H. influenzae biofilms 

were analysed in isolation (n=5), these significant results were lost (Table 4.2). This may be 

due to the influence of the other species within the patient’s biofilm make-up. 
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 H. influenzae S. aureus P.aeruginosa1 Fungal2 

 Single Poly/All Single Poly All All Poly/All 

Symptoms p=0.015 NS NS p=0.0069 p=0.037 p=0.01 NS 

L-M Score p=0.0015 NS NS p=0.025 p=0.009 p=0.04 NS 

Time to 

normal  

p<0.0001 NS NS NS p=0.016 NS NS 

Post-op 

Infection 

p=0.03 NS NS NS NS NS NS 

 

Table 4.2: Summary of results for species-specific disease severity and post-operative 

evolution outcome measures. Analysis of each species was undertaken in three ways based on 

whether the species was present on its own or in a polymicrobial mix. The significant findings 

related to single species H. influenzae biofilms and all S. aureus biofilms can be appreciated 

NS= not significant 

1There were no occurrences of single species P. aeruginosa biofilms thus all P. aeruginosa 

were contained in a polymicrobial species mix 

2There were only two patients with fungal biofilms exclusive of bacterial species. This group 

was too small to analyse individually and so was excluded from analysis 

 

S. aureus Biofilms 

6/15 (40%) patients had single-species S. aureus biofilms (Table 4.1). Analysis of this group 

identified no significant results either pre-operatively or post-operatively (Table 4.2). 

However when S. aureus was involved in a polymicrobial biofilm (9/15 patients), affected 

patients were identified as having more severe disease prior to surgery. They had higher 

symptom scores (median=20 and IQR=18.5-21 compared with median=16 and IQR=15-19, 
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p=0.0069) and higher CT scores (median=22 and IQR 12.5-22 compared with median=12 and 

IQR=7-18, p=0.025). When these two groups were combined (i.e. all patients with S. aureus 

in their biofilm make-up), the deleterious effect of S. aureus on both pre-operative disease 

and post-operative outcome can be fully appreciated (Table 4.2). This group were 

symptomatically worse (median=19.5 and IQR=16.25-21 compared with median=16.5 and 

IQR=15-18.5, p=0.037) and radiologically worse (median=17 and IQR=12.25-22 compared 

with median=8.5 and IQR=4.5-17.25, p=0.009). They took significantly longer to achieve 

normal mucosa (median=13 and IQR=9-16 compared with median=5 and IQR=0-12, 

p=0.016). This point is also demonstrated in Figure 4.1b using the Mantel-Cox log rank test 

(p=0.0274). Furthermore the S. aureus biofilm group had a trend towards requiring more 

post-operative visits (median=5 and IQR=3-8 compared with median=4 and IQR=2.5-5.5, 

p=0.097) and having their post-operative course complicated by infections (median=1 and 

IQR=0-3 compared with median=0 and IQR=0-1.5, p=0.078).  

 

P. aeruginosa Biofilms 

There were no single-species P. aeruginosa biofilms observed in our small sample group 

(Table 4.1). Of the six P. aeruginosa biofilms in this study, 4 were associated with S. aureus. 

This makes interpretation difficult because it is unclear whether these results are truly 

reflective of P. aeruginosa biofilms or influenced by the presence of S. aureus. Nevertheless, 

analysing this group as a whole (all P. aeruginosa cases were contained within polymicrobial 

biofilms), we found this group to have higher symptom scores (median=21 and IQR=18.74-

21 compared with median=17 and IQR=15.75-20, p=0.01) and higher radiology scores 

(median=19.5 and IQR=16-22 compared with median=12 and IQR=9.25-18.25, p=0.04). No 

significant differences were found for this group in the post-operative period (Table 4.2). 
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Figure 4.1: Mantel-Cox survival curves. 1a. H. influenzae as a single organism biofilm 

results in rapid disease resolution following surgery in most cases (p=0.0127). 1b. 

Significantly greater percentage of patients with persisting disease, despite surgery, in those 

with S. aureus in their biofilm make-up (p=0.0274). 
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Fungal Biofilms 

There were only two patients in whom the fungal biofilms were not associated with bacterial 

species (Table 4.1). This number was too small for statistical analysis. Analysis of the 

remainder identified no significant results to suggest fungal biofilms affect CRS disease 

severity or post-operative outcomes in this cohort (Table 4.2). 

 



���������� ���
�����	���
��
��%��
�����	���
���1�����
	
����2�������$�����
� ����������������������������������������������������������������������������������+��
-�/3��43�5��-���3��464
� �

� �)(

4.5 DISCUSSION 

Since ESS was introduced over 20 years ago, significant technical refinements have occurred, 

taking it from a subspecialty procedure performed by relatively few surgeons to one 

comfortably undertaken by most Otolaryngologists. Despite improvements in the 

understanding of sinus anatomy, surgical technique and instrumentation, a group of patients 

will still have symptoms after well-performed ESS. All sinus surgeons are faced with a 

spectrum of disease severity and recognise that this significantly impacts both their intra-

operative findings and post-operative course. However, stratifying this heterogeneous group 

of patients remains a significant challenge. This is partly because the underlying 

pathophysiological mechanisms of CRS are poorly understood. Many factors reported to 

affect post-ESS outcomes cannot be ameliorated prior to surgery, such as unfavourable sinus 

anatomy and aspirin sensitivity. However a number of other factors can and if these reversible 

causes can be identified this can provide the key to improving post-operative outcomes. 

Although the research is in its formative years, biofilms (specifically S. aureus biofilms) may 

well prove to be one such factor that can be successfully eradicated, thereby improving post-

operative evolution. 

 

This study builds on current knowledge of the clinical relevance of biofilms in CRS. It is well 

established that the presence of biofilms is a predictor of more severe disease and poorer 

outcomes following endoscopic sinus surgery. But until now, it had been unclear whether the 

impact of biofilms on disease outcomes could be further stratified based on the different 

species contained within them. The results of this study suggest that different biofilm species 

are indeed associated with different disease characteristics. H. influenzae, when contained 

within a single organism biofilm, produces mild disease with a predictably favourable 

outcome after surgery. Conversely, the presence of S. aureus seems to predict more severe 

disease and a prolonged, complicated post-operative course. 
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S. aureus is recognised as a significant pathogen in CRS and its multitude of roles are being 

constantly refined203. It is the most frequently cultured organism at the time of surgery48,52 and 

the most common biofilm-forming organism found on intra-operative mucosal specimens222. 

In the post-operative period, S. aureus is again the most commonly cultured pathogen212 and 

its in vitro biofilm forming capacity has been correlated with unfavourable evolution 

following ESS174. We have confirmed this association through the use of direct biofilm 

detection techniques. Comparison of all patients with S. aureus biofilms with remaining 

patients (Table 4.2) yielded a number of significant results that suggest S. aureus adversely 

affects both pre-operative disease severity and progression after surgery. However, these 

effects are lost when this broad group is subdivided to analyse for our secondary analysis of 

the bacteria within only unimicrobial or polymicrobial biofilms. In these analyses the S. 

aureus biofilms are spread across the comparison groups, resulting in a convergence of results 

and a loss of the significant differences. This would suggest that S. aureus plays a dominant 

role in determining disease severity and guiding post-operative course.  

 

The role of H. influenzae in CRS is less well defined. Two previous papers that used FISH 

identified it as the most common biofilm forming organism164,168. Indeed the results of our 

previous work also found H. influenzae was commonly found in the biofilm form222. But, 

despite its frequency, it appears that the presence of H. influenzae in a unimicrobial biofilm is 

actually associated with mild disease and rapid resolution of signs and symptoms following 

surgery. Of note is the fact that when H. influenzae is combined with other biofilm species in 

polymicrobial biofilms (Table 4.2), these significant effects are lost and this might suggest 

that the effect of H. influenzae is weak and that these patients have a disease course which 

more closely reflects the biofilm negative patients we have seen in other studies175,176, rather 

than refractory disease characteristics seen with other bacteria such as S. aureus.  
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Predicting which patients will have their post-operative course complicated by sinonasal 

mucosa infection and what the significance of this is remains debatable. We did not 

demonstrate a significant association between the patient’s intra-operative biofilm status and 

their likelihood of having an infection in the post-operative period. This finding would be 

consistent with the biofilm paradigm, which dictates that these genotypically altered bacteria 

are difficult to culture using standard microbiological techniques135. Conversely, positive 

culture of planktonic bacteria at the time of surgery did predict which patients suffered 

sinonasal infections following ESS. In line with our previous work we have reinforced that 

those who culture S. aureus intra-operatively are a ‘high-risk’ group for post-operative 

mucosal infections212. It is most likely that the bacterial populations we see in CRS are 

polyclonal in nature, some favouring planktonic growth whilst others will be stressed into the 

biofilm mode. We would hypothesise, from the results of this study, that the biofilm-forming 

subgroup may mediate the persisting inflammation seen post-operatively whereas the 

planktonic clones will be responsible for inducing signs and symptoms of mucosal infection. 

This hypothesis requires on-going investigation. 

 

As with any study, this is not without its methodological limitations. Firstly this was a 

retrospective review of a relatively small number of patients. In order to confirm these 

preliminary findings, a large prospective study would need to be undertaken. Any prospective 

trial undertaken in this area should employ validated, ordinal scales to avoid biasing towards 

an unfavourable outcome as may have occurred with the nominal measures used in our study 

design. It should also include validated symptom scores to gain a true appreciation of the 

impact the abnormal mucosal outcomes we observed have on our patients. It is interesting to 

note that Wang et al257 found a significant correlation between subjective scores and objective 

evaluation, suggesting that our objective results may be able to be extrapolated to provide an 

indication of the impact these findings have on the patient. Secondly, the use of FISH for 

biofilm detection has technical limitations, specifically the inability to be sure of sampling all 
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relevant species. S. pneumoniae and M. catarrhalis are the most likely biofilm-forming 

organisms to have been excluded. The prevalence and effect on disease characteristics that 

these biofilm-forming organisms have in CRS remains to be fully understood. Finally, the 

small numbers in the P. aeruginosa biofilm and fungal biofilm groups make it impossible to 

draw definitive conclusions about the effect of these bacteria on CRS as a disease.  

 

Nevertheless, we believe that this study highlights some clinically relevant, novel concepts in 

the area of biofilm research. Our results suggest that different biofilms are associated with 

different disease patterns- both disease severity and surgical responsiveness. This has 

implications both for further research into understanding the role of biofilms in the 

aetiopathogenesis of CRS as well as for developing biofilm eradication agents. If all biofilms 

were different it would be reasonable to suggest that species-specific biofilm investigations 

are more relevant than a general approach to all biofilms. Thus the focus should be on the 

clinically relevant biofilm species such as S. aureus. FISH is a good technique for this258. 

Similarly the evidence for biofilms, and in particular those involving S. aureus, as one 

predictor of severe disease is mounting. Thus we may be able to identify an unfavourable 

group who actually has a potentially reversible aetiology. Biofilm research in all disciplines is 

progressing rapidly and research energy is increasingly being channelled towards biofilm 

eradication strategies. Much of this work is now directed at finding components of biofilms 

formed by specific organisms (including S. aureus), which can then be targeted with novel 

treatments259, further highlighting the potential relevance of our findings. This advancing 

knowledge will enable us to aggressively treat these patients who will progress poorly after 

surgery with directed anti-biofilm agents in the peri-operative period in the hope of improving 

their outcome following ESS.  
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4.6 CONCLUSION 

Within the limitations of a retrospective review, this study demonstrates that different 

biofilms probably are associated with different disease characteristics and surgical 

responsiveness. Specifically, H. influenzae biofilms convey mild disease that is highly 

surgically responsive whereas S. aureus biofilms are associated with more severe, surgically 

recalcitrant disease and appear to play a dominant role over other species in polymicrobial 

biofilms. These new findings have relevance both in guiding future laboratory research in this 

area as well as identifying targets for directed biofilm eradication strategies which may 

improve patients outcomes following sinus surgery. 
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5.1 ABSTRACT 

Background: The etiopathogenesis of CRS is currently an area of intense debate. Recently 

biofilms have been proposed as a potential environmental trigger in this disease. In particular, 

S. aureus biofilms appear to be a predictor of severe disease recalcitrant to current treatment 

paradigms. However direct causal links between biofilms and host immune activation are 

currently lacking. 

Objective: To document both the adaptive immune responses that characterise S. aureus 

biofilm associated CRS and the relative contributions of staphylococcal superantigens and S. 

aureus biofilms in the inflammatory make-up of this disease.   

Methods: 53 disease subjects and 15 controls were recruited. Sinonasal mucosa was collected 

for determination of S. aureus and H. influenzae biofilms, presence of total and superantigen-

specific IgE and measurement of cytokines that characterise the T-helper pathways. 

Results: S. aureus biofilms and superantigens are significantly associated in CRS patients 

suggesting the biofilm may be a nidus for superantigen-eluting bacteria. The presence of S. 

aureus biofilms is associated with eosinophilic inflammation, across the spectrum of CRS, on 

the back of a T-helper2 skewing of the host’s adaptive immune response (elevated ECP and 

IL-5). This can be distinguished from the superantigenic effect mediated via induction of IgE. 

Conclusion: This study provides novel evidence of a link between S. aureus biofilms and 

skewing of the T cell response towards the T-helper2 pathway that is independent of 

superantigens that may also be released from bacteria within the biofilm. Further research is 

required to confirm the cause-effect relationship of this association. 
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5.2 INTRODUCTION 

Understanding the aetiopathogenesis of CRS is an area of intense research interest at present. 

Although CRS is a common chronic health condition, affecting 10 to 15% of the European 

and US population in recent epidemiologic studies260,261, its underlying pathogenetic 

mechanisms remain unclear. CRS most probably represents a heterogenous group of diseases 

resulting from a multifaceted interaction between the host and the environment. The 

microorganisms colonizing the airways, more so viruses than bacteria, have been identified as 

sources of signals for the innate, as well as adaptive, mucosal immune response. Variations 

such as skewing of T cell populations and polarised cytokine patterns, may modulate an 

abnormal response to the presence of environmental triggers within the upper airway71,262. 

Research into the staphylococcal superantigens elegantly reflects the interplay between 

microorganisms and the local immune system and their role as disease modifiers in CRSwNP 

is now well-established262. However, this only accounts for a subgroup of the most severe 

patients in the broad spectrum of CRS. A role for fungi in this disease83,85, as well as other 

inciting factors including allergy30, cigarette smoking263 and chronic osteitis228, has been 

proposed but thus far the supporting research remains inconsistent and controversial. Biofilms 

are a relatively new concept in the CRS literature, but do have several features that might be 

relevant when considering the clinical course endured by CRS sufferers106.  

 

Characterisation of innate and adaptive immune responses has afforded considerable insight 

into the host’s unique responses in CRS. Whilst previously considered to exist along a 

phenotypic spectrum, CRSwNP and CRSsNP are increasingly recognised as distinct disease 

entities based on cytokine, mediator and cellular profiles41. CRSsNP is largely a fibrotic, 

remodelling disease driven by T-helper1 (Th1) cytokines such as IFN-γ with normal T-

regulatory cell function, reflected by normal FoxP3 and raised TGF-β40,102. Conversely 

polypoid degeneration of the mucosa in CRSwNP ensues following escape from the 
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inhibitory function of T-regulatory cells (evidenced by a reduction in FoxP3 and TGF-β), 

enabling the T-helper2 (Th2) cells to predominate and their cytokines, in particular IL-5, to 

recruit and activate eosinophils39. The resultant eosinophilic inflammation is reflected with 

high levels of ECP and Eotaxin present in the mucosa. The presence of superantigens has 

been consistently demonstrated in 20-50% of Caucasian patients with CRSwNP, but rarely in 

CRSsNP or control subjects. The Th2 biased cytokine patterns are further exaggerated in this 

subgroup of CRSwNP, linking comorbid asthma to nasal polyposis43,68. However the genesis 

of the eosinophilic and occasional neutrophilic responses in the remaining nasal polyposis 

patients is still elusive, underlining both the heterogeneity of this condition and the limitations 

of our current knowledge. 

 

The existence of biofilms in CRS has been well established since they were first identified on 

the sinonasal mucosa of CRS patients in 2004158,162,165,167. Recent work from our department 

has outlined the polymicrobial nature of CRS biofilms222 with S. aureus and H. influenzae 

featuring prominently164,168,222. The presence of biofilms has been associated with poor 

evolution following ESS175,176 and the microorganisms present may significantly influence 

both disease severity and treatment response. S. aureus biofilms are linked to more severe and 

surgically recalcitrant disease, whereas H. influenzae biofilms are generally seen in mild 

disease that is highly responsive to current management paradigms264. Thus species-focused 

biofilm investigations now appear more relevant than a general approach.  

 

Whilst their presence within the sinuses has been clearly demonstrated, a direct role for 

biofilms in CRS disease initiation remains circumstantial. By evaluating both the cytokine 

patterns associated with staphylococcal biofilms and their coexistence with superantigen-

specific IgE within the sinuses, we hope to provide insights into the adaptive immune 

responses that characterize S. aureus biofilm associated CRS and possibly further clarify their 

pathogenic role in this disease.   
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5.3 MATERIALS AND METHODS 

Study Design  

This study was conducted as a prospective investigation accessing patients from the tertiary 

Rhinology practice of one of the senior authors (P.J.W.). Institutional Review Board approval 

was obtained and all patients gave their informed consent to participate. 53 patients who met 

the criteria for diagnosis of CRS outlined by the American Rhinosinusitis Taskforce7 and 

were undergoing Endoscopic Sinus Surgery (bilateral spheno-ethmoidectomies, middle 

meatal antrostomies +/- endoscopic modified Lothrop procedure) after failing maximal 

medical therapy were recruited. Additionally, 15 patients without clinical or radiological 

evidence of chronic sinus disease undergoing trans-sphenoidal removal of pituitary adenomas 

served as control patients. Patients were excluded if they were under the age of 18, 

immunocompromised, had a ciliary dyskinesia or had taken antibiotics or steroids in the three 

weeks prior to surgery. All patients had baseline clinical and radiological assessments 

undertaken. This included past medical history (presence of asthma, cigarette smoking), 

RAST for common environmental allergens, symptom scoring (patient-derived physician-

recorded scoring of nasal obstruction, rhinorrhea, post-nasal drip, facial pain/headache and 

hyposmia), endoscopic assessment (presence of pus or polyps), radiologic evaluation (Lund-

Mackay system) and histologic assessment (presence of eosinophilic mucus).  

 

Sinus Mucosa Acquisition and Preparation 

At the time of endoscopic sinus surgery, sinus mucosa and mucus was harvested from the 

middle meatus and ethmoid cavity. For control patients, tissue was harvested from the 

posterior ethmoid cells and sphenoid during the surgical approach to the pituitary fossa. The 

sinus mucosal biopsies were transported on ice to our laboratory in Dulbecco’s Modified 

Eagle Medium (Gibco, Invitrogen Corp., Grand island, NY).  
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Tissue was then divided and stored in two ways: 

1. Snap frozen in liquid nitrogen and stored at -80°C for cytokine and mediator analysis 

2. Stored directly at -80°C for biofilm characterisation 

 

Biofilm Characterisation 

Biofilm characterisation was performed by an investigator (A.F.), blinded to both the clinical 

presentation and cytokine results of the patient, using a previously described FISH 

protocol222. All tissue was initially washed three times in separate 100mL beakers of MilliQ 

water (Millipore, Billerica, MA) to remove planktonic bacteria. FISH probes for S. aureus 

and a universal bacterial probe were obtained from AdvanDx (Woburn, MA) and used 

according to the manufacturer’s directions. An H. influenzae FISH protocol developed in our 

laboratory, utilising a novel probe (Sigma-Aldrich, St. Louis, MO) produced from published 

sequences170, was employed. Post-hybridization slides were transported to Adelaide 

Microscopy for imaging on the Leica TCS SP5 Confocal Scanning Laser Microscope (Leica 

Microsystems, Wetzlar, Germany). Image acquisition and data analysis was performed using 

the Leica Application Suite Advanced Fluorescence. The biofilm definitions outlined in 

previous work from our group were again employed258.  

 

Cytokine and Mediator Analysis 

Snap frozen sinus tissue was transported in dry ice to the Upper Airways Research Laboratory 

at the University of Ghent, Belgium for measurement of cytokines that characterize the Th1, 

Th2 and T-h17 pathways along with total IgE, S. aureus enterotoxin specific IgE and ECP. The 

cytokine and mediator assays were performed by an investigator (G.H.) blinded to both the 

clinical phenotype and biofilm status of the patients. Tissue specimens were weighed, and 1 

ml of 0.9% NaCl solution supplemented with a cocktail of protease inhibitors (Roche 

Diagnostics, Belgium) was added per every 0.1g tissue. The tissue was then homogenized 

with a mechanical homogenizer (B.Braun Melsungen, Germany) at 1000 rpm for 5 minutes 
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on ice. After homogenization, the suspension were centrifuged at 3000 rpm for 10 minutes at 

4°C and the supernatants separated and stored at -30°C until analysis. All samples were 

assayed for IL-5, IFN-γ, IL-1ß, IL-6, IL-17, TGF-β1 and MPO. IFN-γ, TGF-β1 and MPO 

were analysed by using commercially available ELISA kits (IFN-γ, TGF-β1: R&D Systems 

Quantikine ELISA, Minneapolis; MPO: BioCheck Inc, Foster City; CA). IL-5, IL-1ß, IL-6, 

and IL-17 were analysed by using the Luminex xMAP Technology with commercially 

available Fluorokine Map Kits (R&D Systems, Minneapolis) and measured on a Luminex 

Platform (BioRad). IgE and IgE-antibodies to S. aureus enterotoxins, as well as ECP, were 

measured by the UNICAP system (Phadia, Sweden) according to manufacturer´s guidelines. 

 

Statistical Analysis 

Our results were analysed using GraphPad Prism 5.0 software (GraphPad Software, San 

Diego, CA). Significance values of p ≤ 0.05 were used. We considered our data to be non-

parametric and so median and IQR were reported. Chi square test or Fisher’s exact test were 

used for dichotomous data, with a two-tailed Kruskal-Wallis test, followed by a Mann-

Whitney U test, used for analysis of ordinal data. The Kruskal-Wallis test identified 

significant intergroup variability and the Mann-Whitney U test was used for between-group 

comparisons. Bonferroni corrections were applied for analysis of multiple comparators. The 

linear discriminant analysis and construction of comparison trees were performed using R 

statistical software (R Foundation for Statistical Computing, Vienna, Austria). A linear 

discriminant analysis reduces the variability of numerous measures (in this case nine 

mediators) into a bi-plot graph. A vector represents each mediator and the patients, according 

to subgroup, are plotted on the graph with their position determined by the relative 

contribution of each mediator (hence vector) to their inflammatory make-up. Thus the key 

mediators for each subgroup can be appreciated by observing where on the bi-plot those 

patients fit. A comparison tree analyses all variables simultaneously and determines which 

measures differentiate two groups of interest (i.e. biofilm positive and negative or 
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superantigen positive and negative). A computer generated cut-off point is determined, at 

which the greatest separation of the two groups occurs. Finally, the differentiating variables 

are then organized in sequence starting with the most distinguishing variable, a feature that is 

determined by the mean decrease in Gini index.  
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5.4 RESULTS 

Demographic data 

53 CRS patients and 15 control subjects met the inclusion criteria and were enrolled in this 

study. The CRS group consisted of 27 males and 26 females and the control group comprised 

7 males and 8 females. Based on nasal endoscopic findings, the CRS patients were divided 

into 33 with nasal polyposis and 20 without. 33/53 patients (62%) had undergone one or more 

previous surgeries for their CRS, reflecting the tertiary nature of this practice and the overall 

disease severity of the patient cohort. The median age of the CRSwNP group was 55 years 

(interquartile range (IQR) 47-58), CRSsNP group was 59 years (IQR 48-68) and control 

group was 54 years (IQR 46-63). These differences were not statistically significant. 30/53 

patients (57%) had allergies to one or more of the common environmental allergens that were 

tested, without differences between groups. Symptom scores were significantly greater (Mann 

Whitney U test, P = 0.017) in the CRSwNP group (median = 17/25, IQR 15-20) compared 

with the CRSsNP group (median = 15.5/25, IQR 14-17). As expected the Lund-Mackay 

scores were also significantly greater (Mann Whitney U test, P <0.001) in the CRSwNP 

group (median 15, IQR 13-20) than the CRSsNP (median 10, IWR 8-14).  14/33 (42%) of 

CRSwNP patients had asthma, in contrast to 9/20 (45%) of those with non-polyposis CRS. 

This difference was not significant.  

 

Biofilm prevalence and distribution 

No control subjects had evidence of biofilms on their sinus mucosa. 70% of the CRS patients 

had biofilms present, when examined using the universal bacterial probe. Interestingly only 

one patient was classified as non-S. aureus, non-H. influenzae. The exact species composition 

of this patient’s biofilm could not be ascertained using the methodology employed in this 

study. Nevertheless this result confirms that there were not a significant number of biofilm 
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positive patients excluded from our analysis. H. influenzae was present in 35% of CRS 

patients, most commonly in association with S. aureus, rather than in a unimicrobial biofilm. 

 

S. aureus was observed in 26/53 (49%) CRS patients and the distribution of S. aureus 

biofilms amongst the phenotypic subgroups is summarised in Table 5.1. S. aureus biofilms 

were significantly more prevalent in the CRSwNP group (Chi square test, P = 0.047). In line 

with our recent observations264, the presence of S. aureus biofilms is associated with more 

severe symptoms (median 18, IQR 15-20 vs. median 16, IQR 14-17, Mann Whitney U test, P 

= 0.005) and greater radiological disease burden (median 15, IQR 13-20 vs. median 12, IQR 

9-15, Mann Whitney U test, P = 0.003). 

 

 

 CRSwNP CRSsNP Control 

Biofilm positive 20 6 0 

Biofilm negative 13 14 15 

Total 33 20 15 

 

Table 5.1: Distribution of S. aureus biofilms across the subgroups of CRS. The association 

between S. aureus biofilms and nasal polyposis is statistically significant (Chi square test, P = 

0.047) 

 

Cytokine and mediator results based on polyposis status 

The median and IQRs for all cytokines and mediators are summarised in Table 5.2, with 

differentiation based on both polyp status and biofilm status. The CRSwNP group was 

characterized by a polarization of the T cell response towards the Th2 pathway (Table 5.3 and 

Figure 5.1). IL-5 (Kruskal-Wallis test, P < 0.001), IL-6 (Kruskal-Wallis test, P < 0.001) and 

ECP (Kruskal-Wallis test, P < 0.001) were all significantly elevated in the CRSwNP group 
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when compared to both the CRSsNP group and the control group. IL-1β, IL-17 and MPO 

were significantly higher in the CRSwNP group when compared to control subjects but a 

significant difference was not observed when compared to the non-polyp CRS patients. 

Surprisingly the cytokines associated with the CRSsNP phenotype, such as IFN-γ and TGF-β, 

were not significantly different between the subg 

roups of our population.  

 

Cytokine CRSwNP CRSsNP Control Biofilm +ve Biofilm -ve 

IgE 321.8 

(138.6-1045) 

68.2 

(28.6-154) 

22.44 

(10.12-128.2) 

317.4 

(82.77-1238) 

23.10 

(1.9-140.8) 

ECP 4615 

(2456-13118) 

841.5 

(541.2-3322) 

190.3 

(119.9-558.8) 

6160 

(2540-13241) 

1639 

(660-4615) 

TGF-β1 7270 

(5185-10728) 

9545 

(6241-13488) 

9842 

(5643-19038) 

9756 

(5922-12759) 

6905 

(5082-9882) 

IL-1β 160.2 

(31.4-398.4) 

77.3 

(49.5-294.3) 

39.1 

(10-79) 

167.7 

(43.85-325.9) 

66 

(34-414) 

IL-5 113.1 

(6.5-320.9) 

6.5 

(6.5-52.6) 

6.5 

(6.5-6.5) 

113.1 

(26.83-530.8) 

6.5 

(6.5-99.9) 

IL-17 12.5 

(12.5-63.0) 

12.5 

(12.5-28.7) 

12.5 

(12.5-12.5) 

12.5 

(12.5-65.08) 

12.5 

(12.5-28.7) 

IL-6 209.2 

(71.8-791.8) 

60 

(18.2-154.8) 

18.2 

(18.2-68.9) 

205.1 

(80.85-790.8) 

71.1 

(18.2-334.7) 

IFN-Υ 42.9 

(42.9-98.25) 

42.9 

(42.9-208.8) 

42.9 

(42.9-42.9) 

42.9 

(42.9-96.9) 

42.9 

(42.9-188.5) 

MPO 2356 

(1212-6364) 

1606 

(793.3-2789) 

791.5 

(618.0-1451) 

1769 

(1142-4841) 

1850 

(727.0-4368) 

 

Table 5.2: Median and interquartile range of all mediators assessed in this study with division 

of patients into subgroups based on nasal polyposis (column 2 and 3) and S. aureus biofilms 

(column 5 and 6). Control patients are represented in column 4. 
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Mann Whitney U test 

Cytokine 
Kruskal-

Wallis test 
CRSwNP vs 

Control 

CRSwNP vs 

CRSsNP 

CRSsNP vs 

Control 

IL-5 <0.001 0.001 0.002 NS 

IL-6 <0.001 <0.001 0.003 NS 

ECP <0.001 <0.001 <0.001 <0.001 

IL-17 0.03 0.002 NS 0.02 

IL-1β 0.03 0.01 NS 0.02 

TGF-β NS NS NS NS 

IFN-Υ NS NS NS 0.08 

MPO 0.007 0.003 0.09 NS 

 

 

Table 5.3: Cytokine and mediator analysis based on nasal polyp status. CRSwNP is a disease 

associated with a T-helper2 response with elevated IL-5, IL-6 and ECP. CRSsNP 

demonstrates a T-helper1 bias with elevated IL-1β.   
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Figure 5.1: IL-5, IL-6, ECP and IL-1β cytokine results, based on nasal polyposis status. IL-5, 

IL-6, IL-1β and ECP are significantly elevated in the CRSwNP patients, reflecting the Th2 

bias of this phenotype. The Th1 cytokines were not significantly different between groups. 

 

Superantigen-specific IgE data 

The CRSwNP group contained 17/33 (52%) patients who were enterotoxin-specific IgE 

positive, whereas none of the 20 CRSsNP patients had detectable enterotoxin-specific IgE. 

This was a statistically significant association (Table 5.4, Fisher’s exact test, P<0.001). 

Interestingly, 2 of the control group had enterotoxin-specific IgE present on the sinonasal 
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biopsies. Of the 26 S. aureus biofilm positive CRS patients, 12 also had detectable 

enterotoxin-specific IgE. In contrast to this, of the 27 S. aureus biofilm negative CRS 

patients, only 5 had detectable IgE. This correlation was also statistically significant (Table 

5.4, Fisher exact test, P=0.042).  

 

 

 CRSwNP CRSsNP Total  Biofilm 
+ve 

Biofilm 
+ve 

Total 

SAE-IgE 

positive 

17 0 17  12 5 17 

SAE-IgE 

negative 

16 20 36  14 22 36 

Total 33 20 53  26 27 53 

 

Table 5.4: Presence of staphylococcal superantigen specific-IgE in the subgroups of nasal 

polyposis. Superantigens are significantly associated with the CRSwNP phenotype (Fisher’s 

exact test, P <0.001) as well as with the S. aureus biofilm positive CRS group (Fisher’s exact 

test, P = 0.041).  

 

Cytokine and mediator results based on superantigen status 

The presence of superantigen-specific IgE is associated with significantly elevated Total IgE, 

IL-5 and ECP (Table 5.5). IL-6 also approaches significance in this subdivision of CRS. This 

data confirms the Th2 bias produced by staphylococcal superantigens as well as the ability of 

superantigens to induce IgE formation. Both of these pathways can result in an eosinophilic 

inflammatory response (as evidenced by the elevation in ECP). 
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Mann Whitney U test 

Cytokine 
Kruskal-

Wallis test 
SAE +ve vs 

Control 

SAE +ve vs SAE 

-ve 

SAE –ve vs 

Control 

Total IgE <0.001 <0.001 0.02 NS 

IL-5 0.033 0.02 0.02 NS 

IL-6 0.05 0.05 NS NS 

ECP <0.001 <0.001 0.08 <0.001 

IL-17 0.05 NS NS NS 

IL-1β NS NS NS NS 

TGF-β NS NS NS NS 

IFN-Υ NS NS NS NS 

MPO 0.03 0.02 NS NS 

 

Table 5.5: cytokine and mediator results based on superantigen status. Superantigen-specific 

IgE positive CRS (SAE +) is associated with significantly elevated Total IgE, IL-5 and ECP 

when compared to both superantigen-specific IgE negative CRS (SAE -) and controls. IL-6 

approaches significance only when SAE + CRS is compared to control subjects.  

 

Cytokine and mediator results based on biofilm status 

S. aureus biofilm associated CRS demonstrated significantly higher levels of IL-5 (Kruskal-

Wallis test, P < 0.001), IL-6 (Kruskal-Wallis test, P < 0.001) and ECP (Kruskal-Wallis test, P 

< 0.001) than the remaining CRS patients and controls (Tables 5.2 and 5.6 and Figure 5.2). 

The remaining cytokines were not significantly different between groups. There was no 

significant difference between groups based on H. influenzae biofilm status (Table 5.7). 
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Mann Whitney U test 

Cytokine 
Kruskal- 

Wallis test 
Biofilm +ve vs 

Control 

Biofilm +ve vs 

Biofilm -ve 

Biofilm -ve vs 

Control 

IL-5 <0.001 0.001 0.003 NS 

IL-6 <0.001 <0.001 0.01 NS 

ECP <0.001 <0.001 0.002 <0.001 

IL-17 0.02 0.006 NS <0.001 

IL-1β 0.02 0.007 NS 0.04 

TGF-β NS NS NS NS 

IFN-Υ NS NS NS NS 

MPO 0.02 0.004 NS NS 

 

Table 5.6: Cytokine and mediator results based on S. aureus biofilm status. The presence of 

S. aureus biofilms correlates with a Th2 bias of the T cell response regardless of the polyp 

status of the patient. Furthermore the presence of S. aureus biofilms is associated with 

eosinophilic inflammation, as evidenced by the elevated ECP levels in this subgroup when 

compared to both non-biofilm CRS and controls. The potential mechanisms for this are 

discussed in the text. 

NS= not significant 
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Figure 5.2: IL-5, IL-6 and ECP cytokines levels, based on S. aureus biofilm status. 

Significantly elevated Th2 cytokines across the spectrum of CRS dependent on the presence 

or absence of S. aureus biofilms whereas the Th1 cytokines were not significantly different 

between the biofilm subgroups. 

 

Interrelation of biofilm and superantigen status 

Further subgroup analysis was then undertaken, based on S. aureus biofilm status. 

Examination of the CRSwNP subgroup (n=33) alone revealed significantly higher levels of 

IL-5 and ECP in the S. aureus biofilm group, with IL-6 approaching significance (Table 5.7). 
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Analysis of the CRSsNP subgroup (n=20) alone demonstrated elevated IL-5 and IL-6 in the S. 

aureus biofilm positive group (Table 5.6). ECP was not significantly different between 

groups. Finally, all CRS patients without detectable superantigen-specific IgE (n=34) were 

investigated. IL-5, IL-6 and ECP were all significantly higher in the S. aureus biofilm positive 

group (Table 5.7). 

 

Cytokine SAE –ve CRS 
(n=34) 

CRSwNP only 
(n=33) 

CRSsNP only 
(n=20) 

H. influenzae 
(n=23) 

IL-5 0.007 0.03 0.03 NS 

IL-6 0.03 0.06 0.03 NS 

ECP 0.03 0.04 NS NS 

IL-17 NS NS NS NS 

IL-1β NS NS NS NS 

TGF-β1 NS NS NS NS 

IFN-Υ NS NS NS NS 

MPO NS NS NS NS 

 

Table 5.7: Mann Whitney U tests comparing biofilm positive with biofilm negative CRS 

patients in different subgroups of CRS. Do S. aureus biofilms have a role in CRS 

pathogenesis independent of superantigens? Cytokine data from the non-superantigen subjects 

implies they do (Column A).  The Th2 bias associated with S. aureus biofilms is consistent 

across both CRSwNP and CRSsNP phenotypes (Column B and C). This effect appears to be a 

unique phenomenon to S. aureus biofilms. Analysis of the H. influenzae group (Column D) 

does not show any significant difference in cytokine and mediator patterns.  

NS = not significant 

 

Linear discriminant analysis of S. aureus biofilms and superantigen-specific IgE 

Dimensionality reduction based on the nine cytokines and mediators assessed in this study 

was performed by way of a linear discriminant analysis. Subjects were divided into four 
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groups based on their superantigen and S. aureus biofilm status and the relationship of each 

group to the different cytokine vectors is displayed in Figure 5.3. Numbers grouped more 

closely to a vector have a stronger relationship with that mediator.  

 

 

 

 

 

 

 

Figure 5.3: Linear discriminant analysis of the nine cytokines and mediators measured in this 

study. Group 3 are more closely associated with the vectors for IL-5, IL-6 and particularly 

ECP than Group 2. The separation of Group 1 from both Group 2 and 3 suggests the effects of 

S. aureus biofilms and staphylococcal superantigens are additive. 

 

 

Classification tree analysis of S. aureus biofilms and superantigen-specific IgE 

Classification tree analysis was performed to support the discriminant analysis in 

distinguishing the independent effects of biofilms and superantigens. Using computer 

generated high-low points, 24/25 patients with low ECP were biofilm negative. Of the 

remainder, with elevated ECP, all 10 patients with elevated IL-5 were S. aureus biofilm 

positive. Finally of the 33 remaining patients, with low IL-5, those with a high TGF-β1 were 

Group Superantigen Biofilm 

1 Present Present 

2 Present Absent 

3 Absent Present 

4 Absent Absent 
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more likely to be S. aureus biofilm positive (10/12), whereas those with a low TGF-β1 were 

more likely to be S. aureus biofilm negative (16/21). Thus the predictors of S. aureus biofilm 

positive CRS, according to this classification tree and in order or importance, are ECP, IL-5 

and TGF-β (Figure 5.4). The predictors of superantigen status were different (Figure 5.5), as 

suggested by the linear discriminant analysis. Total IgE is the most important predictor of 

superantigen status because 41/42 patients with a low Total IgE were superantigen negative. 

In combination with Total IgE, elevated MPO is an excellent secondary distinguisher of 

superantigen presence. All 13 patients with elevated Total IgE and MPO demonstrated 

superantigen-specific IgE in their sinonasal mucosa. So ECP, IL-5 and TGF- β1 predict S. 

aureus biofilm status whereas Total IgE and MPO predict superantigen-specific IgE presence. 

 

Figure 5.4: Comparison tree based on the presence or absence of S. aureus biofilms. ECP, 

IL-5 and TGF-β1 are all elevated in the biofilm positive group. Thus S. aureus biofilms 

associate with a Th2 driven eosinophilic inflammation; however a cause and affect cannot be 

determined from the current dataset. 
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Figure 5.5: Comparison tree based on superantigen status demonstrating that Total IgE is the 

primary distinguishing mediator between those with and without detectable mucosal 

superantigen-specific IgE. MPO is a secondary determinant of the superantigen positive 

patients.  
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5.5 DISCUSSION 

The results of this study not only confirm previous findings of a skewed cytokine profile in 

CRS patients with nasal polyposis and the presence and impact of Staphylococcal 

superantigens on the mucosal inflammation, but also demonstrate a polarised immune 

response in the presence of biofilms. Biofilms have been consistently demonstrated on 

sinonasal mucosa for some time now and their destructive impact on the sinonasal epithelium 

has been reported163. Furthermore, their presence on the mucosa175,176 and the biofilm-forming 

capacity of bacteria recovered from CRS patients174,265 have both been associated with poor 

evolution after ESS, suggesting that they are a clinically relevant factor in CRS. Until this 

study, little published research has specifically examined the immune consequences of 

biofilms in CRS. However our discovery of an association between S. aureus biofilms and an 

eosinophilic, Th2 polarized inflammation in CRS, irrespective of polyp status and independent 

of the superantigen pathway, implies a direct link between microorganism and host. This may 

finally allow definitive conclusions to be made about the pathogenic role of biofilms in this 

poorly understood disease. 

  

The role of S. aureus in CRS is expanding as its importance as a pathogen is increasingly 

recognised. It is the most commonly detected organism, either via standard microbiological 

culture54 and molecular diagnostics55 or in its biofilm form using FISH222. It is also 

persistently problematic in the post-operative period212. Despite this, the mechanisms by 

which it contributes to disease initiation are not completely understood. Superantigens 

released by S. aureus, have a well-defined role in the pathogenesis of CRS, acting as disease 

modifiers in the CRSwNP phenotypic subgroup74. In line with previous studies of Caucasian 

nasal polyposis266, superantigens were identified in 52% of this subgroup, in contrast to none 

of the CRSsNP patients. The associated Th2 polarisation that accompanies the presence of 

superantigens in the sinuses was also observed (Table 5.5). How superantigens are released 
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into the sinuses is not clearly understood yet. S. aureus is known to be able to reside 

intracellularly and intramucosally in the sinonasal mucosa209,215,267 and nasal colonisation 

rates with S. aureus exceed 60% in the CRSwNP subgroup68. These are both potential 

reservoirs for superantigen release in the sinuses. The application of the biofilm hypothesis, in 

particular S. aureus, is certainly attractive when applied to CRS and the hypothesis that 

bacteria existing in this form might act as a nidus for planktonic bacteria dispersing into the 

mucosa and subsequent superantigen release was tested in the current study. 

 

Methodologically, we utilized FISH because of its ability to identify individual biofilm-

forming species258. If biofilms do act as a nidus for dispersal of superantigen-releasing S. 

aureus then it would be reasonable to assume that S. aureus needs to be contained within the 

biofilm make-up. Furthermore, S. aureus is the most common biofilm-forming organism in 

our CRS population222 and its presence is a predictor of more severe disease264. In contrast, H. 

influenzae biofilms also appear to be an independent group, conversely with a very favourable 

disease course264. As these patients probably represent different subgroups, specific analysis 

of their cytokine profiles is appropriate. No significant results were obtained to suggest H. 

influenzae biofilm associated CRS is a separate entity within the spectrum of CRS (Table 

5.7). A universal bacterial probe was utilised to avoid missing a large group of non-S. aureus, 

non-H. influenzae biofilms. There was only one patient who fell into this category, 

reinforcing the preponderance of S. aureus and H. influenzae reported in other 

studies164,168,222,258. Using current microscopic techniques, FISH does not allow quantification 

of biofilm mass. If and when biofilm quantification is reliably available, further stratification 

of adaptive immune responses in S. aureus biofilm associated CRS may be possible and again 

our understanding of the role of biofilms in this disease may be advanced.  

 

 



�������� � �����,�
-��"���	����,�	��
	�����������
��
������
�������$�
� +��
-�/3��43����.�
��3�$43�����.��3��43�6
����7*���	3�643�+�
��3�64�5��-���3��43�*�10
�.3��4

� � �

� ��'

When considered together, the results of this investigation associate the presence of S. aureus 

biofilms in the sinuses of CRS patients with both the presence of superantigen-specific IgE 

and a skewing of the T cell response towards the T-helper2 pathway with a resultant 

eosinophilic inflammatory milieu. The significant association between biofilms and 

superantigens suggests that S. aureus biofilms may act as a nidus from which planktonic S. 

aureus and superantigens are released into the paranasal sinuses. From there they act via a 

well-described pathway. Analysis of the cytokine responses in our patients based on S. aureus 

biofilms status also found that the S. aureus biofilm positive group had a cytokine response 

that was also associated with the T-helper2 pathway across the spectrum of CRS. The 

significant association between S. aureus biofilms and both superantigen-specific IgE and the 

CRSwNP phenotype, however, raises the possibility this effect may be entirely due to the 

superantigenic stimulation of the immune system. In order to differentiate the effects of S. 

aureus biofilms and superantigens a number of different analyses were carried out. Firstly, 

when the non-superantigen CRS patients (both with and without polyps) were analysed, IL-5, 

IL-6 and ECP were all significantly elevated in the biofilm positive group (Table 7). Thus the 

release of superantigens is not required for a skewing of the T-helper2 host response in the 

presence of S. aureus biofilms. We were also able to replicate similar findings in both the 

CRSwNP and CRSsNP subgroups when analysed separately (Table 5.7). Within the 

CRSwNP subgroup the S. aureus biofilm group have higher IL-5 and ECP suggesting a 

further delineation of what is already known to be an eosinophilic disease. Interestingly, 

within the CRSsNP subgroup the biofilm positive patients are associated with moderately 

higher T-helper2 cytokines IL-5 and IL-6 but not a raised ECP. CRSsNP is generally thought 

not to be eosinophilic in nature and this may in part explain this result. Alternatively this may 

be a Type 2 statistical error due to insufficient numbers. Only further patient recruitment and 

adaptive immune evaluation will answer this.  
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Perhaps most importantly though, in attempting to differentiate the effects of S. aureus 

biofilms from staphylococcal superantigens, is the results of the linear discriminant analysis 

(Figure 5.3). A linear discriminant analysis allows the variation in the nine cytokines to be 

statistically reduced into two components to permit visualisation on a biplot graph in which 

each cytokine is represented by a vector. In Figure 5.3, the T-helper2 cytokines trend towards 

the left and downwards. The T-helper1 cytokines are towards the right. Importantly, the effect 

of S. aureus biofilms, independent of superantigen release, can be differentiated on the basis 

of how much they contribute to the vectors of IL-5, IL-6, TGF-β1 and particularly ECP. 

Patients with S. aureus biofilms but without superantigens (Group 3), shares a stronger 

relationship with all three of these cytokines than does the superantigen IgE positive, biofilm 

negative patients (Group 2). This implies that the link between S. aureus biofilms and both 

the T-helper2 pathway and an eosinophilic inflammatory response is independent of the effect 

of superantigens, reinforcing the results of the subgroup analysis discussed above which first 

suggested this independent association. Conversely the presence of superantigens alone 

correlates with IgE levels and the presence of both superantigens and S. aureus biofilms 

(Group 1) produces an amplified T-helper2 response in CRSwNP, perhaps advancing our 

understanding of the pathomechanics of the CRSwNP subgroup of this disease. This is 

important, new information because despite the clear evidence of eosinophilic inflammation 

in CRSwNP, not all of these patients have detectable superantigen IgE. There must be another 

mechanism and S. aureus biofilms may be one of the answers. The link between the innate 

and adaptive immune response appears to be important, yet not understood in CRS. The data 

presented in our comparison trees (Figures 5.4 and 5.5) confirms the hypothesis that the mode 

of action of superantigens and S. aureus biofilms may be different. Elevated total IgE and 

MPO distinguish the presence of superantigen IgE whereas the presence of S. aureus biofilms 

associates with elevated ECP and IL-5 in particular, in addition to TGF-β1. The combined 

elevation of both ECP and IL-5 is 100% predictive of S. aureus biofilm presence, whereas the 

combined elevation of Total IgE and MPO is 100% predictive of superantigen-specific IgE in 
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the sinonasal mucosa. Thus, the classification tree analysis supports the discriminant analysis 

in distinguishing effects of Staphylococcus aureus biofilms and superantigen.  

 

A link between biofilms and polarisation of the T cell response towards the T-helper2 

pathway is not new in biofilm-mediated diseases. Chronic periodontitis is a classical biofilm-

mediated disease in which their role has been extensively researched over the last 15 years128. 

In that disease, Porphyromonas gingivalis, a common biofilm-forming pathogen in 

periodontal disease, is associated with an exuberant T-helper2 response that subsequently 

dictates disease initiation and progression127. It is proposed that the nature of the microbial 

challenge in some way determines the characteristics of the immune response and thus the 

progression of the disease129. P. gingivalis is thought to incite a poor innate immune response 

leading to polyclonal B cell activation and a T-helper2 response. Ultimately non-protective 

antibodies are produced and a chronic infection established. This explanation seems plausible 

at another host-environment interface, namely the sinonasal mucosa. The research into other 

periodontitis pathogens does not support this theory being an over-arching concept for all 

organisms130. Aggregatibacter actinomycetemcomitans and Prevotella intermedia are other 

biofilm-forming organisms that do not appear associated with a T-helper2 host adaptive 

immune response. They are considered to be of only minor importance in periodontal disease. 

This may represent a similar situation to that of S. aureus and H. influenzae in CRS. We know 

their disease patterns are different264 and the present study suggests that alternate pathways of 

host interaction may be at the crux of this clinically observed difference. Only further 

research will clarify this hypothesis. It is interesting to note that the only other paper in the 

literature to examine cytokine profile of biofilms positive CRS patients had contrastingly 

different results. In a study of 19 CRS patients, the presence of biofilms on the sinus mucosa, 

as determined by SEM, was associated with elevated interferon-γ, granulocyte-colony 

stimulating factor and macrophage inflammatory protein 1-β, suggesting a skewing of the T 

cell response towards the T-helper1 pathway, rather than the T-h2 pathway as we have shown. 
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The reasons for this might include differences in patient population, geography and CRS 

microbiology or it might relate to the differing biofilm detection modalities used. Finally, the 

fact the biofilm-forming species were not determined by Hekiert et al268 may also contribute 

to a difference, as it has been demonstrated in the present study that different biofilm-forming 

species associate with different adaptive immune responses. 

 

Why S. aureus biofilms are thought to be associated with a T-helper2 response in CRS is not 

entirely clear. A definitive cause and effect relationship cannot be deduced from the current 

results. Either S. aureus biofilms initiate the T-helper2, eosinophilic response via impact on 

the innate immune response or they colonise immunologically impaired sinus mucosa already 

damaged by the host’s immune response to an unknown pathogen. In any case, individual 

susceptibility may be an important mediator of the host’s response to S. aureus in the nose 

with a defective innate immune response to S. aureus producing a skewed T cell response, 

akin to that seen in chronic periodontitis. Furthermore it has been shown that host lactoferrin 

is reduced in biofilm associated CRS, giving credence to an innate immune hypothesis173. 

Finally M2 macrophages may play a role. M2 macrophages are immunomodulatory and 

display deficient microbicidal activity against a range of microorganisms, including S. 

aureus269. Bacterial persistence in chronic infectious diseases has been associated with 

macrophage reprogramming towards the M2 subclass, possibly via IL-10 induction270. Recent 

data suggests the T-helper2 cytokines in CRSwNP can result in proliferation of this 

macrophage subgroup and this may explain the ability of S. aureus to persist both on the 

mucosal surface and within the epithelial layer in CRS271. 

 

Despite the evidence produced by this study, a number of questions remain regarding the 

underlying aetiopathogenesis of CRS. The interrelation between the T-helper2 biased mucosal 

immune response and colonisation with S. aureus and subsequent biofilm formation needs to 

be clarified. Profiting from a pre-existing T-helper2 bias within the mucosa, S. aureus may 
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switch to the biofilm phenotype and establish itself within the damaged mucosa. Alternatively 

S. aureus biofilms may induce the T-helper2 bias, which initiates the specific mucosal 

changes already described. Once established, the biofilm may then serve as a nidus for 

planktonic bacteria to spread into the mucosa and release superantigens, which further impact 

on the mucosal inflammatory mileu. The sequence of these events still needs further study. 
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5.6 CONCLUSION 

S. aureus biofilms are increasingly recognised to play a role in CRS disease initiation and 

maintenance. They are the most common biofilm-forming organism and associated with more 

severe disease clinically. This study now suggests that biofilms may act as a reservoir for S. 

aureus to release superantigens into the sinuses with subsequent activation of the T-helper2 

host response and eosinophilic inflammation in a subset of CRSwNP. Furthermore, 

independent of superantigen release, S. aureus biofilms are associated with a skewing of the T 

cell response towards the T-helper2 pathway, across the entire spectrum of CRS. Indeed the 

association between S. aureus biofilms and IL-5, IL-6 and ECP is stronger than that observed 

between staphylococcal superantigens and those cytokines, whereas the presence of 

superantigen-specific IgE is associated with a significant increase in total IgE and MPO. The 

results of this study may implicate S. aureus biofilms in the pathogenesis of CRS for the first 

time, although it cannot be determined whether the host-microbe association is causative or 

reactive. These results not only improve our understanding of the CRS pathogenesis but also 

pave the way for the development of novel anti-S. aureus biofilm treatment modalities with 

the hope of improving patient outcomes in this debilitating disease. 
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NON-INVASIVE STAPHYLOCOCCUS AUREUS BIOFILM DETERMINATION IN 
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6.1 ABSTRACT 

Introduction: The role that bacterial biofilms might play in recalcitrant forms of CRS is 

increasingly being recognised. However the detection of bacteria existing in this form is 

limited by their unique metabolically inactive properties. All current biofilm diagnostic 

modalities require invasive mucosal biopsies, which may be difficult to obtain in the non-

operative setting. 

Method: 20 CRS patients and 5 controls were enrolled in a prospective study to assess the 

feasibility of non-invasively diagnosing S. aureus biofilms by detecting the biofilm matrix 

polysaccharide PNAG. An immunohistochemistry protocol was developed for PNAG 

detection and compared with both standard microbiological cultures and FISH.  

Results: 13/20 CRS patients had evidence of S. aureus biofilm formation using FISH. Of 

these, 12 had detectable PNAG. Interestingly none of the S. aureus FISH negative patients 

were PNAG positive despite the presence of coagulase negative Staphylococci biofilms, some 

of which may elicit PNAG in their pathogenic forms. 

Discussion: The development of a non-invasive S. aureus biofilm diagnostic test provides a 

reliable means to identify the high-risk group of CRS patients who harbour S. aureus 

biofilms. The ability to utilise this test in the post-operative period to assess surgical efficacy, 

guide management and evaluate new treatment modalities provides a significant advance in 

this field of research and clinical practice.  

Conclusions: This study has confirmed the feasibility of non-invasively detecting S. aureus 

biofilms with a simple test that produces comparable results with the more invasive methods 

that are currently relied upon. 
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6.2 INTRODUCTION 

CRS is a chronic inflammatory condition of the paranasal sinuses whose aetiology is poorly 

understood. Bacterial biofilms have recently been proposed as a potential cause of this 

disease. Importantly, they appear to be associated with recalcitrant forms of this disease that 

are poorly responsive to our current treatment paradigms175. The presence of bacterial 

biofilms has been associated with increased disease severity and poor post-surgical 

evolution176. Furthermore, disease severity and surgical responsiveness can be further 

stratified based on the species making up the biofilms. Staphylococcus aureus biofilms, either 

alone or in a polymicrobial mix, are associated with significantly greater disease burden and 

on-going mucosal inflammation after surgery174,264,272. Thus this group represents an 

identifiable high-risk group for poor response to medical and surgical therapies. 

 

A biofilm is defined as a microbially derived, sessile community of bacterial cells that are 

irreversibly attached to a surface, and embedded in a self-produced matrix of extracellular 

polymeric substances107. Importantly, the biofilm phenotype leaves these bacterial cells 

metabolically inactive with a suppressed growth rate rendering identification of biofilm 

bacteria by standard culture inaccurate108. Therefore current biofilm detection methods rely on 

the acquisition of mucosal biopsies to confirm the presence of these bacterial communities. In 

the post-operative setting, this is ethically and technically difficult, limiting our understanding 

of the effect of surgery on biofilms and preventing accurate quantification of the efficacy of 

newly developed anti-biofilm modalities. The biofilm hypothesis dictates that bacteria 

existing in this form will be highly resistant to current anti-microbial therapies116,118. Thus the 

development of novel anti-biofilm treatments will be a critical advance in managing our most 

difficult patients. This group is now thought to include those with S. aureus biofilms present 

on their sinonasal mucosa264. Stringent in vivo efficacy of these new anti-biofilm agents 

ideally requires pre- and post-treatment biofilm analysis rather than solely relying on clinician 
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and/or patient derived outcome measures. In the absence of a non-invasive biofilm assessment 

tool, however, this is not currently possible.  

 

We set out to develop a rapid and robust, non-invasive test for detecting S. aureus biofilms in 

CRS patients and identified the exopolysaccharide matrix component PNAG as a potential 

target, specific for S. aureus biofilms.  We present the results of our investigation and the 

potential clinical applications of this new biofilm diagnostic test. 
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6.3 MATERIALS AND METHODS 

Study Design 

This prospective study recruited patients from the tertiary referral Rhinology practice of the 

senior author (P.J.W.) and was granted approval from our institution’s human ethics 

committee prior to its commencement. 20 patients who had failed maximal medical therapy 

following a diagnosed of CRS, which was based on the American Rhinosinusitis Taskforce 

criteria7, were enrolled at the time of their ESS. Patients were excluded if they were under the 

age of 18, immunocompromised or had used steroid or antibiotic medications in the preceding 

3 weeks. In addition 5 control subjects without subjective or objective evidence of chronic 

sinus disease undergoing other endoscopic procedures such as trans-sphenoidal pituitary 

adenoma resection, repair of cerebrospinal fluid leak or orbital decompression were also 

recruited.  

 

Intra-operative Specimen Collection 

At the start of the procedure all patients had a microbiology swab taken from the middle 

meatus or ethmoid cavity. This was used for immunohistochemistry (see below). Patients 

with CRS had sinus mucosa harvested from the ethmoid cavity, whereas control subjects had 

sinus mucosa harvested from the posterior ethmoids during the approach to the sphenoid 

sinus. The mucosal specimens were immediately transported on ice to our laboratory in 

Dulbecco’s Modified Eagle Medium (Gibco, Invitrogen Corp., Grand Island, NY) where they 

were cryopreserved at -80°C for delayed biofilm analysis (see below). Finally, patients had 

microbiology swabs sent for microscopy, culture and sensitivity if there were clinical features 

suggestive of sinonasal infection.  
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Biofilm Determination 

5mm2 sinus mucosal samples were used for determining the presence or absence of 

Staphylococcus aureus and coagulase negative Staphylococci (CNS, including S. epidermidis) 

biofilms. Our protocol using commercially available FISH probes (AdvanDx, Woburn, MA) 

has been described elsewhere222,258, including the biofilm definitions. Briefly, mucosal 

samples are heat-fixed to a glass slide then dehydrated in 90% ethanol. Hybridization with 

each probe continues for 90 minutes at 55°C before the slides are washed in Tris-based 

solution for 30 minutes, again at 55°C. Hybridized slides were transported to Adelaide 

Microscopy for image acquisition using the Leica SP5 confocal scanning laser microscope 

(Leica Microsystems, Wetzlar, Germany) and image interpretation using the Leica Advanced 

Fluorescence suite. Our previous biofilm definitions were once again utilized (Figure 

6.1)222,258.  

 

PNAG detection 

A standard immunohistochemistry protocol was followed for the detection of PNAG from 

swabs taken at the time of surgery as well as appropriate control slides. A swab of a known 

biofilm-forming clinical isolate of S. aureus was used as a positive control. Negative controls 

were both a patient control (no primary antibody) and a Gram negative bacterial control 

(Pseudomonas aeruginosa). The swab was smeared onto a glass slide, fixed with CryoPrep 

and air-dried. The slides were then placed in 10% buffered Formalin for 30 seconds before 

being washed 3 times for 5 minutes in 1% phosphate buffered saline (PBS). Samples were 

incubated in primary anti-PNAG antibody (1:500 in 1% PBS). The negative patient control 

was probed with normal goat serum (Abcam, Cambridge, United Kingdom), diluted 1:50 in 

1% PBS, and incubated at room temperature for 60 minutes. The slides were then washed 

again 3 times for 5 minutes in 1% PBS before the FITC-conjugated anti-goat secondary 

antibody (Abcam, Cambridge, United Kingdom), diluted 1:500 in 1% PBS, was applied and 

incubation continued for a further 60 minutes again at room temperature.  
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Finally the slides were washed 3 times for 5 minutes in 1% PBS before being air-dried and 

transported to Adelaide Microscopy for imaging on the confocal scanning laser microscope. 

Image interpretation was performed using the Leica Advanced Fluorescence suite.  

 

PNAG presence was determined if brightly fluorescing areas were identified within the path 

of the swab on the slide and determined to be significantly different from any surrounding 

autofluorescence (Figure 6.2). Due to the fact this was a smear rather than a tissue specimen, 

three-dimensional structure was not required for diagnosis. Three independent observers (AF, 

JJB, SB), two of whom were blinded to the clinical presentation and biofilm status of the 

patient, reviewed the slides to establish inter-observer variability of this protocol. Where a 

difference in observers resulted, the majority verdict was reported.  

�

Statistical Analysis 

Our data was analysed using GraphPad Prism 5.0 software (GraphPad Software, San Diego, 

CA). Significance values of p ≤ 0.05 were used. We considered our data to be non-parametric 

and so median and interquartile range (IQR) were reported. Fisher’s exact test was used for 

dichotomous data and the Mann-Whitney U test used for analysis of ordinal data. �

�
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6.4 RESULTS 

Demographic data 

20 CRS patients fulfilling the inclusion and exclusion criteria, along with 5 control subjects, 

were recruited for this study. The study group consisted of 9 males and 11 females whereas 

the control group included 4 females and 1 male. The median age of the CRS group was 44.5 

years (IQR 37-60) and control group was 60 (IQR 38-84). This observed difference was not 

statistically significant. CRS patients were subdivided as 9 with nasal polyps and the 

remaining 11 without. Furthermore, 8 CRS subjects had eosinophilic mucus and the other 12 

did not. There was no significant association between these features and biofilm frequency. 

10 patients had RAST evidence of allergy to common environmental allergens with grass the 

most common followed by moulds and animal dander.  

 

Microbiological cultures 

Of the 20 CRS patients, 9 had positive microbiological cultures, 8 had no growth at the time 

of culture and 3 did not have swabs sent, as there was no evidence of sinonasal infection. S. 

aureus was the most commonly cultured organism (4) followed by Haemophilus influenzae 

(2). Pseudomonas aeruginosa, Proteus mirabilis and Enterobacter cloacae were cultured in a 

single patient each. Of the four S. aureus positive patients, two also had detectable PNAG and 

the remaining two did not, consistent with our previous observations of the dynamic interplay 

between planktonic and biofilm phenotypes of S. aureus273. 

 

Biofilm determination 

13/20 (65%) of the CRS group were positive for S. aureus biofilms in comparison with none 

of the control group. In comparison, for the CNS probe, 5/20 (25%) CRS patients and 1/5 

(20%) controls were positive. The presence of CNS biofilms in control subjects in addition to 

CRS sufferers supports the non-pathogenic role these bacteria play in this inflammatory 
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disease55,174. Of the 5 CNS biofilms, 2 were in patients who also had S. aureus biofilms. The 

remaining 3 CNS biofilms were found independent of S. aureus. 

 

 

 

Figure 6.1: FISH probed sinonasal tissue imaged on the CSLM at 20x magnification. S. 

aureus probe conjugated with Alexa 488 (green fluorescing) and Coagulase negative 

Staphylococci probe conjugated with Texas Red (red fluorescing). Host tissue fluoresces a 

green-brown colour due to the auto-fluorescence overlay of the two fluorescing channels. 

Clearly visible in the centre of the image is a S. aureus biofilm with bright green fluorescing 

individual bacteria surrounded by a haze of green (reflecting the extracellular matrix). The 

fluorescent colour is noticeably different from the surrounding tissue confirming S. aureus 

bacterial presence. 
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PNAG detection 

 

Figure 6.2: PNAG positive slide imaged on the CSLM at 60x magnification. Brightly 

fluorescing individual dots represent the fluorescently tagged PNAG antibody binding the 

PNAG antigen present on the slide. Under magnification, the stroke of the swab can be 

appreciated also, clearly delineating these areas from auto-fluorescing areas around the 

swab’s path. 

 

Correlation of FISH and PNAG results 

Of the 13 S. aureus FISH positive CRS patients, 12 were also PNAG positive. This is a 

significant association (Fisher’s exact test, p<0.001). Interestingly, there were no PNAG 

positive FISH negative patients, highlighting the potential sensitivity of this test for detecting 

S. aureus biofilms. None of the 3 CNS biofilm positive, S. aureus negative patients were 

PNAG positive.  
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6.5 DISCUSSION 

The application of the biofilm hypothesis to CRS has enabled the Rhinology community to 

clarify some inconsistencies previously noted when considering the role of bacteria in this 

disease. Our ability to identify high-risk patients, such as those with S. aureus biofilms, and 

subsequently provide them with directed therapies appears critical in improving the outcomes 

of our most difficult cases. This study has determined that it is possible to non-invasively 

detect the presence of S. aureus biofilms in CRS patients with similar accuracy to previously 

used invasive methods requiring sinus mucosal biopsies. PNAG immunohistochemistry has 

the potential to become the much-needed non-invasive test diagnosing the presence of S. 

aureus biofilms. It presents clinicians with an opportunity to identify, monitor and manage 

this high-risk cohort peri-operatively and follow their course, including treatment responses, 

in the post-operative period. This potentially opens a number of possibilities for research and 

clinical practice that have not previously been accessible. 

 

Current biofilm diagnosis in CRS requires the use of sophisticated microscopic techniques to 

identify the morphological appearance of matrix-encased bacteria. Unfortunately, this 

technology is accessible to only a small numbers of research facilities, preventing the 

widespread investigation of biofilms in this disease or translation of our research knowledge 

to clinical practice. The value of the current protocol is that immunohistochemistry is a well-

established technique in most diagnostic laboratories. For this project we used the CSLM for 

imaging the PNAG slides, primarily because it is available in our facility and we were using 

this microscope for our FISH analysis. In contrast to FISH, PNAG immunohistochemistry is 

performed on a slide-fixed smear thus does not require scanning into the depths of the tissue. 

Hence the CSLM, which is adept at tissue scanning, is not specifically required for the PNAG 

protocol. We have also imaged the PNAG slides using the Olympus BX51 epifluorescent 

microscope (Olympus Australia, Mt Waverley, Vic, Australia) and found this instrument to be 
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equally able to detect PNAG fluorescence. Epifluorescent microscopy is more widely 

available than CSLM, affording great accessibility to this diagnostic test.  

 

S. aureus is a highly evolved pathogen associated with a wide variety of acute infectious 

diseases in addition to its propensity to mediate chronic inflammatory states through its ability 

to form biofilms274. Throughout each stage of its complex interaction with the host, S. aureus 

can elaborate a wide variety of virulence factors that enhance its ability to colonise and infect 

the human host275. The role of S. aureus as a persistent pathogen in CRS is mediated via a 

range of mechanisms including planktonic infection, intracellular residence and biofilm 

formation209,212,215,222. Of particular interest to the present study is its biofilm-forming ability.  

 

S. aureus biofilms are the most common in our CRS population and also associate with more 

severe disease that is often resistant to our current management paradigms222,264,272. However 

identification of bacteria existing in this form, using standard culture techniques, is 

inconsistent because of the inherent properties that bacteria acquire when transitioning from 

planktonic organisms to non-motile, sessile cells attached to the sinus mucosa108, a fact 

reinforced by the present results with only 2/13 (15.4%) S. aureus biofilms identified using 

FISH, also yielding a positive culture. Thus, current biofilm detection modalities require 

sampling of the sinonasal mucosa to identify the morphological structure of the biofilm, a 

process that is ethically and technically challenging in the post-operative patient. The 

recalcitrance of patients who harbour S. aureus biofilms often results in a wide range of 

medical therapies being trialled in an attempt to normalize the sinus cavities. Whilst many of 

these have in vitro evidence supporting their efficacy177,181, the in vivo data is limited to 

animal studies and assessment of clinical outcomes in human subjects178-180. Direct objective 

evidence for treatment efficacy is lacking. Similarly the effect of endoscopic sinus surgery, 

the mainstay of therapy for many of these patients, on S. aureus biofilms cannot be truly 

assessed without a means for accurately detecting biofilms in the post-operative period. 
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Hence, we set out to develop a non-invasive S. aureus biofilm diagnostic test for use in CRS 

patients. 

 

The formation of a biofilm is dependent on an array of bacterial and environmental factors274. 

For S. aureus, PNAG is the most studied and best understood bacterial factor contributing to 

biofilm formation274,276. It was first identified in 1988277 and since that time an explosion of 

research has clarified its structure, production, regulation and function. PNAG is produced by 

both S. aureus and S. epidermidis, mediating the formation of biofilms in both species274 and 

may be either attached to the bacterial cell surface or free within the extracellular matrix 

where it contributes to the abundance of polysaccharides found in the matrix of most bacterial 

biofilms278. Interestingly, PNAG production has not been directly demonstrated in other 

staphylococcal species such as S. lugdunensis, S. capitis, S. caprae, S. cohnii, S. 

saprophyticus and S. pasteuri279,280, suggesting a species-specific function. PNAG production 

is dependent on expression of the icaADBC locus of the Staphylococcal genome, which is in 

turn regulated by an upstream icaR locus281. The icaADBC locus is composed of four open 

reading frames (icaA, icaD, icaB, icaC) with production of PNAG requisite on functionality 

of all 4 domains259. Importantly, the icaB locus is responsible for the positive charge of the 

PNAG molecule, enabling it to adhere to the negatively charged Staphylococcal cell 

surface274. Without function in the icaB locus, bacterial adhesion is not possible. 

 

The varied functions of PNAG can be broadly grouped into biofilm formation and host 

immune evasion280,282. In the early stages of infection, PNAG promotes adherence to 

polymeric substances as well as adhesion to adjacent bacteria and the surface, either an 

implanted device or a host surface282,283. PNAG then promotes biofilm formation by enabling 

bacterial cells to aggregate and form multi-cellular clusters arranged in the characteristic 

three-dimensional structure284. Finally, PNAG protects the pathogen from innate host 

defences primarily through the induction of high levels of poorly protective antibodies283-285. 
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Antibodies that are generated to PNAG, in its non-deacylated form, function poorly in 

opsonic killing, protecting the organism from phagocytic attack. 

 

In the absence of PNAG, bacterial adhesion is lost and thus progression to the biofilm form is 

not possible282. As a result of this key fact, PNAG is an ideal target for S. aureus biofilm 

detection because of its specificity for this form of the bacteria. Additionally, the differential 

role of PNAG in S. epidemidis and S. aureus along with the variations in diseases caused by 

these biofilm-forming organisms is also relevant when considering the use of PNAG as a 

diagnostic test in CRS. S. epidemidis is a normal commensal inhabitant of both skin and 

mucous membranes, where it is thought to exhibit low pathogenic potential276. However it is 

increasingly becoming a problematic pathogen when adopting its biofilm form on implanted 

medical devices. In its commensal form, such as in the sinonasal cavity, ica genes are not 

expressed and PNAG production is non-existent275,286. Therefore in systemic diseases, not 

associated with foreign bodies, S. epidermidis rarely displays a pathogenic ability. Indeed this 

is reflected in the tenuous link between S. epidermidis and CRS reported in the literature55,174. 

S. epidermidis is a frequently identified organism in CRS but is not associated with 

characteristics of severe disease. The presence of this organism in the sinuses is generally 

considered to reflect its non-pathogenic, commensal existence whereby it will presumably not 

produce PNAG. In S. aureus, unlike S. epidermidis, PNAG is more important as a virulence 

factor for systemic spread of disease rather than implant infections and is more likely to be 

present in invasive strains than in commensal isolates275,282. The loss of PNAG from S. aureus 

has profound effects on its virulence, as demonstrated in animal models of disease280,286. Thus 

when utilizing PNAG as a S. aureus biofilm diagnostic test, its presence appears to imply 

pathogenic strains of S. aureus rather than commensal strains of either S. epidermidis or S. 

aureus, making it an ideal target for diagnosis of S. aureus biofilms in CRS. This is reinforced 

in the present study with the 3 patients who demonstrated CNS biofilms in the absence of S. 

aureus, also being PNAG negative.  
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The use of PNAG as a diagnostic test has been explored in other fields through the detection 

of anti-PNAG antibodies in the serum of animal models and humans with device-related 

infections. Unfortunately, a relatively high level of anti-PNAG IgG in the sera of healthy 

controls has precluded its use in this setting276. CRS, however, occupies a unique position in 

the study of biofilm-mediated disease because of our open access to the sinus cavities. Thus 

in this study we employed a protocol for direct detection of PNAG antigen on the sinus 

mucosa and within the secretions of CRS patients. Comparing our immunohistochemistry 

protocol results for PNAG detection compared favourably with our established FISH 

protocol, which relies on mucosal biopsies for biofilm detection. The lack of complete 

agreement may be related to the sensitivity of the PNAG test in accessing nooks of the 

sinuses that harbour S. aureus biofilms or may reflect the multiple biofilm-forming pathways 

that exist in this organism287. Whilst the ica locus and its PNAG production may be a 

significant marker for discriminating between significant and contaminating isolates, there are 

other mechanisms by which S. aureus can adopt its biofilm phenotype resulting in S. aureus 

biofilms forming in the absence of PNAG. These include the biofilm-associated protein (Bap) 

and the sarA gene287. The relative importance of these mechanisms is incompletely 

understood but it appears that functional PNAG expression is vital in ensuring the dominant 

pathway is utilized by S. aureus in its transition to a biofilm phenotype. One would assume 

that if PNAG production is the primary mechanism for biofilm formation by S. aureus then its 

presence would also predict the deleterious outcomes highlighted in previous studies that 

diagnosed biofilms morphologically using our FISH protocol264,272, however this could only 

be confirmed with a prospective clinical trial that employs this diagnostic modality for PNAG 

presence. 

 

In addition to its diagnostic potential, the identification and subsequent targeting of PNAG 

within the S. aureus biofilm matrix may also provide a therapeutic possibility284. PNAG has 
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been demonstrated to significantly impede fluid convection and solute transport through the 

biofilm and the PNAG degrader Dispersin B has conversely been shown to increase fluid 

movement and filtration rates across the biofilm278. This passive biofilm dispersal, coupled 

with an appropriate antibiotic to eradicate the dispersed planktonic clones, could be a future 

therapeutic pathway for treatment of S. aureus biofilm associated CRS. Furthermore the 

success of other bacterial capsule polysaccharides, such as Neisseria meningitides, 

Streptococcus pneumoniae and Haemophilus influenza, as targets for vaccine development 

may also raise hope for a future anti-staphylococcal vaccine targeting PNAG as a means for 

curbing the wide ranging effects of this species259.  

 

In summary, the development of a non-invasive biofilm diagnostic test directed at the most 

problematic pathogen in our CRS population, S. aureus, has the potential to change the way 

we manage these difficult patients. A test such as this circumvents the limitations of existing 

biofilm detection tests that require mucosal biopsies, which are difficult to obtain outside of 

the operating theatre and traditional microbiological cultures, which are not sufficiently 

sensitive to detect bacteria existing in the biofilm form. Thus our understanding of the role 

biofilms play in CRS across the temporal course of this disease may be more accurately 

understood with the implementation of this test as well as providing a means to objectively 

assess new anti-biofilm treatments that will be delivered to the post-surgical sinus cavity.   
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6.6 CONCLUSION 

This study has reported the feasibility of a novel, non-invasive S. aureus biofilm diagnostic 

test. The CRS patients with S. aureus biofilms on their mucosa have been identified as a 

severe, often treatment resistant group that may benefit from more aggressive, targeted 

medical therapies. Detection of exopolysaccharide matrix component PNAG enables the 

biofilm form of this organism to be reliably detected and probably also differentiates it from 

colonizing forms of S. epidermidis, another potential PNAG producer. The scope for future 

uses of this test are far-reaching with the capacity to significantly advance our knowledge of 

biofilms in CRS, particularly in the non-operative setting, as well as improve the outcomes of 

our most difficult patients.  
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THESIS SYNOPSIS 

 

The outcomes of the research contained within this PhD thesis have advanced our 

understanding of biofilms in CRS, although much work still remains to be undertaken before 

we completely understand the role biofilms play in the complex interplay that initiates this 

disease. The basis of this work was an understanding that biofilms had been identified in CRS 

patients and that their presence on the sinus mucosa of these patients associated with a poorer 

prognosis after surgery. Initial attempts to characterize the biofilm-forming species in CRS 

highlighted H. influenzae as the most common organism forming the biofilms of CRS 

patients. This certainly generated interested in a potential role for H. influenzae because this 

organism is typically a fastidious, difficult to culture species that is common ABRS but rare 

in pure cultures of CRS patients. The application of the biofilm hypothesis to H. influenzae in 

CRS may help to clarify some inconsistencies that plague this field of study. However further 

analysis of the previous biofilm characterisation paper also found H. influenzae biofilms in a 

significant proportion of the control group as well, a fact that is not supported by other studies 

of biofilms in CRS. Therefore this issue has yet to be robustly clarified in the literature. 

 

The first step in characterizing the biofilm-forming species of our population was to develop a 

FISH protocol. Following our literature review we selected S. aureus, H. influenzae and P. 

aeruginosa as the bacterial species we would specifically study. S. aureus is a significant 

pathogen in CRS utilizing a range of pathogenic techniques, H. influenzae was identified from 

the previous characterisation paper and P. aeruginosa has been identified using ex vivo 

techniques to be a common biofilm-former in CRS and also to be associated, along with S. 

aureus, with poor evolution after ESS. Additionally we wanted to investigate the potential for 

fungi to form biofilms in CRS and so utilized a universal fungal probe because less is known 

about the potentially relevant fungal species in this disease.  
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Following the development of this FISH protocol, we enrolled 20 CRS patients to validate 

this protocol by directly comparing its results with BacLight staining in this cohort of 

patients. Interestingly, not only did this validate FISH as a diagnostic modality for biofilms in 

CRS but it also enables us to understand when each technique is best suited for use. BacLight 

is a rapid technique, capable of confirming the presence or absence of bacterial biofilms on a 

mucosal surface. FISH on the other hand, has a more lengthy preparation protocol but is 

significantly advantaged by its ability to identify specific biofilm-forming organisms by 

targeting the highly conserved, unique 16s rRNA signature of the bacteria. The flexibility of 

FISH enables use of both species-specific and universal bacterial and fungal probes, 

depending on the specific research aims of the project. Throughout the following projects, we 

were able to demonstrate that a species-specific approach will be more insightful in the future 

because of the clinical and immunological differences between different biofilm species. 

 

Our FISH protocol was then applied in a larger cohort of patients to characterize the biofilm-

forming organisms in our CRS patients. We identified S. aureus as the most common biofilm-

forming organism. Again this is in contrast to previously published data that has proffered H. 

influenzae as the key player in this disease. In our series H. influenzae was the second most 

common organism with P. aeruginosa featuring only infrequently, suggesting that it is 

perhaps of only minor importance in our population. This information provided us a target to 

work with in future projects.  

 

Determining whether the characterisation of biofilms in CRS is clinically and 

immunologically relevant was the centerpiece of this research. If we could demonstrate that 

different biofilms were associated with different disease patterns then specific focus on 

particular organisms would be warranted. This would improve our ability to develop novel 

anti-biofilm strategies by potentially identifying new targets for therapy. Additionally, and 
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perhaps more importantly, we would be able to identify patients at high risk for failing 

medical and surgical therapy. This group represents our most difficult patients, in whom cure 

of their disease is particularly difficult. Identification and then focused targeting of this group 

with new treatment strategies may be able to improve their outcomes, hence the importance of 

performing the next two studies in this research program. 

 

The clinical relevance of biofilm characterisation was addressed in a retrospective review of 

biofilm positive CRS patients. The differentiation between unimicrobial H. influenzae 

biofilms and S. aureus biofilms, both uni- and polymicrobial in nature, was stark and enabled 

us to recognize a particularly recalcitrant group of patients. The S. aureus patients had more 

severe disease that was difficult to cure with current medical and surgical therapies. At the 

end of the 11-month follow-up, only 30% had achieved normal mucosa. It was also 

interesting to note from this group that the effect of S. aureus biofilms was consistent both 

when it was present alone and when it was accompanied by other bacterial species in a 

polymicrobial biofilm. This suggests that they have a dominant role in determining disease 

characteristics. It is noteworthy that this effect was not maintained for H. influenzae. When 

this organism was observed in concert with other species, namely S. aureus, its favourable 

disease characteristics were lost and the more severe, persistent disease typical of S. aureus 

was displayed.  

 

Finally, the biofilm hypothesis in CRS has been lacking the demonstration of a direct 

interaction between biofilms and the host that could solidify their role in this disease. With 

this in mind, we set out to investigate the immunological consequences of biofilm 

characterisation. The immunological response consists of both innate and adaptive 

components and we initially set out to characterize the adaptive response. It has been 

interesting to note the similar frequencies reported for S. aureus biofilms and staphylococcal 

superantigens in CRS. Could the coexistence of these two contribute to CRS, in which S. 
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aureus biofilms provide a nidus for release of toxin-producing planktonic clones into the 

sinuses? The pathway of superantigen effect is well established and so provided a baseline for 

assessing the adaptive immune responses in S. aureus biofilm associated CRS. We found a 

significant association between S. aureus biofilms and superantigens suggesting these are a 

potential mechanism. Interestingly S. aureus biofilms associated with a T-helper2 driven 

inflammatory picture with raised IL-5 and eosinophilic activation. This is a pattern of 

inflammatory cytokines that is also consistently reported throughout the superantigen 

literature. So we were left with some confusion regarding the true effect of the biofilm and 

that of the superantigen. Statistical analysis however enabled us to build the classification 

trees presented in Chapter 5, which for the first time outline the independent effects of 

superantigens and S. aureus biofilms. Superantigens act via induction of IgE whereas S. 

aureus biofilms skew the T-cell response with elevated IL-5 and subsequent eosinophil 

recruitment and activation evidenced by high levels of eosinophilic cationic protein. 

Additionally, in S. aureus biofilm associated CRS, there is alterations of T-regulatory cell 

function, verified by the significant input provided by TGF-β1 in the biofilm classification 

tree. This is novel information that does implicate a skewed host response in the presence of 

S. aureus biofilms and provides the strongest evidence to date that S. aureus biofilms are 

linked to the pathogenesis of CRS. Unfortunately this same effect could not be repeated when 

patients were analysed based on the H. influenzae biofilms status, again underlining the 

importance of characterizing biofilm-forming species in CRS. 

 

So we have characterized the biofilms in CRS patients and used this to provide clinical and 

immunological evidence supporting the importance of species-specific investigations. The 

final aspect of this research project has set a future direction for biofilm research by 

developing a non-invasive S. aureus biofilm diagnostic test. Building on our understanding of 

the importance of S. aureus biofilms in CRS, we now believe that specifically targeting 

patients with this biofilm-forming organism will be critical to improving the outcomes of this 
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difficult group. The use of in vitro biofilm-forming assays has significant limitations because 

they cannot assess biofilm formation in vitro, thus we need to detect S. aureus biofilm in situ 

to truly apply the research knowledge we have gained throughout the course of these projects. 

After searching the literature, we established the importance of PNAG expression in bacterial 

attachment to a surface and subsequent biofilm formation. It appears that this component is 

only expressed, either within the matrix or on the cell surface, when the organism is attaining 

its biofilm form, making it an ideal target for identification of S. aureus biofilms. Through 

development of an immunohistochemistry protocol we have successfully detected PNAG and 

thus S. aureus biofilms providing good correlation with our S. aureus FISH protocol.  

 

The importance of this final project will only become clear with time as it is applied in the 

research and clinical setting. The use of a non-invasive test will allow pre-operative biofilm 

diagnosis to optimize peri-operative management of the S. aureus biofilm patient. In the post-

operative period, the effect of ESS on biofilms can be assessed and the efficacy of any newly 

developed anti-biofilm strategies can be objectively assessed using this test. Thus there are a 

large number of potential future applications for this diagnostic test that can both improve our 

understanding of biofilms in CRS as well as improve the outcomes of our recalcitrant 

patients. 

 

There are other future research ideas that have been generated through the current work. The 

immunological consequences of S. aureus biofilms have only addressed the adaptive immune 

response. The innate immune system appears to be intimately involved in biofilm formation, 

in particular the ability of the S. aureus to set up residence on the mucosal surface and initiate 

biofilm formation. An adequately functioning innate immune system would most likely be 

able to repel such an attempt by the bacteria. Furthermore the switch from innate immunity to 

a T-helper2 biased adaptive response also warrants specific investigation. Finally, whilst the 

immunological evidence presented in this thesis is relatively strong, the exact cause and effect 
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of the altered host response cannot be definitively determined. It is possible that instead of the 

host’s response being reactive to the presence of the biofilm, it may actually be that S. aureus 

biofilms colonise an immunologically impaired host mucosal surface. In vitro assessment of 

biofilm growth and its effects on host cytokines in an explant model would appear to be a 

logical next step in confirming the true cause and effect of this association. 
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