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Abstract 

Chronic rhinosinusitis (CRS) is a common and debilitating condition, characterised by 

persistent inflammation of the sinonasal mucosa. Antibiotics comprise a substantial part of the 

medical management for CRS, although there is surprisingly little evidence to support their 

efficacy for this indication. Inappropriate antibiotic treatment encourages the development of 

resistance and may be detrimental to the sinus microbiota. Accordingly, it is timely to examine 

the practice of antibiotic therapy for CRS and to explore alternative antimicrobial treatment 

options. 

A meta-analysis based on extensive clinical information and bacterial community sequencing 

data revealed high antibiotic usage in CRS patients with little impact on symptoms or the 

sinonasal microbiota. High inter-subject variation of the microbiota was observed among all 

cohorts and differences in microbial diversity were found between CRS and healthy controls 

but not disease control subjects. An animal model system was established to help improve 

understanding of the interplay between host inflammatory response, sinus microbiota and 

medical treatment. The suitability of a unilateral transient sinus occlusion approach to study 

the microbiota in a rabbit model of sinusitis was demonstrated. Sinonasal inflammation resulted 

in an increase in bacterial diversity and bilateral inflammatory and microbial changes caused 

by unilateral intervention were documented.  

The efficacy and tolerability of an antiseptic solution, neutral electrolysed water (NEW), was 

evaluated and compared to standard antibiotic treatment in a randomised clinical trial. NEW 

was well tolerated in the sinus cavities and demonstrated similar clinical and microbiological 

effects compared to standard antibiotic treatment, suggesting suitability of NEW as a potential 

alternative to antibiotics. Using an in vitro biofilm model, NEW and povidone-iodine (PVI) 

were further investigated regarding their activity against mature CRS-associated 

Staphylococcus aureus biofilms. Both antiseptics showed potent antibacterial effects on 

planktonic cells. PVI was also effective against biofilms while the antibiofilm activity of NEW 

was limited. The promising in vitro effects of PVI warrant further clinical investigation. 
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This research helps to clarify the role of antibiotics in the treatment of CRS and the impact that 

antibiotics have on the sinonasal microbial community. It also presents some data on promising 

alternative antimicrobial treatment options for the medical management of CRS. 
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Chapter 1  

General Introduction 
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1.1 The global antibiotic burden 

1.1.1 A brief history of antibiotic usage 

The discovery of modern antibiotics in 1928 by Alexander Fleming marked a turning point in 

human history. The year 1943 was the first year penicillin was used therapeutically in the 

general population and it was celebrated as a medical revolution (Ventola, 2015). Antibiotic 

treatment has since saved millions of lives. This was also the starting point of the golden 

antibiotic age which lasted from the 1940s to the 1960s (Ribeiro da Cunha et al., 2019). During 

this period, pioneers of antibiotic drug discovery such as Selman Waksman, identified the 

majority of antibiotic classes known to date (Davies & Davies, 2010). Today, almost a century 

after their initial discovery, antibiotics remain one of the most important treatments against 

bacterial infections.  

Although antibiotics were initially reserved for medical use to treat infectious diseases, they 

were soon used for other indications because of their impressive efficacy. Antibiotics were first 

employed in the 1950s as animal feed supplements, in food preservation and to protect crops 

from bacterial disease (Cheepurupalli et al., 2019; Goldberg, 1964). The non-medical use of 

antibiotics increased rapidly, so that by 1961 more than half of all antibiotics produced in the 

United States were used outside of human medical settings (Goldberg, 1964). Currently, the 

greatest antibiotic usage is in livestock husbandry, where they play a significant role in growth 

promotion (Meek et al., 2015; Ventola, 2015). Other areas involving the use of antibiotics 

include: horticulture, aquaculture, ethanol production, antifouling paints (as used in naval 

engineering) and food preservation (Meek et al., 2015). 

1.1.2 Antibiotic usage in New Zealand 

In New Zealand, the use of antimicrobial agents as growth promotors for farming animals is 

prohibited and so the overall use of antibiotics across the agricultural sector is very low 

compared to many other countries (Hilterton et al., 2017; O'Neill, 2015). While antibiotic sales 

for use in agricultural settings have steadily increased between 2014 and 2017, recent data 

indicate a reduction of this trend. In 2018, a total of 68,765 kg of antibiotics (active ingredient 
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in commercial products) was sold as veterinary medicines and agricultural chemicals in New 

Zealand, which is a 4% decrease to the previous year (Ministry for Primary Industries, 2020).  

Unfortunately, New Zealand’s status is less exemplary when it comes to treating patients with 

antibiotics. Therapeutic antibiotic use is high compared to international standards (Royal 

Society Te Apārangi, 2017; Williamson et al., 2016). Particularly concerning is the proportion 

of antibiotics used in the community. Hospital prescriptions account for only about 5% of 

antibiotics, whereas approximately 95% of antibiotics are dispensed from primary care 

prescriptions (Duffy et al., 2018). Antibiotic usage has risen almost 50% since 2006 

(Williamson et al., 2016) and in 2014 community consumption (as consumption per unit 

population) in New Zealand was around twice as high as that in the Netherlands, Sweden and 

Austria (Duffy et al., 2018). 

1.1.3 The antibiotic resistance crisis 

Over a relatively short period of time, bacteria have developed multiple mechanisms of 

resistance for every single antibiotic that has been introduced. Today, antibiotic resistance is 

recognised as a threat to global health (World Health Organization, 2018). Microorganisms 

possess genetic capability that enables them to develop and exchange antibiotic resistance with 

incredible effectiveness (Andersson & Hughes, 2014). Anthropogenic influences have 

dramatically accelerated this naturally slow evolutionary process (Levy & Marshall, 2004; 

Tripathi & Cytryn, 2017). 

In his Nobel prize lecture, Alexander Fleming warned of the danger of misuse of penicillin by 

“the ignorant man … when penicillin can be bought by anyone in the shops” (Fleming, 1945, 

p. 93). Misguided practices have led to subinhibitory levels of antibiotics in humans, animals 

and the environment (Andersson & Hughes, 2014). The almost ubiquitous presence of 

antibiotics promotes the emergence of resistant bacteria by inducing genetic mutations, 

alterations in gene expression as well as natural selection of antibiotic resistant strains (Levy 

& Marshall, 2004). In addition, such environments favour the horizontal transfer of antibiotic 

resistance genes via mobile genetic elements (Laxminarayan et al., 2013). While the problem 

of antibiotic resistance was predicted by Fleming and other scientific experts, it was not initially 

recognised as a major health concern. This was mainly due to the number of antibiotics 

discovered and the rate of their discovery during the antibiotic golden age. At that time, some 
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argued that the era in which infectious diseases posed a threat to public health was coming to 

an end (Ribeiro da Cunha et al., 2019).  

Although the latest novel antibiotic class was discovered over 30 years ago, chemical 

modifications to existing antibiotic classes as part of semi- and fully synthetic drug 

development enabled the release of 15 new drugs throughout the following decade (Aminov, 

2010; Morel & Mossialos, 2010). However, only nine new antibiotics were approved by the 

US Food and Drug Administration between 2008 and 2018, despite increasing financial 

commitment and regulatory flexibility (Talbot et al., 2019).  

Higher morbidity, mortality and economic hardship are the consequences of increasing rates 

of antibiotic resistance. It is estimated that antibiotic resistant pathogens are responsible for at 

least 700,000 deaths worldwide each year, with computer simulations predicting 10 million 

annual fatalities by 2050 if no actions are taken against the antibiotic resistance crisis (O'Neill, 

2016). Antibiotic resistance currently increases healthcare costs by approximately USD 1.77 

billion and USD 20 billion in Europe and the United States, respectively (Dadgostar, 2019; 

Howell, 2013). Scenarios based on drug resistance rising at recent rates predict a global 

economic loss of USD 100 trillion per year by 2050 (O'Neill, 2016). 

In New Zealand, the rates of antimicrobial resistant bacteria are relatively low (Ministry of 

Health and Ministry for Primary Industries, 2017a). However, more resistance is emerging and 

spreading across the country and the number of cases of multidrug-resistant infections is 

increasing (Thomas et al., 2014; Walls et al., 2015; Williamson & Heffernan, 2014). Of note, 

clear ethnic and social inequalities can be observed regarding the risk of infectious disease. 

People of lower socioeconomic status, as well as Māori and Pacific communities, are two to 

three times more likely to be admitted to the hospital due to infection (Baker et al., 2012). 

These vulnerable communities will accordingly be disproportionally impacted by increasing 

antibiotic resistance.  

The consequences associated with the antibiotic resistance crisis have encouraged research 

efforts to develop solutions. The pitfalls of widespread antibiotic use for agricultural purposes 

were recognised just a decade after introducing antibiotics into animal farming and horticulture. 

In the early 1960s, concerns were raised regarding the development and transfer of antibiotic 

resistance due to non-medical antibiotic usage (Goldberg, 1964; Manten, 1963). Nowadays, 

global regulations are in place that prohibit or reduce the use of antibiotics important for human 
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treatment in animal and plant farming (Landers et al., 2012; McManus et al., 2002; Meek et 

al., 2015).  

Without disregarding the potential transfer of resistance from agricultural settings to patients 

(Chang et al., 2015; Manyi-Loh et al., 2018), it is generally accepted that the over prescription 

of antibiotics in the human population is the main contributor to the rise of multi-drug resistant 

pathogens (Nature Editorial, 2013; Read & Woods, 2014). The theme of antibiotic stewardship 

has emerged over the past few years and national and global health organisations have 

developed action plans to combat the antibiotic resistance crisis. However, more research and 

work are needed to better educate both the public and healthcare providers about the 

consequences of excessive and ineffective antibiotic usage. 

1.2 Effects of antibiotics on the human microbiome 

Antibiotics often target a wide spectrum of bacterial taxa, which is why it is important to 

determine how antibiotics affect the larger context of the human microbiome. 

The human microbiome describes the vast array of microorganisms that reside in and on the 

human body. It includes microbial genes, their structural components and metabolites (Berg et 

al., 2020; Ursell et al., 2012). Bacteria make up the majority of this microbial community, but 

archaea, fungi, protozoa and viruses (including bacteriophages) are also represented (The 

Human Microbiome Project Consortium, 2012). The term microbiota refers to the diversity of 

this microbial community. The human body hosts approximately 100 trillion bacterial cells, 

outnumbering human cells (Rosner, 2014; Sender et al., 2016). These organisms form complex 

communities that are highly specific to different body sites (The Human Microbiome Project 

Consortium, 2012).  

The microbiome is essential for many physiological processes and affects virtually all aspects 

of human health. Microbes contribute to maintaining critical services such as the bioconversion 

of nutrients, the development and activity of the immune system and protection against 

pathogenic bacteria, as well as the regulation of mood, anxiety, cognition and pain (Kau et al., 

2011; Mohajeri et al., 2018; Young, 2017). The human microbiome is a rapidly evolving field 

of study and recent research has expanded our understanding of its structure and function in 

relationship to both diseased and healthy states (Cho & Blaser, 2012; Gilbert et al., 2018). 
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Altering the microbiome may have the potential to help manage various conditions such as 

obesity, inflammatory disorders, autism, and of course microbial infections (Lloyd-Price et al., 

2016). The microbiome can be influenced in different ways including diet, lifestyle and 

antibiotics, with the latter exerting the largest and most direct effects (Gilbert et al., 2018). 

While antibiotics act to eradicate or inhibit pathogenic bacteria that cause infections, they also 

have adverse effects on other commensal bacteria. Antibiotic administration reduces bacterial 

richness and diversity, which can cause microbial dysbiosis. This is a deleterious shift in the 

microbiota in which dominating taxa are replaced by opportunistic species (Cully, 2019; 

Langdon et al., 2016; Zhang & Chen, 2019).  

A dysbiotic microbiome is associated with the development of various inflammatory and 

allergic diseases as well as the persistence of bacterial antibiotic resistance genes inside the 

human body (Jernberg et al., 2010; Keeney et al., 2014; Lloyd-Price et al., 2016; Wilkins et al., 

2019).  

1.3 Antibiotic treatment for chronic disease 

A short-term antibiotic treatment (e.g. a single seven-day course) may have a measurable 

impact on the microbiota, but most bacterial taxa are able to recover to a pre-treatment state. 

The speed and level of microbiota reconstitution is subject to inter-individual variation (Cully, 

2019). However, antibiotics are commonly prescribed over longer periods (Daneman et al., 

2013) and often used to treat chronic conditions, leading to repeated antibiotic perturbations 

and subsequent persisting dysbiosis of the microbiome (Dethlefsen et al., 2008; Dethlefsen & 

Relman, 2011). Continued antibiotic administration can be observed in the management of 

lower respiratory tract disorders such as cystic fibrosis (CF), non-CF bronchiectasis, pan-

bronchiolitis, asthma and chronic obstructive pulmonary disease  (Crosbie & Woodhead, 2009; 

Evans & Greenstone, 2003; Suresh Babu et al., 2013), as well as in the prevention of recurrent 

urinary tract and streptococcal infections in a subpopulation of individuals at risk (Ahmed et 

al., 2017; The Prevention of Invasive Group A Streptococcal Infections Workshop Participants, 

2002; Williams & Craig, 2019) (Figure 1.1). Another inflammatory upper airway disease that 

may employ long-term antibiotic treatment for its management is chronic rhinosinusitis (CRS) 

(Barshak & Durand, 2017; Crosbie & Woodhead, 2009). CRS and its treatment with antibiotics 

are the primary focus of this thesis. 
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Figure 1.1. Primary diagnoses for adult outpatient visits resulting in antibiotic prescriptions in 
the United States. ARTI, Acute respiratory tract infection; NOS, not otherwise specified. 
*Including tonsillitis, laryngitis, deviated septum, allergic rhinitis, pneumonia, influenza, 
asthma, bronchiectasis, alveolar diseases, lung diseases, and other respiratory diseases. 
Adapted from Smith, Evans, et al. (2013). Copyright 2016 by American Society for 
Microbiology. Reprinted with permission. 
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1.4 Chronic rhinosinusitis 

CRS is a common and debilitating condition affecting between 5 and 15% of people worldwide 

(Bachert et al., 2020; De Conde & Soler, 2016; Dietz de Loos et al., 2019; Hastan et al., 2011; 

Hirsch et al., 2017; Hwang et al., 2019; Pilan et al., 2012; Shi et al., 2015). CRS encompasses 

a diversity of pathophysiologies and is characterised by persistent inflammation of the nose 

and paranasal sinuses. Clinically CRS is defined by the presence of at least two symptoms such 

as nasal obstruction or discharge, facial pain or pressure, reduction or loss of sense of smell 

and fatigue lasting for 12 weeks or longer (Bachert et al., 2014; Fokkens et al., 2020; Lourijsen 

et al., 2020; Orlandi et al., 2016; Orlandi et al., 2020). 

1.4.1 Individual and societal burden 

CRS is a chronic and morbid condition that affects ability to work, social interactions and daily 

life (Vennik et al., 2019). It causes a reduction in quality of life (QOL) equivalent to or greater 

than that from moderately severe asthma, chronic obstructive pulmonary disease, chronic 

bronchitis, hay fever, peptic ulcer disease, congestive heart failure, angina or lower back pain 

(Bhattacharyya, 2010; Gliklich & Metson, 1995; Laababsi et al., 2019; Lehrer-Coriat et al., 

2013; Saratziotis et al., 2020).  

CRS also places a substantial financial burden on the economy. The annual direct costs for the 

management of CRS amount to approximately USD 10 billion in the United States 

(Bhattacharyya, 2011; Bhattacharyya et al., 2019; Lourijsen et al., 2020; Smith et al., 2015) 

with similar or even higher figures per patient in European countries (Lourijsen et al., 2020; 

Wahid et al., 2020). Antibiotic prescriptions account for a significant proportion of the direct 

healthcare costs (Beule, 2015; Bhattacharyya et al., 2011). Indirect costs associated with CRS, 

such as absence from work and loss of productivity, are much higher than immediate treatment 

costs (Lourijsen et al., 2020). The total societal CRS burden is estimated to be as much as USD 

60 billion per year (Caulley et al., 2015; Smith et al., 2018). While there are no data available 

for New Zealand, a recent study from Australia determined a CRS-related loss of productivity 

cost of AUD 11,000 per patient per annum (Liu et al., 2018), which is comparable to reports 

from European countries (Lourijsen et al., 2020). The significant impact on patients’ health 

and the enormous socio-economic burden of CRS highlight the need for more effective 

therapies for this condition.  
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1.4.2 Aetiology and pathophysiology of CRS 

Acute rhinosinusitis (ARS) as a consequence of a viral infection manifests as a common cold, 

which is self-resolving within 10 days (Meltzer et al., 2004; Van Crombruggen et al., 2010). 

However, symptoms can persist in a small percentage of cases and sustained mucosal injury 

can predispose patients to secondary bacterial infection (Fokkens, Lund, et al., 2012). At this 

stage some patients may develop CRS. CRS is a highly heterogeneous disease, which makes it 

challenging to determine the underlying aetiology. Although the pathogenesis of this disease 

has been under intense research scrutiny, it has not yet been fully elucidated. However, several 

hypotheses have been put forward suggesting a complex interplay between the sinus 

microbiota, the mucosal immune response, epithelial integrity and treatment (Hoggard, 

Wagner Mackenzie, et al., 2017) (Figure 1.2).  

The importance of the sinonasal epithelium as the primary point of contact between host and 

environment is well recognised. As a mechanical barrier it serves as protection from 

environmental factors such as allergens as well as microbes and their antigens (Lam et al., 

2015; Stevens et al., 2015). Mucociliary clearance of particles and pathogens represents the 

primary defence mechanism of the upper respiratory tract (Knowles & Boucher, 2002). Being 

overexposed to a variety of environmental antigens can impair mucociliary function and may 

lead to epithelial inflammation (Vlastos et al., 2009). Increased numbers of immune cells such 

as T-cells, B-cells and macrophages in the sinus mucosal tissue, as well as infiltration by 

eosinophils and neutrophils, are characteristic of CRS (Biswas et al., 2017; Nakayama et al., 

2019; Van Crombruggen et al., 2011). In addition, hyperplasia of epithelial cells, goblet cells 

and submucosal glands has been observed (Cho, Mackey, et al., 2018; Cho, Lim, et al., 2018; 

Chowdhury et al., 2019). Interleukins IL-5 and IL-13 are features of CRS which play a role in 

initial inflammation and inflammatory progression (Kato, 2015; Van Zele et al., 2006). The 

role of the sinus microbiome in the pathophysiology of CRS is discussed in section 1.5 and 

provides the context for this thesis. 



 

10 

 

Figure 1.2. The aetiology of CRS. Complex and multidirectional interactions between the sinus 
microbial community, host immune response, epithelial integrity and treatment are 
hypothesised to be involved in the pathogenesis and disease progression of CRS. From 
Hoggard, Wagner Mackenzie, et al., 2017. Copyright 2016 by American Society for 
Microbiology. Reprinted with permission. 

1.5 The role of the sinonasal microbiome in CRS 

Healthy sinuses were considered predominantly sterile until recently, and some contemporary 

culture-based studies report absence of any bacterial growth in a proportion of sinus samples 

(Abou-Hamad et al., 2009; Albu & Florian, 2013; Peleg et al., 2019). With the emergence of 

next-generation sequencing techniques, our knowledge of the sinonasal microbial community 

composition has increased considerably. Large cohort studies such as The Human Microbiome 

Project and the recent International Sinonasal Microbiome Study (ISMS) have identified key 

characteristics of the healthy sinonasal microbiota such as high bacterial community richness, 

evenness and diversity (Escapa et al., 2018; Lee, Frank, et al., 2016; Paramasivan et al., 2020; 

The Human Microbiome Project Consortium, 2012). Bacterial genera commonly found in 

human sinonasal cavities include Corynebacterium, Staphylococcus, Streptococcus, 

Haemophilus, Lawsonella, Neisseriaceae, Dolosigranulum, Propionibacterium and Moraxella 

(Bassis et al., 2014; Escapa et al., 2018; Gan et al., 2019; Lloyd-Price et al., 2016; Lloyd-Price 
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et al., 2017; Paramasivan et al., 2020; Ramakrishnan et al., 2016). Other microorganisms 

residing in this ecological niche include fungi (e.g. Malassezia), viruses (e.g. Herpesviridae, 

Picornavirdae, Papillomaviridae, Adenoviridae) and archaeal species (Cho et al., 2013; 

Cleland et al., 2014; Gelber et al., 2016; Goggin et al., 2018; Hoggard, Vesty, et al., 2018; 

Hoggard et al., 2019; Koskinen et al., 2017; Kumpitsch et al., 2019; Pausan et al., 2019; Wagner 

Mackenzie et al., 2018; Wagner Mackenzie et al., 2020; Wylie et al., 2014).  

The sinus bacterial community is characterised by significant inter-individual variability and 

high intra-individual diversity and stability (Biswas et al., 2015; Wagner Mackenzie, Chang, 

et al., 2019). Some of the bacteria harboured in the nares such as Staphylococcus epidermidis, 

Staphylococcus aureus and Streptococcus pneumoniae are known human pathogens (Wilson 

& Hamilos, 2014). However, the diverse microbial community in the healthy sinonasal cavities 

involves a complex network of interactions among commensal organisms and with the host 

immune system, which act to prevent overgrowth of opportunistic pathogens and to sustain a 

homeostatic state (Bomar et al., 2016; Brugger et al., 2016; Christensen & Brüggemann, 2014; 

Ichinohe et al., 2011; Wilson & Hamilos, 2014). Perturbations of the microbiological and 

immunologic equilibrium can lead to an over-representation of pathogenic microbes as part of 

microbial dysbiosis, and subsequently infection and inflammation (Brook, 2016; Frank et al., 

2011; Lawley & Walker, 2013; Lee, Frank, et al., 2016; Paramasivan et al., 2020; Wang et al., 

2020). 

1.5.1 Bacteria 

Bacteria comprise the majority of the microbial community in the nose and sinuses (Wagner 

Mackenzie et al., 2020). Many studies suggest that the bacterial community plays a role in the 

pathobiology of CRS and great efforts have been devoted to determining the sinonasal 

microbiota in patients suffering from this chronic inflammation (Paramasivan et al., 2020). 

Some microorganisms, such as S. aureus, Corynebacterium tuberculostearicum, C. accolens, 

and Pseudomonas aeruginosa have been implicated in the pathogenesis of CRS (Abreu et al., 

2012; Aurora et al., 2013; Boase, Foreman, et al., 2013; De Boeck et al., 2019; Feazel et al., 

2012; Karunasagar et al., 2018). Other studies have reported abundances of Moraxella 

catarrhalis, Haemophilus influenzae, S. pneumoniae and members of the genera Escherichia 

and Fusobacterium to be increased in CRS patients when compared to healthy controls (Biswas 

et al., 2015; Brook, 2016; Cope et al., 2011; Copeland et al., 2018; Hoggard, Biswas, et al., 
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2017; Schürmann et al., 2019). Interestingly, two members of the genus Lactobacillus 

associated with healthy sinuses (L. lactis and L. casei) were identified as potential protective 

species by exerting anti-inflammatory effects and by stabilising the commensal sinonasal 

microbiota (Cervin, 2018; De Boeck et al., 2020; De Rudder, Garcia-Timermans, et al., 2020; 

Desrosiers, 2020; Schwartz, Peres, et al., 2016).  

While many species have been implicated in CRS, no single pathogen can be identified as the 

main pathogenic driver. S. aureus is the most commonly identified pathogen in CRS (Boase, 

Foreman, et al., 2013), however average carriage rates are generally similar between CRS 

patients and healthy controls (Heymans et al., 2010; Plouin-Gaudon et al., 2006). Recent 

studies suggest that the role of S. aureus in the pathophysiology of CRS may extend beyond its 

presence and involve alterations in virulence, production of enterotoxins and direct modulation 

of the host’s innate and adaptive immunity and sinus microbiota, particularly in a subset of 

patients with severe and recalcitrant disease (Bardy et al., 2018; Mahdavinia & Batra, 2019; 

Maniakas et al., 2018; Vickery et al., 2019). Specific roles of S. aureus as a promotor and 

modifier for CRS remain to be identified. 

In addition, bacterial profiles that consistently differentiate CRS patients from healthy controls 

are yet to be found (Koutsourelakis et al., 2018). One study applied an unbiased probabilistic 

modelling approach to determine three distinct patterns of bacterial composition. Two distinct 

groups of CRS samples were categorised by two of the three composition patterns, with the 

last one comprising a cluster of CRS and all of the study’s healthy control samples, suggesting 

a discrete pathogenic sinus microbiota in a subset of CRS patients (Cope et al., 2017). More 

recently, unsupervised machine learning on the ISMS dataset was used to try and 

“microbiotype” the sinonasal microbiota, i.e. define bacterial community profiles that 

characterise a particular sinonasal state (Bassiouni et al., 2020). In that study, three 

microbiotypes were proposed that were dominated by either Corynebacterium, 

Staphylococcus, or a combination of other core sinus genera, respectively. However, the 

microbiotypes could not discriminate samples based on disease state. The high interpersonal 

variation of the sinonasal microbiota, in conjunction with limitations of the presently available 

technology for assessing the microbiota, may contribute to the lack of evidence for a distinct 

CRS-associated microbiota. Instead, there is increasing evidence that bacterial dysbiosis is a 

feature of CRS and can influence the host inflammatory response (Chalermwatanachai et al., 

2018; Hoggard, Biswas, et al., 2017; Ramakrishnan et al., 2013). The question of whether this 

dysbiosis is causative or a result of the changing microenvironment that accompanies chronic 
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mucosal inflammation remains unanswered (Hoggard, Wagner Mackenzie, et al., 2017; Rom 

et al., 2019).  

1.5.2 Biofilms 

While the importance of biofilms had long been acknowledged in other chronic infections such 

as otitis media and cystic fibrosis, they were not largely considered in the pathology of CRS 

until their first identification in CRS patients (Cryer et al., 2004). Biofilms are complex 

microbial communities, adherent to a surface (e.g. the sinus mucosal epithelium) and embedded 

in a matrix of extracellular polymeric substances (Hall-Stoodley et al., 2004). This extracellular 

matrix (ECM) provides a physical barrier that protects bacteria and other microbes from 

potential threats such as host immune cells and antimicrobials by impeding their penetration 

and diffusion into deeper layers of the biofilm (Costerton et al., 1987; Davies, 2003; Jefferson 

et al., 2005; Singh et al., 2010). In addition, bacteria living in biofilms undergo phenotypical 

and behavioural changes such as reduced metabolic activity, which further decreases their 

susceptibility to antibiotics, many of which target metabolic processes (Donlan & Costerton, 

2002; Koo et al., 2017). Bacteria in biofilms possess a 10- to 1000-fold higher resistance to 

antimicrobial treatments than their planktonic counterparts (Rasmussen & Givskov, 2006; 

Singh et al., 2010; Stewart & Costerton, 2001). These features highlight the important role of 

biofilms in CRS as a potential reservoir for pathogenic bacteria and active contributor to 

mucosal inflammation (Vestby et al., 2020). 

Biofilms may be a bacterium’s preferred state of existence in nature. They have been identified 

in healthy sinuses, but are more frequently found in CRS patients (Al-Mutairi & Kilty, 2011; 

Danielsen et al., 2014; Sanclement et al., 2005). Their presence can be observed in between 29 

to 72% of all CRS cases (Fokkens et al., 2020). Due to their resistance to medical and surgical 

treatment, they may play an important role in recurrence of the inflammatory condition 

(Fastenberg et al., 2016). S. aureus and P. aeruginosa, two bacterial species known for their 

ability to form biofilms, are frequently cultured from the sinuses of patients with refractory 

disease (Woodhouse & Cleveland, 2011). The potentially detrimental effects of established 

biofilms on the sinonasal epithelium, including inflammation and destruction of cilia, have 

been suggested in several studies (Arjomandi et al., 2013; Dong et al., 2014; Galli et al., 2008; 

Hekiert et al., 2009; Marcinkiewicz et al., 2015; Wang et al., 2014; Wood, Fraser, et al., 2011; 

You et al., 2011). 
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Biofilm formation is generally associated with more severe disease preoperatively as well as 

an increased likelihood of ongoing symptoms postoperatively (Bendouah et al., 2006; Psaltis 

et al., 2008; Singhal et al., 2010). Multiple bacterial species such as S. aureus, P. aeruginosa, 

H. influenzae and M. catarrhalis have been implicated in CRS-associated biofilms (Boase, 

Foreman, et al., 2013). Of these, S. aureus is the most commonly found biofilm-forming 

organism in CRS patients (Foreman et al., 2010). S. aureus biofilms in particular have been 

linked to severely recurrent and recalcitrant cases of CRS and are correlated with worse scores 

in any patient outcome test when compared with other biofilms (Foreman & Wormald, 2010; 

Maina et al., 2018; Ramakrishnan et al., 2015; Singhal et al., 2011). 

In addition to multiple bacterial species, fungal biofilms and the presence of fungi within 

bacterial biofilms have been identified in CRS (Foreman et al., 2012; Healy et al., 2008). 

Biofilms comprising microbes of multiple domains can show distinct properties including 

increased persistence and pathogenicity (Wargo & Hogan, 2006).  

1.5.3 Fungi and viruses 

Fungal colonisation plays a crucial role in a subset of CRS patients. These patients suffer from 

fungal CRS, in which fungi exert several effects on the host immune response ranging from 

hypersensitivity to suppression (Fokkens et al., 2020). Due to the limitations of culture-

dependent detection techniques, the fungal component of the sinus microbiota was not well 

characterised until recently. Highly specific culture-independent methods have advanced our 

understanding of fungal abundance and diversity in CRS patients who are not diagnosed with 

fungal CRS. Studies employing next-generation sequencing have identified several fungal taxa, 

including Cryptococcus, Malassezia, Rhodosporidium, Davidiella, Calicium, Neocosmospora, 

Fusarium, Saccharomyces, Aspergillus, Schizophyllum, Scutellospora, Candida and 

Rhodotorula in both CRS and healthy subjects (Aurora et al., 2013; Cleland et al., 2014; Gelber 

et al., 2016; Hirotsu et al., 2014; Hoggard, Vesty, et al., 2018; Hoggard et al., 2019; 

Mohammadi et al., 2017; Zhao et al., 2018). These findings showed that, while fungal 

abundance was relatively low compared to that of bacteria, the sinus fungal community is 

markedly more diverse than previous culture studies suggested. Fungi can stimulate 

inflammatory responses in nasal tissue and are associated with increased cytokine production 

in CRS patients (Hirotsu et al., 2014; Lawrence et al., 2015; Rai et al., 2018; Shin, Ye, Choi, 

et al., 2016; Shin, Ye, Kim, et al., 2016; Sproson et al., 2016). While there is evidence to suggest 
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fungi may be a potential modifier of disease, their specific pathogenic role is unclear, and fungi 

are currently believed to be a secondary factor rather than a primary driver of pathogenicity in 

the majority of CRS cases (Ebbens et al., 2009; Fokkens, van Drunen, et al., 2012; Hirotsu et 

al., 2014).  

Targeting the nasal epithelium, viruses are a key factor in the initial stage of ARS. Common 

respiratory viruses identified in ARS patients include rhinovirus (RV), respiratory syncytial 

virus, influenza virus, coronavirus (CorV), parainfluenza virus (PIV), adenovirus and 

enterovirus (Eloy et al., 2011; Fokkens, Lund, et al., 2012; Orlandi et al., 2016; Tan et al., 

2017). Attempts have been made to investigate the persistence of these viruses and their role 

in chronic inflammation in CRS patients using PCR and sequencing techniques. In these 

studies, CorV, RV and PIV were detected in CRS patients at significantly higher rates than 

healthy controls (Cho et al., 2013; Lee et al., 2015; Pawełczyk & Kowalski, 2017; Rowan et 

al., 2015). In contrast, no differences in infection rates between CRS and control subjects were 

found elsewhere (Liao et al., 2014; Wang et al., 2008), with one study reporting no detection 

of viruses in either group of samples (Wood, Antoszewska, et al., 2011). Together these results 

render the pathogenic potential of viruses uncertain and further studies are required to 

determine the exact role of prevalent respiratory viruses in the pathogenesis of CRS. 

1.5.4 Archaea 

Archaea were thought to live only in extreme environments. However,  advances in detection 

methods have led to the discovery of archaea in various sites in the human body (Dridi et al., 

2011). While there is no evidence for archaea in the pathogenesis of disease (Aminov, 2013; 

Moissl-Eichinger et al., 2018), some (e.g. methanogens) have been associated with a range of 

conditions including inflammatory bowel disease, (chronic) constipation, periodontal disease 

and even sinonasal disorders such as sinus abscesses (Koskinen et al., 2017; Nkamga et al., 

2017; Pimentel et al., 2012). These findings have led to the theory that methanogenic archaea 

may be indirectly involved in disease pathogenesis by contributing to the growth of pathogenic 

bacteria in anaerobic microenvironments (Moissl-Eichinger et al., 2018; Vianna et al., 2006). 

Recently, methanogenic Euryarchaeota (Methanobrevibacter) were identified in nine patients 

with severe refractory CRS. Sogodogo et al. (2019) suggest Methanobrevibacter may be an 

important part of the anaerobic sinus microbial community, contributing to the recalcitrance of 

disease in these cases. Another recent study also performed bacterial and archaeal gene 
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amplicon sequencing on a larger patient cohort and reported a high diversity of archaea despite 

their relatively low abundance compared to bacteria (Wagner Mackenzie et al., 2020). This 

study identified Euryarchaeota and Thaumarchaeota in the sinuses of both CRS patients and 

controls. The prevalence and abundance of Methanobrevibacteriaceae was low. Of note, no 

association of archaea with CRS was observed. Research on the human sinus archaeome is still 

in its infancy and much more data are required to learn about the potential role of archaea in 

CRS. 

1.6 Clinical management of CRS 

The mainstays of clinical management for CRS remain medical treatment and surgery.  The 

efficacy of antibiotics has been reviewed critically and new and alternative treatment strategies 

are gaining increasing attention. The heterogeneity of CRS makes treatment outcomes highly 

dependent on the individual patient and a “one size fits all” approach to treatment seems 

inappropriate for the spectrum of conditions under the umbrella of CRS. The latest guidelines 

on rhinosinusitis and nasal polyps promote the idea of precision medicine that involves patient 

participation in creating an individually tailored treatment strategy rather than managing all 

patients through the same pathway (Fokkens et al., 2020). 

1.6.1 CRS phenotypes and endotypes 

CRS encompasses a variety of chronic inflammatory conditions. The presence or absence of 

nasal polyps has been commonly used to divide CRS into two groups: CRS without nasal 

polyps (CRSsNP) and CRS with nasal polyps (CRSwNP) (Bachert et al., 2020; Fokkens, Lund, 

et al., 2012). However, this phenotypic differentiation is now considered too simplistic to 

capture the spectrum of CRS phenotypes and endotypes and the different inflammatory 

pathways involved (De Conde & Smith, 2017; Fokkens et al., 2020). Additionally, it does not 

acknowledge comorbidities such as asthma or cystic fibrosis which can impact inflammatory 

responses and disease severity (Rosati & Peters, 2016; Ryu et al., 2020). 

More recent approaches employ inflammatory biomarkers to define various CRS endotypes 

(Biswas et al., 2019; Hoggard, Waldvogel-Thurlow, et al., 2018). An array of innate and 

adaptive immune cells and their associated cytokines as well as immunoglobulins have been 
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identified for subsets of CRS patients and putative clusters of inflammatory biomarkers are 

reasonably consistent across several studies (Cardell et al., 2020; Divekar et al., 2017; Liao et 

al., 2018; Succar & Turner, 2018; Tomassen et al., 2016; Turner et al., 2018). These findings 

suggested that a type 2 immune response, characterised by the activation of T-helper 2 cells, 

innate lymphocytes and the production of interleukins IL-4, IL-5 and IL-13 (Annunziato et al., 

2015; Van Crombruggen et al., 2018), typifies a large subset of CRS patients (Cardell et al., 

2020; Tomassen et al., 2016; Yip et al., 2019). Type 1 and type 3 inflammation can also be 

observed to a lesser extent and all types appear independent of the clinically observed 

phenotype (i.e. presence or absence of polyps) (Cao et al., 2019). In contrast to CRS 

phenotyping, defining the endotype also provides risk factors for comorbid conditions such as 

asthma (Kim & Cho, 2017; Yip et al., 2019). More importantly, determining the endotype of 

CRS patients helps to identify associated inflammatory mediators as potential therapeutic 

targets, making the differentiation into type 2 and non-type 2 endotypes preferable (Cardell et 

al., 2020; Fokkens et al., 2020; Kim & Cho, 2017; Yip et al., 2019). CRS endotyping is a 

relatively recent development and the phenotypic differentiation of CRSsNP and CRSwNP is 

still the only practical way of classifying CRS. Hence, this simple and robust classification was 

applied for the work presented in this thesis.  

1.6.2 Medical treatment 

In standard clinical practice, CRS is initially treated medically with a combination of saline 

rinses, corticosteroids and antibiotics (Chandy et al., 2019; Malaty, 2016; Ramakrishnan et al., 

2017; Rosenfeld et al., 2015). Saline nasal irrigations are an important non-pharmacological 

aspect of CRS management. They can promote the natural function of the sinonasal mucosa by 

improving ciliary beat frequency and mucus clearance and by mechanically removing thick 

mucus and crusts as well as bacterial biofilms, antigens or inflammatory agents (Casale et al., 

2018; Liu et al., 2020; Succar et al., 2019). The positive effects of pre and postoperative nasal 

irrigations on the clinical outcome of CRS patients have been demonstrated in several studies 

(Giotakis et al., 2016; Low et al., 2014; Nikakhlagh et al., 2016). 

Corticosteroids are potent anti-inflammatory agents and are usually administered to control the 

chronic mucosal inflammation in CRS. Both topical and systemic corticosteroids significantly 

improve symptom scores and QOL pre- and postoperatively, particularly in cases of CRSwNP 

(Ecevit et al., 2015; Kirtsreesakul et al., 2012; Kobayashi et al., 2018; Leopold et al., 2019; 
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Mösges et al., 2011; Wang et al., 2015; Zhou et al., 2016). While long-term oral corticosteroids 

are not generally recommended, continuous treatment with nasal corticosteroids is considered 

safe (Hox et al., 2020; Lund et al., 2004; Mösges et al., 2011; Stjärne et al., 2009; Wang et al., 

2015; Zhou et al., 2016). Corticosteroids are used to directly control the chronic inflammation, 

whereas antibiotics are employed to reduce presence of susceptible microbes. This thesis is 

largely focussed on the microbiology of CRS and the efficacy of antibiotic treatment. 

A variety of antibiotic classes are prescribed for the medical treatment of CRS patients. First-

line antibiotics include penicillins, tetracyclines, second-generation cephalosporins, and 

macrolides (e.g. erythromycin, roxithromycin). When these antibiotics fail to achieve sufficient 

improvement, other classes such as newer generation macrolides (e.g. clarithromycin and 

azithromycin) are employed (Brook, 2017; Fokkens, Lund, et al., 2012). Antibiotic treatment 

can often be long-term and extensive with multiple courses prescribed over several years 

(Barshak & Durand, 2017; Dubin et al., 2007; Schwartz, Tajudeen, et al., 2016). In 2013, 

sinusitis was the diagnosis that accounted for the most outpatient prescriptions for antibiotics 

in the US and CRS accounted for two-thirds of the prescriptions under this diagnosis (Smith, 

Evans, et al., 2013) (Figure 1.1). The economic burden of CRS is significant and antibiotics 

account for approximately 60% of medical treatment costs (Beule, 2015). 

Although antibiotics are frequently prescribed for the medical management of CRS, there is 

surprisingly little evidence to support their efficacy (Head et al., 2016; Lim et al., 2008). A 

small number of studies found a moderate improvement in symptoms in CRS with and without 

nasal polyps after receiving macrolide antibiotics for between three and six months (Abou-

Hamad et al., 2009; Varvyanskaya & Lopatin, 2014; Wallwork & Coman, 2004; Zeng et al., 

2011). However, this improvement may be due to anti-inflammatory properties of macrolides 

rather than their antimicrobial activity per se (Cervin & Wallwork, 2007; Walker et al., 2019). 

Because of the paucity of evidence supporting antibiotic efficacy for the treatment of CRS, 

their use is not recommended for routine use in several clinical guidelines (Bachert et al., 2014; 

Barshak & Durand, 2017; Cain & Lal, 2013; Fokkens et al., 2020; Fokkens, Lund, et al., 2012; 

Kennedy & Borish, 2013; Orlandi et al., 2016). Nonetheless, antibiotics administration remains 

widespread practice in the management of CRS (Akkerman et al., 2005; Gulliford et al., 2014). 

Of those patients who progress to surgery, almost all will have been prescribed multiple courses 

of antibiotics and corticosteroids (Dubin et al., 2007; Schwartz, Tajudeen, et al., 2016). 

Postoperatively, medical treatment is usually continued (Wood et al., 2017).  
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1.6.3 Surgery 

Many patients do not respond adequately to medical therapy (Smith, Kern, et al., 2013; Young 

et al., 2012) and CRS can remain recalcitrant after years of treatment (Bhattacharyya, 2011). 

The reported rate of medically refractory CRS ranges from 5 - 50% and varies significantly 

depending on the treatment regimen (Lal et al., 2009; Lund, 2005; Subramanian et al., 2002; 

Young et al., 2012). Upon failure of medical therapy, patients are usually recommended for 

functional endoscopic sinus surgery (FESS) (Rudmik et al., 2016). During FESS, purulent 

mucus and polypoid tissue are removed, with the aim to re-establish ventilation and drainage 

(Figure 1.3). In the United States, CRS accounts for 95% of endoscopic sinus surgeries 

(Ference et al., 2018). FESS significantly improves symptom scores and QOL and is more 

effective than continued medical treatment in patients with refractory CRS (Dessouky & 

Hopkins, 2015; Smith & Rudmik, 2014; Smith et al., 2014; Smith, Kern, et al., 2013; Wood et 

al., 2017). Although the optimal time point and extent for surgery cannot yet be fully defined, 

there is some evidence suggesting that early surgery after failure to respond to medical 

treatment results in better outcomes (Hopkins, 2016; Hopkins et al., 2015). 

 

 

Figure 1.3. Functional endoscopic sinus surgery for CRS. A. Computed tomography images 
of healthy sinuses with large and patent airways (shown in black. B. Sinus cavities of a CRS 
patient blocked with inflamed tissue and purulent mucus. C. Sinuses after successful functional 
endoscopic sinus surgery. Photo credit: Richard G. Douglas. 

1.6.4 New and alternative treatment options 

Together, medical and surgical treatment successfully manage up to 80% of patients. However, 

CRS remains recalcitrant or recurrent in a significant subset of cases despite best clinical 

practices (Psaltis, 2016). Recently there has been the development of new therapeutics and 
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treatment options to decrease the number of recalcitrant cases and to improve outcomes in 

difficult-to-treat CRS patients.  

The field of biologics has recently made significant progress towards implementing precision 

medicine in the treatment of CRS. Biologics are antibodies specifically designed to target 

certain parts of the immune system. In CRS, these drugs can be used for certain disease 

endotypes that are characterised by elevated inflammatory markers such as immunoglobulin-

E (IgE), IL-4, IL-5 or IL-13. Biologic treatment is still in its relative infancy, but the clinical 

efficacy of some agents has been reported. Dupilumab, mepolizumab and omalizumab have 

shown promising results in a small number of clinical trials (Bachert et al., 2019; Bachert et 

al., 2016; Bachert et al., 2017; Gevaert et al., 2013; Gevaert et al., 2011; Pinto et al., 2010). 

More research is required to better determine the effects of biologics on symptoms and QOL.  

By systemically inhibiting inflammatory pathways, biologics may be particularly helpful in 

patients with concomitant disease such as asthma (Fokkens et al., 2019; Gevaert et al., 2013). 

Topical antiseptics or biocides are another group of therapeutics emerging as a promising 

alternative to antibiotics for the treatment of CRS. These target microbial communities in the 

sinonasal cavities, rather than directly affecting the chronic inflammation (like biologics). In 

contrast to antibiotics, which usually have a single and highly specific target site, biocides 

generally exert their antimicrobial effect via multiple target sites within the microorganism 

(Del Rosso & Bhatia, 2018). This makes biocides potent antimicrobials while also reducing 

the possibility of developing resistance. Neutral electrolysed water (NEW), comprising 

hypochlorous acid (HOCL) as its main effector component, and povidone-iodine (PVI) are two 

examples of topical antiseptics. The bactericidal effects, as well as the efficacy and safety of 

NEW in CRS patients, have been demonstrated previously (Bergstrom et al., 2018; Cho et al., 

2016; Yu et al., 2017). NEW formulations also have wound healing properties, making them 

particularly suitable for postoperative treatment (Gravatt, 2016; Swanson, 2016). While the 

excellent antimicrobial properties of PVI are well documented (Barreto et al., 2020; Eggers, 

2019), there have been concerns regarding its safety due to potential cytotoxic effects 

(Martínez-De Jesús et al., 2007). However, recent studies showed no negative effects of newly 

developed formulations or low concentrations of PVI on nasal epithelial cells both in vitro and 

in vivo (Panchmatia et al., 2019; Ramezanpour et al., 2020). Their strong antimicrobial activity 

could be of great use in treating bacterial biofilms. Overall, the therapeutic potential of 

antiseptics warrants further investigation and their efficacy against bacterial biofilms and for 

the treatment of CRS have been studied in this thesis.  
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1.7 The effect of clinical intervention on the sinus microbiome in CRS 

Few studies have investigated the impact of surgery on the sinonasal microbiota. One study 

observed an increase in the abundance of Acinetobacter johnsonii in post-surgical CRS patients 

to levels comparable to the control group and this was associated with improved QOL scores 

(Cleland et al., 2016). Another study noted no significant differences in bacterial diversity after 

surgery (Jain et al., 2017). Apart from increased bacterial richness, this study also reported no 

predictable changes of highly abundant taxa due to surgery, except for S. aureus which became 

more abundant despite the use of anti-staphylococcal antibiotics postoperatively.  

Examination of the sinonasal microbiota after administration of saline rinses and topical 

corticosteroids in patients with CRSwNP identified no significant association between 

treatment effects and microbial changes (Liu et al., 2015). The changes in bacterial community 

profiles after antibiotics and corticosteroids were highly individual, however an overall 

decrease in bacterial diversity was noted (Liu et al., 2013). These alterations were also observed 

in other studies (Jain et al., 2018). Overall there appears to be inconsistency in the microbial 

response to antibiotic treatment (Sivasubramaniam & Douglas, 2018). One study found 

antibiotic usage to be associated with an increase in S. aureus (Feazel et al., 2012) while another 

reported significant decreases of this species after antibiotic treatment (Renteria et al., 2020).  

Antibiotics may impact the sinonasal microbiota negatively by affecting commensal species 

and destabilising the bacterial community. A reduction of the commensal community can result 

in an increasing susceptibility to colonisation by pathogenic bacteria (Khan et al., 2019). 

Antibiotic treatment has been associated with exacerbations in an animal model of CRS as well 

as in patients with cystic fibrosis (Abreu et al., 2012; Lim et al., 2014). Destabilisation of the 

bacterial community and reduced microbial diversity, as a result of antibiotic treatment, may 

predispose patients to secondary infection and development of chronic inflammation (Fodor et 

al., 2012; Zhao et al., 2012). In one study, antibiotic treatment for any indication was associated 

with an increased risk of developing CRS (Maxfield et al., 2017). In addition, intensive 

antibiotic use encourages the development of resistance within the bacterial community 

(Bhattacharyya & Kepnes, 2008; Kingdom & Swain, 2004; Rezai et al., 2016). Resistance 

against various antibiotics has been observed in bacterial isolates from CRS patients (Brook, 

2017; Musa et al., 2019). 
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1.8 Exploring and assessing treatment strategies for CRS 

Ideally, therapies should be both effective and cost-efficient. This is especially important for 

chronic disorders such as CRS to minimise the disease burden on both individual patients and 

health care systems. It is important to develop new therapeutics and to assess the efficacy of 

existing treatment options. A variety of experimental designs can be used to evaluate different 

therapies, ranging from in vitro and ex vivo models to animal models and human clinical trials.  

In vitro systems are the basis for the initial testing of the efficacy and safety of potential new 

drugs and can further our understanding of disease pathophysiology. Antimicrobial 

susceptibility testing for instance is a standard in vitro technique to evaluate the antimicrobial 

potential of newly developed agents. Cell cultures are commonly used to examine tolerability 

of promising agents and model systems that mimic upper respiratory tract disease have evolved 

considerably. Sophisticated culturing systems such as air-liquid interface co-cultures that 

incorporate multiple bacterial species and immune cells can closely mimic the host-microbe 

interaction in the human sinuses (De Rudder, Calatayud Arroyo, et al., 2020). These models 

may be used to help determine the pathways of inflammation and to develop innovative 

treatment approaches (Al-Sayed et al., 2017; De Rudder et al., 2018). Animal models represent 

a bridge between the in vitro study of therapeutic agents and human trials. Allowing for a higher 

level of experimental control that cannot be easily achieved in human trials, animal studies can 

further our understanding of pathogenesis and disease progression. This is particularly 

advantageous for CRS, in which high levels of inflammatory and microbial heterogeneity are 

observed. Valuable insights about the immune response in CRS have been derived solely from 

animal-based research (London & Lane, 2016; Shin, 2016). New research investigating the role 

of the microbiome in the progression of CRS and evaluating new treatment modalities further 

highlights the importance of animal models for CRS research (Abreu et al., 2012; Cho, Lim, et 

al., 2018; Cho, Skinner, et al., 2020; Cho et al., 2019). Animal model systems for chronic sinus 

disease are discussed in detail in Chapter 3A with a focus on their potential for studying the 

microbiome in CRS.  

Once the effects and safety of potential therapeutics have been established by in vitro and in 

vivo studies, those agents may proceed to be tested in human clinical trials. Double-blind 

placebo-controlled randomised clinical trials remain the gold standard of gathering clinical 
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evidence. Such evidence provides the foundation for making decisions about clinical practice 

and the care of individual patients.  
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1.9 Thesis overview and objectives 

The main goal of this thesis is to examine the extent and efficacy of current antimicrobial 

therapy and potential alternative antimicrobial treatment options for CRS patients. Interactions 

between antimicrobial agents, the sinus microbiota, host inflammation and clinical outcome in 

CRS are analysed by means of in vitro and in vivo modelling as well as human studies. A 

special focus is put on the impact of antimicrobial therapy on sinus-associated bacteria. These 

overall objectives were investigated via the following specific research aims: 

 

1. Determine the extent of antibiotic treatment in patients with CRS and its associations 

with the sinus bacterial community and patients’ symptoms 

In Chapter 2, a meta-analysis was performed on previously published bacterial 16S rRNA gene 

amplicon data from my group, along with corresponding clinical data from over 200 patients. 

Antibiotic prescription patterns, clinical outcomes and sinus microbial communities were 

analysed and compared between CRS patients, non-CRS control and healthy control subjects 

to elucidate bacterial community patterns associated with disease status and antibiotic usage. 

 

2. Undertake a critical review of the CRS animal model literature and characterise 

inflammatory and microbial changes in an animal model of sinusitis 

Given the considerable microbiota variation among individuals identified in the preceding 

chapter, as well as the inherent lack of experimental control when recruiting human clinical 

subjects, I sought to develop an animal model to further study the interplay between the sinus 

microbiota and host inflammation. This aim is addressed in two parts in Chapter 3. In Chapter 

3A, the literature was reviewed regarding animal models and their potential for studying the 

microbiome in CRS. In Chapter 3B, a unilateral rabbit model, previously developed at the 

University in Alabama at Birmingham, was established at the University of Auckland. The 

model reproduced the physiological changes of inflammatory sinus disease and was used to 

characterise changes to the sinus bacterial communities and mucosal inflammation throughout 

the development of disease. 
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3. Assess the efficacy of an alternative antimicrobial treatment for patients with CRS  

In Chapter 4, a pilot study was conducted to evaluate the suitability of neutral electrolysed 

water (NEW) as an alternative to a course of postoperative antibiotics after functional 

endoscopic sinus surgery. The effects of NEW on the sinus microbial community in 

comparison to standard antibiotic treatment were determined. 

 

4. Determine the antibiofilm activity of two biocides as potential treatment options for 

CRS patients 

In Chapter 5, S. aureus biofilms were grown from a CRS clinical isolate in vitro. The efficacy 

of NEW and povidone-iodine against mature CRS-associated biofilms was evaluated and 

compared to an antibiotic commonly prescribed to CRS patients. 
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Chapter 2  

Antibiotic treatment for chronic rhinosinusitis:  

Prescription patterns and associations with patient outcome and 

the sinus microbiota 
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2.1 Introduction 

Chronic rhinosinusitis (CRS) is a common and debilitating condition, afflicting about 5% of 

the general population (Dietz de Loos et al., 2019; Hwang et al., 2019). CRS is initially treated 

with a combination of saline rinses, corticosteroids and antibiotics (Chandy et al., 2019; 

Malaty, 2016; Rosenfeld et al., 2015). In 2013, sinusitis was the diagnosis which accounted for 

the most outpatient prescriptions for antibiotics in the US, and CRS was responsible for two-

thirds of the prescriptions for this diagnosis (Smith, Evans, et al., 2013). The economic burden 

of CRS is significant, with antibiotics accounting for approximately 60% of medical treatment 

costs (Beule, 2015). 

Although antibiotics are frequently prescribed for the medical management of CRS, there is 

surprisingly little evidence to support their efficacy (Head et al., 2016; Lim et al., 2008). Three 

studies so far have found a moderate improvement in symptoms of CRS with and without nasal 

polyps after receiving macrolide antibiotics for between three and six months (Varvyanskaya 

& Lopatin, 2014; Wallwork et al., 2006; Zeng et al., 2011). However, this observed 

improvement may well be due to the anti-inflammatory properties of macrolides rather than 

their antimicrobial activity (Cervin & Wallwork, 2007; Hoggard, Wagner Mackenzie, et al., 

2017; Walker et al., 2019). Because of the paucity of evidence supporting their efficacy for 

treatment of CRS, antibiotic use is not routinely recommended in several clinical guidelines 

(Bachert et al., 2014; Barshak & Durand, 2017; Cain & Lal, 2013; Fokkens, Lund, et al., 2012; 

Kennedy & Borish, 2013; Orlandi et al., 2016). Nonetheless, the administration of antibiotics 

remains widespread practice in the management of CRS (Akkerman et al., 2005; Gulliford et 

al., 2014). Of those patients who progress to surgery, almost all will have been prescribed 

multiple courses of antibiotics and corticosteroids (Dubin et al., 2007; Schwartz, Tajudeen, et 

al., 2016) and postoperatively, medical treatment is routinely continued (Wood et al., 2017). 

Side-effects are commonly associated with antibiotics, particularly when they are taken for 

longer periods (Walker et al., 2019). There are additional concerns regarding the overuse of 

antibiotics and an associated increase in antibiotic resistance, which represents a considerable 

threat to the efficacy of these drugs (Lodato & Kaplan, 2013). In CRS patients, resistance 

against second generation cephalosporins for H. influenzae and M. catarrhalis has been noted 

(Brook, 2017). Additionally, resistance against penicillins (e.g. amoxicillin) and sulfonamides 
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(co-trimoxazole) in bacterial isolates from CRS patients has recently been reported (Musa et 

al., 2019). 

Inappropriate antibiotic treatment may alter the structure of the natural commensal bacterial 

community. Antibiotics may have a detrimental effect on commensal organisms and thereby 

destabilise the indigenous microbiota. Lacking the commensals’ protective effects can result 

in an increasing susceptibility to colonisation by pathogenic bacteria (Khan et al., 2019). 

Antibiotic treatment has been associated with disease exacerbation in an animal model of CRS 

as well as in patients with cystic fibrosis (Abreu et al., 2012; Lim et al., 2014). Destabilisation 

of the bacterial community and reduced microbial diversity, as a result of antibiotic treatment, 

may predispose patients to secondary infection and development of chronic inflammation 

(Fodor et al., 2012; Zhao et al., 2012). In one study, antibiotic treatment for any other indication 

was associated with an increased risk of developing CRS (Maxfield et al., 2017). 

This chapter presents a meta-analysis examining antibiotic prescription patterns throughout the 

year prior to sample collection for CRS patients, disease control patients, and healthy control 

subjects in New Zealand. These and other clinical data (including age, gender, co-morbidities) 

were correlated with previously published bacterial amplicon sequencing data to establish 

associations between medication usage, sinus bacterial community composition and CRS 

patients’ clinical outcomes. 

2.2 Methods 

2.2.1 Cohorts and data acquisition 

Patient clinical and bacterial 16S rRNA gene amplicon sequencing data were obtained from 

previous studies conducted by my research group (Biswas et al., 2019; Biswas et al., 2017; 

Hoggard, Biswas, et al., 2017; Jain et al., 2018; Lux et al., 2020; Wagner Mackenzie, Baker, et 

al., 2019). Limiting the inclusion of studies for this meta-analysis to those from my own group 

allowed me to access and collect the patients’ matching clinical and medication data.  Amplicon 

sequence data originating from intra-operatively collected swab or tissue samples from 156 

CRS patients diagnosed according to the European position paper on rhinosinusitis and nasal 

polyps (EPOS) 2012 criteria (Fokkens, Lund, et al., 2012) and 45 disease control patients 

collected between 2015 and 2018 were collated (Table B.1). CRS patients were further 
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delineated based on the presence of nasal polyps (CRSsNP = CRS without nasal polyps, 

CRSwNP = CRS with nasal polyps). Disease controls refer to patients that underwent sinus 

surgery for reasons unrelated to sinusitis, such as septoplasty and turbinate reduction, removal 

of pituitary adenomas or medial orbital decompression for Grave’s ophthalmopathy. Disease 

control patients with a Lund-Mackay score > 4 were excluded to ensure inclusion of patients 

with minor sinus opacification (not indicative of sinusitis) only. An additional 35 healthy 

subjects who were asymptomatic, had no history of sinus surgery and no antibiotic usage during 

the four weeks prior to sample collection were also included in this study. Healthy volunteers 

were recruited at the Auckland City Hospital and medical school where middle meatus swab 

samples were collected under endoscopic guidance. Data on antibiotic intake were collected as 

yes/no answers to the question if subjects were prescribed any antibiotics during the past 12 

months. DNA was extracted and 16S rRNA genes amplified for sequencing as previously 

described (Hoggard, Biswas, et al., 2017). Raw sequences are publicly available on the NCBI 

website with accession number PRJNA639382. 

Bacterial community composition data were determined from paired swabs that were collected 

from the left middle meatus under endoscopic guidance, with the exception of samples from 

one study (n = 10) in which DNA was extracted from bulla ethmoidalis tissue biopsies (Biswas 

et al., 2019). Similar bacterial diversity between the microbiota determined by middle meatal 

swabs and tissue from the bulla ethmoidalis has been shown previously (Kim et al., 2015). 

Extensive clinical data, including medical prescriptions for the 12 months preceding sample 

collection, were gathered for patients from the CRS and disease control groups from the 

hospital’s electronic patient record system (Concerto, Leicester, UK) used in New Zealand. 

The time period of 12 months was selected to include a majority of patients under treatment 

that received at least one course of antibiotics which was most likely to be prescribed for CRS, 

due to the lack of prescription indication information. Every prescription for antibiotics 

throughout the year prior to sample collection was analysed. The type of antibiotic, number of 

courses and (due to the lack of information on usage days and dosage) the total number of 

prescribed tablets were recorded. Data were excluded if the number of antibiotic tablets was 

not included in the prescription information. Other clinical data including age, gender, smoking 

status and co-morbidities were recorded. Lund-Mackay scores and 22-item sinonasal outcome 

test (SNOT-22) scores, both recorded at the last clinical visit before surgery, were also 

documented as measures for patient outcome. Informed, written consent was given by each 
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patient and extraction of clinical data from the Concerto database was approved by the New 

Zealand Health and Disability Ethics Committee (NTX/08/12/126). 

2.2.2 Sequence processing and quality control 

All studies included in this meta-analysis targeted the V3-V4 hypervariable regions of the 

bacterial 16S RNA gene using primers 341F 5’-CCTACGGGNGGCWGCAG-3’ and 785R 5’-

GACTACHVGGGTATCTAATCC-3’ (Klindworth et al., 2013). Amplicon sequence data 

were generated on the Illumina MiSeq platform with 2 x 300 base-pairs (bp), paired-end 

sequencing except for a subset of data from one study (Hoggard, Biswas, et al., 2017) in which 

a 2 x 250 bp, paired-end sequencing approach was used. All raw data were re-analysed 

following the DADA2 pipeline (Callahan et al., 2016). The DADA2 software package (‘dada2’ 

v1.12.1) was employed as implemented in R (v3.6.1) (R Core Team, 2019). Briefly, raw 

sequencing reads were quality filtered and dereplicated before denoising was performed based 

on previously calculated, dataset-specific error models. Amplicon sequence variant (ASV) 

inference was performed using the DADA2 algorithm with pseudo (approximated) pooled 

processing for increased sensitivity to sequence variants that may be present at very low 

frequencies in multiple samples. Forward and reverse sequence pairs were merged and an ASV 

table was constructed. Sequences much shorter than or substantially exceeding the expected 

insert size (i.e. sequences < 380 bp and > 450 bp) were removed and an additional filtering step 

was performed to remove chimeras. Taxonomic assignment of each ASV was performed using 

the naïve Bayesian classifier implementation in the DADA2 package with the SILVA reference 

database (v128) (Quast et al., 2013). ASVs classified as eukaryotic or chloroplast were 

removed and the ASV table rarefied to 2000 reads per sample. 

2.2.3 Statistical analysis of demographic and clinical data 

Analysis of combined clinical and microbiota data was conducted in the R software 

environment (v3.6.1) (R Core Team, 2019). Statistical comparisons between subgroups of CRS 

patients, disease control patients and healthy control subjects were conducted. Differences were 

regarded as significant based on three levels, namely p < 0.05 (*), p < 0.01 (**) and p < 0.001 

(***). 
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Overall differences between groups were tested using Chi-square test or Fisher’s exact test (for 

groups with n < 5) for categorical variables. Analysis of variance (ANOVA) or Kruskal-Wallis 

test (for non-normally distributed data) was used for comparisons of continuous variables. 

Categorical variables of interest with significant differences were further examined by pairwise 

Chi-square or Fisher tests with the Benjamini-Hochberg adjustment for multiple comparisons 

using the pairwiseNominalIndependence command from the rcompanion package (v2.3.7) 

(Mangiafico, 2019). For differences between continuous variables, Tukey’s honest significant 

difference (HSD) and Dunn’s test were performed following ANOVA and Kruskal-Wallis test, 

respectively. To investigate associations between antibiotic treatment and symptom scores, a 

Spearman correlation test was performed using the cor.test command. The Pearson Product-

Moment correlation was used to analyse the association between single ASVs and bacterial 

community dispersion. 

2.2.4 Bacterial community data 

The estimate_richness function of the phyloseq package (v1.28.0) (McMurdie & Holmes, 

2013) was applied to calculate alpha diversity according to observed richness, Shannon and 

inverse Simpson metrics. Pairwise comparisons between groups were conducted using the 

Wilcoxon test for each alpha diversity metric. Beta diversity was analysed using a Bray-Curtis 

dissimilarity matrix generated with the vegdist command from the vegan package (v2.5-6) 

(Oksanen et al., 2019). To visualise differences between subgroups, a principal coordinate 

analysis (PCoA) was performed on this data with the cmdscale command. To determine if 

different cohort-specific variables affected the structure of the sinus microbiota, a 

permutational multivariate analysis of variance (PERMANOVA) was conducted based on 

Bray-Curtis distance matrices using the adonis function as implemented within the vegan 

package with 999 permutations of data. PERMANOVA was also performed based on Bray-

Curtis distance matrices to assess whether technical variations between studies (i.e. generated 

sequence read length and sample type) accounted for any observed variation in bacterial 

community structure. Pairwise comparisons of single ASV abundances were conducted using 

Kruskal-Wallis and post-hoc Dunn’s test with Benjamini-Hochberg adjustment. Linear 

discriminant analysis (LDA) of effect size (LEfSe) was conducted to determine potential ASVs 

that differentiate CRS, disease control and healthy control groups. LEfSe was used as 

implemented within the Galaxy web application with α = 0.05 for both Kruskal-Wallis and 

Wilcoxon test (Segata et al., 2011). A logarithmic LDA score threshold of 3.0 for 
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discriminative features and a multiclass analyses strategy of all-against-all was applied to 

determine potential markers for each cohort. 
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2.3 Results 

A total of 236 subjects (77 CRSsNP, 79 CRSwNP, 45 disease control, 35 healthy control) for 

whom both amplicon sequencing and clinical data were available were included in this study. 

De-noising and quality filtering of sequence data yielded a total of 11,086,887 merged reads. 

After data filtering and rarefaction, 1355 ASVs across 229 samples were retained. Additional 

filtering based on a minimum relative abundance of 0.01% yielded a dataset with 440 ASVs 

which was used for all subsequent analyses. 

Healthy control subjects were significantly younger and more ethnically diverse than patients 

from all other groups (Table 2.1, Table B.2). The CRSwNP group included significantly fewer 

males than the disease control group, and CRSwNP patients had significantly higher incidences 

of co-morbid asthma than all other groups.  

 

Table 2.1. Cohort demographics and clinical information. 

Variablea 
CRSsNPb 

(n=77) 

CRSwNPb 

(n=79) 

Disease 

controlb 

(n=45) 

Healthy 

controlb 

(n=35) 

Unadjusted 

p-valuec 

 

Age 46 (19 to 77) 46 (18 to 75) 45 (19 to 82) 24 (20 to 55) < 0.001 

Gender 
38 of 77 

(49%) 

53 of 79 

(67%) 

29 of 45 

(64%) 

16 of 35 

(45%) 
0.007 

European 
69 of 77 

(90%) 

65 of 79 

(82%) 

37 of 45 

(82%) 

20 of 35 

(57%) 
< 0.001 

Smoker 
2 of 73     

(3%) 

7 of 77     

(9%) 

4 of 45   

(9%) 

0 of 35   

(0%) 
0.011 

Asthma 
30 of 69 

(43%) 

42 of 72 

(65%) 

6 of 43 

(14%) 
NA < 0.001 

      
Medication information 

Antibiotic usage  

(1 year prior to 

sample collection) 

61 of 76 

(80%) 

52 of 74 

(70%) 

38 of 45 

(84%) 

8 of 35 

(23%) 
< 0.001 
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Antibiotic usage  

(1 month prior to 

sample collection) 

4 of 77   

(5%) 

11 of 78  

(13%) 

0 of 45   

(0%) 

0 of 35   

(0%) 
0.009 

Number of 

antibiotics (tablets) 

57 (0 to 

654) 

26 (0 to 

397) 

48 (0 to 

189) 
NA 0.03 

Number of 

antibiotic courses 
1 (0 to 12) 1 (0 to 8) 2 (0 to 4) NA 0.178 

Heavy antibiotic 

usersd 

13 of 72 

(18%) 

5 of 69 

(7.2%) 

2 of 39   

(5%) 

0 of 35   

(0%) 
< 0.001 

      
Patient outcomes 

Lund-Mackay 
score 

n = 70 

13 (5 to 22) 

n = 72 

19 (6 to 24) 

n = 26 

0 (0 to 4) 
NA < 0.001 

SNOT-22 score 
n = 35 

39 (4 to 85) 

n = 33 

36 (3 to 94) 

n = 14 

14 (0 to 57) 
NA < 0.001 

      
aCategorical variables are summarized as proportion yes/total (%), except for gender, which is given 
as proportion female. Continuous variables are summarized as median (range).    
bTotal cohort numbers for each group are given. Differences in total numbers for each variable reflect 
missing data from some subjects.                
cOverall differences between groups were tested using Chi-square test or Fisher’s exact test (for 
groups with n < 5) for categorical variables and ANOVA or Kruskal-Wallis test (for non-normally 
distributed data) for continuous variables. Significant p-values of interest (p < 0.05) are noted in bold.       
dHeavy antibiotic users are subjects that received more than 150 tablets throughout the one-year 
period. SNOT-22 = 22 item sinonasal outcome test; CRSsNP = CRS without nasal polyps; CRSwNP 
= CRS with nasal polyps; NA = not available. 
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2.3.1 Antibiotic prescription patterns and patient outcome 

Twenty-three percent of healthy subjects took at least one course of antibiotics during the 12 

months preceding sample collection (Table 2.1). The great majority of the disease control group 

(84%) took antibiotics over the same time period. The CRSsNP (80%) and CRSwNP (70%) 

group had similar proportions of antibiotic users (Figure 2.1A). In addition to examining the 

period 12 months preceding sample collection, antibiotic prescriptions during the four weeks 

prior to sampling were assessed to determine immediate effects of antibiotic treatment. All 

patients from the disease control group received no antibiotics during the four weeks prior to 

sample collection, while 5% and 13% of the CRSsNP and CRSwNP group had antibiotics 

during that time, respectively. 

Amoxicillin-clavulanate and doxycyline were the most commonly prescribed antibiotics 

(Figure 2.1B). Overall, heavy usage of antibiotics was observed in CRS and the disease control 

subjects. CRSsNP patients received 7,777 tablets in the year prior to surgery, which was 

significantly higher than the CRSwNP patients (4,594, p < 0.001), reflecting in part the greater 

number of antibiotic users among the CRSsNP cohort. 

In addition to antibiotic treatment, corticosteroid prescriptions were recorded. Most patients 

with CRS were prescribed topical and systemic corticosteroids, while disease control subjects 

were usually prescribed only corticosteroid sprays (Table B.2, Table B.3). 
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Figure 2.1. Antibiotic prescription patterns in CRS and control subjects. A. Proportion of subjects that received antibiotics within one year prior 
to surgery. Number of patients per group are shown inside the bars. Significant differences are indicated by asterisks. Statistical differences are 
indicated according to the following significance levels: p < 0.001 (***). B. Number of tablets prescribed of each antibiotic type per group. The 
total numbers of tablets of each antibiotic type are indicated in bold. Numbers of subjects per group receiving a specific antibiotic are indicated in 
white for types with 4 or more users. Amoxicillin was typically prescribed in combination with clavulanic acid. Information on the number of 
tablets was not available for subjects from the healthy control group. 
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SNOT-22 and Lund-Mackay scores were higher in the CRS groups than in the disease control 

group (p < 0.001, Table 2.1). No significant differences were observed in patient symptom 

scores between CRS cohorts that received antibiotic treatment in the year prior to sample 

collection and those that did not (Figure 2.2). Furthermore, there was no association between 

amount of antibiotics received and changes in SNOT-22 or Lund-Mackay scores. 

 

 

 

Figure 2.2. Disease severity scores and antibiotic usage. A. Lund-Mackay scores for each group. B. Lund-
Mackay scores for each group separated into antibiotic users and non-users. Bottom and top margin of each 
box indicate the 25th and 75th percentile with the midline representing the median. Differences in total 
numbers after separating groups based on antibiotic usage reflect missing prescription data from some 
subjects. Statistical differences are indicated according to the following significance levels: p < 0.001 (***).
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2.3.2 The sinus microbiota in CRS and control subjects 

Corynebacterium and Staphylococcus were the dominant bacterial genera across the dataset, 

accounting for 28.4% ± 25.7 (mean ± SD) and 17.7% ± 22.4 of genus-level assigned sequences, 

respectively. High inter-subject variation was observed for all four groups (Figure 2.3A). The 

number of observed ASVs was significantly higher in healthy subjects when compared to CRS 

(p = 0.0042 for both CRSwNP and CRSsNP) and disease control patients (p = 0.0178, Figure 

2.3B). No significant differences were found when examining other alpha diversity metrics 

(Figure 2.3C+D). Bacterial community dispersion (indicating the level of microbiota variation 

among members of a given cohort) was significantly higher in CRS patients compared with 

healthy subjects, but not when compared with disease control patients (Figure 2.4). Two ASVs 

assigned to the most dominant genera Staphylococcus (ASV1) and Corynebacterium (ASV2) 

were identified as important drivers of overall bacterial community dispersion (Pearson’s r = -

0.61, p < 0.001 and r = -0.80, p < 0.001, respectively). 
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Figure 2.3. Bacterial community composition and alpha diversity for CRS and control groups. A. A taxa plot with the 20 most abundant genus level-assigned taxa 
and alpha diversity measures for B. community richness (Observed ASVs), C. Shannon diversity and D. inverse Simpson diversity are shown. Samples in the taxa 
plot are arranged by decreasing relative abundance of Corynebacterium_1. 
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Figure 2.4. PCoA of sinus bacterial community structures in CRS and control patients. PCoA 
plots were constructed based on Bray-Curtis dissimilarity. A. A two-dimensional PCoA plot 
with vectors indicating the correlation of important ASVs (green arrows) with community 
structure. B. Box plot indicating the distances of samples to the centroid for CRS and control 
groups. Asterisks indicate that the multivariate homogeneity of group dispersions with Tukey’s 
HSD resulted in a significant difference (p < 0.05 (*), p < 0.01 (**)). 

2.3.3 Effect of disease state and antibiotic treatment on the sinus microbiota 

PERMANOVA analyses investigated the extent of variation in the microbiota that could be 

attributed to variables such as age, asthma, disease state and study (Table B.4). Disease state 

accounted for 2.6% of the variability in the bacterial communities (p = 0.006) while study 

accounted for 4.1% (p = 0.02) in the final statistical model (Table B.5). However, PCoA 

analysis based on Bray-Curtis dissimilarity did not reveal an obvious clustering of samples 

based on study (data not shown). The effect of antibiotic treatment was evaluated according to 

several different variables: antibiotic prescription 12 months or 4 weeks prior to sample 

collection, number of antibiotic tablets and number of prescribed courses. Antibiotic 

prescription did not account for significant variation in the model, either independently or in 

conjunction with disease state (Table B.5).  
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In order to determine the cumulative effects of antibiotics, data were analysed based on 

antibiotic treatment during 12 months prior to sample collection. There were no obvious 

differences in bacterial community composition between overall antibiotic users and non-users, 

nor when further delineating antibiotic users based on disease state. In addition, antibiotic usage 

did not seem to influence bacterial alpha or beta diversity within or across cohorts. Pairwise 

comparisons of individual ASVs revealed differences in the relative sequence abundances of 

Staphylococcus (ASV3) and Lawsonella (ASV16) within groups based on disease state and 

antibiotic intake (Figure 2.5). It is of note that the median relative sequence abundance in some 

groups approaches zero due to low prevalence of these two ASVs (3 and 16) in the dataset. 

Staphylococcus was significantly more abundant in CRSsNP patients that were prescribed 

antibiotics when compared with CRSsNP patients that did not receive antibiotics. In contrast, 

Staphylococcus was significantly less abundant amongst antibiotic users compared to non-

users in the disease control group. The relative abundance of Lawsonella was increased in both 

CRSsNP and disease control subjects without antibiotics when compared to subjects within the 

same group that were prescribed antibiotics. LEfSe analyses were applied to identify potential 

bacterial biomarkers of antibiotic users and non-users across all cohorts (Figure B.1). One ASV 

belonging to the genus Lawsonella (ASV16) and H. influenzae (ASV13) are two 

representatives of biomarkers for subjects that did not receive antibiotics. 

To further investigate the impact of antibiotic use on the sinus bacterial community, antibiotic 

effects were examined based on their target specificity. All antibiotic users were separated into 

groups based on the type of antibiotic they received with their most recent prescription. 

Antibiotic types either targeted Gram-negative bacteria (Gr-, n = 7), Gram-positive bacteria 

(Gr+, n = 3) or were non-specific antibiotics (targeting both Gr+ and Gr- bacteria, n = 140). 

Figure B.2 illustrates how antibiotics that target Gr- bacteria drive beta diversity along the PC1 

axis while antibiotics that target Gr+ organisms are associated with a change in beta diversity 

along the PC2 axis. Of note, ASVs classified to Staphylococcus are associated with community 

diversity towards the direction of antibiotics that target Gr- bacteria and opposite to the Gr+ 

vector. One of the main drivers, C. accolens (ASV2), behaves in an opposite fashion to 

Staphylococcus and aligns with the vector for antibiotics that target Gr+ bacteria (Figure B.2). 

LEfSe analysis confirmed a strong association of Corynebacterium (ASV2) with antibiotic 

treatment that targets Gr+ organisms. Other ASVs assigned to Corynebacterium (ASVs 194, 

302, 255) and to Staphylococcus (ASVs 71,117, 300) were associated with the use of antibiotics 

that target Gr- organisms (Figure B.3). 
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Bacterial community profiles and diversity did not differ between subjects that were prescribed 

antibiotics within four weeks prior to sample collection (n = 14) compared to subjects who did 

not receive any antibiotics during that period (n = 214), regardless of disease state. LEfSe 

analysis indicated an association of ASV3 (Staphylococcus) with subjects that did not receive 

antibiotics immediately prior to sample collection, independent of disease status. ASV32 

(Haemophilus) may, however, be a potential biomarker for antibiotic users (Figure B.4). 

 

 

Figure 2.5. Pairwise comparisons of relative sequence abundances between CRS and control groups. 
Results for A. ASV3_Staphylococcus and B. ASV16_Lawsonella are shown. Of note, median relative 
sequence abundance in some subgroups approaches zero due to relatively low prevalence of ASVs 3 and 
16 in those groups and y-axis scaling. The number of patients colonised by the respective ASV per group 
(n) is indicated below each bar. Statistical differences are indicated according to the following significance 
levels: p < 0.05 (*), p < 0.01 (**). 
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2.4 Discussion 

The results from this chapter show that CRSsNP, CRSwNP, and disease control patients are 

prescribed a large amount of antibiotics in the year before their surgical procedures. This 

reflects the widespread prescription of antibiotics for the treatment of CRS as described by 

existing studies (Akkerman et al., 2005; Dubin et al., 2007; Gulliford et al., 2014; Schwartz, 

Tajudeen, et al., 2016; Smith, Evans, et al., 2013). The number of prescribed antibiotics in this 

study is likely to be an under-estimation due to some missing data, and it is important to note 

that one has to rely on prescription information to reflect patients’ actual antibiotic intake. One 

recent study has shown that despite intensive antibiotic prescription, no effects of antibiotic 

treatment on radiological (Lund-Mackay) and outcome scores (SNOT-22) were observed 

(Parasher et al., 2019). The results from this chapter indicated no differences in patient outcome 

between patients with pre-operative prescriptions of antibiotics and non-antibiotic users. 

The data presented here revealed unexpectedly high antibiotic prescription rates in the disease 

control cohort that were equal to that in CRS patients. Unfortunately, the New Zealand 

electronic patient record system does not record the indication for each antibiotic prescription, 

which may have helped explain this observation. The high numbers of tablets and courses 

prescribed in the disease control group are concerning, as the administration of antibiotics is 

generally associated with a variety of side-effects. Negative effects related to antibiotic usage 

range from mild (e.g. gastrointestinal) to more severe (e.g. cardiovascular disease) (Cheng et 

al., 2015; Walker et al., 2019; Winkel et al., 2015).  

2.4.1 Healthy controls but not disease controls show a distinct bacterial community 

from CRS patients 

This study reaffirms previous observations that Staphylococcus and Corynebacterium are 

dominant sinonasal taxa (Biswas et al., 2015; Chalermwatanachai et al., 2018; Hoggard, 

Biswas, et al., 2017; Paramasivan et al., 2020; Rom et al., 2019; Wagner Mackenzie, Waite, 

Hoggard, Douglas, et al., 2017). In this meta-analysis significant differences in bacterial alpha 

and beta diversities were observed only between CRS subgroups and the healthy group, but not 

between CRS and disease control patients. Other studies have found no differences between 

CRS and disease control patients (Paramasivan et al., 2020). Antibiotic treatment may reduce 
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bacterial diversity (Liu et al., 2013), so the lack of significant difference in richness and 

diversity between CRS and disease control patients in this study could be due to the high 

antibiotic use in the disease control group. Surprisingly, however, no differences in bacterial 

profiles were observed between antibiotic users and non-users in the study. This suggests that 

observed decreases in diversity are not mediated by antibiotics alone but rather by a 

combination of medical treatment and health status. This dynamic relationship between 

disease, treatment and microbial community has been previously described in the human 

gastrointestinal tract (Shreiner et al., 2015). 

Studies typically use a control cohort with patients that undergo sinus surgery for reasons 

unrelated to CRS. However, my findings suggest that those patients may not represent an ideal 

control and highlight the importance of a healthy control group that accurately represents a 

normal sinus microbial community. The lack of truly healthy controls in many studies may 

contribute to the paucity of evidence in the current literature for a distinct CRS-associated 

microbiome. 

2.4.2 Cumulative and immediate antibiotic treatment effects on the sinus bacterial 

community are minimal and unpredictable 

While no community-wide effects were observed, two ASVs were differentially abundant 

based on antibiotic intake within groups. Lawsonella is prevalent in human sinuses (Escapa et 

al., 2018) and in this dataset was associated with healthy subjects. The abundance of 

Lawsonella (ASV16) was decreased in CRSsNP and disease control patients prescribed 

antibiotics. This result highlights the susceptibility of this bacterium to antibiotics such as 

doxycycline (Sturm et al., 2019) and demonstrates the potentially deleterious unintended 

effects of long-term antibiotic treatment on health-associated microbes. 

In-depth analyses of the immediate effects of antibiotic treatment within groups were limited 

due to small sample sizes. When comparing cumulative and immediate effects of antibiotics 

on bacterial biomarkers, the findings further suggest that different ASVs belonging to the same 

genera (i.e. Haemophilus) can be found as biomarkers for both antibiotic usage and no usage. 

This unpredictability could be due to differences in antibiotic resistance patterns and microbial 

community dynamics. 
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2.4.3 Antibiotic target specificity is associated with distinct community diversity 

patterns 

Antibiotic treatment effects were further analysed based on the target specificity of the most 

recently prescribed antibiotic type. PCoA suggested that targeted (Gr- and Gr+) antibiotic 

treatment drives bacterial community diversity in different ways. These effects are minimal, 

and with few replicates and imbalance between group numbers, these results need to be 

interpreted with caution. In addition, it is unclear what impact remains from the most recent 

antibiotic prescription in a subject that has received several courses of antibiotics over a one-

year period. The two most dominant ASVs correlate with the previously described community 

signatures based on targeted antibiotic treatment. The genus Staphylococcus (ASV1) is Gram-

positive, which can explain why it is more abundant in a community driven by antibiotics that 

target Gr- bacteria. Corynebacterium (ASV2) is also Gram-positive, however compared to 

Staphylococcus it is generally less susceptible to the range of antibiotics prescribed to the 

patients in this study (Table B.6). I speculate that a decreased abundance of Staphylococcus 

caused by antibiotics that target Gr+ bacteria creates an environmental niche for 

Corynebacterium. Previous studies have shown a negative correlation between 

Corynebacterium spp. and Staphylococcus spp. (Frank et al., 2010; Lina et al., 2003; Yan et 

al., 2013), and I also found some, albeit weak evidence for this trend (Figure B.5). 

2.4.4 Significance and study limitations 

Detecting effects of antibiotic treatment on the sinus microbiome is challenging. It is likely that 

potential effects are – like the sinus microbiota in general - highly individual (Liu et al., 2013; 

Wagner Mackenzie, Chang, et al., 2019), rather than manifesting as clear patterns across entire 

cohorts. The analysis tools that are presently used to measure and compare 16S rRNA gene-

based microbial community data may be insufficient to detect such subtle differences. 

This meta-analysis evaluated the association of disease state and treatment with the sinonasal 

bacterial community. While most of the sequencing data used in this study were generated in 

previously published research, there are some limitations that should be considered when 

drawing conclusions. A major challenge lies in quantifying the extent of antibiotic treatment. 

Many studies use patient questionnaires to estimate the number of days on which antibiotics 

were used throughout a certain time period. Here, an electronic medical database was used to 
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directly extract information on the absolute amount of antibiotics prescribed per patient. This 

allowed us to eliminate recall bias in CRS patients, though there is no information on actual 

antibiotic intake. Data on type and amount of antibiotics were obtained as well as the order in 

which they were prescribed, however there is no information on the timeline and indication for 

antibiotic treatment within the one year prior to surgery. Not knowing if antibiotics were 

prescribed for exacerbation of CRS or other reasons further limits the interpretation of their 

impact on clinical and microbiological outcomes. Antibiotic prescription rates are not uniform 

and the time between consecutive prescriptions can vary significantly between patients. 

However, antibiotic data immediately preceding sample collection exist and were analysed.  

Many CRS studies published to date analyse sequencing data by clustering sequences into 

operational taxonomic units (OTUs) at 97% sequence similarity. OTUs are study-specific and 

cannot be compared across different datasets. For this study, a recently developed pipeline was 

used which groups sequences according to amplicon sequence variants (ASVs). While a 

consensus has not yet been reached on the best way to analyse amplicon data, one advantage 

of employing ASVs is that these sequence entities are comparable between datasets. 

Differences in bioinformatic pipelines between this meta-analysis and its included studies 

could explain some of the observed discrepancies in bacterial diversity results. 

All analyses in the current study were conducted based on cross-sectional data. This is 

generally problematic when trying to unravel differences in microbial community profiles, 

particularly in a setting where subjects naturally show high inter-subject variability. Although 

relatively high numbers of samples were analysed, observing significant and large differences 

between groups remains challenging. Without a longitudinal study design, the question remains 

as to what role continuous antibiotic prescriptions play in the breakdown of the bacterial 

community. Shifts in microbial community composition due to antibiotic exposure can last for 

several months before the microbiome recovers (Jernberg et al., 2010; Wagner Mackenzie, 

Chang, et al., 2019). Re-establishing the normal microbiome may be crucial for sinus health, 

as was recently suggested by an in vitro study as well as a probiotic clinical trial (De Boeck et 

al., 2020; Desrosiers, 2020), but is impaired through repeated courses of multiple antibiotics. 

Interrupting this recovery process of reversing the marked drops in bacterial richness and 

diversity can contribute to driving the microbial network to a dysbiotic state of altered bacterial 

gene expression and metabolism as previously shown in the human gut (Francino, 2015). More 

effective treatment strategies for CRS are required so that patients are not unnecessarily 

exposed to the risks of antibiotics, including the development of resistance.
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Chapter 3 A 

Animal models for inflammatory mucosal disease and their 

potential for studying the microbiome in chronic rhinosinusitis 
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3.1 Animal models for studying CRS 

Animal models represent an important tool in biomedical research (Ericsson et al., 2013). They 

have been successfully applied to extend our knowledge of and to develop new treatments for 

chronic respiratory diseases such as cystic fibrosis (Lavelle et al., 2016) and asthma (Aun et 

al., 2017). Chronic rhinosinusitis (CRS) is a globally prevalent inflammatory condition 

affecting the paranasal sinuses (Beule, 2015) and afflicts ~ 5% of people (Blackwell et al., 

2014; Hastan et al., 2011; Shi et al., 2015). It is a highly heterogeneous disease, which has 

made it challenging to determine the underlying aetiology. Good animal models should 

accurately reflect the pathophysiology of this disease. Many microorganisms, such as S. aureus 

(Boase, Foreman, et al., 2013; Feazel et al., 2012), C. tuberculostearicum, C. accolens (Abreu 

et al., 2012; Aurora et al., 2013) and members of the genus Fusobacterium, have been 

implicated in the pathogenesis of this chronic condition (Biswas et al., 2015; Wagner 

Mackenzie, Waite, Hoggard, Douglas, et al., 2017). However, there is increasing evidence that 

bacterial dysbiosis (i.e. deleterious shifts in the microbiota) is a feature of CRS and can 

influence the host inflammatory response (Hoggard, Wagner Mackenzie, et al., 2017; 

Ramakrishnan et al., 2013; Wagner Mackenzie, Waite, Hoggard, Douglas, et al., 2017). The 

role of the mucosal microbiome in the pathophysiology of this disease has recently been 

summarised in a comprehensive review (Hoggard, Wagner Mackenzie, et al., 2017) and in 

Chapter 1 of this thesis. 

To help determine the pathogenesis of CRS, several attempts to establish a representative 

animal model have been made (e.g. sheep, rabbits, murine species). Potential applications for 

both basic and translational research highlight the importance of such models for a better 

understanding of complex diseases such as CRS (Shin, 2016). New insights relating to innate 

immunity and CRS derived solely from animal-based research demonstrate the power of 

animal models for the study of this disease (London & Lane, 2016). Experimental animal 

models are particularly important when investigating specific scientific questions that are more 

difficult to approach in human subjects. Samples from human studies demonstrated marked 

differences of microbial communities between various studies. The causes of such variation 

are poorly understood, but could include differences among populations of patients (e.g., 

antibiotic history, ethnicity, genetics), methodology, environmental factors etc. (Biswas et al., 

2015). Experimental methodologies such as targeted genetic modifications (Moore et al., 2013; 

Shapiro, 2007) and the use of investigative therapeutics can be studied first in animal models 
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(Chennupati et al., 2009; Gocea et al., 2013; Jia et al., 2017; Tamashiro et al., 2009). 

Additionally, the use of animal model systems allows a higher level of experimental control 

around antecedent medical interventions and personal factors such as smoking and diet that 

cannot be easily achieved in human studies. Various studies endorse the significant role of 

animal models in the process of understanding pathogenesis and pathophysiology of CRS (Jia 

et al., 2014; London & Lane, 2016; Shin, 2016). However, as with all animal models, caution 

should be exercised when drawing conclusions about human disease. 

Different in vitro cellular model systems of CRS have been used to provide non-sentient 

alternatives (Pahl et al., 2006). However, the sinus mucosa involves a pseudostratified 

epithelium comprising various differentiated cells, which means that cell-based models cannot 

replicate the complex role of the nasal mucous membrane in CRS. A 2015 review article 

concluded that in vitro models for studying CRS are generally not recommended (Ball et al., 

2015). There are few cell lines for the study of CRS and a search through the American Type 

Culture Collection and the European Collection of Cell Cultures identified only one relevant 

CRS cell line. However, even that cell line, RPMI 2650, shows an atypical phenotype that 

differs from patient-derived primary cells in terms of cellular morphology and reaction to 

inflammatory stimulation (Ball et al., 2015). Notwithstanding the limitations of current in vitro 

model systems, new cell culturing techniques have the potential to be powerful tools for the 

future investigation of host-microbe interactions in inflammatory nasal disease in humans (De 

Rudder et al., 2018). 

3.2 Current animal models for inflammatory mucosal diseases 

Studies of sinusitis involving animal models dates back to 1941 (Hilding, 1941). Early 

experimental sinus surgeries were performed on dogs (Coates & Ersner, 1930) before Hilding  

developed the first animal model of sinusitis in rabbits (Hilding, 1941). Many different methods 

have subsequently been used to establish acute and chronic sinus inflammation in animals. 

This chapter summarises a total of 14 studies that employed various animal species and 

experimental techniques to create inflammatory conditions in the nasal cavities; four studies 

used mice, two used sheep and eight utilised rabbits (Table 3A.1). Animal models of true CRS 

(inflammation lasting for a minimum period of 12 weeks) are very few. This chapter includes 

models for acute sinonasal inflammation since they share similarities with many CRS models 
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and experimental techniques are fundamentally identical. The studies were chosen as being 

representative of different approaches of model development. Selection was based on their 

potential or prior application in microbiome-related studies, if applicable. Additional criteria 

regarding the success rate of different modelling techniques and methods for the validation of 

successfully established models, as well as the induced disease status, were adopted. 

A number of animal species have been used for the study of sinonasal and airway inflammation 

in diseases such as bronchitis, cystic fibrosis, allergic rhinitis, acute rhinosinusitis and CRS. 

The species studied include sheep (Boase, Foreman, et al., 2013; Boase, Jervis-Bardy, et al., 

2013; Boase et al., 2011; Drilling et al., 2014; Rajiv et al., 2015), pigs (Chang et al., 2012), 

rodents such as guinea pigs (Burns et al., 1989; Tatar et al., 2017), rats (Tillie-Leblond et al., 

2007) and mice (Khalmuratova et al., 2016; Kim, Eun, et al., 2016; Kim et al., 2014) as well 

as ferrets (Peltola et al., 2006) and rabbits (Jia et al., 2014; Liang et al., 2008; Migliavacca et 

al., 2014). One study also examined the suitability of mink as an animal model for studying 

Pseudomonas aeruginosa sinusitis (Kirkeby et al., 2017). Rodents constitute the most 

commonly used CRS animal models with mainly mice being selected. The main method to 

induce rhinosinusitis in mice is by the administration of antigens such as allergens or 

inflammatory agents. Rabbits are also considered to be suitable models. It is of note that rabbits 

are not rodents but rather, together with hares and pikas, comprise their own order 

Lagomorpha. A wide range of approaches has been tried to induce sinonasal diseases in rabbits, 

including bacterial or fungal inoculation, administration of inflammatory reagents and 

occlusion of the sinus ostia. Interestingly, sheep can develop chronic inflammatory conditions 

without any experimental intervention if the flock is infected with nasal parasites such as the 

nasal bot fly. Techniques to induce rhinosinusitis in sheep include challenges to the immune 

system, nasal obstruction and inoculation of microorganisms to the sinus mucosa. 

3.2.1 Mouse models 

Rodents are generally considered suitable for the investigation of sinus diseases (Costa et al., 

2007). Mice are easy to breed and to maintain in the laboratory and the experimental application 

of mouse models has been extensively documented. Mouse models also allow the use of 

genetically modified animals which represents a significant advantage for the study of disease 

pathogenesis (Lindsay et al., 2006). Providing a wide array of genetic modifications, such 

animal models are generally employed to address highly specific research questions in the field 
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of mucosal inflammation. For instance, important factors in immunological pathways (Hong 

et al., 2015; Xie, 2002) and micro anatomical structures (Kobayashi et al., 2002; Vogel et al., 

2010) are analysed rather than investigating a link between genetic modifications and host 

microbiome.  

While sharing some pathophysiological similarities with human sinuses, mice differ in their 

sinonasal anatomy. Mice are limited for their use as an in vivo model as they do not reproduce 

key aspects of human airway physiology, including delayed mucociliary clearance with loss of 

the cystic fibrosis transmembrane conductance regulator (CFTR) gene and response to CFTR 

potentiators (Lavelle et al., 2016). Mice lack a true sinus, which is essential for the investigation 

of the pathophysiological mechanisms of CRS (Lindsay et al., 2006). Furthermore, immune 

responses in mice are quite different from those in humans (Liang et al., 2008). For example, 

existing evidence suggests that rabbits and swine may be closer to humans than mice 

concerning Toll-like receptor 4 sequences and its function (Vaure & Liu, 2014). In contrast, 

rats develop a considerable amount of submucosal glands throughout their airways, which is 

similar to humans and is thought to represent significant underlying pathology in airway 

diseases (e.g. cystic fibrosis) (Smolich et al., 1978). Relative to their murine counterparts, rat 

models are appreciably larger, which enables the sampling of larger tissue specimens and 

ameliorates the mechanistic limitations of smaller models (Tomoji & Tadao, 2009). However, 

a CFTR knockout rat model (Rattus norvegicus; SD-CFTRtm1sage) generated by Sigma 

Advanced Genetic Engineering (SAGE, St. Louis, Mo.) Labs in collaboration with researchers 

at the University of Alabama at Birmingham, did not appear to develop spontaneous sinusitis 

(Tipirneni et al., 2017). 
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Table 3A.1. A selection of previously used animal models of CRS and rhinosinusitis. 

Study Technique 
Invasive, 
microbes, 
antigens 

Intervention/ 
Developmental 

period 
Disease status Detection method 

Animals/ 
treatment 

group 
Success rate 

mouse        

1 

Systemic sensitisation with 
A. fumigatus extract 
followed by intranasal A. 
fumigatus extract 
application 

No, 
No, 
Yes 

12 weeks/ 
12 weeks CRS Histology 35 

100% 
Control group (PBS 
treatment): 0% 

2 

Oral antibiotics (A), 
Intranasal inoculation with 
C. tuberculostearicum (B), 
Antibiotics + bacterial 
inoculation (C) 

No, 
Yes, 
No 

5-8 days/ 
9 days 

Rhinosinusitis Histology, 
qPCR 

5 

Group average only 
for signs of 
rhinosinusitis: 
A: none 
B: moderate 
C: significant 
Control group (no 
treatment): none 

3 

Intranasal: 
PBS alone (A), 
Protease from A. oryzae 
combined with OVA (B), 
Protease alone (C) 

No, 
No, 
Yes 

5 weeks/ 
5 weeks 

Allergic 
rhinosinusitis 

Histology, 
IHC 

A: 3 
B: 5 
C: 5 

A: 0% 
B: 100% 
C: 60% 
Control group (PBS 
treatment): 0% 
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Study Technique 
Invasive, 
microbes, 
antigens 

Intervention/ 
Developmental 

period 
Disease status Detection method 

Animals/ 
treatment 

group 
Success rate 

4 

Systemic sensitisation with 
HDM extract plus 
intranasal HDM (A), 
Systemic sensitisation with 
HDM extract plus 
intranasal HDM and SEB 
(B), Systemic sensitisation 
with OVA plus intranasal 
OVA and SEB (C) 

No, 
No, 
Yes 

12 weeks/ 
12 weeks 

CRS with nasal 
polyps 

Histology, 
IHC, 
Quantification of 
inflammatory 
markers  

5 

A: 0% 
B: 60% 
C: 80% 
Control group (PBS 
treatment): 0% 

rabbit        

5 

Insertion of Merocel® 
infected with S. 
pneumoniae into the nasal 
cavity 

+, 
Yes, 
No 

once/ 
2 weeks 

Rhinosinusitis 
Histology, 
Bacterial culturing 

12 
83% 
Control: 0% 

6 

Inoculation with A. 
fumigatus (A), 
Inoculation with A. 
fumigatus and mucosal 
injury (B), 
Inoculation with A. 
fumigatus and ostial 
occlusion (C) 

+++, 
Yes, 
No 

once/ 
2-4 weeks 

Fungal 
rhinosinusitis 

Histology, 
Bacterial and 
fungal culturing, 
Endoscopic 
examination 

A: 10 
B: 10 
C: 14 

A: 0% 
B: 20% 
C: 57% 
Control: 0% 
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Study Technique 
Invasive, 
microbes, 
antigens 

Intervention/ 
Developmental 

period 
Disease status Detection method 

Animals/ 
treatment 

group 
Success rate 

7 

Insertion of Merocel® into 
nasal cavity with (A) and 
without prior injection of 
PMA (B) 
Administration of PMA 
alone (C) 

+, 
No, 

Yes/No 

once for 2 
weeks 

(reversible) 
/ 

 12 weeks 

CRS 

CT, 
Endoscopic 
examination, 
Bacterial culturing  
 

A: 10 
B: 12 
C: 10 

A: 70% 
B: 50% 
C: 60% 
Control: 16% 

8 

Sensitisation with OVA 
followed by bilateral 
occlusion of maxillary 
sinus with cotton wool and 
tissue glue. Further 
injection of OVA followed 
by administration of saline 
solution (A), VGSG (B), 
PLA (C) 

+++, 
No, 
Yes 

8 weeks/ 
8 weeks 

Polyposis Histology 6 

A: 0% 
B: 33% 
C: 50% 
Control group (no 
treatment): 0% 

9 

Insertion of Merocel® into 
nasal cavity after injection 
of PMA (as described by 
Liang, 2008) 

+, 
No, 
Yes 

once for 2 
weeks 

(reversible) 
/ 

 12 weeks 

CRS 
Histology, 
Macroscopic 
examination 

22 
100% 
Control: 0% 



 

55 

Study Technique 
Invasive, 
microbes, 
antigens 

Intervention/ 
Developmental 

period 
Disease status Detection method 

Animals/ 
treatment 

group 
Success rate 

10 

Occlusion of maxillary 
sinus ostium through 
maxillary sinus (A), 
Occlusion of middle meatus 
through roof of nasal cavity 
(B) 

+++, 
No, 
No 

once/ 
12 weeks CRS 

Histology, 
Macroscopic 
examination, 
Bacterial culturing 

8 

A: 100% 
Control: 0% 
B: 38% 
Control: 0% 

11 

Placement of gelatin 
sponge into the maxillary 
sinus and inoculation with 
biofilm-forming S. aureus 

+++, 
Yes, 
No 

once/ 
4-8 weeks 

Sinusitis with 
biofilms 

Histology, 
Electron 
microscopy 

20 
100% 
Control group (no 
inoculation): 0% 

12 

 
Insertion of Merocel® into 
the middle meatus under 
endoscopic guidance 
 

+, 
No, 
No 

once for 2 
weeks 

(reversible)/ 
14 weeks 

CRS 
Histology, 
micro CT 
 

9 
100% 
Control: 0% 
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Study Technique 
Invasive, 
microbes, 
antigens 

Intervention/ 
Development

al period 
Disease status Detection method 

Animals/ 
treatment 

group 
Success rate 

sheep        

13 

S. aureus inoculation (A), 
Sinus obstruction (B), 
S. aureus inoculation plus 
sinus obstruction (C) 

+++, 
Yes, 
No 

once/ 
1 week 

Sinusitis with 
biofilms 

CLSM, 
SEM, 
TEM 

A: 12* 
B: 10* 
C: 12* 

A: 75% 
B: 80% 
C: 83% 
Control group (no 
treatment): 0% 

14 

Sensitisation with fungal 
antigens (4 weeks), 
Occlusion of frontal ostium 
and inoculation with: 
A. fumigatus (A),  
A. alternata (B),  
A. fumigatus + S. aureus 
(C), A. alternata + S. 
aureus (D),  
S. aureus (E)  

+++, 
Yes, 
Yes 

once after 
sensitisation/ 
4 weeks and 

10 days 

Sinusitis with 
biofilms 

Histology, 
CLSM, 
Bacterial and 
fungal culturing, 
 

A: 6 
B: 6 
C: 5 
D: 5 
E: 4 

A: 17% 
B: 0% 
C: 100% 
D: 60% 
E: 0% 
Control group (PBS 
treatment): 0% 

+++ = highly invasive, + = slightly invasive; PBS = phosphate buffered saline; IHC = immunohistochemistry; PMA = Phorbol 12-myristate 13-
acetate; C. tuberculostearicum = Corynebacterium tuberculostearicum; S. pneumoniae = Streptococcus pneumoniae; S. aureus = Staphylococcus 
aureus; OVA = Ovalbumin, VGSG = valine-glycine-serine-glutamic acid; PLA = poly-L-arginine; control = contralateral sinus HDM = house 
dust mite; SEB = Staphylococcus aureus enterotoxin B; A. oryzae = Aspergillus oryzae; A. fumigatus = Aspergillus fumigatus; A. alternata = 
Alternaria alternata; CT = computed tomography; CLSM = confocal laser scanning microscopy; SEM = scanning electron microscopy; TEM = 
transmission electron microscopy; * = each sinus was separately randomised to one of the groups 
1: Lindsay et al., 2006; 2: Abreu et al., 2012; 3: Kim et al., 2014; 4: Khalmuratova et al., 2016; 5: Marks, 1997; 6: Dufour, 2005; 7: Liang, 2008; 
8: Sejima et al., 2010; 9: Gocea et al., 2013; 10: Migliavacca et al., 2014; 11: Jia et al., 2014; 12: Cho et al., 2018; 13: Ha et al., 2007; 14: Boase 
et al., 2011. 
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Currently, the most common method to induce rhinosinusitis in mice is by the administration 

of antigenic substances, which triggers an immune response including the activation of immune 

cells and production of various immunoglobulins and cytokines. Allergenic substances such as 

house dust mite extracts (HDM), Staphylococcus enterotoxin B (SEB), ovalbumin (OVA), 

Aspergillus proteases and extracts have been used to challenge an organism’s immune system, 

thus eliciting local inflammatory reactions. Khalmuratova et al. (2016) intranasally stimulated 

mice with different combinations of HDM extract, SEB and OVA continuously for a period of 

12 weeks to establish CRS with a success rate of 60 - 80% (Khalmuratova et al., 2016). Kim 

et al. (2014) successfully induced rhinosinusitis in five out of five animals by intranasally 

administering a combination of OVA and proteases from Aspergillus oryzae for a period of 

five weeks (Kim et al., 2014). Expanding the intervention period for this technique to 12 weeks 

resulted in additional formation of polypoid lesions in six out seven mice (Kim, Lim, et al., 

2017). In another study, 35 mice were treated with A. fumigatus extract for 12 weeks, resulting 

in a chronic inflammatory condition in all of the animals (Lindsay et al., 2006). A different 

method to create a unilateral rhinosinusitis mouse model was used by Jacob et al. (2001). 

Instead of presenting antigens, they obstructed the sinus ostia with Merocel® (nasal packaging 

material) and surgically administered Bacteroides fragilis, causing a local inflammation of the 

sinonasal mucosa after four weeks (Jacob et al., 2001). Administration of inflammatory 

reagents has been established as a powerful tool to create a specific phenotype of CRS in mice, 

namely CRS with nasal polyps (CRSwNP). These animal models have thus been widely 

applied for studies on understanding nasal polypogenesis (Lee, Kim, et al., 2016) and molecular 

immune responses in CRSwNP (Jin et al., 2014; Kim, Jin, et al., 2017; Kim, Eun, et al., 2016; 

Kim, Lee, et al., 2016; Mulligan et al., 2017; Shin et al., 2015). Up to this point, no mouse 

model of CRS has been employed for microbiological research. However, Abreu et al. (2012) 

used a murine model of sinusitis to investigate C. tuberculostearicum as a potential pathogenic 

influence on the sinus microbiota. By inoculating C. tuberculostearicum into the nasal cavity 

with and without preceding antibiotic treatment, this study showed the capability of C. 

tuberculostearicum to induce rhinosinusitis, particularly in conjunction with an impaired host 

sinus microbiota. Co-instillation of C. tuberculostearicum with Lactobacillus sakei, a known 

probiotic species that is associated with a healthy sinus mucosa, resulted in a reduced 

abundance of C. tuberculostearicum. Additionally, no significant signs of sinus inflammation 

were observed, indicating that L. sakei is a potential probiotic for the sinonasal epithelium 

(Abreu et al., 2012). This study highlights the clinical relevance of probiotic treatment for 
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mucosal inflammation in the sinuses. The potential therapeutic effects of probiotics on mucosal 

airway diseases are summarised in a recent review (Martens et al., 2018). 

3.2.2 Rabbit models 

Rabbit models have considerable advantages over mouse models (Mapara et al., 2012). Rabbits 

are easier to handle than larger model animals, as well as being cheaper to accommodate and 

maintain. In addition, rearing facilities and surgical procedures are less elaborate and expensive 

than in larger animals, but easier to perform than in rodents. When working with animal models 

it is also important to consider ethical regulations. Rodents and rabbits belong to the small 

animal category that solely requires the approval of the local animal ethics committee. By 

contrast, larger animals require approval from a central committee and their use is more strictly 

regulated. A downside to rabbit models of CRS is a lack of readily available rabbit-specific 

medication and more limited experimental data on rabbits compared to mice (Mapara et al., 

2012). However, rabbits have pertinent advantages over other animal models of CRS, most 

notably a closer anatomical similarity to human sinuses (Jacob et al., 2001; Jin et al., 2014; 

Kim, Eun, et al., 2016) (Figure 3A.1), as well as a larger size of the nasal cavity compared to 

that of rodents. Rabbits are typically docile and easy to work with. The larger size of rabbits’ 

sinuses also makes it easier to perform experimental interventions on them. Additionally, 

immunologic reactions in rabbits are very similar to those of human responses (Liang et al., 

2008), a feature that is crucial for a successful model of inflammatory mucosal disease. Typical 

evidence of a direct immune response such as immunocyte infiltration (e.g. eosinophils and 

neutrophils) (Campos et al., 2015; Costa et al., 2007; Liang et al., 2008), as well as secondary 

histopathological markers, including squamous metaplasia, fibrosis and goblet cell hyperplasia 

(Kara, 2004), have been observed in rabbit models of CRS. Additionally, the function of Toll-

like receptor 4 in rabbits resembles the human immune response more closely than mice (Vaure 

& Liu, 2014). 

A range of approaches has been adopted to induce sinonasal inflammation rabbits. Bacterial or 

fungal inoculation required a developmental period of two to eight weeks after a single 

infection event, resulting in cases of acute rhinosinusitis rather than CRS (Dolci et al., 2014; 

Dufour et al., 2005; Jia et al., 2014; Marks, 1997). Success rates ranged from 0 - 100% and 

depended on the combination of the microbial inoculation with other manipulations (Table 

3A.1). While nasal administration of inflammatory reagents is the most common method to 
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induce rhinosinusitis in mice, some studies describe similar approaches with rabbits. Attempts 

to induce polyposis in rabbits by injecting ovalbumin into the occluded maxillary sinuses were 

not successful (Sejima et al., 2010). Additional application of valine-glycine-serine-glutamic 

acid, a peptide that stimulates eosinophils, or poly-L-arginine, a substance with the ability to 

induce airway hyper-responsiveness, resulted in polyp formation in 33% and 50% of test 

animals respectively. However, in that study histological examination focused on polyp 

formation only and no assessment of mucosal inflammation was reported (Sejima et al., 2010). 

Other studies have included the administration of OVA and bacterial proteases (Maeyama, 

1981) or bacterial toxoids (Costa et al., 2007), and reported acute inflammation and mild 

purulent inflammation of the mucous membrane.  

 

 

Figure 3A.1. Comparison of human and rabbit sinus anatomy. Half views of the paranasal 
sinuses of rabbit and human are shown (light blue = septum).  
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For the development of CRS in rabbits, mechanical occlusion has become the most commonly 

used method as it is cost effective and does not require additional microbiological perturbation. 

This approach has been applied in several different variations. For example, in one study the 

nasal cavities were obstructed unilaterally using bath sponge, cyanoacrylate and peripheral 

venous blood from the animal itself. After 15 days, acute inflammatory processes in the treated 

sinus could be observed in 13 out of 15 animals, which was verified histologically by 

measuring clusters of neutrophils and eosinophils and loss of lining cells. Only two rabbits in 

the group treated with peripheral venous blood showed no signs of inflammation (Costa et al., 

2007). Liang and colleagues (2008) reversibly blocked one of the animals’ nasal cavities with 

Merocel® for two weeks, in the process establishing CRS in 50% of rabbits. When combining 

the Merocel® treatment with injection of Phorbol 12-myristate-13-acetate (PMA), an activator 

of protein kinase C and a potent tumour promoter, the success rate was increased to 70%. 

Sixteen percent of untreated sinuses also showed signs of inflammatory reaction. Gocea et al. 

(2013) subsequently applied the combined Merocel® and PMA technique to induce CRS with 

a 100% success rate, with no inflammation in the control sinuses (Gocea et al., 2013). In 

contrast, Migliavacca et al. (2014) refrained from using packing material and performed a more 

precise but highly invasive surgical occlusion of the sinus. In the first group the maxillary sinus 

ostium was obstructed through the maxillary sinus and in the second group the middle meatus 

was occluded through the roof of the nasal cavity. After 12 weeks, CRS was observed in all 

animals from the first group whereas only 37.5% of the second group developed CRS 

(Migliavacca et al., 2014). In summary, most strategies for the development of CRS in rabbit 

models have included mechanical occlusion in combination with either microbial inoculation 

or antigen administration (Costa et al., 2007; Gocea et al., 2013; Jia et al., 2014; Liang et al., 

2008; Marks, 1997) until Cho et al. (2017) developed a rabbit model of CRS by blocking the 

middle meatus without inoculating any antigens or microbes which is explained in detail in 

section 3.3. A comparison of the model techniques shown in Table 3A.1 supports the 

hypothesis that occlusion of the sinus ostia is the crucial step (Drettner et al., 1987). 

Some of the described models were developed over short time periods of 2-8 weeks, thus 

representing acute rather than chronic forms of sinus disease (Figure 3A.2). Liang’s CRS model 

(2008) has been applied by Gocea and colleagues (2013) to test new treatment strategies to 

improve wound healing after endoscopic sinus surgery (ESS) (Gocea et al., 2013). Another 

study featured an antibiotic-coated sinus stent to establish an improved route for drug 

application in CRS patients (Cho et al., 2017). The therapeutic efficacy of this sinus stent has 
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been investigated in a preclinical rabbit model of P. aeruginosa sinusitis (Cho, Lim, et al., 

2018). 

 

 

Figure 3A.2. Experimental techniques for the development of acute rhinosinusitis (ARS) and 
CRS in animal models. Rabbit’s sinus anatomy is shown. Methods can be used alone or in 
combination. Grey arrows indicate how each method can be applied to induce acute or chronic 
sinonasal inflammation. Bacterial or fungal inoculation is most commonly applied in 
combination with mechanical occlusion (curved arrow). A two-week intervention period is 
shown as example. 

 

3.2.3 Sheep models 

As rabbits and rodents are susceptible to mortality due to stress, some studies have employed 

sheep as model animals being more robust, especially after surgical interventions (Costa et al., 

2007). In addition, sheep show patterns of sinus diseases similar to those of humans (Rings & 

Rojko, 1985; Thomas & Wormald, 2007) and their sinonasal anatomy resembles that of 

humans (Gardiner et al., 1996). As previously mentioned, stricter ethical regulations and more 

expensive housing facilities for larger animals represent downsides of using sheep. 

Techniques to induce rhinosinusitis in sheep include challenges to the immune system, nasal 

obstruction with packing material and inoculation of microorganisms to the sinus mucosa. 

However, to date no studies have replicated all the features of human CRS by applying these 

methods. One study used ESS to perform one on the following treatments in sinuses of 24 

sheep: infect sheep sinuses with S. aureus, obstruct the sinus airways with cotton pledgets or 
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use both methods in combination (Ha et al., 2007). After one week of blockage or infection or 

both, rhinosinusitis with biofilm formation was observed in 75%, 80% and 83% of sinuses, 

respectively. Boase and colleagues (2011) sensitised sheep sinuses with a fungal antigen prior 

to occlusion with gauze. Additionally, sinuses were inoculated with either a fungal (A. 

fumigatus) or bacterial (S. aureus) culture, inducing rhinosinusitis with a success rate of only 

17% and 0%, respectively. Using a combination of fungal and bacterial inoculum increased the 

success rate to 100% (Boase et al., 2011). Importantly, sheep can develop chronic inflammatory 

conditions without any experimental intervention. One early study utilised this concept to 

develop rhinosinusitis secondarily to infestation with the nasal bot fly (Oestrus ovis) (Rings & 

Rojko, 1985). This model has been used to standardise diagnostic criteria for eosinophilic CRS 

in sheep (Thomas & Wormald, 2007) and has further been applied for research on mucosal 

wound healing following ESS (Athanasiadis et al., 2008). 

3.3 A potential model for microbiome research 

Despite the large variety of different rhinosinusitis models and their applications, only two 

studies to date have employed a model to study the sinonasal microbiota (Abreu et al., 2012; 

Cho, Mackey, et al., 2018). Microbial dysbiosis has been recently hypothesised to play a crucial 

role in the process of chronic mucosal inflammation (Hoggard, Biswas, et al., 2017) and a 

recent meta-analysis found that the bacterial community of CRS patients is significantly less 

diverse than that of healthy controls (Wagner Mackenzie, Waite, Hoggard, Douglas, et al., 

2017). An ideal model for studying the microbiota would feature several key characteristics: 

firstly, replicating the chronic nature of CRS is essential. Secondly, CRS has to be induced 

without additional inoculation with bacteria or fungi, to ensure that mucosal inflammation 

develops naturally. The development of pneumonia or middle ear infections caused by the 

bacterial infection descending into the lower airways has also been reported (Marks, 1997). 

With the removal of the bacterial inoculum from the experimental protocol, it can be presumed 

that the risk of causing pneumonia or middle ear infections decreases. Refraining from 

administering any antigenic reagents additionally ensures that CRS develops in a physiological 

manner and that the model shows a distinctive immune response that is driven by rhinogenic 

inflammation rather than exogenous inflammatory agents. All of these considerations leave 

obstruction of the sinus passages as the method of choice to induce inflammation of the mucous 

membrane. Ideally, a minimally invasive and reversible approach towards sinus occlusion is 
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favoured so that sinuses maintain their natural anatomical structure. This is achieved by 

obstructing the sinus using nasal packing material, such as Merocel®, a polyvinyl alcohol 

sponge (Medtronic), instead of surgical procedures such as described by Migliavacca et al. 

(2014). Lastly, the animal model should be unilateral, so that the contralateral side can be used 

as a control.  

 

Table 3A.2. Minimal disease features of CRS required in an animal model. 

Disease feature Indicators Outcome measures 

Sinonasal mucosal 
inflammation persisting for 
over 12 weeks 

Inflamed tissue within the sinuses, 
Inflammatory cytokines, 
Inflammatory cells (e.g. T-cells, B-
cell, Macrophages) 

MRI, microCT, 
Histology, IHC, 
Cytokine analysis, 
qPCR TaqMan Arrays for 
inflammatory markers 

Mucus thickening and build-up 
in the sinuses Biofilm development SEM, CLSM, 

microOCT 

Chronic changes in the tissue 
Epithelial hypertrophy, 
Goblet cell hyperplasia, 
Epithelial barrier impairment 

Histology 

Changes in the sinonasal 
microbial communities 

Microbial dysbiosis, 
Increase in bacterial load 

16S rRNA gene amplicon 
sequencing, 
DropletTM Digital PCR, 
Culture-based analyses 

microOCT = micro-optical coherence tomography. 

 

An improved Merocel® obstructing method has recently been described (Cho, Mackey, et al., 

2018). In contrast to Liang et al. (2008), rabbit sinuses were occluded by the exact placement 

of Merocel® into the opening of the middle meatus, the natural drainage pathway of the 

maxillary sinus, under endoscopic guidance. No bacterial inoculum or inflammatory reagents 

were added, but the success rate for CRS development was increased from 50 to 100% of 

animals (Cho, Mackey, et al., 2018; Liang et al., 2008). Cho and colleagues (2018) successfully 

used the Merocel® nasal obstruction model in rabbits to analyse the transition of the sinonasal 

microbiota throughout the pathogenesis of CRS and found a significant shift to potential 

pathogens (such as Pseudomonas and Burkholderia). In addition, the abundance of 
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Corynebacterium was significantly elevated during the chronic phase of the inflammation, 

which is in accordance with the findings of Wagner Mackenzie et al. (2017) for human CRS 

studies. Cho et al. also reported a higher bacterial diversity associated with CRS in rabbits 

compared to healthy controls (the same animal before intervention) in contrast with some 

previous human studies (Biswas et al., 2015; Wagner Mackenzie, Waite, Hoggard, Douglas, et 

al., 2017; Wilson & Hamilos, 2014). A plausible explanation for this discrepancy is that the 

reduced bacterial diversity in CRS patients could be due to multiple courses of antibiotics prior 

to recruitment, whereas antibiotics were not administered to the animal model (Cho, Mackey, 

et al., 2018). The endoscopically guided nasal obstruction model provides an opportunity for 

further investigation of microbial communities in CRS and aetiology of inflammatory mucosal 

disease. It also allows for testing of the effects of antibiotics on the mucous microbiome and 

observing treatment outcomes in a pre-clinical setting.  

3.4 Advantages, limitations and challenges 

The unilateral nasal obstruction model as described by Cho et al. (2018) has considerable 

potential, offering significant advantages for microbiome research. Developing CRS in a single 

nostril while the other nostril stays healthy mitigates the inter-subject variability that is a 

significant challenge in microbiome research. However, the extent of intra-subject microbiota 

variation remains an open question. Site-specific variation in microbial composition has been 

investigated in human CRS patients and healthy subjects and no significant differences in 

bacterial abundance or diversity were reported (Biswas et al., 2015). Thus, and since each 

animal can serve as its own control, one would not anticipate the appropriate number of animals 

needed to achieve statistical power to be unreasonably high. It also has to be considered that 

CRS generally is a bilateral disease, although a subset of patients presents with single-sided 

symptoms. No differences regarding the features of unilateral compared to bilateral CRS have 

been reported.  

Furthermore, the exact placement of Merocel® in the middle meatus of the sinus is superior to 

random placement of nasal packing material as sinus drainage is blocked more effectively, 

resulting in an increased success rate for development of CRS. It is also more favourable than 

surgical occlusion as it does not cause mucosal injury and maintains the natural sinus anatomy. 

This transnasal endoscopic approach facilitates reproducibility and improves comparability 
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between studies. Higher success rates for CRS development and reduced risk of bacterial 

infection in the lower airways also represent ethical improvements. Another substantial benefit 

is that the model is rhinogenic rather than sinogenic as described by Marks (1997). Marks 

defines sinogenic models as developing rhinosinusitis from bacterial inoculation or antigen 

administration to a specific sinus. By contrast, in rhinogenic models, the inflammation is 

initiated from obstructed sinus drainage, which impairs the natural function of the mucous 

membrane. This leads to a decreased function of cilia and accumulation of mucus, resulting in 

bacterial dysbiosis, and therefore represents a more physiologically accurate development of 

mucosal inflammation (Marks, 1997).  

Since in this model occlusion is achieved via a transnasal approach, rabbits would be 

particularly suitable due to their larger nasal cavities compared to rodents. Animals suffering 

from pneumonia and epiphora have been reported, which represents a drawback when using 

rabbits (Marks, 1997). While the improved technique presumably decreases the risk of 

pneumonia, the possibility of inducing epiphora may still be a challenge.  

Major limitations apply when drawing conclusions about mucosal inflammation in humans 

from animal models of CRS. General differences in the nasal microbiota between animals and 

humans could be expected due to the animals’ natural behaviour. Cho et al. have described the 

most dominant taxa in their rabbit model of CRS as the same bacterial phyla which can 

dominate in human studies (Biswas et al., 2015; Hoggard, Biswas, et al., 2017; Wagner 

Mackenzie, Waite, Hoggard, Douglas, et al., 2017). However, it is of note that these similarities 

are observed on a broad taxonomic assignment and in one single study only. Differences could 

emerge when looking at an increased level of taxonomic resolution. Besides describing the 

baseline microbiome in rabbits, Cho et al. found the genus Corynebacterium as a potential 

CRS-associated biomarker which is in accordance with results from human studies (Cho, 

Mackey, et al., 2018; Wagner Mackenzie, Waite, Hoggard, Douglas, et al., 2017). This shows 

that despite potential differences in basic microbial composition, putative disease-associated 

organisms remain similar.  

3.5 Non-sentient models 

As an alternative to animal models, in vitro model systems provide some benefits for studying 

the aetiology and pathophysiology of diseases as they bypass major challenges such as 
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variation among subjects and ethical issues associated with animal models (Masters, 2000). A 

variety of cell culture methods has been employed to successfully recreate the human sinonasal 

epithelium (Al-Sayed et al., 2017) including the RPMI 2650 cell line, and monolayer cell 

cultures, which have been used in studies that obtained nasal tissue from humans (Hussain et 

al., 2014; Wu et al., 1985), as well as from rats, rabbits (Steele & Arnold, 1985), dogs, sheep 

and cattle (Merkle et al., 1998). Models derived from primary nasal epithelial cells of selected 

patients have been applied in a wide range of studies investigating the cellular inflammatory 

response in allergic rhinitis (Ayars et al., 1989) and CRS (Kenney et al., 1994) and the effects 

of medical treatment with antibiotics and corticosteroids on chronic inflammation of the nasal 

epithelium (Bleier et al., 2012; Fujita et al., 2000; Miyanohara et al., 2000; Suzuki et al., 1997). 

However, such cell culture models suffer from several problems, such as the growth of non-

epithelial cells, which may potentially result in unreliable data (Van Scott et al., 1986). 

Additionally, cultured nasal epithelial cells lose important characteristics over time such as 

ciliary function and the ability for mucin production, which represents major limitations 

especially for long-term studies (Jorissen et al., 1989). A current review on models for 

sinonasal diseases highlights a more advanced three-dimensional cell culturing method, in 

which the cells of the basal side reside within the culture medium while the apical surfaces of 

cells are surrounded by air (Al-Sayed et al., 2017). The so called air-liquid-interface (ALI) 

culture mimics the natural environment of nasal epithelial cells and has become the method of 

choice for such studies (Lee et al., 2005; Muller et al., 2013). ALI cultures are still not ideal as 

models of CRS due to the applied culturing techniques interfering with natural cellular 

behaviour (Al-Sayed et al., 2017). Recently, more complex culturing systems have been 

developed to overcome these problems. A 2017 study used a sophisticated microfluidic 

culturing system, allowing the authors to create a more accurate model of the human sinonasal 

mucous membrane (Na et al., 2017). Developing such a complex culturing system is difficult, 

costly and time-consuming. However, adequate in vitro models are valuable for testing 

fundamental conditions of the disease-associated microenvironment and thereby help with 

planning and refinement of subsequent in vivo studies (De Rudder et al., 2018). 

In vitro models circumvent the translational discrepancy between animal models and humans, 

hence three-dimensional cell culturing can be considered a powerful tool for future studies on 

inflammatory nasal disease in humans (Al-Sayed et al., 2017). As this chapter focuses on model 

systems especially suitable for research on the nasal microbiome in CRS, it has to be mentioned 

that presently in vivo models are markedly superior to in vitro cell culture models because the 
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latter cannot mimic the dynamics between inflammation, immune response and the host 

microbiome (Al-Sayed et al., 2017). Future directions for in vitro modelling with a focus on 

the investigation of host-microbe interaction in CRS have been summarised recently by De 

Rudder et al. (2018).  

 

Table 3A.3. Future directions for microbiome research employing animal models of CRS. 

Animal models of CRS can be used:  

to test the efficacy of antibiotic and corticosteroid treatment without impairing the standard care 
for human patients  

to track shifts in the microbial community in health and disease throughout long-term studies under 
high levels of experimental control 

in combination with modern network analysis software to detect key microbes associated with 
health and disease, facilitating exploration of new treatment options in the form of probiotics and 
targeted antibiotics 

to generate reliable data that can be utilised for machine learning in the context of clinical 
predictive modelling, eventually leading to highly personalised treatment strategies with predicted 
clinical outcomes 
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3.6 Summary 

The current literature reveals a lack of information as to the minimal requirements of animal 

models for CRS. Suitable models must adequately represent the chronic nature of CRS and 

include characteristic features of chronic mucosal inflammation such as immune cell 

infiltration, epithelial hypertrophy and hyperplastic changes. A summary of the minimal 

disease features of CRS required in an animal model is given in Table 3A.2, together with 

indicators for these features and methods for their evaluation. In addition, accurate 

representation and maintenance of the anatomical structure of the paranasal sinuses is 

necessary, and inflammation should be induced in a way that allows for the natural 

development of CRS without administration of any antigens or microorganisms.  

Microorganisms are a critical factor in human health and disease and dysbiosis in microbial 

communities is increasingly hypothesised to play an important role in chronic inflammatory 

mucosal diseases such as CRS. Patients usually undergo medical treatments that change the 

natural sinonasal microbiome (Liu et al., 2013), creating a confounding issue in performing 

basic research of bacterial dysbiosis in humans. In contrast, the employment of animal models 

allows a high level of experimental control regarding the sinonasal microbiota. Based on the 

current literature on animal models for chronic sinonasal disease, this chapter identifies a need 

for further employment of animal models of CRS for microbiome research. A recent study 

described the development of a rabbit model of CRS featuring several qualities that make it 

particularly suitable for microbiological research in a pre-clinical setting (Cho, Mackey, et al., 

2018). This model system represents a further advance of translational research in the field of 

CRS and allows for alternative treatment strategies and treatment doses to be tested (Table 

3A.3). Such results help to optimise the standard practice for managing CRS and hopefully 

improve the quality of life of CRS patients. 
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Chapter 3 B 

Unilateral intervention in the sinuses of rabbits induces bilateral 

inflammatory and microbial changes 
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3.7 Introduction 

The pathogenesis of chronic rhinosinusitis (CRS) has been under intense research scrutiny, 

with several hypotheses put forward. Many studies suggest that the sinus microbial community 

plays a role in the pathobiology of CRS (Abreu et al., 2012; Biswas et al., 2015; Boase, 

Foreman, et al., 2013; Paramasivan et al., 2020), with bacterial dysbiosis (a deleterious shift in 

the microbiota) being reported (Chalermwatanachai et al., 2018; Hoggard, Biswas, et al., 2017). 

Other work focusses on host immunity as a contributor to chronic mucosal inflammation (Van 

Crombruggen et al., 2011). Increased numbers of T and B lymphocytes and macrophages in 

the sinus mucosal tissue were identified as characteristic of CRS (Biswas et al., 2017) and 

interleukins, such as IL-5 and IL-13, play a role in the initial inflammation and its progression 

in this disease, especially with nasal polyposis (Chowdhury et al., 2019; Kato, 2015). The 

complex interplay between the immune response, sinonasal microbial community, medical 

treatment and sinus epithelial integrity complicates the investigation of underlying mechanisms 

in the development of CRS. The high inter-individual variation of disease severity and 

observed symptoms, coupled with the difficulty in controlling antecedent medical interventions 

and lifestyle components such as smoking and diet, make it challenging to gain insights from 

clinical studies, as was observed in Chapter 2 of this thesis.  

Animal models can help overcome many of these issues and several species have been used 

successfully to study the pathophysiology of CRS (London & Lane, 2016; Lux et al., 2019; 

Shin, 2016)(Chapter 3A). Animal models are particularly helpful when studying the efficacy 

of novel treatments (Chiu et al., 2007; Jia et al., 2017; Tamashiro et al., 2009; Yoruk et al., 

2017). In Chapter 3A, a CRS-focused review of animal models for the study of chronic mucosal 

inflammation was conducted, and rabbits were found to be a particularly suitable model in 

regards to animal handling and features of sinus anatomy and physiological characteristics 

(Lux et al., 2019). Methods for inducing inflammation of the sinus mucosa include microbial 

inoculation (Abreu et al., 2012; Jia et al., 2014), administration of inflammatory agents (Gocea 

et al., 2013; Khalmuratova et al., 2016) and mechanical obstruction of the sinus ostia (Cho, 

Mackey, et al., 2018; Ha et al., 2007; Migliavacca et al., 2014), or a combination of these 

(Boase et al., 2011). Although CRS is a heterogeneous disease, a common universal pathway 

that underlies the pathogenesis and morbidity appears to be the impaired mucociliary clearance 

(Lusk, 1998). This results in the accumulation of hyper-viscous mucus, which restricts oxygen, 

promotes inflammation and supports microbial colonization (Cho, Hunter, et al., 2020). 
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Ultimately, regardless of the etiology, the defining characteristic of CRS is inflammation of 

the sinonasal mucosa with obstruction of the sinus outflow tract (Lee & Lane, 2011). Therefore, 

sinus blockage, especially if applied reversibly, is advantageous when trying to mimic the 

physiological development of CRS. Temporary blockage has been shown to re-create the 

distinctive immune response and characteristic microbial community changes that are 

associated with the disease (Liang et al., 2008; Migliavacca et al., 2014). A rabbit model of 

unilateral CRS with excellent potential for microbiome research has been described previously 

(Cho, Mackey, et al., 2018) (Chapter 3A). 

In general, CRS is considered as a bilateral disease, although a subset of patients presents with 

single-sided symptoms (Fokkens et al., 2020). Perloff et al. (2000) previously demonstrated 

that a rabbit infected with P. aeruginosa in the sinuses can show signs of inflammation at sites 

other than the site of primary infection. However, to my limited knowledge, none of the animal 

models explored the development of bilateral sinonasal mucosal inflammation by inducing 

unilateral sinus blockage. In this chapter, an attempt was made to induce CRS in rabbits by 

unilateral transient sinus obstruction for four weeks and investigated whether this could result 

in bilateral changes to the sinus bacterial communities and mucosal inflammation. 

3.8 Methods 

3.8.1 Animal model 

This study was approved by the University of Auckland Animal Ethics Committee (AEC# 

001910). All animals used in this study were farm-sourced male and female New Zealand white 

rabbits (4-6 kg). A pilot study was conducted to establish protocols and set up surgical 

procedures using three animals. An additional six rabbits were used subsequently for this 

chapter. Animals were kept at the animal facility at the University of Auckland. Rabbits were 

housed in individual cages with dry food and water provided ad libitum. Animal wellbeing was 

monitored throughout the study using an animal welfare scoring sheet based on the rabbit 

grimace scale. Before initiation, rabbits were acclimatised at the animal facility for at least one 

week. 

Rabbits were anaesthetised using a combined injectable and inhalational approach. The 

veterinarian in charge of anaesthesia trialled various dose rate combinations of medetomidine 
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(0.25 mg/kg, SVS Veterinary Supplies Ltd, Hamilton, New Zealand), ketamine (5 mg/kg, SVS) 

and buprenorphine (0.03 mg/kg, Onelink, Auckland, New Zealand) to determine the optimal 

level of anaesthesia for the rabbits. Drugs were given either intramuscular (15 min) or 

subcutaneous (30-45 min) prior to placing the animals on oxygen for one to two minutes via 

face mask. At that point, the airway was accessed via a supraglottic airway device (V-Gel, 

Docsinnovent Ltd, London, United Kingdom). If rabbits were not adequately anaesthetised, 

isoflurane was briefly delivered via face mask at 3 - 5%, until it was possible to secure the 

airway. All rabbits were maintained (as needed) on 1 - 2.5% isoflurane at an oxygen flow rate 

of 0.8-1 L/min. Medetomidine was reversed with intramuscular atipamezole at 0.5-1 mg/kg. 

Rabbits were maintained on oxygen via facemask until aware of their surroundings and able to 

hold their head up. All rabbits were monitored continuously until they were able to hop 

adequately and showed an interest in food and water. Rabbits did not receive any other 

medication before or during the study.  

3.8.2 Induction of unilateral sinus inflammation 

Sinusitis was induced using a transnasal endoscopic technique as previously described by Cho, 

Mackey, et al. (2018). In brief, sterile nasal packing material (Merocel®, Medtronic, Auckland, 

New Zealand) was placed in the left middle meatus (unilateral) under endoscopic guidance to 

achieve complete obstruction of this sinus ostium (Figure C.1). All procedures were carried out 

by an experienced otorhinolaryngology surgeon with the assistance of a veterinary anaesthetist 

and an animal welfare officer to ensure the best possible care for the rabbits during surgery. 

The pilot study indicated that two weeks of sinus obstruction was insufficient to achieve 

significant and persistent sinus inflammation (section 3.9.1). Accordingly, the blockage period 

was extended to four weeks. After the removal of Merocel®, all animals were observed for a 

further ten weeks (i.e. up to 14 weeks from the time point of obstruction). A timeline of the 

model development is illustrated in Figure 3B.1. 
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Figure 3B.1. Timeline of model development.  

 

3.8.3 Outcome measures 

Animals were examined for features of CRS throughout the study, and samples were collected 

at baseline (insertion of Merocel®), during the acute phase (Merocel® removal) and the 

chronic phase (culling of the animal). Examination and sample collection at each time point 

included endoscopic scoring and sinus swab collection from both nostrils for microbial 

analysis. Additional MRI scans at the acute and chronic time points were performed. Finally, 

the rabbit snout was collected for histological analysis at the end of the study.  

Endoscopic score grading for sinus inflammation – A 1.9 mm endoscope (HOPKINS® 

Straight Forward Telescope 0°, Karl Storz, Tuttlingen, Germany) was used to examine the 

nasal cavities as previously described (Cho et al., 2017). A scale of 0 to 4 was used to grade 

inflammation with 0 representing normal, 1 mild inflammation, 2 moderate inflammation, 3 

severe inflammation and 4 severe inflammation with ulceration or polyps and luminal 

opacification (Marks, 1997).  

Magnetic resonance imaging – MRI scanning was performed using a 3T Skyra MRI system 

(Siemens Healthineers, Erlangen, Germany), with a 15 cm diameter 16-channel transmit-

receive radiofrequency coil. Both coronal and transverse images, each with 30 contiguous 1.5 

mm thick slices, were acquired using a T2-weighted turbo spin echo sequence so that all sinus 

cavities were covered and could be examined for sinus opacification. The images had a 120 

mm x 120 mm field of view, acquired with a 320 x 256 matrix, reconstructed to give an in-

plane resolution of 0.4 mm x 0.4 mm.  
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Histological analysis – Animals were euthanised by the administration of an overdose of 

pentobarbital (SVS Veterinary Supplies Ltd, Hamilton, New Zealand). After death was 

confirmed, the rabbits’ snouts were removed from the heads by making two intersecting cuts 

using an electric saw. Tissue samples were placed in Carnoy’s fixative (60% ethanol, 30% 

chloroform, and 10% glacial acetic acid) immediately after harvesting for 24 h. Snouts were 

decalcified subsequently in RDO Rapid Decalcifier (Apex Engineering, Illinois, USA). 

Decalcified snouts were then separated into sections as previously described (Pereira et al., 

2011) and embedded in paraffin. Sections were stained with haematoxylin and eosin (H&E) to 

assess the structural integrity of the epithelium and submucosa, as well as to document immune 

cell infiltration. In addition, Periodic Acid – Schiff (PAS) stain was used to detect mucin-

producing cells and structures (goblet cells and submucosal glands). The evaluation of 

inflammatory signs in tissue samples was conducted by two independent examiners. 

3.8.4 Bacterial community analysis 

3.8.4.1 Sample acquisition and DNA extraction 

Pairs of swabs (Copan Diagnostics Inc., CA, United States) were collected under endoscopic 

guidance from the middle meatus of each nostril at three time points (as indicated above). 

Swabs were placed in a nucleic acid preservative solution (RNAlater, Ambion, Thermo 

Scientific, New Zealand) and put on ice immediately. In accordance with the manufacturer’s 

guidelines, samples were incubated with RNAlater for 24 h at 4°C before being stored at -20°C 

until further processing. DNA was extracted from the swabs using sterile Lysing Matrix E bead 

tubes (MP Biomedicals, Seven Hills, NSW, Australia) and the AllPrep DNA/RNA Mini Kit 

(Qiagen, Hilden, Germany), as described previously (Biswas et al., 2015). A negative DNA 

extraction control containing 200 μL sterile water was also carried out simultaneously.  

3.8.4.2 Bacterial community sequencing 

To evaluate bacterial communities the V3-V4 region of the bacterial 16S rRNA gene was 

amplified using 341F and 785R primers (Klindworth et al., 2013) together with Nextera DNA 

library prep kit adapters. PCR reactions and DNA purification were carried out as described 

elsewhere (Hoggard, Biswas, et al., 2017). In brief, approximately 100 ng of genomic template 

DNA was used in duplicate PCRs, each consisting of 35 cycles. Negative PCR controls were 

included in all PCR reactions as well as eluate from the negative DNA extraction control, which 
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yielded no detectable products. Amplicons from duplicate PCRs were pooled to a final volume 

of 44 µL and purified using Agencourt AMPure XP magnetic beads (Beckman Coulter Inc., 

USA). Purified PCR products were quantitatively assessed with Qubit dsDNA high-sensitivity 

kits (Life Technologies, New Zealand) and standardised to ~ 5 ng per sample. Purified products 

were submitted to Auckland Genomics Ltd for library preparation and sequencing using 

Illumina MiSeq (2 x 300 bp paired-end chemistry). Raw sequences are publicly available on 

the SRA-NCBI database (BioProject ID: PRJNA639396). 

3.8.4.3 Bioinformatics 

Raw sequences from 32 samples originating from six rabbits were merged and quality filtered 

using USEARCH version 11 (Edgar, 2010) with settings as previously described (Hoggard, 

Biswas, et al., 2017). For direct comparisons of bacterial community composition between a 

previous study and the current one, rabbit sinonasal swab samples from the previous study 

(Cho, Mackey, et al., 2018) were bioinformatically processed alongside the raw sequence reads 

obtained during current study. The generation of ZOTUs instead of ASVs was selected in this 

chapter so that all samples could be analysed in a similar fashion to that in the previous study 

(Cho, Mackey, et al., 2018). To account for differences in sequence length between the two 

studies, the merged sequences from the current study were trimmed to 256 bp, so as to overlap 

precisely the sequenced V4 16S rRNA gene region from the earlier study. Zero-radius 

operational taxonomic units (ZOTUs) representing 100% sequence similarity for each ZOTU 

were generated using the unoise3 algorithm within USEARCH (Edgar, 2016b). Each ZOTU 

was taxonomically assigned using the sintax classifier in USEARCH (Edgar, 2016a) with the 

RDP 16S rRNA gene database (version 16) (Cole et al., 2014). Sequences mapping to 

eukaryotic genomes were removed from subsequent analysis, and data were rarefied to an even 

sequencing depth of 2000 reads per sample. Analyses of bacterial community diversity as well 

as pairwise comparisons of single ZOTU abundances were conducted on samples of the left 

(treated) sinus only, unless otherwise specified. 

Alpha diversity (diversity within a sample) was calculated for Shannon and Simpson indices 

within the USEARCH pipeline. The Shannon and Simpson diversity metrics measure richness 

as well as evenness (relative abundance of ZOTUs and their distribution in a sample). Beta 

diversity (diversity between samples) was calculated as Bray-Curtis dissimilarity in R (version 

3.6.0) (R Core Team, 2019) using the vegdist command from the vegan package (v2.5-6) 

(Oksanen et al., 2019). The Bray-Curtis dissimilarity index quantifies the compositional 
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similarity of the bacterial communities based on both presence/absence and the relative 

abundance of ZOTUs within the community. 

3.8.5 Statistical analysis 

Statistical analyses were carried out in R (version 3.6.0). Histological scores were evaluated 

using a paired t-test. Overall differences in alpha diversity were examined with ANOVA 

followed by Tukey’s HSD test. PERMANOVA based on Bray-Curtis distance matrices were 

conducted using the adonis command in the vegan package (v2.5-6) (Oksanen et al., 2019). A 

PCoA was performed using the cmdscale command from the stats package for visualisation of 

the Bray-Curtis dissimilarity matrix. The resulting PCoA plot images the beta diversity data in 

two-dimensional space with samples that are more dissimilar being spaced further apart from 

each other. Pairwise comparisons of single ZOTU abundances were conducted using KW and 

post-hoc Dunn’s test with Benjamini-Hochberg adjustment for multiple comparisons.  
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3.9 Results 

3.9.1 Pilot study 

Throughout the pilot study (three animals) endoscopic examination showed moderate (two 

animals) to severe (one animal) sinus inflammation with luminal opacification on the left side 

at week two. Luminal opacification according to a grade four endoscopic score was caused by 

severe swelling, oedema and purulent mucus. The control side remained normal in the two 

animals with moderate inflammation but in the rabbit with severe inflammation, mild 

inflammation was observed on the right side. At week 12, all rabbits had mild inflammation on 

the left side and normal sinus mucosa on the right side (Table C.1). Endoscopic observations 

were mirrored in the form of microbial community changes within rabbits’ sinuses (Table C.1). 

MRI scans showed sinus opacification at week two in one rabbit only which had resolved by 

week 12 (Figure C.3). To create a more persistent opacification of the sinus cavity the blocking 

period was increased from two weeks to four weeks. The data presented in the following 

sections of this chapter only refer to the six animals that underwent four weeks of unilateral 

sinus blockage. 

3.9.2 Establishing sinonasal inflammation 

Two of the six rabbits (Rabbit #1 and #3) used in this chapter died from unknown causes during 

the post-sedation observation period after the surgical procedure. The first animal (#1) died 

eight days after Merocel® placement and the second (#3) 24 h after Merocel® removal. Sample 

collections were still performed from the first animal. Acute sinus inflammation was 

established in all six rabbits. Endoscopic examination showed moderate to severe sinus 

inflammation on the left (blocked) side of all rabbits at the acute stage (week four). Of note, 

endoscopy now revealed mild to moderate inflammation in the right (control) side at week four. 

At the chronic stage (week 14), obstructed sinuses remained mildly inflamed while all 

examined control sides presented normal (Table 3B.1). 
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Table 3B.1. Endoscopic score grading for sinus inflammation. 

Rabbit # 

Endoscopic scores 

Baseline Acute Chronic 

Left Right Left Right Left Right 

1 0 0 3 2 NA NA 

2 0 0 2 1 1 0 

3 0 0 NA NA NA NA 

4 0 0 2 1 NA NA 

5 0 0 3 1 1 0 

6 0 0 2 1 NA NA 
0 = normal; 1 = mild inflammation; 2 = moderate inflammation; 3 = severe inflammation; 4 = severe 
inflammation with ulceration or polyps and luminal opacification. Missing scores for animal #1 and 
#3 are due to premature death. Scores for animal #4 and #6 at the chronic stage were not recorded. 

 

 

MRI at week four showed unilaterally blocked sinuses in two rabbits, with one of them still 

showing partial opacification at week 14 (Figure 3B.2). The overall success rate for 

establishing radiographic evidence of sinus opacification in the rabbits as determined by MRI 

at week 4 was 40% (2 out of 5 rabbits) and week 14, 25% (1 out of 4 animals). There was no 

evidence of opacification in the contralateral sinus at week 4 and week 14 in all animals. 
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Figure 3B.2. MRI scans of rabbit sinuses in coronal view. Severe and partial sinus 
opacification on the left side at the acute and chronic stage indicated by yellow arrows. 

3.9.3 Histology 

The entire sinus mucosa was scanned on both sides for signs of inflammation, including several 

paranasal cavities as shown in Figure C.4. Some evidence of mucosal and submucosal 

inflammation was identified in all animals as shown in Figures 3B.3 and 3B.4: 1) hyperplasia 

of submucosal glands  in the left sinuses (Figure 3B.3A), 2) elevated number of goblet cells in 

the left sinuses (Figure 3B.3B), 3) infiltration of inflammatory cells (Figure 3B.4A), 4) 

loosening of the extracellular matrix or oedema (Figure 3B.4B), 5) cellular exudate in the 

lumen (Figure 3B.4C), and 6) epithelial denudation (Figure 3B.4D). The histological evidence 

of inflammatory processes was observed in the left (blocked) side as well as in the right 

(control) side of the same rabbit in all studied animals.  
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Figure 3B.3. PAS staining of sinus mucosa showing signs of inflammation in the left (blocked) 
side and contralateral side at week 14. A. Increased number of submucosal glands. B. Goblet 
cell hyperplasia. Images are chosen exemplary and do not represent left and right sinus of one 
animal. 
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Figure 3B.4. H&E staining of sinus mucosa showing signs of inflammation at 14 weeks. A. 
Epithelial infiltration of inflammatory cells. B. Loose subepithelial matrix. C. Luminal 
exudate. D. Epithelial denudation. 

 

 

Additional parameters (such as epithelial hypertrophy and thickness of the basement membrane 

and submucosa) for the description of mucosal inflammation and integrity are not shown. To 

quantify inflammatory markers and mucosal integrity in all animals, the parameters (Table C.2) 

were scored on multiple representative sinus histology sections for each rabbit. Those 

parameters were scored with zero, one, two or three to reflect whether changes between sides 

were absent, mild, moderate or severe. Rabbits’ left sinuses had a higher score (mean ± standard 

deviation, 27.8 ± 15.7) compared to the right side (22.4 ± 12.2) even though the statistical 

significance was lacking (paired t-test, p = 0.28) (Figure 3B.5). Rabbit #2, which had sinus 

opacification confirmed by MRI, has a higher score for the right (control) sinus. Rabbit #4 

showed similar scores for each side, while rabbits #3, #5 and #6 had increased signs of 

inflammation in the left side, although MRI images showed clear sinuses. Even though there 



 

82 

was only one sample (rabbit #3) from the acute stage, overall mucosal inflammatory scores 

were higher at week 14 (chronic stage) than those at week 4 (acute). 

 

 

Figure 3B.5. Mucosal score grading for rabbits 2 – 5. Higher scores indicate an increase of 
inflammatory markers within the left and right (control) sinuses of the rabbits (shown as mean 
+ SD, paired t-test, p = 0.28). Tissue from rabbit #3 was harvested at the acute phase due to 
premature death. 
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3.9.4 Sinus bacterial community 

Sequencing data from a total of 32 samples that were obtained from the left and right sinuses 

of 6 rabbits at baseline (n = 12), acute (n = 12) and chronic stage (n = 8) were evaluated. Data 

were stratified by animals for PERMANOVA which revealed that time point (i.e. baseline vs. 

acute vs. chronic) accounts for 48% of the observed variation (p < 0.001). Nostril side did not 

affect bacterial community structure significantly (p = 0.6). The baseline sinus microbiota was 

heavily dominated by the genus Helicobacter which, together with Moraxella and Neisseria 

(both at much lower relative abundances), accounted for 85 – 90% of the assigned sequences 

(Figure 3B.6A). A significant compositional change was observed at the acute inflammatory 

stage compared to the baseline bacterial community. The abundance of ZOTUs assigned to 

several genera, including Helicobacter, Moraxella and Neisseria was significantly decreased 

while there was an apparent rise in the abundance of ZOTUs classified as Bacteroides, 

Fusobacterium and the family Pasteurellaceae (Figure C.5). At the chronic stage, the sinus 

bacterial community returned to baseline composition within all sinuses. The overall number 

of taxa found in the left sinuses was significantly elevated at the acute inflammatory phase 

(Figure 3B.6B). It is of note that alpha diversity patterns from the right (control) side (Figure 

3B.6C) closely mirrored those of the left side. Beta diversity analysis showed no differences 

between the bacterial communities in the left (blocked) and right (control) side at all time points 

(Figure C.6). 
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Figure 3B.6. Bacterial community profiles and alpha diversity based on 16S rRNA gene sequence data. A. Profiles are shown at genus level for the left (L) and 
right (R) side of rabbits’ sinuses. ZOTUs that could not be confidently assigned to genus level are presented as single ZOTUs with the next higher taxonomic 
classification. Samples missing at the chronic stage are due to the premature death of two animals. B. + C. Alpha diversity for the left and right sides. Shannon2 
indices are shown for samples from different time points of the study (acute = 4 weeks, chronic = 14 weeks). Significance levels: p < 0.05 (*), p < 0.01 (**), p < 
0.001 (***) . 
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3.9.5 Comparison with bacterial sequence data from a previously published study 

16S rRNA gene amplicon data from 10 samples pertaining to the left sinuses of 10 rabbits (four 

from baseline, three from rabbits euthanised at week 4 and three from rabbits euthanised at 

week 14) from a previous study (Cho, Mackey, et al., 2018) were obtained to enable direct 

comparisons of bacterial community profiles between studies. Baseline bacterial communities 

in both studies were similar, with dominance by members of the genus Helicobacter. In the 

current study, Moraxella, Mycoplasma and Neisseria were the three most abundant genera after 

Helicobacter. While Mycoplasma was found to be the second most abundant genus, Moraxella 

and Neisseria were not amongst the 20 most abundant ZOTUs in the earlier study. The 

alignments of the different forward primers from both studies against the 16S rRNA gene of 

Moraxella sp. and Neisseria sp. were assessed using the NCBI Basic Local Assignment Tool 

to ensure this observation was not due to PCR primer bias. At the acute stage, Lactobacillus 

and Streptococcus were the most abundant genera in the 2018 study, with a greater diversity 

of other, low-abundance taxa emerging in place of Helicobacter. In contrast to the findings 

from the current study, the previous study documented a persistently altered bacterial 

community at the chronic stage (Figure C.7). 

Multidimensional scaling analysis reaffirmed the observation that the baseline composition of 

bacterial communities in both studies were similar (i.e. close clustering of samples) (Figure 

3B.7A). By contrast, acute and chronic phase samples differed markedly between the two 

studies. Accordingly, persistent changes in beta diversity, as indicated by the distance of 

samples to the centroid, were observed for samples of the previous study (Figure 3B.7C). In 

the current study, group dispersion was significantly increased in samples from the acute phase 

only (Figure 3B.7B).
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Figure 3B.7. Comparison of bacterial community diversity between the study by Cho, Mackey, et al. (2018) and the current study. A. PCoA of sinus bacterial 
community structures at different time points. A two-dimensional PCoA plot was constructed based on Bray-Curtis dissimilarity. The time point of collection 
referring to baseline, acute and chronic inflammation is illustrated by colour, the origin of the sample from the 2018 or the current study is indicated by shape. 
Only rabbits left sides are shown. B. + C. Box plots indicating the distances of samples to the centroid. Asterisks indicate that the multivariate homogeneity of 
group dispersions with Tukey’s HSD resulted in a significant difference (p < 0.01 (**), p < 0.001 (***)). 
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3.10 Discussion 

In this chapter, a recently developed animal model was replicated that uses a period of middle 

meatal obstruction to induce unilateral sinusitis and whether such obstruction could develop 

bilateral sinonasal inflammation in the model was assessed. To my limited knowledge, this is 

the first study to demonstrate that unilateral sinus blockage can develop inflammation in the 

contralateral side of sinus in an animal model. Obstruction resulted in acute sinusitis and three 

out of four rabbits did have increased signs of bilateral inflammation as confirmed by histology 

at week 14. However, persistent radiological inflammatory signs were only seen in one out of 

four rabbits that reached the endpoint of the study (eight weeks after removal of obstruction).  

3.10.1 Acute versus chronic sinusitis 

I have found that the model is excellent for the study of acute inflammation but challenging for 

the study of long-term inflammatory changes that would be required to model CRS. 

Endoscopic but not radiologic findings consistent with acute sinusitis were observed in all 

study animals after four weeks of blockage in the treated middle meatus. However, success in 

establishing long-term mucosal changes in these animals, all of which were New Zealand white 

rabbits, differed between the two studies. I hypothesise that this discrepancy may be attributed 

to any or some of the differences between the two studies: anaesthetic procedure (injectable 

only in the previous study vs. injectable and gaseous in the current study), source of animals 

(lab bred (Pasteurellaceae free) vs. farm raised), specimen collecting sites/process, induction 

of acute sinusitis with full opacification and weight (2-4 kg vs. 4-6 kg) of the rabbits. Flynn et 

al. (2016) investigated the role of airway mucus as a nutrient source (e.g. short chain fatty 

acids) in stimulating the growth of putative pathogens (e.g. Pseudomonas spp.) in the cystic 

fibrosis airway. This study demonstrated that potential pathogens (e.g. Staphylococcus, 

Pseudomonas), that cannot utilize mucin, do not establish an airway infection until anaerobic, 

mucin-fermenting bacteria have colonized (Flynn et al. 2016). Therefore, it seems crucial to 

generate an anaerobic sinus cavity filled with pathogenic mucus during the acute sinusitis 

period to induce chronic inflammatory features in this animal model. Furthermore, subtle 

differences could have arisen due to the study being performed by another research team and 

at a different location, resulting in an altered environment for the rabbits.  
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It is also of note that radiologic imaging in this study was done by MRI while the previous 

study used micro-computed tomography (µCT). The latter is the preferred method to measure 

sinusitis in rabbit models and could be more sensitive in detecting sinus opacification 

(Kerschner et al., 2000). In addition, Cho, Mackey, et al. (2018) reported sinus opacifications 

in all rabbits during the acute phase when assessed using high resolution µCT. There was a 

discrepancy between radiology (MRI) and histology findings in the current study and MRI 

results did not reflect the subtle histologic changes in the sinus mucosa. Similarly, when Ozcan 

et al. (2011) inoculated S. aureus in a rabbit model, the histopathological and CT findings in 

experimental rabbits were not correlated. 

Histological findings as previously described (Cho, Mackey, et al., 2018) could be reproduced 

in the model, however results were rather inconsistent and were not always concordant with 

macroscopic observations. It is of note that highly variable changes in the mucosa could be 

found within the same side in a single histological section. This highlights the difficulty with 

histopathological examination of the sinonasal mucosa for signs of chronic inflammation, and 

the requirement to examine multiple sections of several different sites within a sinus (Jacob et 

al., 2001). Local variation in inflammatory changes throughout the sinus cavities has been 

observed in CRS patients, in whom certain areas of the sinus mucosa can be highly inflamed 

while others show little signs of inflammation (Suh & Kennedy, 2011). 

The microbiome results are in accordance with the results of the previously published report 

of this model, with an increase in bacterial diversity at the acute sinusitis phase (Cho, Mackey, 

et al., 2018). However, results in the two studies differed at the chronic stage. I suspect that the 

distinct bacterial community profiles reflect the different inflammatory states between the two 

studies that are likely due to any or some of the differences listed above. 

3.10.2 Bilateral sinus inflammation from unilateral sinus outflow obstruction 

The pilot study showed that extending the period of sinus outflow obstruction from two to four 

weeks resulted in increased inflammation. The more severe sinusitis on the obstructed side 

appears to lead to inflammation on the contralateral (control) side which was associated with 

significant changes to the sinus microbiota at week 4 (acute stage). In comparison, the previous 

description of this model reported consistent inflammation and opacification of all obstructed 

sinuses at two weeks which persisted for another 12 weeks while contralateral sinuses remained 

clear (Cho, Mackey, et al., 2018). However, the bacterial community profiles of the 
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contralateral (control) side were not investigated in that study.  

The study by Perloff et al. (2000) clearly demonstrated an extensive inflammatory involvement 

extending from the infected sinus to the bone in rabbits infected with P. aeruginosa. In this 

study, the changes in the microbiota during the acute phase (an increase in anaerobic bacteria) 

could initiate the inflammatory process noted in the chronic phase, even though the bacterial 

community composition had returned to baseline by that time (week 14). CRS generally 

presents bilaterally and if the potential for inflammation to spread locally is also present in 

human patients, it could explain some of the clinical observations. One of the major advantages 

of creating a unilateral model is that the contralateral side can be used as a control (Lux et al., 

2019). Considering these findings, careful monitoring of the mucosa and microbiota of the 

contralateral sinus should be advised and using the contralateral sinus as a true negative control 

not recommended. 

3.10.3 Host response in rabbits 

Farm-raised or wild rodents have immune responses that are different to those of laboratory-

bred animals (Abolins et al., 2017). While antibody responses are elevated in wild animals due 

to more extensive antigenic challenges, other immunologic processes such as proliferation and 

cytokine release are depressed (Abolins et al., 2017; Viney & Riley, 2017). Similarly, the free-

living rabbits used in the current study appear to have a more competent immune system that 

can maintain immune homeostasis. Therefore, immunopathology is minimised, and acute 

inflammation is resolved rather than progressing to a chronic inflammatory state. Reduced 

immune cell proliferation and cytokine response may contribute to the variable histological 

findings in this study. 

There are other limitations when drawing conclusions about human pathophysiology from 

animal findings. The previous study found that the dominant bacterial phyla in the rabbit model 

were the same as those in human sinuses. In the current study, a genus-level taxonomic 

classification was applied which revealed that the most abundant bacterial genus 

(Helicobacter) is not commonly found in human sinuses. However, putative disease-associated 

genera (e.g. Streptococcus) remain the same between hosts. Despite different sinonasal 

bacterial community profiles in rabbits and humans, observing shifts in the microbial 

community throughout the inflammatory process can provide helpful insights into the 

pathogenesis of CRS in human patients.   
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3.11 Conclusion 

In this chapter the ability to develop sinusitis in a rabbit model without inoculation of any 

pathogens as previously described (Cho, Mackey, et al., 2018) was reaffirmed. Even though it 

is technically challenging to generate a persistent sinus mucosal inflammation, this rabbit 

model seems to be reproducible and provides a potential for studying host-microbe interactions 

during sinonasal inflammation under a high level of experimental control. I further 

demonstrated that bilateral sinonasal inflammation can be caused by inducing unilateral sinus 

blockage. These findings may explain some of the clinical observations seen in CRS (generally 

bilateral) and have significant implications for future studies and developing therapeutic 

management. 
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Chapter 4  

Efficacy of neutral electrolysed water in postoperative chronic 

rhinosinusitis patients 

 

 

 

 

 

 

 

 

 

 

 

A version of this chapter was previously published in the journal  

International Forum of Allergy & Rhinology, as follows: 

Lux, C. A., Johnston, J., Biswas, K., & Douglas, R. G. (2020). Efficacy of neutral electrolyzed 

water in postoperative chronic rhinosinusitis patients-a pilot study. International Forum of 

Allergy & Rhinology. Advance online publication. https://doi.org/10.1002/alr.22683 
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4.1 Introduction 

The routine post-FESS prescription of antibiotics remains contentious as there is little evidence 

to support the efficacy of antibiotics for this indication. Inappropriate or excessive antibiotic 

treatment for CRS contributes to antibiotic resistance development and may be detrimental to 

the sinus bacterial community (Cain & Lal, 2013; Fokkens, Lund, et al., 2012; Klein et al., 

2018; Malhotra-Kumar et al., 2007). Antiseptics or biocides are promising alternatives to 

antibiotics and are commonly used to prevent the spread of nosocomial infections and multi-

drug resistant bacteria within healthcare settings and the food industry (Gravatt, 2016; Khalid 

et al., 2018; Nguyen et al., 2019). In contrast to antibiotics which usually have a single, highly 

specific target site, biocides generally exert their antimicrobial effect via multiple target sites 

within the microorganism. This mode of action makes biocides potent antimicrobials while 

also reducing the possibility of developing resistance to these agents. Several existing biocidal 

solutions have been found to be inappropriate to use on respiratory mucosa because of their 

aggressive and corrosive nature. For instance acidic bleach has the potential of causing 

respiratory or dermatological health problems in hospital workers and damage to medical 

equipment (Dalwadi & Simmonds, 2013). Additional studies have shown that hypochlorite 

causes significant cell damage (Martínez-De Jesús et al., 2007). Some biocides that are more 

gentle to mucosa, such as silver sulphadiazine, have insufficient evidence for their efficacy 

(Storm-Versloot et al., 2010).  

A new class of topical antimicrobial agent, neutral electrolysed water (NEW), has been 

developed (Thorn et al., 2012). The pH neutral solution of NEW offers a potential, non-

cytotoxic alternative to other biocides. Microdacyn™ is the trade name of the product that was 

used in this study. Microdacyn™ is produced by the electrolysis of saline. It is a pH neutral 

solution which contains reactive oxygen species such as hypochlorous acid (HOCL), 

superoxide and peroxide, all of which are effector components of the human innate immune 

response (Del Rosso & Bhatia, 2018). The synergy of these highly reactive compounds creates 

a powerful antimicrobial effect against bacteria, viruses, fungi, spores and biofilms (Day et al., 

2017; Moorman et al., 2017; Sakarya et al., 2014; Tamaki et al., 2014). NEW exerts its effects 

via a physicochemical mode of action, however the exact bactericidal mechanisms of HOCL 

are not fully understood (Yan et al., 2021). Instead, the current literature suggests a range of 

effects that impair vital functions of the microbial cell. NEW possesses a high oxidation-

reduction potential which can result in electrochemical changes, creating an unfavourable 
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environment for microbial cellular processes (Landa-Solis et al., 2005; Rivera-Garcia et al., 

2019; Sabtain et al., 2020; Thorn et al., 2012). As do other chemical oxidants, HOCL reacts 

with microbial structural compounds causing cell membrane rupture as well as the denaturation 

and aggregation of proteins (Block & Rowan, 2020; Rivera-Garcia et al., 2019). These 

mechanisms, in combination with a change in the organism’s microenvironment osmolarity, 

lead to microbial cell death (Thorn et al., 2012). HOCL and other reactive oxygen species are 

produced naturally in the human body as a response to microbial infection. Accordingly, NEW 

mimics the human natural immune response in that the reactive oxygen species present mimic 

the leucocyte mediated respiratory burst (Martínez-De Jesús et al., 2007; Wang et al., 2007). 

NEW contains HOCL and other chlorine compounds in a sensitive chemical equilibrium. 

Changes in pH of the solution and concomitant shifts in this equilibrium significantly impair 

the efficacy of the product (Yan et al, 2021). 

Microdacyn™ also encourages wound healing, which is unique when compared with other 

topical antiseptics (Gravatt, 2016; Swanson, 2016). HOCL creates an ideal environment for 

wound healing by increasing available oxygen by active capillary dilation (Bongiovanni, 

2014). Moreover, HOCL exerts anti-inflammatory and immunomodulatory effects that benefit 

the wound healing process (Del Rosso & Bhatia, 2018). It reduces mast cell degranulation and 

cytokine release (Medina-Tamayo et al., 2007), and facilitates keratinocyte and fibroblast 

migration (Mainnemare et al., 2004; Sakarya et al., 2014). 

Both its potent antimicrobial and anti-inflammatory properties make Microdacyn™ a potential 

alternative to antibiotic treatment. In this chapter, the potential suitability of Microdacyn™ as 

an alternative to a course of postoperative antibiotics after FESS for CRS was evaluated and 

its effects on the sinus microbial community compared to standard antibiotic treatment were 

determined. 

4.2 Methods 

4.2.1 Cohort and study design 

Twenty patients with a diagnosis of CRS according to EPOS 2012 criteria (Fokkens, Lund, et 

al., 2012) for whom bilateral comprehensive FESS was indicated were recruited for this study. 

Using a computer-based randomisation system, patients were randomly assigned to one of two 
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study groups at the time of surgery: 1. doxycyline (n = 10) and 2. Microdacyn™ (n = 10). All 

patients were continued on daily topical corticosteroid nasal sprays (Flixonase®, GSK, New 

Zealand) and regular sinonasal saline lavage throughout the study period. Additionally, patients 

in group 1 were treated with Microdacyn™ hydrogel spray (Microdacyn™, Oculus 

Technologies of Mexico S.A. de C.V., Jalisco, Mexico, 3 puffs per nostril, three times daily) 

for two weeks starting immediately after surgery. Patient in group 2 received oral doxycycline 

(100 mg, once daily with food) throughout the same time period. 

Swab samples for microbiological analysis were collected at the time of surgery (baseline), two 

weeks post-surgery (end of study medication period) and six weeks post-surgery (end of study). 

Patient demographic data, Lund-Kennedy scores and Sino-Nasal Outcome Test (SNOT-22) 

scores were also collected for each time point. A detailed study timeline (Figure D.1), the Lund-

Kennedy endoscopic scoring system and the SNOT-22 questionnaire are provided in 

Appendices B and D. 

Patients were excluded if they had allergies or hypersensitivities to any of the ingredients in 

Flixonase®, Microdacyn™ or doxycycline, had co-morbidities such as cystic fibrosis, 

candidiasis, haemorrhagic diathesis or recurrent nasal bleeding. Patients treated with oral or 

topical antibiotics for any reason four weeks prior to the study commencing were also excluded. 

This study was approved by the New Zealand Health and Disability Ethics Committee 

(16/NTB/119), and informed written consent was obtained from all participants. 

4.2.2 Sample acquisition and genomic DNA extraction 

Pairs of sterile swabs (Copan Diagnostics Inc., CA, United States) were taken under endoscopic 

guidance from the middle meatus of each nostril intra-operatively (baseline) or in clinic without 

anaesthesia or the use of topical mucosal vasoconstrictors. Swabs were transferred into a 2 mL 

sterile screw-capped tube containing nucleic acid preservative solution (RNAlater, Ambion, 

Thermo Scientific, New Zealand) and transported to the laboratory on ice within 2 h. Following 

the manufacturer’s guidelines, samples were stored for 24 h at 4°C before being transferred to 

-80°C until further analysis. Genomic DNA was extracted from the swabs using sterile Lysing 

Matrix E bead tubes (MP Biomedicals, Seven Hills, NSW, Australia) and the AllPrep 

DNA/RNA Mini Kit (Qiagen, Hilden, Germany), as described previously (Biswas et al., 2015). 

A negative DNA extraction control containing 200 μL sterile water was carried out 

simultaneously to check for extraction kit contamination. 
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4.2.3 Bacterial community sequencing 

Bacterial communities were evaluated via gene-targeted amplicon sequencing of the V3-V4 

region of the bacterial 16S rRNA gene, using the primers 341F and 785R (Klindworth et al., 

2013) with Nextera DNA library prep kit adapters (Illumina, CA, United States). PCR 

amplification and amplicon purification were conducted as described elsewhere (Hoggard, 

Biswas, et al., 2017). In brief, approximately 100 ng of genomic DNA template was used in 

duplicate PCRs, each consisting of 35 cycles. Negative PCR controls were included in all PCR 

reactions as well as eluate from the negative DNA extraction control, which had no detectable 

PCR product. Amplicons from duplicate PCRs were pooled to a final volume of 44 µL and 

purified using Agencourt AMPure XP magnetic beads (Beckman Coulter Inc., USA) according 

to the manufacturer’s instructions. Purified PCR products were quantitatively assessed with 

Qubit dsDNA high-sensitivity kits (Life Technologies, New Zealand) and standardised to ~ 8 

ng per sample. The purified products were submitted to Auckland Genomics Ltd for library 

preparation and sequencing on the Illumina MiSeq platform (2 x 300 bp paired-end reads). 

Raw sequences have been uploaded onto the SRA-NCBI database (BioProject ID: 

PRJNA638969). 

4.2.4 Bioinformatics 

Raw sequence reads were merged and quality filtered in USEARCH (Edgar, 2010), as 

previously described (Hoggard, Biswas, et al., 2017). In brief, merged reads shorter than 350 

base pairs and singletons were removed. Operational taxonomic unit (OTU) clustering at 97% 

sequence similarity was conducted using the cluster-otus command within the USEARCH 

environment. OTUs instead of ASVs or ZOTUs (like in the previous chapters) were used in 

this chapter due to the different times of analysis of the datasets for each chapter. Although this 

study is presented later in my thesis, chronologically it was one of the first projects that was 

concluded and published at a time at which the concept of ASVs was brand-new and not 

common or established in my working group. An additional filtering step was performed to 

remove chimeras before OTUs were taxonomically assigned using the sintax classifier in 

USEARCH (Edgar, 2016a) with the SILVA LTP 16S rRNA gene database (version 123) 

(Yilmaz et al., 2014). Sequences identified as mapping to eukaryotic genomes were removed 

from subsequent analysis, then data were rarefied to an even sequencing depth of 2000 reads 

per sample. Alpha diversity was calculated within the USEARCH pipeline. Beta diversity was 
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analysed in R (v3.6.0) (R Core Team, 2019) using a Bray-Curtis dissimilarity matrix generated 

with the vegdist command from the vegan package (v2.5-6) (Oksanen et al., 2019). The 

multivariate homogeneity of group dispersions based on the Bray-Curtis matrix was calculated 

using vegan’s betadisper command. 

4.2.5 Bacterial community quantification 

The total bacterial abundance for each patient was assessed by quantifying bacterial 16S rRNA 

genes in the genomic DNA extracts via Droplet Digital™ PCR (ddPCR™). As described 

previously (Wagner Mackenzie, Chang, et al., 2019), droplet generation and PCR amplification 

were conducted using the QX200™ Droplet Digital PCR System (Bio-Rad Laboratories) 

according to the manufacturer’s instructions. PCR master mix was prepared with EvaGreen® 

ddPCR™ Supermix (Bio-Rad Laboratories) and primers 8F and 341R (Juck et al., 2000; Kim 

et al., 2009) to amplify the V1-V3 regions of the bacterial 16S rRNA gene. A positive control 

of S. aureus DNA and a negative control containing only sterile water and PCR master mix 

were included in the amplification step. Droplet readings and analysis were performed using 

the QX200™ Droplet Reader and the QuantaSoft™ software according to the manufacturer’s 

guidelines. Manual thresholds were set for droplet counts and final data were log10 

transformed for better visualisation. 

4.2.6 Statistical analysis 

Both patient and microbiological data were statistically analysed using the R software 

environment (v3.6.1) (R Core Team, 2019). Demographic variation, as well as differences in 

patients’ symptoms scores between the two study groups, were tested using Chi-square test for 

categorical variables. Continuous variables were examined using ANOVA or Kruskal-Wallis 

test (for non-normally distributed data). Differences were regarded significant based on three 

levels of p < 0.05 (*), p < 0.01 (**) and p < 0.001 (***). 

Differences in relative abundances of single taxa between the study groups and time points 

were tested using Kruskal-Wallis and post-hoc Dunn’s test with Benjamini-Hochberg 

adjustment for multiple comparisons. Pairwise Wilcoxon test with Benjamini-Hochberg 

correction was applied to analyse differences in absolute abundance of 16S rRNA gene copy 

numbers. Alpha diversity indices were statistically evaluated with Kruskal-Wallis and pairwise 
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Wilcoxon test. A PERMANOVA was conducted on the dataset to determine variables that 

affect the structure of the sinus microbiota. PERMANOVA was performed based on the Bray-

Curtis distance matrix using the adonis function as implemented within the vegan package. 

Non-metric multi-dimensional scaling (nMDS) was performed using the metaMDS command 

from the vegan package for the two-dimensional visualisation of the Bray-Curtis dissimilarity 

matrix. Differences in beta diversity (i.e. dispersion of samples within groups) were analysed 

using ANOVA and post-hoc Tukey’s HSD test. 
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4.3 Results 

Of the 20 patients recruited, three patients (two from the doxycycline group and one from the 

Microdacyn™ group) opted out of sinus swab collection during the study. There were no 

significant demographic differences between the study groups (Table 4.1). No adverse events 

or side-effects were reported by patients during follow up visits. Within each group, Lund-

Kennedy and SNOT-22 scores were significantly improved after two weeks and six weeks 

post-surgery compared to baseline scores (Figure 4.1). No significant differences were 

observed between groups at any time point. 

 

Table 4.1. Summary of cohort demographics. 

Variable Microdacyn™ (n=10) Doxycycline (n=10) Unadjusted 
p-value 

Age 45 ± 17 53 ± 15 0.23 

Gender (male)
 
 8 7 1.00 

European 9 8 0.38 

Polyposis 6 8 0.63 

Lund-Kennedy score * 5.6 ± 2.1 5.4 ± 0.8 0.79 

SNOT-22 score * 39.4 ± 24.9 40.1 ± 15.5 0.74 
Values are presented as means ± standard deviation. *Baseline scores from both sides (Lund-
Kennedy) are included. 
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Figure 4.1. Symptom scores within study groups for each of the three time points. A. Lund-
Kennedy and B. 22-item sinonasal outcome test scores are shown. Bottom and top margin of 
each box indicate the 25th and 75th percentile with the midline representing the median. 
Statistical differences are indicated according to the following significance levels: p < 0.05 (*), 
p < 0.01 (**), p < 0.001 (***). 

 

4.3.1 Bacterial community composition 

Baseline bacterial communities were typically dominated by members of the genus 

Staphylococcus and Corynebacterium. Other genera such as Propionibacterium, Neisseria and 

Anaerococcus as well as other members from the families Neisseriaceae and 

Corynebacteriaceae were present at lower sequence abundances in both study groups. 

Considerable inter-patient variability was observed. The most abundant taxa detected in this 

study are shown in Figure 4.2A. At two weeks, relative abundance of the genus 

Corynebacterium was significantly decreased compared to the baseline community in the 

Microdacyn™ group (p < 0.001). This observation was not made in the doxycycline group (p 



 

100 

= 0.10). In addition, a markedly higher relative abundance for members of the family 

Enterobacteriaceae was detected at two weeks in both study groups compared to baseline 

(Microdacyn™: + 26.1%, doxycycline: + 22.3%), but this was not statistically significant. At 

the six-week follow up visit, the sinus microbial community composition strongly resembled 

the baseline microbial profile.  

At individual genus or family level, pairwise comparisons using Dunn’s test revealed minimal 

and unpredictable changes in bacterial composition between the two groups (Table 4.2). After 

the two-week treatment period, a higher relative abundance of genus Pseudomonas was 

detected in the doxycycline group (p = 0.02). In contrast, the relative abundance of genus 

Escherichia was increased in the Microdacyn™ group (p = 0.01). At six weeks, higher relative 

abundances of Micrococcus and members of the Neisseriaceae family were observed in the 

Microdacyn™ group (p = 0.04 for both). 
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Figure 4.2. Bacterial community profiles and alpha diversity based on 16S rRNA gene amplicon sequence data. A. Bacterial composition is shown 
at genus level for each time point and study group (n=10 patients per study group). Pairs of bars represent left and right side for each patient. Blank 
bars represent missing data from samples that were not collected or removed during sequence quality control. Sequences that could not be 
confidently assigned to genus level are shown at family level. B. Alpha diversity measures for community richness (Observed OTUs) and Shannon 
diversity (Shannon 2). Statistical differences are indicated according to the following significance levels: p < 0.05 (*), p < 0.01 (**), p < 0.001 
(***). 
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Table 4.2. Taxonomic breakdown of samples at genus or family level for each time point. 

Genus Baseline 2 weeks 6 weeks  
Doxy MD Δ Doxy MD Δ Doxy MD Δ 

Staphylococcus 27.1 26.7 0.4 28.6 18.3 10.3 35.4 47.5 12.1 

Corynebacterium 18.8 24.4 5.6 8.4 3.1 5.3 24.5 14.5 10.0 

Proteus 10.3 0.0 10.3 0.0 0.0 0.0 0.0 0.3 0.3 

Streptococcus 6.8 1.4 5.5 1.7 8.0 6.3 1.3 9.4 8.1 

Haemophilus 5.7 0.6 5.1 0.8 8.5 7.7 0.2 0.5 0.3 

Corynebacteriaceae (f) 5.7 8.1 2.4 0.2 0.0 0.2 1.1 5.0 3.9 

Pseudomonas 5.3 0.1 5.2 12.8 1.0 11.8 3.4 0.1 3.3 

Propionibacterium 4.7 5.9 1.2 1.8 0.3 1.5 4.1 7.3 3.2 

Moraxella 3.0 11.9 8.9 0.0 0.0 0.0 5.4 0.0 5.4 

Dolosigranulum 2.2 4.0 1.8 0.1 0.0 0.1 2.8 0.1 2.8 

Enterobacteriaceae (f) 1.7 0.4 1.4 24.0 26.5 2.6 7.0 1.0 6.0 

Neisseriaceae (f) 1.7 1.6 0.1 0.5 0.1 0.4 6.6 4.3 2.2 

Peptoniphilus 1.6 4.0 2.4 1.9 0.0 1.9 0.5 2.2 1.7 

Anaerococcus 1.6 3.8 2.2 0.6 0.0 0.6 1.1 1.9 0.7 

Finegoldia 1.0 1.8 0.8 1.1 0.1 0.9 0.4 1.6 1.2 

Chitinophagaceae (f) 0.5 0.6 0.1 0.8 0.0 0.8 1.1 1.3 0.2 

Neisseria 0.5 0.4 0.2 1.0 5.7 4.6 2.6 0.1 2.5 

Dyella 0.3 0.3 0.1 0.1 0.0 0.1 0.4 0.2 0.2 

Novosphingobium 0.3 0.3 0.0 0.2 0.0 0.1 0.2 0.5 0.3 

Ralstonia 0.2 0.2 0.0 0.1 0.0 0.1 0.4 0.2 0.2 

Micrococcus 0.2 0.2 0.0 7.4 0.0 7.4 0.4 0.7 0.3 

Burkholderia 0.2 0.3 0.1 0.0 0.0 0.0 0.4 0.3 0.0 

Prevotella 0.1 0.3 0.1 0.3 0.7 0.4 0.1 0.1 0.1 

Enterococcus 0.1 0.0 0.1 0.5 0.0 0.4 0.0 0.0 0.0 

Gemella 0.1 0.2 0.1 1.8 0.0 1.7 0.1 0.1 0.1 

Acinetobacter 0.1 1.5 1.4 0.3 0.4 0.1 0.0 0.2 0.2 

Escherichia 0.0 0.1 0.0 0.1 21.0 20.9 0.3 0.7 0.4 

Aeromonas 0.0 0.0 0.0 0.1 5.9 5.8 0.0 0.0 0.0 

Morganella 0.0 1.1 1.1 0.2 0.0 0.2 0.1 0.0 0.1 

Serratia 0.0 0.0 0.0 4.5 0.0 4.5 0.0 0.0 0.0 
Values represent average relative sequence abundances and absolute differences (Δ) between the 
doxycycline group (Doxy) and the Microdacyn™ group (MD) at each time point. Taxa that could not 
be assigned to genus level are presented at family level (f). Statistically significant differences are 
expressed in bold. 
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4.3.2 Bacterial community diversity 

Bacterial communities were examined for changes in richness (observed OTUs) and diversity 

(Shannon 2) for each time point and between the two study groups. Paired tests on these alpha 

diversity measures both revealed no significant differences between study groups at any time 

point (p > 0.05 for all). A significant short-term decrease in community diversity and bacterial 

richness was observed post-surgery in the Microdacyn™ group but not in the doxycycline 

group (Figure 4.2B).  

PERMANOVA analyses revealed that study group (i.e. doxycycline vs. Microdacyn™) 

accounted for only a small proportion of the total variation observed in the bacterial community 

dataset (R2 = 2%, p = 0.02). Of note, 9% of the variation in the microbiota could be attributed 

to time point (p < 0.001). Examining the interaction between both variables indicated that the 

group effect is not influenced by time point. A summary of all variables combined in the 

statistical model is included in Appendix D (Table D.1). The nMDS plot showed no distinct 

clustering of samples by study group or time point (Figure 4.3A). Differences in the dispersion 

of samples indicate a change in diversity between time points rather than between study groups. 

Samples from the two-week follow up visit show a higher dispersion compared to samples 

from the six-week time point (p = 0.001) in the Microdacyn™ group but not in the doxycycline 

group (Figure 4.3B), however the overall trend was similar.
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Figure 4.3. Bacterial community diversity for different time points and study groups. A. Non-metric multidimensional scaling (nMDS) plot to 
visualise dispersion of the sinus bacterial community. A two-dimensional nMDS plot was constructed based on Bray-Curtis dissimilarity. Study 
group is illustrated by colour, time point of collection referring to baseline, two-week follow up and six-week follow up visit is indicated by shape. 
Data of patients’ left and right sides are shown. B. Box plot indicating the distances of samples to the centroid. Asterisks indicate that the 
multivariate homogeneity of group dispersions with Tukey’s HSD resulted in a significant difference (p < 0.01 (**)). 
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4.3.3 Total bacterial abundance 

Patients’ sinonasal bacterial burdens (as estimated by 16S rRNA gene copy numbers) between 

study groups were not significantly different (Figure 4.4). However, in the Microdacyn™ 

group, bacterial abundance was increased at two weeks post-surgery compared to baseline 

samples (p = 0.001) and to the six-week follow up samples (p = 0.001). A similar trend was 

observed in the doxycycline group, but this was not significant. 

 

Figure 4.4. Log10 transformed 16S rRNA gene copy numbers. Wilcoxon test results for 
differences between study groups at each time point are shown at the bottom. Significant 
changes within study groups across time points are indicated by asterisks. 
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4.4 Discussion 

The potential use of Microdacyn™ as a suitable alternative to antibiotics in postoperative CRS 

patients was explored in this study. The findings from this pilot study are novel and should be 

investigated further with a larger cohort. Only a handful of studies have investigated the 

effectiveness of nasal irrigation with low-concentrated HOCL (Cho et al., 2016; Jiang et al., 

2014; Yu et al., 2017) but none have determined its effect on the sinus microbiota using 

molecular techniques.  

4.4.1 Doxycycline and Microdacyn™ show similar clinical and microbiological outcomes 

Microdacyn™ demonstrated similar effects to doxycycline on the postoperative patient 

outcomes with a significant improvement of SNOT-22 and Lund-Kennedy scores at the two-

week and six-week follow up visits. Potential benefits of using Microdacyn™ nasal spray over 

oral antibiotics may have been overshadowed due to its application in combination with regular 

sinonasal saline lavage. No differences in clinical and endoscopic scores have been reported 

previously when nasal irrigation was performed with low concentrations of NEW compared to 

normal saline in postoperative CRS patients (Jiang et al., 2014). The same comparison in 

patients without a history of sinus surgery showed significantly increased improvements of 

CRS symptoms in the HOCL group dependent on the outcome measure. One study reported 

significant differences between groups only in SNOT-20 but not in endoscopic scores (Yu et 

al., 2017).  In contrast, a second study reported the same results to be statistically significant in 

radiologic scores only but not in total symptom scores (Cho et al., 2016).The sinus microbiota 

of patients in both treatment groups of this study were altered in a similar manner. The most 

abundant genera detected in this study were Staphylococcus and Corynebacterium, which are 

commonly found in human sinuses (Chalermwatanachai et al., 2018; Paramasivan et al., 2020; 

Rom et al., 2019; Wagner Mackenzie, Waite, Hoggard, Douglas, et al., 2017). After two weeks 

of treatment, the relative abundance of Corynebacterium was significantly decreased in the 

Microdacyn™ group. Corynebacterium has been previously associated with a dysbiotic sinus 

microbiota in CRS patients (Wagner Mackenzie, Waite, Hoggard, Douglas, et al., 2017). Other 

low sequence abundant taxa showed significant changes post-surgery when compared to 

baseline microbial composition. These rare taxa include Anaerococcus, Peptoniphilus and 

Finegoldia with average relative sequence abundances ranging from 1 - 4%. Small changes of 
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low abundant bacterial taxa are difficult to interpret and can be strongly influenced by inter-

personal variation between patients. The human sinus microbiota is highly variable between 

individuals (Biswas et al., 2015; Wagner Mackenzie, Chang, et al., 2019) and the small sample 

size in this study makes it difficult to distinguish between treatment effect and dataset noise 

due to high inter-patient variation. 

Differences between the two study groups at each time point post-surgery were subtle. At two 

weeks, only members of the genera Pseudomonas and Escherichia showed different relative 

abundances between both groups with Pseudomonas at a significantly higher relative 

abundance in the doxycycline group. A potential explanation for this could be the presence of 

some bacteria as biofilms rendering them resistant to antibiotic treatment. P. aeruginosa is a 

known biofilm former and biofilms of this species have been previously identified in the 

sinuses of CRS patients (Fastenberg et al., 2016; Zhang et al., 2011). NEW possesses the ability 

to degrade and penetrate biofilms rapidly (Sakarya et al., 2014; Swanson, 2016) and ROS 

mediated killing (as mimicked by Microdacyn™) is effective against P. aeruginosa in humans 

(Cifani et al., 2013; Mizgerd & Brain, 1995). In contrast, Escherichia spp. (e.g. Escherichia 

coli) employ strategies to avoid oxidative stress (Baez & Shiloach, 2013; Mendoza-Chamizo 

et al., 2018) which can explain the higher relative abundance of Escherichia in the 

Microdacyn™ treated group (Baez & Shiloach, 2013; Mendoza-Chamizo et al., 2018). At six 

weeks, the bacterial community composition resembled that of baseline data, suggesting that 

the effects observed on the sinus microbiota by short-term doxycycline or Microdacyn™ 

therapy were not persistent.  

4.4.2 Microdacyn™ has a short-term effect on community richness, dispersion and 

bacterial burden 

Significant shifts in sinonasal community richness and dispersion were observed between 

baseline and the two-week follow up samples for the Microdacyn™ group. While the overall 

trend was similar for the doxycycline group these changes were not significant. It is possible 

that with a larger cohort size these changes could have been significant. The shifts in alpha and 

beta diversity were no longer seen at the six week follow-up which confirms the previous 

observation that short-term courses of Microdacyn™ or doxycycline do not result in sustained 

clinically significant changes in the sinus bacterial community.  
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The total bacterial abundance was increased two-weeks after surgery but returned to baseline 

after an additional four weeks of saline rinsing only. Similar findings have been reported 

previously in CRS patients that received FESS surgery and two weeks of antibiotic treatment 

(Hauser et al., 2016). In contrast, one study investigating the effects of low-concentration 

HOCL nasal irrigation in CRS patients found no significant differences in bacterial culture 

rates (i.e. the number of colonies recovered from sinus swabs) after four weeks of HOCL 

treatment compared to placebo control (Yu et al., 2017). Other studies have also reported no 

significant differences in bacterial burden (estimated by quantitative PCR) in the sinuses after 

antibiotic treatment, administration of corticosteroids or FESS (Jain et al., 2017). It is possible 

that antimicrobial treatment is effective against certain bacterial taxa (such as 

Corynebacterium) thus promoting the growth of other opportunistic bacteria (such as 

Escherichia). 

4.4.3 Limitations 

Postoperative healing following FESS plays a crucial role in patient outcomes. Despite its 

promising wound-healing properties, Microdacyn™ provided no improvement in clinical and 

endoscopic scores over doxycycline when used in combination with regular saline irrigation. 

However, this study did not investigate wound healing properties through histology. Future 

trials with Microdacyn™ should consider incorporating histological analysis in the study 

design. 

The method of delivery of the two drugs in this study was different - Microdacyn™ was applied 

topically and doxycycline administered orally. Doxycycline was chosen over a topical 

antibiotic because it is the standard treatment after FESS in our hospital unit and was used 

previously in several clinical trials to examine antibiotic use in CRS (Jain et al., 2018). It is 

possible that adequate drug levels did not reach the mucus layer in the nasal cavity for both 

treatment groups and the observed effects were results of the surgery. Accordingly, a placebo 

group is required to record the natural variation in the sinonasal microbial communities in 

postoperative CRS patients. This has been investigated previously by members of my group 

but not in the context of a randomised control trial (Jain et al., 2017; Jain et al., 2018). It is of 

note that FESS significantly improves the distribution of nasal spray in patients with 

rhinosinusitis (Tsikoudas et al., 2009) and Microdacyn™ (like other topical medication) may 

be less effective in patients that have not undergone surgery. As there are no previously 



 

109 

published data on the post-FESS use of Microdacyn™, and as it is currently standard practice 

for the postoperative prescription of antibiotics, no placebo arm was included in this clinical 

trial. Despite a lack of evidence for the efficacy of post-operative antibiotics in the literature, 

this small pilot study on Microdacyn™ did not warrant the abolishment of the standard care of 

patients. Having established the tolerance of NEW and its equivalence to doxycycline, the next 

step is to perform a placebo-controlled trial. 

High inter-personal variation is commonly observed when studying the nasal microbiota 

(Biswas et al., 2015; Wagner Mackenzie, Chang, et al., 2019). This makes it challenging to 

identify predictable microbiological patterns and larger patient numbers are required to 

elucidate associations between the highly variable bacterial communities and treatment effects.  

4.4.4 Clinical significance 

Extensive use of antibiotics is associated with side-effects (Walker et al., 2019) and an increase 

in the development of antibiotic resistance (Cain & Lal, 2013; Fokkens, Lund, et al., 2012). 

Nevertheless, long-term antibiotic treatment remains widespread practice in the management 

of CRS (Gulliford et al., 2014). The findings in this chapter suggest that Microdacyn™ is a 

potentially suitable alternative to postoperative antibiotics in CRS patients without side-effects 

on non-target sites. Given the availability of appropriate alternatives to antibiotics and the 

potentially detrimental effects associated with excessive antibiotic usage, relying on 

doxycycline (or other antibiotics) as the standard post-surgical treatment of CRS patients 

should be carefully reconsidered. Targeted therapy with non-antibiotic antimicrobials may be 

a promising approach for future treatment strategies. 

4.5 Conclusion 

The findings from this pilot study show that Microdacyn™ is well tolerated in the sinus cavities 

of postoperative CRS patients and it may be associated with the same clinical and 

microbiological outcomes achieved with standard antibiotic treatment. Microdacyn™ should 

not encourage the development of antibiotic resistance and can promote mucosal healing. 

Future studies with larger cohorts and an additional placebo group are required to confirm these 

preliminary findings. 
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Chapter 5  

The in vitro efficacy of neutral electrolysed water and povidone-

iodine against CRS-associated biofilms 
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5.1 Introduction 

Biofilms can be observed in 29 – 72% of all cases of CRS (Fokkens et al., 2020) and they may 

play an important role in the recalcitrance of this inflammatory condition (Fastenberg et al., 

2016). S. aureus and P. aeruginosa, two bacterial species known for their ability to form 

biofilms, are frequently cultured from the sinuses of patients with refractory disease 

(Woodhouse & Cleveland, 2011). Biofilm formation is generally associated with more severe 

disease preoperatively as well as an increased likelihood of ongoing symptoms postoperatively 

(Bendouah et al., 2006; Psaltis et al., 2008; Singhal et al., 2010). Multiple bacterial species 

such as S. aureus, P. aeruginosa, H. influenzae and M. catarrhalis have been implicated in 

CRS-associated biofilms (Boase, Foreman, et al., 2013). Of these, S. aureus appears to be the 

most common biofilm-forming organism in CRS patients (Foreman et al., 2010). S. aureus 

biofilms in particular have been linked to severely recurrent and recalcitrant cases of CRS and 

correlated with worse scores in any patient outcome test when compared to other biofilms 

(Foreman & Wormald, 2010; Maina et al., 2018; Singhal et al., 2011). 

Biofilms are complex clusters of microbial cells that adhere to a surface (e.g. the sinus mucosal 

epithelium) and embedded in a layer of extracellular polymers (Hall-Stoodley et al., 2004). 

This extracellular matrix provides a physical barrier that impedes antibiotic penetration and 

diffusion into deeper layers of the biofilm (Jefferson et al., 2005; Singh et al., 2010). Bacteria 

living as biofilm undergo phenotypical and behavioural changes that often manifest in a 

reduced metabolic activity which further reduces their susceptibility to antibiotics, many of 

which target metabolic processes and resultingly are more effective when there is a high cell 

reproduction rate (Donlan & Costerton, 2002; Koo et al., 2017). Bacteria in biofilms display a 

10- to 1000-fold greater resistance to antimicrobial treatments than their planktonic 

counterparts (Rasmussen & Givskov, 2006; Singh et al., 2010; Stewart & Costerton, 2001).  

Antiseptics or biocides are a promising alternative to antibiotics for the treatment of CRS. In 

contrast to antibiotics, these antimicrobials usually operate via physicochemical (rather than 

metabolic) actions which can make them more effective against biofilms while also reducing 

the risk of resistance development (Del Rosso & Bhatia, 2018). Neutral electrolysed water 

(NEW), containing hypochlorous acid (HOCL) as main active ingredient, and povidone-iodine 

(PVI) are two examples of topical antiseptics. The bactericidal effects as well as the efficacy 

and safety of NEW in CRS patients has been demonstrated previously (Bergstrom et al., 2018; 
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Cho et al., 2016; Lux et al., 2020; Yu et al., 2017). While the excellent antimicrobial properties 

of PVI are well documented (Barreto et al., 2020; Eggers, 2019), there have been concerns 

regarding its safety due to potential cytotoxic effects (Martínez-De Jesús et al., 2007). 

However, recent studies showed no negative effects of newly developed formulations or low 

concentrations of PVI on nasal epithelial cells both in vitro and in vivo (Panchmatia et al., 2019; 

Ramezanpour et al., 2020). 

In this chapter, the antibiofilm activity of both NEW and PVI was evaluated and their efficacy 

against mature CRS-associated S. aureus biofilms was compared to an antibiotic commonly 

prescribed to CRS patients. 

5.2 Materials and Methods 

5.2.1 Materials, reagents and antimicrobials 

Tryptic soy broth (TSB), tryptic soy agar (TSA) plates and cation-adjusted Mueller Hinton 

broth (CAMHB) were purchased from Fort Richard Laboratories (Auckland, New Zealand). A 

CBR 90 CDC biofilm reactor (CDC BR) and its components, including standard polypropylene 

coupon holder rods and 12.7 mm diameter polycarbonate sample coupons, were purchased 

from Biosurface Technologies Corporation (Bozeman, Montana). Both NEW (Nasocyn™, 

containing 0.006% HOCL) and PVI (Betadine®, containing 10% PVI [100 mg/mL], active 

iodine compound = 1%) were obtained from commercial vendors. Nasocyn™ nasal hydrogel 

spray is a new product developed for intranasal administration based on Microdacyn™ (used 

in Chapter 4). Doxycycline hyclate was sourced from Abcam (Melbourne, Australia). 

Doxycycline was chosen based on common prescriptions for CRS and due to the known 

susceptibility of the bacterial isolate used in this study.  

5.2.2 Staphylococcus aureus clinical isolate  

The S. aureus strain used in this study was isolated from a CRS patient with nasal polyps. The 

spa-type of this strain is t189 and it shows antibiotic resistance to penicillin and susceptibility 

to erythromycin, flucloxacillin and doxycycline. Bacterial cultures were stored at -80°C in a 

1:1 volume of 80% glycerol and TSB. An aliquot of 10 µL S. aureus stock was sub-cultured 
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on TSA using the streak plate method and incubated for 24 h at 37°C. Subsequently, single 

colonies from the streak plate were used to inoculate overnight cultures in TSB for 

antimicrobial activity assays and biofilm growth. In a preliminary experiment, S. aureus strain 

Xen 36 was used to confirm the presence of mature biofilm on the polycarbonate coupons. 

5.2.3 MIC and MBC assays 

A modified version of the broth microdilution technique, as described in the Clinical and 

Laboratory Standards Institute guidelines (M07-A10), was used to determine the minimum 

inhibitory concentration (MIC) for all antimicrobial agents. In brief, a 10-5 dilution of a fresh 

overnight culture of the staphylococcal isolate was made with phosphate buffered saline (PBS) 

to obtain a concentration of ~ 5 x 104 colony forming units (CFU)/mL for the initial inoculum. 

For the MIC assay, 100 µL of the three antimicrobial agents were added to row A of a 96-well 

flat bottom culture plate in replicates of four. Concentrations of antiseptics are reported as 

percentage of the commercial product, and to facilitate comparability, all antimicrobial agents 

were calculated in µg/mL of active ingredient in the original product. CAMHB (50 µL) was 

added to all wells of rows B to H and doubling dilutions were performed by transferring 50 µL 

from the first row of wells (A) to the next (B) and so on using a 12-channel micropipette. The 

last 50 µL taken from row G were discarded so that row H served as positive control containing 

no antimicrobial agent. Lastly, 50 µL of bacterial inoculum were added to all wells resulting 

in a final volume of 100 µL with 50% CAMHB per well. Plates were covered and incubated in 

a humidity chamber (to prevent drying) at 37°C and 200 rpm for 24 h. At this time point, MICs 

were defined as the concentration of antimicrobial agent that inhibited turbidity or visible 

growth of bacteria. 

After incubation, the minimum bactericidal concentration (MBC) assay was carried out by 

dispensing 10 µL from each well of the microdilution plate onto TSA using the spot plate 

technique. Plates were allowed to air-dry before they were incubated overnight at 37°C. The 

lowest concentration of antimicrobial agent that inhibited colony forming or confluent colony 

growth was considered the MBC. 
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5.2.4 Biofilm growth 

Mature biofilms were established using the CDC BR with polycarbonate coupons according to 

the United States Environmental Protection Agency’s (EPA) guidelines for antimicrobial 

testing methods and procedures (EPA MLB SOP MB-19) with modifications. One mL of fresh 

S. aureus overnight culture (109 CFU/mL) was inoculated into 350 mL of TSB in the reactor. 

The biofilm reactor was placed on a magnetic hotplate stirrer and incubated in batch mode at 

34°C and a rotational speed of 120 rpm for 24 h to encourage cell adhesion. At this time point, 

a continuous flow of 20% TSB through the reactor was initiated and maintained at 10.5 mL/min 

for an additional 24 h to allow for biofilm expansion. Continuous flow was sustained for an 

extra 24 h with 10% TSB to stimulate maturation of the biofilm. After a total 72 h of biofilm 

growth, 5 L of saline were flushed through the reactor at maximum pump speed to wash out 

planktonic cells from the system. 

5.2.5 MBEC assays 

Antibiofilm activity testing was performed based on a modified version of the single tube 

method for determining the efficacy of disinfectants against bacterial biofilm developed by the 

United States Environmental Protection Agency (EPA MLB SOP MB-20). Sample coupons 

were removed from the CDC BR under aseptic conditions and individually distributed onto a 

24-well cell culture plate. Each well contained a total of 2 mL treatment medium consisting of 

50% CAMHB and different concentrations of the tested antimicrobial in PBS. Due to the 

experimental design, the maximum concentration of antiseptics that could be tested was 90% 

of the product. Two wells with 1 mL CAMHB and 1 mL PBS served as control treatment. After 

incubation at 37°C for 24 h, coupons were transferred from treatment wells into 50 mL tubes 

containing 5 mL PBS. Biofilms were retrieved from coupons by vortexing for 5 min, sonication 

for 10 min and an additional vortex for 5 min. The remaining bacterial solution was centrifuged 

and the pellet washed two times to remove residual antimicrobials. A 10-fold dilution series of 

the washed bacterial solution was plated in triplicate on TSA using the spot-plating technique. 

TSA plates were incubated at 37°C overnight and the total amount of biofilm recovered from 

each coupon was determined by colony counts (CFU/coupon). Two coupons in each run 

underwent biofilm retrieval and bacterial enumeration immediately after being removed from 

the reactor to determine the baseline amount of biofilm per coupon (TP0 control).  
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In addition to analysing the polycarbonate coupons, bacterial growth in the treatment medium 

was evaluated. The treatment medium in each well was homogenised before 1 mL was 

transferred to a 1 mL microfuge tube. Subsequently, the medium was washed and plated for 

CFU counting as described above. 

5.2.6 Scanning electron microscopy 

Scanning electron microscopy (SEM) imaging was carried out at the University of Auckland 

Biomedical Imaging Research Unit. Biofilms were grown as described above. Individual 

coupons were aseptically removed from the reactor and immediately fixed by submerging in a 

modified Karnovsky’s solution (8% paraformaldehyde, 25% glutaraldehyde, 1% ruthenium red 

in 0.2 M PBS, pH 7.4) for 7 days. Subsequently, specimens were dehydrated by exposure to 

increasing alcohol concentrations (50 – 100%) and dried using a critical point dryer 

(Autosamdri-815, Tousimis). Dry coupons were oriented based on ruthenium red staining and 

mounted on an SEM chuck before gold coating using a DSR1 desk sputter coater (Nano-

Structured Coating Co.). Prepared coupons were imaged with a Hitachi TM3030Plus Tabletop 

Microscope. 

5.2.7 Statistical analyses 

Statistical analysis was conducted in the R software environment (v4.0.2) (R Core Team, 

2019). Bacterial count data were analysed using pairwise Wilcoxon rank sum tests with the 

Benjamini-Hochberg correction for multiple comparisons. Differences were regarded as 

significant if p-values were below 0.05. 
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5.3 Results 

5.3.1 Developing mature S. aureus biofilms 

In a preliminary experiment S. aureus Xen 36 was used to confirm biofilm development in the 

CDC BR. S. aureus communities grown in the CDC BR according to the protocol used in this 

study show distinct features of bacterial biofilms. Cells are adherent to each other as well as to 

the polycarbonate surface, forming large three-dimensional clusters (Figure 5.1A). Higher 

magnification reveals bacterial cells embedded in an extracellular matrix (Figure 5.1B).  

 

Figure 5.1. Scanning electron microscopy images A. S. aureus Xen 36 biofilm on a 
polycarbonate coupon. B. Bacterial cells are embedded in extracellular matrix (yellow arrows).  

 

5.3.2 Efficacy against planktonic bacterial cells 

Minimum inhibitory concentrations and minimum bactericidal concentrations of NEW, PVI 

and doxycycline against planktonic S. aureus cells are summarised in Table 5.1. MICs were 

determined for all antimicrobials. Bacterial growth was inhibited at concentrations of 25% 

NEW and 2.5% PVI. Notably, the amounts of active ingredients needed to achieve an 

antibacterial effect vary widely between all agents, with doxycycline showing the lowest MIC 

(0.05 µg/mL). The MBC for the antiseptic products is identical to the MIC in the case of PVI 

and approaches the MIC in the case of NEW (50%). In contrast, a concentration 25 times higher 

than the MIC of doxycycline is needed to exert a bactericidal effect. 
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Table 5.1. Minimum inhibitory and bactericidal concentrations of antiseptics and doxycycline 
against planktonic S. aureus cells. 

Antimicrobial 
agent (active 
ingredient) 

MIC MBC 

Product (%) 
Active 

ingredient 
(µg/mL) 

Product (%) 
Active 

ingredient 
(µg/mL) 

NEW (HOCL)  25 15 50 30 

Betadine® (PVI)  2.5 2500 2.5 2500 

Doxycycline NA 0.05 NA 1.25 
NEW = neutral electrolysed water, HOCL = hypochlorous acid, PVI = povidone-iodine. 

 

5.3.3 Efficacy against bacterial biofilm 

Antimicrobial agents were tested against well-established S. aureus biofilms to compare their 

efficacy against planktonic bacteria with that against their sessile counterparts. Concentrations 

higher than MBCs were required to achieve antibiofilm activity (Figure 5.2A-C). In all 

experiments, an up to two log reduction could be observed between baseline biofilms and 

control treatment (50% CAMHB). Compared to control treatment, the reduction of viable cells 

per coupon did not exceed 0.5 log for any of the tested NEW concentrations (1 – 90%). Thus, 

no minimum biofilm eradication concentration could be determined for NEW. A concentration 

of 10% PVI (10 mg/mL PVI) yielded a reduction of viable biofilm below detectable limits. The 

MBEC for PVI was four times higher than our reported MIC/MBC. Treatment with 

doxycycline resulted in a slight dose-dependent reduction of biofilm with an approximate two 

log reduction at 1000 µg/mL, which was the maximum dose tested (which is 800 times the 

MBC determined in the current study for this organism). S. aureus biofilms showed strong 

resistance to doxycycline. Statistical significances for total CFUs recovered from coupons 

between different concentrations within each group are provided in Appendix E (Table E.1-

Table E.6).  

The treatment medium from each well was also analysed for microbial growth to investigate 

dispersion of biofilm or biofilm-like cells into the microenvironment. The number of CFU/mL 

in the control treatment medium was higher compared to control coupons and similar to 

baseline coupon counts in all experiments (Figure 5.2D-F). Overall, results from treatment 

media closely mirrored those from treatment coupons for all tested agents, which suggests 
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biofilm dispersion from coupons into the media. Treatment with PVI resulted in a strong dose-

dependent killing of biofilm with a five log reduction at a concentration of 10%. 

 

 

Figure 5.2. Total number of CFUs recovered from coupons and treatment medium (broth) for each treatment 
group. LoD = Limit of Detection, TP0 = baseline counts. 
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5.4 Discussion 

This is the first study to compare the efficacy of NEW, PVI and doxycycline against planktonic 

and biofilm cultures of a CRS-associated S. aureus isolate. The in vitro antimicrobial activity 

of NEW has been investigated as part of several studies with varying results. One group 

reported an MBC of 3 - 6 µg/mL HOCL for clinical S. aureus isolates which is six times lower 

than the MBC found in the current study (30 µg/mL) (Sakarya et al., 2014). Another study, 

using a maximum concentration of 1500 µg/mL HOCL, was unable to determine an MIC 

against any one of 17 bacterial isolates from the ocular surface of canine animals, including 

two S. aureus isolates (Bergstrom et al., 2018). Sauer and colleagues detected bactericidal 

effects against planktonic P. aeruginosa cells after treatment with an 80 µg/mL HOCL solution 

which was the lowest concentration tested in that study.  

The MIC and MBC for PVI (2500 µg/mL for both) determined in this study lies close to the 

upper range of previously reported values ranging between 800 - 1600 µg/mL for the MIC and 

1320 – 2300 µg/mL for MBC against S. aureus (Cichos et al., 2019; Eggers et al., 2018; 

Oduwole et al., 2010; Van Meurs et al., 2014). The literature MIC and MBC for doxycycline 

against S. aureus varies between 0.1 - 1 µg/mL and 5 – 100 µg/mL, respectively, and both were 

found to be lower in this study (MIC: 0.05 µg/mL and MBC: 1.25 µg/mL). The relatively high 

difference between the MIC and MBC for doxycycline compared to both antiseptics may be 

due to doxycycline being a bacteriostatic rather than a bactericidal antibiotic (Nemeth et al., 

2014; Raval et al., 2018; Swayze et al., 2007). 

5.4.1 Testing against well-established biofilms 

The antibiofilm activity of NEW in this study was low and no MBEC could be determined. In 

contrast, earlier studies observed substantial antibiofilm effects of different HOCL solutions 

on S. aureus biofilms grown in microtiter plates. One study reported impairment of mature 

biofilm at a concentration of 6 µg/mL HOCL (Sakarya et al., 2014). More recently, two 

commercial HOCL solutions (Vache® , 0.033% HOCL and PhaseOne®, 0.025% HOCL) 

showed significant biocidal effects on 24 h matured biofilm (Harriott et al., 2019). S. aureus 

biofilm grown on contact lenses for 24 h was also effectively eradicated by another antiseptic 

product (Anenova®) containing 0.01% HOCL after 30 min exposure (Romanowski et al., 
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2018). All antiseptic products used in these studies include at least twice the concentration of 

HOCL compared to the nasal spray used in the current study. NEW contains HOCL in minimal 

concentrations to ensure tolerance when applied to the sensitive sino-nasal mucosa. However, 

the most pertinent difference between these studies and the current work lies in the 

development of the treated biofilms. Here the CDC BR is employed in continuous stirred flow 

mode following a complex 72 h protocol that incorporates cell adhesion as well as biofilm 

expansion and maturation phases. The resulting biofilm is likely to be thicker, more complex 

and more resilient than the stationary phase grown biofilms used in the comparable studies. 

Differences in the structure and maturity of biofilm between studies may contribute to the lower 

efficacy of the tested agents observed here.  

Two recent studies have employed the CDC biofilm model to evaluate the efficacy of Neutral 

Electrolysed Water and other antiseptics against microbial biofilms. Salisbury and Percival 

(2019) found that electrolysed water at 25% concentration reduced S. aureus biofilms grown 

in 48 h batch culture under sheer force by four logs. While sodium hypochlorite and 

hypochlorous acid are mentioned as the two main constituents of the solution used in their 

study, the exact concentrations for these components are not stated but are likely to be higher 

than in our study. The second study tested a range of antiseptics, including Microcyn® 

(compositionally very similar to Nasocyn™) on biofilms grown under sheer force in batch 

mode for 24 and 48 h. These experiments showed complete eradication of mature S. aureus 

biofilms when exposed to pure Microcyn® solution for 24 h (Johani et al., 2018). In contrast, 

treatments in our study were performed in the presence of CAMHB to be in accordance with 

international procedures for antimicrobial susceptibility testing. The availability of nutrients 

and other compounds such as proteins and starch may impact bacterial susceptibility. 

Additionally, both studies utilised biofilm-forming ATCC reference strains in comparison to 

the clinically isolated S. aureus strain used in the current study. CRS-associated bacteria have 

previously demonstrated their ability to form robust biofilms in vitro (Shields et al., 2013). 

Representing a dominant bacterial strain in the infected sinus cavity of a CRS patient, this 

clinical isolate may have adapted properties that increase bacterial persistence. 

Johani et al. (2018) also demonstrated effective biofilm eradication by PVI, which was 

observed in identical manner in our study. Similar results were shown in other studies (Herruzo 

& Herruzo, 2020; Hoekstra et al., 2017). The greater efficacy of PVI in comparison to NEW 

may be partially due to the different concentrations of active ingredients within each product. 
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5.4.2 Efficacy against static and dispersed biofilm 

Higher CFU counts in the treatment medium containing antimicrobial agents at concentrations 

higher than the determined MICs suggest that the agents have caused a dispersion of biofilm 

or biofilm-like cells into the medium. Bacterial reduction in the treatment medium was highly 

similar to that on the coupons. Only in the PVI group was bactericidal efficacy slightly 

increased at lower concentrations (Figure 5.2E). This may be due to the different mechanisms 

of action of PVI and doxycycline. The three-dimensional structure of static biofilm impedes 

the penetration of biocidal agents to deeper cell layers. The effectiveness of doxycycline 

depends on active bacterial metabolism. However, distinct phenotypes with altered metabolic 

activity can be observed in dispersed biofilm cells (Fleming & Rumbaugh, 2018; Rumbaugh 

& Sauer, 2020). In contrast, PVI acts via physical disruption of the cell wall, thus removing the 

three-dimensional structure of the static biofilm facilitates better access to cells.  

5.4.3 Clinical relevance and study limitations 

While the safety and tolerability of NEW is recognised as an FDA approved medication, the 

results in this chapter demonstrate antimicrobial activity for planktonic S. aureus cells but not 

for mature biofilm. Doxycycline only showed antimicrobial effects against the biofilms at very 

high concentrations that cannot be achieved at any target site in human patients. Interestingly, 

a recent study performed by our group determined the mean concentration of doxycycline into 

the sinonasal mucosa and its secretions in CRS patients (1.5 µg/mL and 0.3 µg/mL, 

respectively (Siu et al., 2020)). These concentrations are within the range of the determined 

MIC and MBC in this study, highlighting the potential role of biofilms in limiting the efficacy 

of antibiotic treatment in refractory CRS patients.  

PVI showed promising antibiofilm activity at physiological concentrations. Being generally 

used for external wounds, undiluted PVI cannot be applied to the sinus epithelium. However, 

nasal rinses with lower concentrations of PVI have been used in CRS patients without adverse 

effects on mucociliary clearance or olfaction (Panchmatia et al., 2019). Furthermore, a new and 

promising formulation has shown no negative effects on nasal epithelial cells at a concentration 

of 5% PVI, which is close to the MBEC found in this chapter (Ramezanpour et al., 2020).  

This study has several limitations: Bacterial colonies were grown in pristine laboratory 

conditions to encourage the establishment of maximally robust biofilms. It is likely that this in 
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vitro model overestimates the MBEC for in vivo biofilms. In the experiments, biofilms were 

fully exposed to each agent for 24 h which does not mimic the real-world contact time of the 

rapidly cleared topical antimicrobials in the human sinuses. Diluted bacterial nutrient medium 

was also part of the treatment medium and does not accurately represent the microenvironment 

of sinonasal cavities. Using a less nutrient-rich solution (e.g. PBS or saline) may have an effect 

on CFU counts particularly when analysing the treatment medium.  

The development of antibiotic-resistant bacterial strains is of great concern, especially when 

antibiotics are administered over longer time periods (as can be the case in some CRS patients) 

and at doses that do not achieve effective concentrations (Andersson & Hughes, 2014; 

Schwartz, Tajudeen, et al., 2016). Antiseptics such as NEW and particularly PVI as alternative 

treatment options may reduce the risk of resistance development (Barreto et al., 2020; Eggers, 

2019; Punjataewakupt et al., 2019). In this study, PVI appeared to be effective against S. aureus 

biofilms, and its efficacy in vivo warrants further investigation. 
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Chapter 6  

General Discussion 
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6.1 Introduction 

CRS is characterised by chronic inflammation of the sinonasal cavities that results from a 

complex interaction between mucosal immunity, sinus microbiome and treatment. The disease 

severely reduces quality of life and its associated treatment places a significant burden on the 

health care system. Antibiotics account for the majority of medical treatment costs. Their 

routine prescription for CRS is contentious and they may induce antibiotic resistance. 

Accordingly, it is timely to examine the practice of antibiotic treatment for CRS. In this thesis, 

the prescription of antibiotics and their efficacy in CRS were evaluated (Chapter 2). A major 

focus was the impact of antibiotics on the sinonasal bacterial community and a model to better 

address this particular research question was established and characterised (Chapter 3). Based 

on my findings in Chapter 2, the efficacy, tolerability and antimicrobial activity of promising 

biocidal agents were determined, with the intention to find alternative treatment options for 

CRS (Chapter 4 and Chapter 5).  

A multidisciplinary approach was taken involving in vitro studies, animal models and human 

clinical trials. In Chapter 2, a comprehensive meta-analysis was conducted to determine the 

type and amount of antibiotics prescribed to CRS patients pre-operatively, as well as their 

impact on symptoms and the sinus microbiota. Given the considerable microbiota variation 

among individuals identified in that chapter, and the inherent lack of experimental control when 

dealing with human clinical subjects, we sought to develop an animal model to address this 

research question further. Chapter 3A examined the current literature on animal models for 

chronic inflammatory mucosal diseases. On the basis of this review, an animal model suitable 

for studying the microbiome in CRS was established and characterised in Chapter 3B. Due to 

the limited efficacy of antibiotics seen in Chapter 2, the focus shifted in the last two chapters 

from current antibiotic treatment to potential new treatment options in the form of alternative 

antimicrobial agents. Chapter 4 described a clinical trial for the use of neutral electrolysed 

water (NEW) in postoperative CRS patients. In Chapter 5, the antibiofilm activity of NEW and 

povidone-iodine was assessed in comparison to a commonly prescribed antibiotic 

(doxycycline) by employing an in vitro biofilm model of CRS-associated S. aureus. 
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6.2 Are antibiotics appropriate for the general treatment of CRS? 

A clear understanding of the effectiveness of antibiotic treatment for CRS is important in order 

to limit unnecessary prescriptions. The effects of antibiotics on clinical symptoms and patient 

outcome in CRS have been a focus of research for many years, yet many studies have failed to 

consider their impact on the resident sinus microbial community. Standard antibiotic treatment 

generally addresses specific microbial infections or presumed bacteria-driven pathogenicity. 

However, no microbes have been unequivocally implicated in the pathogenesis of CRS. 

Bacterial dysbiosis or changes to the commensal microbiota are hypothesised to contribute to 

CRS pathophysiology, so that the role of antibiotic treatment may be different in this complex 

condition. 

6.2.1 Efficacy of antibiotics 

In Chapter 2, antibiotic treatment for CRS was evaluated regarding both clinical outcome and 

the sinus microbial ecology. No significant differences in symptom scores were observed 

between antibiotic users and non-users, which contributes to the existing body of literature that 

suggests limited efficacy of antibiotic treatment for CRS (Sabino et al., 2017; Van Zele et al., 

2010). The findings from Chapter 2 further reinforce the various clinical guidelines that do not 

recommend the routine and long-term prescription of antibiotics, as outlined in Chapter 1. Also, 

the impact of antibiotic treatment on the sinus microbiota was minimal and unpredictable. Few 

studies have investigated changes to the microbiota in relation to antibiotic therapy in CRS, 

with reported findings being highly individual and variable (Jain et al., 2018; Liu et al., 2013; 

Sivasubramaniam & Douglas, 2018). Such outcomes highlight the need for more research in 

this field and reinforce the importance of an increased level of experimental control to 

overcome the effect of the inherent microbiota variation among subjects.  

A recent study showed some effects of antibiotics on the sinus bacterial community in CRS 

patients (Kim et al., 2020). Interestingly, larger effects were observed on the secreted proteome 

than the microbiota itself. Proteomic analyses of nasal secretions further demonstrated a 

marked impact of antibiotics on the relationship between the microbiota and the proteome. It 

is of note that this retrospective study has low sample numbers, especially in the control group, 

and is currently not available as a peer-reviewed article (preprint only). Nevertheless, these 

findings lead to the hypothesis that potential effects on the microbiome may manifest as 
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alterations of microbial functions rather than microbial community patterns. The idea of 

moving beyond simple descriptions of microbiota diversity to better understand the clinical 

implications of microbial imbalance (dysbiosis) has gained some traction in CRS research 

(Wagner Mackenzie, Waite, Hoggard, Taylor, et al., 2017). Metagenomic sequencing can 

reveal the total functional capacity of microbial communities. However, its application in the 

setting of CRS is technically challenging (Wagner Mackenzie et al., 2018).  

6.2.2 Side-effects of antibiotics 

General side-effects were not included in this thesis, but these are commonly caused by 

antibiotics, especially after long-term usage. Consequences of antibiotic treatment can range 

from mild (gastrointestinal problems, cutaneous reactions) to severe (kidney and liver damage, 

cardiovascular disorders) and even potentially fatal (anaphylaxis) (Chandel & Budinger, 2013; 

Cheng et al., 2015; Heta & Robo, 2018; Nguyen et al., 2020; Westphal et al., 1994; Winkel et 

al., 2015). 

In the context of CRS, unwanted antibiotic effects on the sinus microbiome must also be 

considered. The exacerbation of disease following antibiotic treatment and the selection of 

bacterial taxa that are less susceptible to antibiotics have been observed in a mouse model and 

CRS patients, respectively (Abreu et al., 2012; Liu et al., 2013). Some supporting evidence for 

this in human patients was also found in Chapter 2. Overall, detrimental effects on the bacterial 

community mediated by antibiotics were not observed. As noted, potential effects may 

manifest themselves in microbial function or at a more complex level of microbial ecology. 

Alterations of the microbiome relating to antibiotic resistance genes were not investigated in 

this thesis. Nevertheless, the high prescription patterns observed may contribute to 

development of antibiotic resistance.  

6.2.3 Responding to the antibiotic resistance crisis 

The problems of antibiotic resistance are now widely acknowledged. In response to the 

antibiotic resistance crisis, stricter regulations for the non-medical use of antibiotics are being 

introduced and programs put in place to encourage the development of new antimicrobial drugs 

(Kostyanev et al., 2016; World Health Organization, 2015). An augmentation of the preclinical 

antibacterial pipeline was reported recently, and the number of early-stage antimicrobial 
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candidates has increased between 2016 and 2019 (Butler & Paterson, 2020; Theuretzbacher et 

al., 2020). In addition, antibiotic stewardship has become an essential aspect of health care and 

is being implemented via national and global action plans (Ministry of Health and Ministry for 

Primary Industries, 2017a, 2017b; World Health Organization, 2015). A vital element of this 

process is to improve awareness and understanding of antimicrobial resistance among 

healthcare workers and the general population through effective communication, education and 

training. Considered within the larger context of the literature, the findings presented in this 

thesis may encourage reconsideration of current antibiotic prescribing for CRS. However, there 

are barriers to convincing clinicians to alter their practice despite available evidence. This is 

especially true for practices that have been in place for a long time such as the prescribing of 

antibiotics for CRS. Additionally, CRS is an acquired condition that develops from acute 

sinusitis (most commonly due to an acute bacterial infection) which generally responds very 

well to antibiotic treatment. Even when a diagnosis of CRS has been made, the infective 

component of this condition remains, and with it an impetus for clinicians to prescribe 

antibiotics. Nevertheless, the body of literature advising against the use of prolonged antibiotic 

treatment for CRS is growing, which is reflected in recent clinical guidelines (Orlandi et al., 

2020). This thesis helps to strengthen the evidence base on which prescribers can make 

informed decisions about the use of antibiotics to prevent antibiotic overuse and slow the 

development of antimicrobial resistance.  

6.3 Model systems for CRS and their application 

Understanding the aetiology and pathophysiology of CRS is challenging because of the marked 

inflammatory and microbial heterogeneity associated with this condition. The naturally high 

interpersonal variation of the sinus microbiota is particularly problematic when trying to 

determine disease-associated microbial community patterns (Biswas et al., 2015). Furthermore, 

ethical considerations limit human studies for the investigation of new or alternative treatment 

strategies. In this thesis, in vitro and in vivo modelling systems were employed to investigate 

the interplay between host inflammation and sinus microbiota, and to test the antimicrobial 

potential of new treatment options. 
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6.3.1 Animal models 

The advantage of increased experimental control in animal models was demonstrated in 

Chapter 3B, with a notably reduced microbiota variation between individual animals. The 

ability to monitor inflammatory and microbial changes in a controlled environment over time 

makes a model system suitable to determine the effects of CRS treatments on the sinus 

microbiome, host inflammatory response and disease progression. However, major limitations 

apply to the translation of findings from animal models to CRS patients, regarding the host’s 

immune response and natural differences in the nasal microbiota. Generalisability and 

reproducibility of a model can also be difficult in some cases. Often, differences can be 

observed between theoretically identical model systems that are established at different 

research facilities. Multicentre preclinical studies in which independent laboratories use a 

shared protocol to address a specific research question may improve the clinical translation of 

in vivo findings (Hunniford et al., 2019). 

6.3.2 Non-sentient models 

A variety of cell culture methods have been successfully used to mimic the human sinonasal 

epithelium. In vitro models are powerful tools to investigate inflammatory and degenerative 

processes in the nasal epithelium while circumventing the translational discrepancy between 

animal models and humans. Fewer ethical concerns also make these systems ideal for the 

screening and assessment of new and alternative therapeutics. In Chapter 5, the antibacterial 

and antibiofilm activity of promising agents was assessed in a series of in vitro experiments, 

showing promising results for potential alternatives to antibiotics. The complexity of in vitro 

models can vary substantially. Generally, culture-based models represent a single aspect of the 

disease in a strictly controlled environment which can be useful for elucidating specific 

pathophysiological processes. Such models are, however, less suitable for investigating 

complex networks, including multidirectional interactions between various factors that 

ultimately lead to disease phenotypes. Highly advanced culturing model systems such as three-

dimensional ALI cultures and dual/triple epithelial co-cultures have been recently developed 

and hold promise for elucidating the multifaceted pathophysiology of CRS (De Rudder, 

Calatayud Arroyo, et al., 2020; De Rudder, Garcia-Timermans, et al., 2020). These systems 

can closely represent both the healthy and diseased human sinonasal environment, including 

its inflammatory and microbial aspects (De Boeck et al., 2020; De Rudder et al., 2018). 



 

129 

6.4 Alternative microbial-targeted therapeutics for CRS 

Given the likely involvement of the sinonasal microbiome in CRS pathophysiology, further 

development of microbial-targeted treatments may improve the medical management of this 

condition. While the efficacy of general antibiotic therapy is limited, culture-directed 

antibiotics may be more suitable to treat the aberrant sinus microbiota by facilitating the 

reconstruction of the normal microbial community structure (Hoggard, Wagner Mackenzie, et 

al., 2017). Few clinical studies have been conducted to assess the efficacy of culture-directed 

antibiotics, but their role in the general treatment of CRS remains controversial (Huang & 

Govindaraj, 2013; Lee et al., 2017; Merkley et al., 2015; Ooi et al., 2019). Of note, topical 

administration of antibiotics seems to be more effective than systemic treatment, although more 

extensive trials are required (Carlton et al., 2019; Shikani et al., 2013). 

6.4.1 Antiseptic solutions 

Alternatives to topical antibiotic treatment were the focus of the last two data chapters of this 

thesis. Chapter 4 presented a pilot study investigating the suitability of NEW as an alternative 

to a course of postoperative antibiotics after functional FESS for CRS. NEW is used for a large 

variety of applications (Block & Rowan, 2020), ranging from cleaning and sterilisation in the 

food industry (Khalid et al., 2018; Nguyen et al., 2019) to the treatment of chronic wounds in 

clinical settings (Bongiovanni, 2014; Iacopi et al., 2018). Preliminary results from Chapter 4 

showed that NEW is equivalent to standard antibiotic therapy concerning its impact on 

symptom scores and the sinonasal bacterial community. However, it has to be acknowledged 

that the results for both antibiotic and NEW treatment may be confounded by the effects of 

sinus surgery. Further studies, including larger cohorts and additional control groups, are 

currently underway to confirm whether NEW could be an effective alternative to postoperative 

antibiotics in CRS patients. In addition to NEW, a second antiseptic solution, PVI, was also 

assessed with regards to antibiofilm activity in Chapter 5. This aspect is discussed separately 

in section 6.5.  

Due to differences in the mode of action between antibiotics and antiseptics, NEW and PVI 

should not encourage antibiotic resistance development (Punjataewakupt et al., 2019). 

Bacterial resistance against antiseptic solutions is rare (Russell, 2002), though it has been 

documented for some biocides (e.g. chlorhexidine, quaternary ammonium salts, silver and 
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triclosan) (Lachapelle et al., 2013). NEW shows activity against hypochlorite-resistant bacteria 

(Del Rosso & Bhatia, 2018; Pelgrift & Friedman, 2013) and there are few reports of tolerance 

or resistance (Dukan & Touati, 1996; Mokgatla et al., 1998). Although PVI has a long history 

of extensive use, no resistance or cross-resistance between other antiseptics or antibiotics has 

been recorded (Barreto et al., 2020; Eggers, 2019; Panchmatia et al., 2019). Additionally, 

biocides such as NEW and PVI are less costly than antibiotics and display higher efficacy 

against antibiotic-resistant strains (Eggers, 2019; Kampf, 2018; Panchmatia et al., 2019; Thorn 

et al., 2012). More cost-efficient and effective treatment can help ease the burden of CRS on 

individual patients and health care systems.  

6.4.2 Probiotics 

One avenue of altering the microbiota for the management of CRS that was not investigated in 

the context of this thesis is probiotic treatment. The idea of rehabilitating a dysbiotic microbiota 

by introducing specific health-associated bacterial species has increasingly drawn attention in 

CRS research (Cervin, 2018; Cope & Lynch, 2015; Psaltis & Wormald, 2017; Rawls & Ellis, 

2019). The modulatory actions of specific species such as the production of antimicrobial 

agents or competition for nutrients and cell surface factors are well known (Zipperer et al., 

2016). Impairment of colonisation between species in the nasal cavities has been demonstrated 

for Corynebacterium spp. and S. aureus (Iwase et al., 2010; Kiryukhina et al., 2013; Uehara et 

al., 2000). The concept of probiotic administration to cause microbial and inflammatory 

alterations in CRS has been explored in several studies with some success, suggesting that 

probiotics may be a promising future treatment pathway (De Boeck et al., 2020; De Rudder, 

Garcia-Timermans, et al., 2020; Schwartz, Peres, et al., 2016). However, previous clinical trials 

consistently found a lack of significant differences in symptom scores, bacterial cultures or 

inflammatory markers between probiotic and placebo treatments (Mårtensson et al., 2017; 

Mukerji et al., 2009). In contrast, a recent open-label trial reported significant improvements 

in symptom scores as well as an increase in bacterial diversity after two weeks of sinus 

irrigations containing a live culture of Lactobacillus lactis (Desrosiers, 2020). Additional 

research is required to determine the potential of probiotic treatment for CRS. 
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6.5 Treatment implications of biofilms in CRS 

Bacterial biofilms are often found in the sinonasal cavities of CRS patients and may play a 

special role in the recalcitrance and recurrence of disease (Fastenberg et al., 2016; Singhal et 

al., 2011). Biofilm development occurs through cycles of different stages from surface 

attachment of single cells to mature biofilms embedded in extracellular matrix, at which point 

they become highly resistant to antimicrobial treatment (Da Cunda et al., 2020). Both the 

protective matrix of extracellular polymers and the reduced metabolic activity of bacterial cells 

in the deeper layers of the biofilm convey a strong antibiotic resistance (Koo et al., 2017; Singh 

et al., 2010). This resistance may contribute to the limited efficacy of antibiotic treatment in 

many CRS cases.  

In contrast to most antibiotics, the effectiveness of antiseptic solutions does not rely on the high 

metabolic activity of target cells. Nevertheless, the ECM and three-dimensional structure of a 

biofilm can reduce antimicrobial effects by generating a diffusion gradient and potentially 

sequestering active biocidal compounds. In Chapter 5, the antibiofilm activity of NEW was 

severely limited as low concentrations of HOCL may be neutralised within the biofilm 

microenvironment. Although PVI can be inhibited by the presence of proteins in common 

organic substances (Zamora et al., 1985), substantial antibiofilm activity was still observed in 

Chapter 5. Of note, the observed concentration of doxycycline required to reduce biofilm was 

some 800 times higher than the MBC of that antibiotic.  

Antimicrobial susceptibility is typically tested on planktonic bacteria, which is problematic 

considering the ubiquitous presence of bacteria in biofilms rather than free-living cells. 

Furthermore, determining antimicrobial activity is not uniform (inhibitory concentrations vs 

bactericidal concentrations) and is especially contentious regarding antibiofilm activity 

(biofilm inhibition vs biofilm reduction/eradication). Currently, the methodology for biofilm 

susceptibility testing is not standardised, which can lead to discrepancies between studies 

(Thieme et al., 2019). The misclassification of inhibitory or bactericidal agents can result in 

ineffective treatment; thus, methods for susceptibility testing need to be improved to ensure the 

clinical validity of antimicrobial assays (Brauner et al., 2016).  
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6.6 Future directions 

Throughout this thesis, multiple research approaches were adopted to evaluate current 

antimicrobial treatment strategies for CRS and to identify promising alternative therapies. 

Together, these studies contribute to the understanding of the role of antibiotics and alternative 

antimicrobial agents in the medical management of this chronic condition while pointing out 

the next steps and directions for continuing research in this area. In this section, key avenues 

for future research in the medical management of CRS are considered.  

6.6.1 Studying the sinus microbiome under medical treatment 

In Chapter 2, minimal impacts of antibiotic treatment on the sinus microbiota were observed. 

This may be partially due to the inherently high bacterial community variation among different 

individuals. The retrospective and cross-sectional study design further limit our ability to 

unravel associations between the sinus microbiota, medical treatment and patient outcome. 

While animal studies can remedy some of these challenges, as outlined in Chapter 3, a 

longitudinal approach is ideal for monitoring the natural progression of the microbiota in CRS 

patients (Wagner Mackenzie, Chang, et al., 2019; Wilkins et al., 2019). Such longitudinal 

studies should include regular (e.g. monthly) sample collections as well as the recording of 

medication usage and symptom scores. 

To better highlight treatment effects on the sinus microbiota (including potential detrimental 

antibiotic effects) and associations with clinical outcome, research should extend beyond the 

standard descriptions of bacterial abundance and diversity to also include microbial network 

analyses that explore the co-occurrence of different microbiota members. The power of these 

bioinformatic analysis tools for the study of the CRS microbiota has been previously 

demonstrated (Wagner Mackenzie, Waite, Hoggard, Taylor, et al., 2017; Wagner Mackenzie, 

Waite, Hoggard, Douglas, et al., 2017). In addition, shotgun metagenomic (DNA) or 

metatranscriptomic (RNA) sequencing can be employed to provide insights into functional 

changes within the microbial community. Regarding antimicrobial treatment effects, attention 

could be focused on antimicrobial resistance genes, building upon previous studies examining 

antibiotic resistance in CRS using microbial culture techniques (Kingdom & Swain, 2004; 

Musa et al., 2019; Rezai et al., 2016). It is of note that current methods for metagenomic 

sequencing of sinonasal samples are costly and limited due to contaminating human DNA. 
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Nevertheless, metagenomic shotgun sequencing has been successfully applied in CRS research 

(Wagner Mackenzie et al., 2018). 

Another approach to further elucidate the role of antibiotic treatment in CRS could be large 

cohort meta-analysis. High patient numbers allow the use of advanced bioinformatics 

applications, such as cluster analysis, to identify trends of microbial community patterns and 

their relation to disease state (Bassiouni et al., 2020). As long as sufficient metadata are 

provided, these analyses can be extended to incorporate information on treatment and clinical 

outcome. From there, the next step would be to apply artificial intelligence and machine 

learning technologies to these comprehensive datasets. Operating with incredible 

computational power, these tools not only can be used to search for patterns and trends that 

cannot be otherwise recognised but perhaps in the future to develop predictive models on the 

effect of treatment on individual patients. Machine learning used in the context of clinical 

predictive modelling and based on reliable data could ultimately lead to highly personalised 

treatment strategies with predictable clinical outcomes. Unfortunately, these methods require 

tremendous amounts of data that are not currently available with the required integrity. 

Recently, a mobile health application (mySinusitisCoach) was developed for CRS patients 

(Seys et al., 2018). This mobile technology, aiming to help patients via education and self-

management, could be utilised to generate large amounts of real-life data suitable for extensive 

computational analysis.  

6.6.2 Exploring new antimicrobial therapeutics 

Chapter 4 and Chapter 5 present two examples of alternative antimicrobial treatment options 

and how to explore their efficacy and safety using in vitro experiments and clinical trials. More 

research in the form of extensive clinical trials is required to confirm the suitability of NEW as 

an alternative to standard antibiotic treatment in postoperative CRS patients. Furthermore, 

comparisons of antiseptic solutions to topical antibiotics such as mupirocin regarding their 

effects on symptoms and the sinus microbiota should be investigated. One recent study has 

compared the effectiveness and tolerability of povidone-iodine, mupirocin and saline sinus 

irrigations in CRS, but only microbial culture negativity was tested (Lee et al., 2020). 

Antiseptic solutions are affordable and promising alternatives to antibiotic treatment for CRS 

and warrant further investigation. The in vivo and in vitro model systems described in Chapter 

3 and Chapter 5 of this thesis provide the means to explore additional biocides and other 
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antimicrobial agents. Powerful antibacterial and antibiofilm activity was demonstrated for PVI 

in Chapter 5. Recently, a sophisticated modification of PVI solution was developed, and its 

safety confirmed via in vitro nasal epithelial cell culture experiments (Ramezanpour et al., 

2020). Given the putatively important role of biofilms in the severity and recalcitrance of CRS, 

high efficacy against bacterial biofilms of well-tolerated agents may recommend them for 

subsequent clinical trials. Such therapies may be particularly useful in refractory cases of CRS 

or in patients that did not respond to antibiotic treatment. Screening other groups of alternative 

therapeutics, such as antimicrobial peptides or bacteriophages, for antibiofilm activity and 

tolerability would also be useful and may identify potential candidates for future clinical trials.  
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6.7 Summary and concluding remarks 

The routine prescription of antibiotics for treatment of CRS is controversial. The overall scope 

of this thesis was to evaluate current antimicrobial treatment modalities and to investigate 

potential alternatives for managing the microbial aspect of CRS. To begin with, antibiotic 

prescription patterns were comprehensively assessed and their impact on the sinus microbiota 

and patient outcomes presented. High antibiotic usage with seemingly minimal effects was 

observed. Driven by the substantial microbiota variation observed at the beginning of this 

thesis, an animal model system was established to help improve our understanding of the 

interplay between host inflammatory response, sinus microbiome and medical treatment. 

Associations between sinus inflammation and the microbiota were characterised, the suitability 

of the model documented and advantages and pitfalls for future studies identified. Finally, the 

efficacy and tolerability of one promising alternative antimicrobial agent (NEW) were 

demonstrated in CRS patients and the potent antibiofilm activity of a second agent (PVI) was 

verified, making it particularly useful for cases of recalcitrant CRS. 

Future studies are required to confirm the suitability of the proposed alternative treatment 

options and to explore additional antimicrobial agents with a focus on antibiofilm activity. This 

research helps to clarify the role of antibiotics in the treatment of CRS. I hope that the overall 

findings from this thesis will be useful in the ongoing refinement of medical management for 

CRS and ultimately lead to more effective treatments that can improve patients’ quality of life. 
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Appendix B  

Chapter 2 Supplementary Materials 
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Table B.1. Summary of studies included in the meta-analysis. 

Study Subjects (n) Sample site Sample type Sequencing platform NCBI data 
accession 

Jain et al., 2018 24 Left middle meatus Paired swabs Illumina MiSeq                  
2 × 300 bp, paired-end NA 

Wagner Mackenzie et al., 2019 54 Left middle meatus Paired swabs Illumina MiSeq                  
2 × 300 bp, paired-end PRJNA512906 

Lux et al., 2020 18 Left middle meatus Paired swabs Illumina MiSeq                  
2 × 300 bp, paired-end PRJNA638969 

Hoggard et al., 2017 76 Left middle meatus Paired swabs 
Illumina MiSeq                  

2 x 250 and 2 × 300 bp, 
paired-end 

SRP092370 

Biswas et al., 2017 19 Left middle meatus Paired swabs Illumina MiSeq                  
2 × 300 bp, paired-end PRJNA390854 

Biswas et al., 2019 10 Ethmoidal sinus Tissue biopsies Illumina MiSeq                  
2 × 300 bp, paired-end PRJNA482256 
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Table B.2. p-values for pairwise comparisons for significant variables. 

Variablesa CRSsNP vs 
CRSwNP 

CRSsNP vs 
Disease Control 

CRSsNP vs 
Healthy Control 

CRSwNP vs 
Disease Control 

CRSwNP vs 
Healthy Control 

Disease Control vs 
Healthy Control 

Age 0.384 0.894 < 0.001 0.918 < 0.001 < 0.001 

Gender 0.163 0.229 0.878 0.007 0.328 0.229 

Ethnicityb 0.646 0.753 < 0.001 0.442 < 0.001 0.007 

Asthma 0.015 0.003 NA < 0.001 NA NA 

Antibiotic usage 0.223 0.633 < 0.001 0.183 < 0.001 < 0.001 

Antibiotic usage (1 
month prior to 
sample collection) 

0.15 0.3 NA 0.022 NA NA 

Number of 
antibiotics (tablets) 0.013 0.1454 NA 0.187 NA NA 

Number of 
corticosteroid 
courses 

0.299 0.233 NA 0.011 NA NA 

Corticosteroid 
applicationc 0.052 0.572 NA 0.152 NA NA 

Lund-Mackay score < 0.001 < 0.001 NA < 0.001 NA NA 

SNOT-22 score 0.769 < 0.001 NA < 0.001 NA NA 
aCategorical variables were analysed using pairwise Chi-square test or Fisher’s exact test (for groups with n < 5) and continuous variables were tested by 
computing Tukey’s HSD or Dunn’s test with the Benjamini-Hochberg adjustment for multiple comparison. Significant p values (p < 0.05) are noted in bold. 
bEuropean vs “Other”. 
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Table B.3. Corticosteroid treatment information. 

Variablesa CRSsNPb 
(n=77) 

CRSwNPb 
(n=79) 

Disease 
controlb 
(n=45) 

Healthy 
controlb 
(n=35) 

Unadjusted 
p valuec 

 

Corticosteroid 
usage 

64 of 76 
(84%) 

66 of 74 
(89%) 

38 of 45 
(84%) 

NA 0.631 

Corticosteroid 
usage (1 month 
prior to sample 
collection) 

6 of 76   
(8%) 

7 of 78   
(9%) 

2 of 44   
(4%) NA 0.734 

Number of 
corticosteroid 
courses 

2 (0 to 10) 2 (0 to 11) 2 (0 to 5) NA 0.015 

Corticosteroid 
applicationa 

10 of 64 
(16%) 

1 of 64   
(2%) 

6 of 38 
(16%) NA 0.002 

aCategorical variables are summarized as proportion yes/total (%), except for corticosteroid 
application which is given in proportion systemic. Continuous variables are summarized as median 
(range). 
bTotal cohort numbers for each group are given. The differences in total numbers for each variable 
reflect missing data from some subjects. 
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Table B.4. PERMANOVA results for independent variable testing. Partitioning of variance is 
reflected in the R2 value. p-values were obtained using 999 permutations of levels within each 
factor. 

Variable R2 p-value 

Study 0.047 0.002 

Disease state 0.021 0.002 

Ethnicity 0.028 n.s. 

Gender 0.006 0.069 

Age 0.010 0.001 

Smoker  0.008 n.s. 

Polyposis 0.005 n.s. 

Asthma 0.012 0.001 

n.s. = not significant. 

 

Table B.5. PERMANOVA results for control and test variables combined in the statistical 
model. Only those variables that were identified as significant independently (in Table B.4) 
were retained in this final model. Partitioning of variance is reflected in the R2 value. p-values 
were obtained using 999 permutations of levels within each factor. 

Variable R2 p-value 

Study 0.041 0.020 

Disease state 0.026 0.006 

Asthma 0.009 0.013 

Age - n.s 

Antibiotics (yes/no 12 months) - n.s. 

Antibiotics (yes/no 4 weeks) - n.s. 

Number of antibiotic tablets - n.s. 

Number of antibiotic courses - n.s. 

Lund-Mackay score 0.013 0.015 

SNOT-22 score - n.s. 

n.s. = not significant. 
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Figure B.1. LEfSe analysis for antibiotic users (Y) and non-users (N) across all cohorts. 
Differential feature plots for ASV16 and ASV13 are shown. 
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Figure B.2. PCoA of sinus bacterial community structures in CRS and control patients. PCoA 
plots were constructed based on Bray-Curtis dissimilarity. A two-dimensional PCoA plot with 
vectors indicating the correlation of important ASVs (green arrows) with community structure 
and the effects of environmental factors (antibiotic target specificity, blue arrows) on 
community diversity. gr- = gram negative ; gr+ = gram positive. 
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Figure B.3. LEfSe analysis for different antibiotic treatment types. Treatment types are based 
on the most recently received antibiotic. Both = subject received a broad-spectrum antibiotic; 
Gr+ = subject received an antibiotic that targets Gram-positive bacteria; Gr- = subject received 
an antibiotic that targets Gram-negative bacteria. 
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Figure B.4. LEfSe analysis for all subjects that received (Y) or did not receive (N) any 
antibiotic in the month prior to sample collection. Differential feature plots for ASV3 and 
ASV32 are shown. 
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Table B.6. Antibiotic types and target specificity. 

Name Class Broad spectrum 
activity Target specificity Targets Staphylococcus Targets Corynebacterium 

Doxycycline Tetracyclines Yes none Yes Yes 

Amoxicillin Penicillins Yes none Yes Yes 

Flucloxacillin Penicillins No Gr+ Yes Low 

Phenoxymethylpenicillin Penicillins No Gr+ NA NA 

Erythromycin Macrolides No Gr+ Yes Yes 

Roxithromycin Macrolides Yes None Yes Yes 

Azithromycin Macrolides Yes None Yes No 

Meropenem Carbapenems Yes None NA NA 

Ciprofloxacin Quinolones Yes Gr- NA NA 

Ceftazidime 3rd gen cephalosporins Yes Gr- Species specific No 

Cefaclor 2nd gen cephalosporins Yes Gr- Species specific No 

Cephalexin 1st gen cephalosporins Yes Gr+ - - 

Trimethoprim Sulfonamides Yes None - - 

Co-trimoxazole 
(combinations of 
sulfonamides and 
trimethoprim) 

Sulfonamides Yes Gr- Species specific No 
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Figure B.5. Scatterplots demonstrating the correlation between the relative abundances of 
Staphylococcus and Corynebacterium ASVs. Spearman’s correlation coefficient (R) and 
statistical significance (p) are shown. 
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22-item sinonasal outcome test (SNOT-22) questionnaire validated for use in CRS (Hopkins et 

al., 2009). 
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The Lund-Mackay staging system for chronic rhinosinusitis (Lund & Mackay, 1993). 

Characteristics Right Left 

Maxillary (0,1,2)   

Anterior ethmoids (0,1,2)   

Posterior ethmoids (0,1,2)   

Sphenoid (0,1,2)   

Frontal (0,1,2)   

Ostiomeatal complex (0 or 2 only)*   

Total points  

0 = no abnormalities; 1 = partial opacification; 2 = total opacification. *0 = not occluded; 2 = 
occluded. 
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Chapter 3 Supplementary Materials 
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Figure C.1. Cross-section of a decalcified rabbit snout. Obstruction of the middle meatus with 
Merocel® causes accumulation of mucus and purulent matter in the maxillary sinus. 
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Figure C.2. Bacterial community profiles in rabbits from the pilot study. Profiles are shown at genus level for the left (L) and right (R) side of rabbits’ sinuses. 
ZOTUs that could not be confidently assigned to genus level are presented as individual ZOTUs with the next available taxonomic classification. 
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Table C.1. Endoscopic score grading for sinus inflammation for animals from the pilot study. 

Rabbit # 
Endoscopic scores 

Baseline Acute Chronic 
Left Right Left Right Left Right 

1 0 0 2 0 1 0 
2 0 0 2 0 1 0 
3 0 0 4 1 1 0 

0 = normal; 1 = mild inflammation; 2 = moderate inflammation; 3 = severe inflammation; 4 = severe 
inflammation with ulceration or polyps and luminal opacification. 

 

 

 

 

Figure C.3. MRI scans from the pilot study, coronal view. Sinus opacification and clear sinus 
on the left side at the acute and chronic stage are indicated by yellow arrows. 
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Figure C.4. V-slide image taken on a Meta-Systems V-slide slide scanner microscope (Meta-
systems, Altlussheim, Germany). An entire histological section of a rabbit’s sinuses is shown. 
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Table C.2. Parameters for the description of mucosal inflammation and integrity. 

Epithelium Basement membrane Submucosa 

Denudation Thickness Thickness 

Hypertrophy Inflammatory cells Extracellular matrix 

Goblet cell hyperplasia  Inflammatory cells 

Inflammatory cells  Mucus glands 

Mucus production   

Shedding   
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Figure C.5. Pairwise comparisons of relative sequence abundances between time points. Selected single ZOTUs are shown. Significance levels: p < 0.05 (*), p 
< 0.01 (**), p < 0.001 (***).
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Figure C.6. Comparison of bacterial community diversity between nostril sides. PCoA of sinus 
bacterial community structures at different time points. A two-dimensional PCoA plot was 
constructed based on Bray-Curtis dissimilarity. The time point of collection referring to 
baseline, acute and chronic inflammation is illustrated by colour, the origin of the sample from 
the left (L) or right (R) sinus is indicated by shape. 
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Figure C.7. Bacterial community profiles of rabbits from Cho, Mackey, et al. (2018). Profiles are shown at genus level. ZOTUs that could not be 
confidently assigned to genus level are presented as individual ZOTUs with the next available taxonomic classification. Only the left side was 
sampled from different individuals at each time point. In contrast to our results, the decreased abundance of Helicobacter is compensated by a 
large variety of “other” genera (orange portion of stacked bars).
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Figure D.1. Study timeline showing the time points of sample collection, patient allocation 
and treatment. bd = two times a day, qd = once per day, tds = three times a day. 

 

 

Table D.1. PERMANOVA results for variables combined in the statistical model. 

Variable R2 p-value 

Age 0.023 0.006 

Ethnicity 0.061 0.001 

Gender 0.017 0.030 

Nostril Side 0.003 0.969 

Polyposis 0.013 0.106 

Treatment 0.019 0.018 

Time point 0.085 < 0.001 

Treatment : Time point 0.025 0.082 

Partitioning of variance is reflected in the R2 value. p-values were obtained using 999 permutations of 
levels within each factor. A colon indicates that the interaction between two variables was analysed. 
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The Lund-Kennedy staging system for chronic rhinosinusitis (Lund & Kennedy, 1997): 

Characteristics Right Left 

Polyp (0,1,2)   

Oedema (0,1,2)   

Discharge (0,1,2)   

Postop 

Scarring (0,1,2)   

Crusting (0,1,2)   

Total points  

Polyp: 0 – absent; 1 – in middle meatus only; 2 – beyond middle meatus. Oedema: 0 – absent; 1 – 
mild; 2 – severe. Discharge: 0 – no discharge; 1 – clear, thin; 2 – thick, purulent. Scarring: 0 – absent, 
1 – mild; 2 – severe. Crusting: 0 – absent; 1 – mild; 2 – severe. 
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Table E.1. p-values for pairwise comparisons of CFU counts from coupons treated with NEW. 

Coupons Baseline Control NEW 1% NEW 10% NEW 5% NEW 50% 

Control 0.01 - - - - - 

NEW 1% 0.01 0.04 - - - - 

NEW 10% 0.01 0.01 0.36 - - - 

NEW 5% 0.01 0.01 0.63 0.51 - - 

NEW 50% 0.01 0.01 0.06 0.15 0.09 - 

NEW 90% 0.01 0.01 0.09 0.54 0.26 0.44 

 

Table E.2. p-values for pairwise comparisons of CFU counts from coupons treated with PVI. 

Coupons Baseline PVI 10% PVI 2.5% PVI 5% PVI 50% PVI 90% 

PVI 10% 0.002 - - - - - 

PVI 2.5% 0.002 < 0.001 - - - - 

PVI 5% 0.002 < 0.001 0.002 - - - 

PVI 50% < 0.001 0.08 < 0.001 < 0.001 - - 

PVI 90% < 0.001 0.08 < 0.001 < 0.001 - - 

Control 0.002 < 0.001 0.009 0.22 < 0.001 < 0.001 

 

Table E.3. p-values for pairwise comparisons of CFU counts from coupons treated with 
doxycycline. 

Coupons Baseline Control Doxy 
1000 µg/mL 

Doxy 
100 µg/mL 

Doxy 
10 µg/mL 

Doxy 
500 µg/mL 

Control 0.006 - - - - - 

Doxy1000 µg/mL 0.006 0.006 - - - - 

Doxy100 µg/mL 0.006 0.006 0.006 - - - 

Doxy10 µg/mL 0.006 0.069 0.006 0.006 - - 

Doxy500 µg/mL 0.006 0.006 0.02 0.006 0.006 - 

Doxy50 µg/mL 0.006 0.54 0.006 0.006 0.87 0.006 
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Table E.4. p-values for pairwise comparisons of CFU counts from treatment medium with 
NEW. 

Broth Baseline Control NEW 1% NEW 10% NEW 5% NEW 50% 

Control 0.03 - - - - - 

NEW 1% 0.03 0.02 - - - - 

NEW 10% 0.26 0.02 0.03 - - - 

NEW 5% 0.03 0.02 1 0.046 - - 

NEW 50% 1 1 1 1 1 - 

NEW 90% 0.06 0.02 0.80 0.23 0.63 1 

 

Table E.5. p-values for pairwise comparisons of CFU counts from treatment medium with 
PVI. 

Broth Baseline PVI 10% PVI 2.5% PVI 5% PVI 50% PVI 90% 

PVI 10% < 0.001 - - - - - 

PVI 2.5% 0.002 < 0.001 - - - - 

PVI 5% < 0.001 < 0.001 < 0.001 - - - 

PVI 50% < 0.001 < 0.001 < 0.001 < 0.001 - - 

PVI 90% < 0.001 < 0.001 < 0.001 < 0.001 - - 

Control 0.002 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 

 

Table E.6. p-values for pairwise comparisons of CFU counts from treatment medium with 
doxycycline. 

Broth Baseline Control Doxy 
1000 µg/mL 

Doxy 
100 µg/mL 

Doxy 
10 µg/mL 

Doxy 
500 µg/mL 

Control 0.01 - - - - - 

Doxy1000 µg/mL 0.006 0.006 - - - - 

Doxy100 µg/mL 0.006 0.006 0.006 - - - 

Doxy10 µg/mL 0.070 0.006 0.006 0.006 - - 

Doxy500 µg/mL 0.006 0.006 0.35 0.006 0.006 - 

Doxy50 µg/mL 0.006 0.006 0.006 0.006 0.10 0.006 
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