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Abstract

Chronic rhinosinusitis (CRS) is a clinical condition associated with persistent inflammation of the mucosa of
the nose and paranasal sinuses. A significant body of evidence suggests that the mucosal inflammatory
response may be caused by an immunologically mediated reaction to the presence of bacteria and fungi
colonizing the region. Inflammation of mucosa around the sinus ostia leads to obstruction of drainage
pathways, and is thought to create a local environment that facilitates further growth of microorganisms.

However, to date, culture directed antimicrobial therapy had shown relatively limited efficacy. Recent
observation of subepithelial bacterial colonies, predominantly Staphylococcus aureus, identified a new type
of microbiological niche that is not detectable by conventional mucus swab culture techniques, and also
relatively resistant to conventional antibiotics. Also, S. aurues were found to exist within the mucosa without
triggering a host immune response, which suggests the possibility of host immunomodulation.

This thesis aimed to further characterize the nature of subepithelial S. aureus by comparing its genotype and
phenotype to the S. aureus cultured from the mucosal surface – however no discernable differences were
identified. The mucosal innate immunity was investigated in view of the apparent immunotolerance of
intramucosal bacteria, and a significant skew towards alternatively activated, immunotolerant macrophages
was observed in CRS mucosa. Non-culture, non-histology dependent molecular techniques of
microbiological analysis were utilized to compare the surface and intramucosal microbiological
environments, and confirmed the hypothesis that the subepithelial microbiological niche is distinct from the
mucosal surface niche. Novel therapeutic options targeting subepithelial bacterial colonies and chronic
mucosal inflammation were also investigated, with results suggesting the possibility of therapeutic efficacy.

This thesis advances the hypothesis that microbes and the innate immunity have inseparable interactions in
the pathogenesis of CRS.
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Chapter 1. Introduction

1.1 Disease burden
Chronic rhinosinusitis (CRS) is a clinical syndrome characterized by persistent nasal obstruction,
nasal discharge and/or postnasal drip, facial pressure or headache, and reduction of smell for over
12 weeks. CRS is a highly prevalent condition affecting 5-15% of the general population in both the
US and Europe, with high associated direct costs of treatment (Fokkens et al., 2012). Of the chronic
health conditions, CRS has also been shown to impact social functioning more than chronic heart
failure, angina or back pain (Gliklich & Metson, 1995). The defining underlying clinical feature is
persistent inflammation of the sinonasal mucosa. Inappropriate or excessive immune response to
foreign antigens is thought to lead to the persistent mucosal inflammation, cellular influx,
radiological changes and clinical symptoms, but this hypothesis remains unproven (Kern et al.,
2012). This thesis with publication aims to further our understanding of the pathophysiology of
CRS, as well as investigating novel treatment options.

1.2 Pathophysiology
Obstruction of the sinus ostia resulting from mucosal inflammation is likely to play a significant
role by creating an environment which facilitates the growth of microorganisms (Ha, Psaltis, Tan, &
Wormald, 2007). Both antibiotics and corticosteroids, particularly when given systemically, provide
some relief from symptoms (Hissaria et al., 2006; Wallwork, Coman, Mackay-Sim, Greiff, &
Cervin, 2006). However their favourable effects are not usually long lasting (Van Zele et al., 2010).
Although a small proportion of patients may have systemic conditions such as primary ciliary
dyskinesia, cystic fibrosis or hypogammaglobulinaemia, no clear etiology has been identified in the
majority of patients suffering from CRS. The sinonasal epithelium, forming the mechanical and
immunological barrier of the upper respiratory airway, plays a major role in the development of
1

CRS as it is constantly exposed to inhaled antigens from the environment. It is hypothesized that
this barrier becomes defective in CRS but the cause of this fundamental change is poorly
understood, and is almost certainly multifactorial.

1.2.1 Viruses
A considerable proportion of patients with CRS present with a history of a presumed viral upper
respiratory tract infection and acute sinusitis, which subsequently persists. These patients usually
deny a history of CRS prior to this event, and this is consistent with the finding of viruses being
associated both with obstruction of the sinus ostiomeatal complex (Ha et al., 2007) as well as
development epithelial cell dysfunction (Tieu, Kern, & Schleimer, 2009). A parallel can be seen in
the pathophysiology of asthma in which an infection with respiratory syncytial virus (RSV) has
been shown to increase the probability of an affected child developing asthma for at least a decade
after the infection (Sigurs, 2001). Furthermore, there is evidence that respiratory viruses have the
ability to cause latent infections (Neumann, Genersch, & Eggers, 1987) and acute asthma
exacerbations (Johnston et al., 1995). There have been several studies investigating the role of
viruses in the development of CRS, but all have limitations such as the sample being collected
during the winter months where many patients are transiently infected by respiratory viruses
(Ramadan, Farr, & Wetmore, 1997), or the samples being collected from the inferior turbinates
rather than the sinus mucosa (Jang, Kwon, Park, & Lee, 2006). A recently published paper
investigated the presence of respiratory viruses in sinus tissues obtained from 15 adults, either
during FESS, or from control patients without CRS undergoing surgery for non-functioning
pituitary adenomas or malignant pterygopalatine fossa lesions (Wood, Antoszewska, Fraser, &
Douglas, 2011). In this study, no respiratory viruses were detected by PCR in any of the samples,
although very low amounts of human herpes-6 and Epstein-Barr virus were found. The significance
of these findings are unclear, and there may certainly be a role for further research into the role
respiratory viruses have on chronic inflammation, as well as acute exacerbations of CRS.
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1.2.2 Fungus
It has been proposed that an eosinophilic response to inhaled fungi, in particular Alternaria, causes
CRS in many patients. This hypothesis was developed from the finding of fungi and eosinophilic
mucin in the majority of CRS patients (Davis & Kita, 2004; Ponikau et al., 1999; Shin et al., 2004),
but there has not been a clear explanation of the association between these findings and the
epithelial response. It has been suggested that intranasal fungi in a patient with CRS would
probably exacerbate the disease process through protease effects on nasal epithelial cells as well as
activated eosinophils and lymphocytes present in the nose (Kern et al., 2012), but there is no clear
evidence that fungal antigens are targeting the T or B cells in the mucosa of CRS patients (Ebbens
& Fokkens, 2008). Trials using topical amphotericin have not improved symptoms or clinical signs
in CRS patients (Ebbens et al., 2006), which further questions the role of fungi in the majority of
CRS patients. In a small proportion of patients with CRS, the causative aetiology has been linked to
fungi (AFS – allergic fungal sinusitis) (Bakhshaee et al., 2013; Bent & Kuhn, 1994). However, even
in this population the effectiveness of antifungal treatment remains uncertain (Ryan & Clark, 2015).

1.2.3 Biofilms
In mucosal environments, bacteria typically form organized communities of aggregated cells
embedded in a hydrated matrix of extracellular polymeric substances (EPS) called biofilms
(Costerton, Stewart, & Greenberg, 1999; Donlan & Costerton, 2002). Fungi may also form
biofilms, or be associated with bacterial biofilms (Sanglard, 2002). Biofilms are able to persist and
cause re-infections despite the actions of antimicrobial therapy and an active host mucosal defense
system. Staphylococcus aureus and Pseudomonas aeruginosa have been demonstrated to be the
more common biofilm forming bacteria on sinus mucosa of CRS patients (Psaltis et al., 2007; Suh,
Cohen, & Palmer, 2010), but the exact role of biofilms in the development of CRS has not yet been
clearly demonstrated. The term MBEC, minimal biofilm eradication concentration, has been used to
reflect that the dosages of antimicrobial agents required for biofilm eradication was much greater
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than the standard MIC (minimum inhibitory concentration). For example, a 60-fold greater amount
than the MIC of gentamicin for planktonic pseudomonas was found to be the MBEC for
pseudomonas biofilms (Ceri et al., 1999). As a result, the effect of various topical agents, including
mupirocin, ciprofloxacin and vancomycin have been studied on biofilms (Desrosiers, Bendouah, &
Barbeau, 2007), as well as several therapies used to prevent and destabilize biofilms, such as
surfactants and macrolide antibiotics. The efficacies of these treatments require further investigation
and clarification.

1.2.4 Staphylococcus aureus
Staphylococcus aureus is a commensal organism, colonizing the anterior nares of between 20% to
37% (Kluytmans, van Belkum, & Verbrugh, 1997; Wertheim et al., 2005; WILLIAMS, 1963) of
the normal population. Nosocomial bacteraemia from S. aureus have been found to be more
common in carriers (Eiff, Becker, Machka, Stammer, & Peters, 2001; Wertheim et al., 2004).
S. aureus has a number of mechanisms of pathogenicity at its disposal.

1.2.4.1 Superantigens
It is hypothesised that the superantigen toxins produced by S. aureus lead to stimulation of T
cells, cytokine release and a local polyclonal IgE response (Kern et al., 2012). These tissue
responses are closely comparable to those seen in the polyps that develop in some CRS
patients (Bachert, Gevaert, Holtappels, Johansson, & Van Cauwenberge, 2001). The
mechanism of superantigen toxins in the disease process of CRS remains unclear as it is not
understood why most people can remain healthy with S. aureus colonizing their nasal
cavities, while a proportion of CRS patients produce polyps.

4

1.2.4.2 Small colony variants (SCV)
SCVs have undergone a mutation with resulting phenotypic abnormality in the form of single
or multiple auxotrophisms, usually in response to external environmental pressures such as
antibiotics. These mutations lead to growth deficiency and difficulty in culturing, especially
as they may be outgrown by their wild types in the standard mixed culture, as well as
antibiotic resistance. Slow growing subgroups of various staphylococcal species, as well as
Pseudomonas aeruginosa and Escherichia coli have been identified (Adler, Widmer, & Frei,
2003; Colwell, 1946; Eiff et al., 1999; Häussler, Tummler, Weissbrodt, Rohde, & Steinmetz,
1999), and it is this slow growing characteristic that leads to the development of small
colonies on agar, which are about one-tenth the size of “normal” S. aureus (Melter &
Radojevič, 2010). In cystic fibrosis patients, SCVs were shown to persist for an extended
period (Eiff, 2008), and have been associated with several persistent, recurrent and antibioticresistant infections (Eiff, Peters, & Becker, 2006). Although there is a case series of 31 CRS
patients in whom no SCV were detected in either nasal lavage or biopsies (Niederfuhr et al.,
2008), there is a case report of sinusitis which was slow to respond initially, but slowly
improved with a 5 week therapy of intravenous nafcillin and whether decongestants (Proctor,
van Langevelde, Kristjansson, Maslow, & Arbeit, 1995). It is conceivable that the
intramucosal microcolonies found in CRS patients are SCVs, and thereby reveal a possible
direction for improving medical treatment.

1.2.4.3 Effect on healing after sinus surgery
Patients are offered functional endoscopic sinus surgery (FESS) when medical therapy has not
adequately controlled their symptoms. The presence of S. aureus has also been shown to have
an impact on the outcome of surgery. The frequency of infection after endoscopic sinus
surgery is not uncommon (Bhattacharyya, Gopal, & Lee, 2004), but the impact of such
infections in healing has not been clearly explained. A study involving one hundred and forty
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one consecutive patients undergoing FESS demonstrated that 87.5% of patients with
intraoperative infection of S. aureus proceeded to postoperative mucosal infection whereas
the postoperative infection rate for all patients with intra-operative infection with non-S.
aureus was 31.6% (Jervis-Bardy et al., 2009). Although its mechanism of pathogenicity is
uncertain in CRS, S. aureus appears to play a role in the pathogenesis of this condition.

1.2.5 Intramucosal colonies
Despite a recent focus on the role of biofilms in the pathophysiology of CRS, little is known about
the microbiology within the mucosa itself. The role of intramucosal bacteria has been investigated
in various disorders associated with mucosal inflammation, such as tonsillitis (Swidsinski et al.,
2007), colitis (Darfeuille-Michaud et al., 2004) and cystitis,(Anderson, Goller, Justice, Hultgren, &
Seed, 2010) as well as otitis media (Coates et al., 2008). S. aureus has been identified in the
epithelial layer as well as within the sinus mucosa by means of immunohistochemistry,
transmission electron microscopy and immunofluorescence in both CRS and normal controls
(Clement et al., 2005; Corriveau, Zhang, Holtappels, Van Roy, & Bachert, 2009; Niederfuhr et al.,
2008; Sachse, Becker, Eiff, Metze, & Rudack, 2010).

Research within our department used Gram and Giemsa stains, immunohistochemistry, bacterial
culture and fluorescence in situ hybridization (FISH) to demonstrate intramucosal bacterial colonies
in 14 out of 18 CRS patients, of which 10 were identified by FISH as S. aureus (Wood et al., 2012).
Colonies of S. aureus in biofilms were identified on the mucosal surface, but their presence did not
predict the presence of intramucosal colonies. Another significant finding was the lack of an
inflammatory response around the intramucosal colonies. In fact there were significantly fewer T
lymphocytes (p=0.03) and eosinophils (p=0.03) around these colonies, compared to areas of the
mucosa without them. The mechanism, or mechanisms, by which S. aureus evades the host immune
system is currently being investigated. These immune-evading colonies may explain why the
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conventional antibiotics, which are commonly bacteriostatic (and hence reliant on the host immune
system to then eradicate the remaining microorganisms), have only demonstrated limited efficacy in
CRS. These observations open a new frontier for research as studies to date have focused more on
how various pathogens on the surface may disrupt the ‘barrier’ sinonasal epithelium to lead to
chronic mucosal inflammation. The subepithelial microbiological niche may have a role in the
recalcitrance of CRS.

1.2.6 Culture and histology independent microbiological assessment
The advent of new technologies for determining the composition of complex microbial
communities has led to burgeoning interest in the role of the microbiome in human health over the
past decade (Cho & Blaser, 2012). Human beings are conglomerates of human cells and symbiotic
species, and the abundant and diverse microbial members (the microbiota) play critical roles in the
maintenance of human health by liberating nutrients and/or energy from otherwise inaccessible
dietary substrates, promoting differentiation of host tissues, stimulating the immune system, and
protecting the host from invasion by pathogens (Costello, Stagaman, & Dethlefsen, 2012). The
human microbiota consist of around 100 trillion microbial cells, and this outnumbers human cells
by 10 to 1 (Savage, 1977). Our endogenous flora has stimulated enormous research efforts
subsequent to the human genome project. A second human genome project has been called for,
entailing a comprehensive inventory of microbial genes and genomes at the four major sites of
microbial colonization in the human body: mouth, gut, vagina and skin (Relman & Falkow, 2001).
There is now a rapidly expanding microbiome database in the CRS literature (Abreu et al., 2012;
Feazel, Robertson, Ramakrishnan, & Frank, 2012; Ramakrishnan, Feazel, Gitomer, Ir, et al., 2013),
but the correlation between microbiology, pathophysiology and clinical presentation is far from
clear.
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1.3 Hypotheses
This thesis has the aim of investigating the subepithelial microbiological niche and its interaction
with the host. This may also lead to the development of novel treatment options. Specific
hypotheses as will be discussed in the subsequent chapters are:

Chapter 2: intramucosal colonies have genotypic or phenotypic variations from the surface
bacteria

Chapter 3: presence of intramucosal colonies reflect mucosal immune dysfunction

Chapter 4: CRS patients with background of cystic fibrosis (CF) have particularly recalcitrant
disease, which may be related to the presence of intramucosal colonies

Chapter 5: antibiotic therapy, with high tissue penetration, aimed specifically at intramucosal
colonies, may be more effective than conventional antibiotics

Chapter 6: given that CRS is a mucosal inflammatory condition, a novel therapy with proven
efficacy against both acute and chronic wounds may be effective against CRS also

Chapter 7: surface and subepithelial microbiological niches are different entities, even when
utilizing culture or histology independent, molecular technique of assessment

The above 6 chapters have all either been published or accepted for publication with minor
modifications and undergoing review process in peer-reviewed journals.
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Chapter 2. The characteristics of intramucosal bacteria
in chronic rhinosinusitis: a prospective cross-sectional
analysis.
Reproduced with permission from the International Forum of Allergy and Rhinology, Wiley
Volume 3(5):349-354, 2012

2.1 Abstract
2.1.1 Background
We have observed subepithelial bacterial microcolonies within the mucosa of patients with chronic
rhinosinusitis (CRS). These were predominantly Staphylococcus aureus and did not appear to elicit
a local inflammatory response. We hypothesized that these microcolonies had made adaptations
allowing them to exist apparently undetected within the mucosa. We sought to determine whether
the tissue colonies had genotypic or phenotypic variations from the surface bacteria.

2.1.2 Methods
Mucosal swabs and tissue biopsies were taken from 31 patients with CRS undergoing functional
endoscopic sinus surgery, and 9 with normal sinuses having transnasal pituitary surgery. Biopsied
tissues were assessed histologically, by routine culture, and by culture techniques facilitating
growth of small colony variants (SCVs). Genotypic typing compared isolates of S. aureus that were
cultured from both swab and tissue samples. The activity of accessory gene regulator (agr) gene, a
global regulator of S. aureus virulence, was evaluated indirectly by determining the hemolytic
activity of the colonies on blood agar.
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2.1.3 Results
SCVs were grown from 2 samples but these were found not to possess the nuc gene, specific to S.
aureus. When S. aureus was recovered from both swab and mucosa, the genetic profiles were
indistinguishable in all but 1 patient. All S. aureus cultured from mucosa demonstrated ß-hemolysis,
implying normal agr activity.

2.1.4 Conclusion
Intramucosal S. aureus are genetically closely related and phenotypically similar to surface S.
aureus. Further studies are needed to explore the possible mechanisms by which intramucosal
colonies become less immunogenic, and the role of the colonies in the pathophysiology of CRS.

2.2 Introduction
In recent years, a number of studies have explored the impact of biofilms on the course of CRS (M.
Cohen et al., 2009; Singhal, Foreman, Bardy, & Wormald, 2011; Suh et al., 2010; Z. Zhang et al.,
2009). However, the impact of submucosal microcolonies on the course of CRS remains uncertain
despite the presence of these colonies being described in several studies (Corriveau et al., 2009;
Niederfuhr et al., 2008). Previously we found that tissue microcolonies were more prevalent in CRS
than in healthy controls, and that S. aureus was the most common microorganism found within
CRS tissue (Wood et al., 2012). Notably, we also observed that tissue microcolonies did not appear
to elicit a local immune reaction.

We hypothesized that bacteria within microcolonies elude immune detection by undergoing a
genotypic or phenotypic alteration from their planktonic forms. In order to explore this hypothesis,
we sought to determine whether isolates recovered from tissue specimens were genetically similar
to those recovered from mucosal swabs taken from the same subject. We reasoned that genetic
similarity between surface mucosal strains and those in subepithelial microcolonies would support
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the notion that bacteria in microcolonies are derived from bacteria colonizing the mucosal surface.

We also speculated that tissue microcolonies could be the in vivo equivalents of small colony
variants (SCVs). These are phenotypic variants of S. aureus observed in vitro as characteristic small
colonies with reduced or absent pigmentation (Tuchscherr et al., 2010). Small colony variants are
associated with chronic infections such as lung disease in cystic fibrosis, osteomyelitis and
infections of surgical implants (Melter & Radojevič, 2010). The growth rate of SCVs is much
slower than wild type colonies, and they tend to produce fewer virulence factors and be more
resistant to antibiotics than their parent strain (Cameron, Howden, & Peleg, 2011). In order to
evaluate the relationship between tissue microcolonies and SCVs, we compared the prevalence of
SCVs among CRS patients and normal controls.

SCVs have also been associated with down-regulation of accessory gene regulator (agr) activity
(Wright et al., 2005). The agr gene is a global regulator of the staphylococcal virulence, which
includes secreted virulence factors and surface proteins (Traber et al., 2008). We hypothesized that
agr inactivation may be a genotypic variation of bacteria within intramucosal microcolonies, when
compared to the surface bacteria. It has been found that lack of agr activity leads to S. aureus
colonies losing their hemolytic phenotype on sheep blood agar. Accordingly we used the presence
of hemolysis as a surrogate marker for agr activity.

2.3 Materials and methods
The Health and Disability Ethics Committee of New Zealand and the ethics committees of the
participating hospitals approved the study. Written informed consent was obtained from all
participants.
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2.3.1 Participants and recruitment
A total of 40 consecutive adult patients were recruited: 31 of these patients were undergoing
endoscopic sinus surgery for CRS by a single surgeon at a tertiary hospital and the remaining 9
control patients were undergoing trans-sphenoidal resection of non-functioning pituitary adenomas
in a combined ORL/neurosurgical procedure at the same center. Four of the patients with CRS had
underlying cystic fibrosis (CF). Control patients were excluded if they had any evidence of CRS on
history, endoscopic examination or sinus CT scan. Patients in the CRS group were excluded if their
Lund-Mackay radiological severity score was less than 10/24 (C. Hopkins et al., 2007). Patients
from both groups were excluded if they received systemic antibiotics or steroids in the four-week
period preceding their surgery.

2.3.2 Disease severity
All participants completed a symptom score prior to surgery in which they rated the severity of
following five CRS symptoms between 0 and 5: nasal obstruction, anterior rhinorrhea, posterior
nasal drip, facial fullness, pain or pressure, and anosmia (Wabnitz, Nair, & Wormald, 2005).
Radiological Lund-Mackay scores were also documented for all patients. (Table 2.1)

2.3.3 Specimen collection
Separate mucosal swabs were taken for culture from anterior nares and the middle meatus at the
time of induction of anaesthesia. Mucosal biopsies were taken from the ethmoid region and bone
biopsies were taken from the front face of the sphenoid, medial and inferior to the ostium.
Prophylactic antibiotics were administered at the completion of the swab and tissue collection.
Contamination was minimized by endoscopic visualization of the swabbing and biopsy process,
with care taken not to make contact with surrounding structure when exiting the sinonasal cavities.
The tissue biopsies were washed in sterile saline prior to being sent to the laboratory. All biopsied
tissues were divided into portions for fresh freezing with liquid nitrogen, sending fresh to hospital
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laboratory for culture and fixing in Carnoy’s fixative for 24-72 hours (Winther, Gross, Hendley, &
Early, 2009; Wood, Fraser, Swift, Amirapu, & Douglas, 2011). Samples were only identified by a
reference number, and the investigators were blinded from the clinical details of the patients. Fixed
tissue samples were embedded in paraffin after histological processing.
Table 2.1 Patient demographics and disease severity

CRSsNP = chronic rhinosinusitis without nasal polyps; CRSwCF = chronic rhinosinusitis with background of cystic
fibrosis; CRSwNP = chronic rhinosinusitis with nasal polyps; Symptom score = visual analogue scale (maximum score
of 25).

2.3.4 Light microscopy
Using specific fluorescent in situ hybridization probes, we have previously determined that S.
aureus was by far the most commonly found organism in sinus mucosa (Wood et al., 2012). In this
study we used Gram staining with neutral red counterstaining to identify intramucosal
microcolonies. Lamb’s liver was incubated in pure cultures of S. aureus for 24 hours for use as
positive control. Paraffin-embedded tissue blocks were sectioned at 5 µm slice thickness and
mounted on slides. Randomly chosen sections were examined to increase the representative nature
of the sampling. Four tissue sections were mounted on each slide. There was a separate slide with a
single positive control section for every batch of slides undergoing Gram staining. A Leica DMR
upright microscope (Leica Microsystems, Wetzlar, Germany) was used for screening of
intramucosal microcolonies, and findings were recorded with a Nikon Digital Sight cooled color
camera (Nikon, Tokyo, Japan). For every patient, groups of four tissue sections were examined
until a microcolony or colonies were identified or until a total 32 tissue sections had been examined.
If no microcolonies were seen after the examination of 32 sections, the sample was recorded as not
having intramucosal microcolonies.
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2.3.5 Staphylococcal protein A (spa) typing
In order to determine whether the intramucosal colonies were the same genotypic strain as the
colonies cultured from the mucosal swabs, spa typing was performed. This technique is based on
sequencing of the polymorphic X region of the staphylococcal protein A gene which is present in
all strains of S. aureus (Hallin, Friedrich, & Struelens, 2009). The technique can identify different
strains of S. aureus and is widely used in epidemiological studies of S. aureus (Hallin et al., 2009;
Satta, Ling, Cunningham, McHugh, & Hopkins, 2013; Strommenger et al., 2008). When cultures of
both mucosal swab and tissue biopsy from a patient grew S. aureus, the colonies underwent spa
typing to assess for any genotypic variation. This was performed at the Institute of Environmental
Science & Research, Porirua, New Zealand. The polymorphic region was amplified by performing
PCR using spa-1113F and spa-1514R primers. The spa sequences were then analyzed using Ridom
StaphType Software, and every colony of S. aureus examined were given a spa type number.

2.3.6 Small colony variants (SCVs)
In parallel with routine culture we sought to culture SCVs. To facilitate the growth of small colony
variants, macerated tissue specimens were plated onto MSA (mannitol salt agar), CNA (colistin and
nalidixic Acid) and SBA (sheep blood agar) plates and incubated aerobically. Another set of MSA,
CNA and SBA plates, and a BHI (brain heart infusion broth) plate were inoculated and incubated
anaerobically. All plates were held for 72 hours. Organisms that were morphologically consistent
with SCVs after 24-48 hours of incubation were sub-cultured on to SBA at 37oC and incubated both
aerobically and with CO2. SCVs may appear mannitol negative on MSA medium (Proctor et al.,
2006), so all isolates were tested for coagulase production. Any growth of SCVs underwent nuc
gene testing (Kipp, Becker, Peters, & Eiff, 2004). This gene encodes the thermostable nuclease of S.
aureus and is specific to this species (Brakstad, Aasbakk, & Maeland, 1992).
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2.3.7 agr activity
It has been found that the activity of the agr can be measured indirectly by determining the
hemolytic activity of the colonies on sheep blood agar – complete or ß-hemolysis is associated with
an active agr complex, where as incomplete hemolysis has been correlated with reduced agr
activity (Herbert et al., 2010; Traber et al., 2008). The pattern of hemolysis on blood agar plates
around all colonies of S. aureus cultured from sinus mucosa was determined. The pattern of
hemolysis became apparent after about 18 hours of culture. This study followed a previously
published protocol of hemolysis assessment (Herbert et al., 2010).

2.3.8 Statistical analysis
All statistical analysis was performed using the computer software Prism (GraphPad Software,
Inc. 2236 Avenida de la Playa La Jolla, CA 92037 USA). Fisher’s exact test was used to assess the
prevalence of intramucosal microcolonies between diagnostic groups, with a two-tailed p value and
95% confidence interval.

Figure 2.1

Prevalence of intramucosal microcolonies in
normal controls, patients with chronic
rhinosinusitis without nasal polyps
(CRSsNP), chronic rhinosinusitis with nasal
polyps (CRSwNP), chronic rhinosinusitis
with background of cystic fibrosis
(CRSwCF), and the combined data for all
patients with chronic rhinosinusitis (CRS).
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2.4 Results
2.4.1 Intramucosal microcolonies
Gram positive microcolonies were found within the mucosa of 10/16 (63%) of CRSsNP, 5/11 (45%)
of CRSwNP, 3/4 (75%) of CF, and 1/9 (11%) of control patients. When the prevalence in all CRS
patients and in CRSsNP patients was compared to controls, there was a statistically significant
increase in abundance in the disease groups. (Figure 2.1) The microcolonies were not associated
with a localized immune response. Mucosal biofilms were observed in three patients. (Figure 2.2)

Figure 2.2

High power (63x) images of 5 µm tissue sections of sinus mucosa after Gram staining. (A) Patient with chronic
rhinosinusitis without nasal polyps (CRSsNP). Bacterial colonies within the mucus on the surface of tissue. (B) Bacteria
within the mucus on top of the mucosa from a patient with chronic rhinosinusitis with background cystic fibrosis
(CRSwCF). (C) and (D) demonstrate intramucosal bacterial microcolonies within the mucosa of a patient with CRSsNP,
and a patient with chronic rhinosinusitis with nasal polyps (CRSwNP) respectively.
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2.4.2 Standard microbiological culture
S. aureus was cultured from 7/16 (44%) of anterior nares and middle meatus swab samples, and
5/16 (31%) of tissue samples from patients with CRSsNP. All 5 patients with growth of S. aureus
from tissue samples also had S. aureus growth from swab cultures. Culture positive patients did not
correlate with histology positive patients. The culture results were not as consistent in the CRSwNP
group. S. aureus was cultured from 7/11 (64%) of either the anterior nares or middle meatus swab
samples, and 6/11 (54%) of the mucosal culture. Two patients had S. aureus growth from anterior
nares and middle meatus swabs but not from the mucosa. One patient grew S. aureus from anterior
nares, but H. influenzae and S. pneumoniae from the middle meatus swab, and “mixed
oropharyngeal flora” from the mucosal tissue. Again, culture positivity did not correlate with
histology positivity. (Table 2.2)

Table 2.2 Correlation between histology and culture results

CRSsNP = chronic rhinosinusitis without nasal polyps; CRSwNP = chronic rhinosinusitis with nasal polyps; S. aureus
cultured = cultured from mucosa or bone.

2.4.3 Small colony variants (SCVs)
SCVs were grown from the mucosal biopsies of two CRS patients. (Figure 2.3) However, they
were both nuc gene negative, which means that neither staphylococcal species were S. aureus.

2.4.4 Staphylococcal protein A (spa) typing
Apart from one CRSsNP patient who grew the same strain of S. aureus from the anterior nares
swab and the mucosal biopsy but a different strain from the middle meatus swab, S. aureus grown
from multiple sites of individual patients were of the same genotype. The spa types were diverse
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between patients.
2.4.5 agr activity
All colonies of S. aureus cultured on agar plates from tissue biopsies were ß-hemolytic, which is
indicative of normal agr activity.

Figure 2.3

(A) S. aureus growth from a patient with chronic rhinosinusitis without nasal polyps (CRSsNP). (B) Slow growing,
phenotypically smaller, and pointed small-colony variants from another patient with CRSsNP.

2.5 Discussion
We have tried to identify the characteristics of tissue microcolonies, which we and others have
observed in the mucosa of patients with CRS. In this group of patients, we have confirmed our
previous finding (Wood et al., 2012) that intramucosal microcolonies are significantly more
prevalent in disease than in health. We have previously observed that although mucosa from
patients with CRS had more immune cells than normal controls, these cells were not specifically
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drawn to the region around microcolonies (Wood et al., 2012). Indeed there were fewer T
lymphocytes and eosinophils in the immediate proximity of these colonies when compared to
elsewhere in the same section. Although not quantified in this group of patients, the lack of immune
cells around microcolonies was observed again. The lack of immunological response to the
microcolonies suggest that S. aureus is very well adapted to colonize sinus tissues and underscores
the difficulty in achieving elimination of this bacterial species from the nose and sinuses when a
reservoir of intramucosal colonies exists.

There is no simple method to confirm that the cultured bacteria from tissue biopsies are
representative of the intramucosal microcolonies seen histologically. Physical isolation of the
intramucosal colonies and their subsequent culture without contamination from surface bacteria is
not easily achieved. This may partly explain the lack of correlation between culture and histology
findings. Furthermore, not all gram positive cocci seen histologically were tested for S. aureus, on
the basis that we previously found S. aureus to be the most common intramucosal bacteria found
(Wood et al., 2012), and the lack of correlation may partly be due to not all gram positive cocci
being S. aureus. On the other hand, this may explain the coagulase-negative staphylococcal SCV
colonies cultured, as these may account for some of the gram positive cocci seen histologically.
By spa typing we found that the strain of S. aureus growing in the tissue is, in most cases, identical
to the strain cultured from the mucosal surface. In contrast, spa types were highly variable between
individual patients. This observation suggests that bacteria in the microcolonies are derived from
bacteria that colonize the mucosal surface, although it certainly does not prove this conclusively. In
addition, the variability in spa types between patients with microcolonies on histology suggests that
microcolonies are not caused by a particular single strain of S. aureus.

The zone of complete hemolysis surrounding all of the S. aureus colonies suggests no reduction in
the activity of the agr gene in the intramucosal colonies. Using hemolysis as a surrogate marker of
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agr activity may also be a limitation of the study. A group who investigated the sequences of agr
gene and its mutations concluded that using hemolysis as an indicator of agr activity is usually, but
not always correct, having observed a non-hemolytic strain with normally functioning agr complex
(Traber et al., 2008).

As we were unable to distinguish a genotypic or phenotypic difference between surface and tissue
bacterial colonies, this study suggests that the tissue bacteria have migrated from the surface, rather
than representing a distinct and separate population of variant S. aureus. It may be that the inflamed
and denuded epithelium in CRS allow communication of the microorganisms from the surface to
the subepithelial mucosa. This study has not been able to provide an insight into the mechanism
whereby the intramucosal bacteria are able to exist within the tissues without provoking an immune
response, as the bacteria cultured from tissue specimens did not differ phenotypically from bacteria
from mucosal swabs.

Although conventional culture results suggest that S. aureus is the pathogen most commonly
associated with CRS, it may well not be the only relevant bacterial species. With the increasing
availability of non-culture dependent techniques it is now possible to determine the entire
microbiome of a certain tissue (Stephenson et al., 2010). Non-culture dependent technique may also
further explain the lack of correlation between culture and histology findings in this group of
patients. The microbiome in the sinus mucosa of CRS patients needs to be studied in comparison
with normal controls before a more definitive correlation can be made between microorganisms and
the pathophysiology of CRS.

2.6 Conclusion
Intramucosal bacterial microcolonies are more common in CRS than in controls, suggesting the
possibility of these microcolonies playing a pathogenic role in this condition. The bacteria cultured
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from sinus mucosa tissues appear very similar or identical to those cultured from the mucosal
surface. The greater prevalence of these microcolonies in disease suggests that intramucosal
microcolonies are the result of bacterial strains on the surface of the sinus mucosa penetrating
through inflamed and denuded epithelium.
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Chapter 3. The interaction between bacteria and
mucosal immunity in chronic rhinosinusitis:
a prospective cross-sectional analysis.
Reproduced with permission from the American Journal of Rhinology & Allergy, OceanSide
Volume 27(6):183-9, 2013

3.1 Abstract
3.1.1 Introduction
We have detected intramucosal bacteria within the sinus mucosa of patients with chronic
rhinosinusitis (CRS), but our attempts at characterizing these did not yield any discernable
genotypic or phenotypic differences from surface bacteria. We hypothesized that the presence of
intramucosal microcolonies reflected host mucosal immune dysfunction.

3.1.2 Objectives
We sought to characterize the activation status of T cells, B cells and macrophages in the sinus
mucosa of patients with CRS and controls, and to determine the impact of bacteria on mucosal
immunology.

3.1.3 Methods
Swabs and mucosal biopsies were taken from 27 patients with CRS undergoing sinus surgery, and 9
with normal sinuses having transnasal pituitary surgery. Microcolonies were detected using Gram
staining, and the immune cells were characterized by immunohistochemical techniques.
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3.1.4 Results
Swab culture rates for S. aureus were similar between CRS and controls. However, there were
significantly more intramucosal microcolonies in CRS (59% vs 11%) than in controls (p = 0.02).
There were significantly more immune cells in CRS. Percentage of activated T and B cells were
similar between CRS and controls, but there were significantly more CD163+ M2 macrophages in
patients with CRS (p = 0.0004). Furthermore, percentage of CD163+ macrophages showed a
positive correlation with disease severity. The presence of bacteria had no impact on immunology
or disease severity.

3.1.5 Conclusion
Tolerance of intramucosal microcolonies in CRS may reflect altered macrophage function in the
host mucosa. The clinical severity of CRS is also dependent on the host mucosa immune
dysfunction, rather than the presence of intramucosal microcolonies.

3.2 Introduction
Despite the high prevalence and significant associated morbidity of chronic rhinosinusitis (CRS),
the pathophysiology of this condition remains unclear. Although a role for bacteria in the
pathophysiology of CRS is generally accepted, nasal swab culture results from CRS patients and
healthy controls have been found to be strikingly similar (Bhattacharyya, 2005). However nasal
swab cultures reflect only a small part of the microbiology of CRS - it has recently been reported
that in CRS patients bacteria can also be found forming surface biofilms (Bhattacharyya, 2005;
Psaltis et al., 2007), within epithelial cells (Clement et al., 2005), and in the submucosal interstitium
(Wood et al., 2012). Bacteria occupying these niches are difficult to identify by conventional
culture techniques.

Debate continues as to whether the bacteria provoke the inflammatory response, or whether
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mucosal inflammation and disruption of the mucosal defense is the primary event, which
subsequently allows bacteria to adhere to and invade in a manner they cannot when the mucosa is
normal.

We have recently reported that intramucosal bacterial microcolonies are more prevalent in CRS
than in healthy controls (Wood et al., 2012). Virtually all the microcolonies were found to be
Staphylococcus aureus on fluorescence in situ hybridization (FISH). Surprisingly these S.aureus
microcolonies did not appear to elicit a host immune response. In fact, we observed significantly
fewer immune cells immediately around intramucosal microcolonies, when compared to the areas
of the same tissue section away from the microcolonies. Despite this ability to evade the host
immune response, we could detect no discernable genotypic or phenotypic differences between the
surface and intramucosal S. aureus (Kim, Freeman, Waldvogel-Thurlow, Roberts, & Douglas,
2013). On the basis of these findings, we hypothesized that surface bacteria migrate into the
submucosa through disrupted epithelium and are allowed to persist because the mucosal immune
system is defective.

Histologically, CRS mucosa is characterized by increased numbers of T lymphocytes, eosinophils,
basophils, neutrophils and subepithelial collagen deposition (Sobol et al., 2003). It is usual for
tissue invasion by S. aureus to cause an innate immune response, in which macrophages,
neutrophils and other immune cells are attracted via the secretion of cytokines and chemokines
(Köckritz-Blickwede et al., 2010). T and B lymphocyte antigen specific adaptive immune responses
then lead to eradication of the pathogen.

T lymphocytes, including both CD8+ cytotoxic and CD4+ T helper lymphocytes, have been found
in greater numbers in CRS than in controls (Nakamura, Kameda, Koshimizu, Yanagawa, & Kaneko,
2008; Onerci, Elsurer, Guzel, & Dagdeviren, 2011; Shi et al., 2009). CD69 is expressed within 2
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hours of stimulus induced T lymphocyte activation and normally lasts for up to 48 hours after
stimulus removal (Marzio, Mauël, & Betz-Corradin, 1999; Testi, Phillips, & Lanier, 1989; Ziegler,
Ramsdell, & Alderson, 1994). Some evidence is emerging of a dysregulation of T lymphocytes in
the host immune response which leads to chronic inflammation (Cope, 2002; Kline & Hunninghake,
1994).

The activation of B cells has also been associated with a pro-inflammatory state, with studies
demonstrating local activation of eosinophils in CRSwNP mediated by increased IgA secretion
(Cheema, Roschke, Hilbert, & Stohl, 2001; Kato et al., 2008; Petri et al., 2008). Activation by B
cell activating factor (BAFF) maintains B cell survival by preventing apoptosis without enhancing
proliferation (Avery et al., 2003).

Macrophages contribute to pathogen elimination by their role in cell-mediated immunity. Several
phenotypes of macrophages exist, but two main forms, with differing functions, have been
identified and described: M1 classically activated pro-inflammatory phenotype and M2
alternatively activated anti-inflammatory phenotype (Brown, Valentin, Stewart-Akers, McCabe, &
Badylak, 2009). The M2 macrophage phenotype predominates late in the infective process, after the
pro-inflammatory immune response has subsided, and tissue remodeling and angiogenesis
occurs.(Deonarine et al., 2007; Ritter et al., 1999; Zwadlo, Voegeli, Schulze Osthoff, & Sorg, 1987)
CD163 is a scavenger receptor expressed on most subpopulations of mature macrophages and is
commonly used as a marker for the M2 phenotype (Akila, Prashant, Suma, Prashant, & Chaitra,
2012). More CD163+ macrophages have been found in the sinus mucosa of patients with CRSwNP
compared to controls, implicating a role in the disease process (Krysko et al., 2010). This study
went on to use cultured cells to demonstrate that these macrophages had impaired S. aureus
phagocytosis and therefore have the potential to play a role in bacterial immune evasion.
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In our study, we differed as we studied the impact of mucosal immune dysfunction and
intramucosal bacteria on each other, and assessed these on the same tissue specimens. We also
looked beyond macrophages as markers of immune dysfunction. The clinical significance was also
addressed by correlating the immunology and microbiology findings of the specimens with the
disease severity measures of the patients, from which the specimens were collected. Finally, we
collected mucosa from subjects with no history and radiological evidence of CRS, and used these as
control specimens, rather than collecting control specimens from presumed less affected parts of the
CRS patients’ sinonasal cavity, as previously reported (Krysko et al., 2010).

We hypothesized that the presence of intramucosal bacteria is the result of the underlying mucosal
immune dysfunction, rather than being a primary of cause of CRS. We aimed to determine the
effect of intramucosal microcolonies on the mucosal immunity, by determining the number and the
activation states of T and B lymphocytes, and macrophages, and correlating these findings with the
presence of intramucosal bacteria. We also wished to look for any correlation between the presence
of intramucosal microcolonies and the clinical severity.

3.3 Materials and methods
The Health and Disability Ethics Committee of New Zealand, and the ethics committees of
participating hospitals gave approval for this study. All participants gave written informed consent.

3.3.1 Participants and recruitment
36 consecutive adult patients were recruited. 27 of these patients underwent endoscopic sinus
surgery with the diagnosis of CRS. 16 had CRS without nasal polyps (CRSsNP) and 11 had CRS
with nasal polyps (CRSwNP). A single surgeon performed all operations. The remaining 9 were
control patients with healthy sinus mucosa, undergoing trans-sphenoidal resection of nonfunctioning pituitary adenomas in a combined ORL/neurosurgical procedure at the same center.
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Control patients were excluded if there was any evidence of CRS on history, endoscopic
examination or sinus CT scan. Patients in the CRS group were excluded if their Lund-Mackay
radiological severity score was less than 10/24 (C. Hopkins et al., 2007), given that limited disease
may be a different disease phenotype, being related to anatomical anomalies (Jain, Stow, & Douglas,
2013). Patients from both groups were excluded if they received any systemic antibiotics or steroids
in the four-week period preceding their surgery.

3.3.2 Disease severity
All participants completed symptom scores prior to surgery (a visual analogue scale between 0 and
5 for: nasal obstruction, anterior rhinorrhea, posterior nasal drip, facial fullness, pain or pressure,
and anosmia) (Wabnitz et al., 2005). Radiological Lund-Mackay scores were also recorded for all
patients.

3.3.3 Specimen collection
Surface mucus swabs (Sterilin, Cambridge, UK) from around the middle meatus and mucosal
biopsies around the same region were collected after the induction of anesthesia, but prior to
administration of prophylactic antibiotics. The tissue biopsies were washed in sterile saline and
divided, using aseptic techniques, into portions for fresh freezing in liquid nitrogen, fixing for
histology and for conventional microbiological cultures. Only reference numbers identified samples,
and the investigators were blinded from the patients’ clinical details throughout the assessment of
the tissues.

3.3.4 Microbiological culture
The surface mucus swabs were processed by the hospital laboratory for routine conventional
microbiological culture.
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3.3.5 Gram stain and light microscopy
Virtually all of the intramucosal microcolonies in our patient population have previously been
shown to be S. aureus by use of combination of eubacterial and several species-specific probes,
including a S. aureus FISH probe (Wood et al., 2012). When using FISH stains, background
fluorescence can sometimes be difficult to distinguish from bacteria. Accordingly S.aureus FISH
probes were not used in this study but rather Gram staining and light microscopy were used to
identify the presence of intramucosal microcolonies. (Figure 3.1) Carnoy’s fixed paraffin embedded
tissue sections were cut at 5 µm thickness, and stained with filtered crystal violet and Gram’s iodine
after deparaffinization. The counterstain was 0.1% aqueous solution of neutral red. Lamb’s liver,
incubated with pure S. aureus in Terrific broth for 24 hours, was used as positive control.

Figure 3.

Examples of Gram-positive intramucosal bacteria found in Carnoy-fixed, paraffin-embedded sinus mucosa cut at 5 m.
Photomicrographs were taken at x60 magnification. Note the white circles indicating Gram-positive cocci, with boxes
showing further magnified views.
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For every patient, randomly selected sections were examined until a microcolony was identified or
until 32 sections had been examined. This number of sections was chosen as we previously found
microcolonies after examining up to 25 sections at most, and usually within the first 16 sections
(Kim, Freeman, Waldvogel-Thurlow, Roberts, & Douglas, 2013). If no microcolonies were found
after the careful examination of 32 sections, the patient’s mucosa was scored as being free of
intramucosal bacteria.

3.3.6 Immunology
We used fluorescent immunohistochemistry (IHC) to simultaneously label several immune cell
markers in sinus mucosa. (Figure 3.2) This was performed on paraffin embedded sections in
association with an antigen retrieval process. Lymph node tissue was used as a positive control. All
primary and secondary antibodies (Table 3.1) were tested using at least two different dilutions to
determine an optimum dilution that would not result in aggregates and high background
fluorescence. Unconjugated primary antibodies were detected with fluorescence-labeled secondary
antibodies targeting the isotype of the primary antibody.

3.3.7 Fluorescence microscopy
Staining was visualized using an epifluorescent Leica DMR upright microscope (Leica
Microsystems, Wetzlar, Germany), in combination with a SPOT camera (Diagnostic Instruments,
MI) and analysis FIVE software (Olympus, Tokyo, Japan). Images and figures were processed
using Cytosketch (Cytocode, Auckland, New Zealand), and ImageJ (NIH, Maryland, U.S.A.). 3
sections per tissue sample were analyzed. In each section, positively stained cells were counted
from 10 random high per fields (HPF) (x400 magnification) by two independent, blinded
investigators.
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Figure 3.2

Antibodies are detected using different UV filters and images overlaid to show simultaneous labeling. The red staining
of CD3, CD20, and CD68 show T and B lymphocytes and macrophages, respectively. The green staining of CD69, Bcell activating factor (BAFF), and CD163 are activation markers (or a marker for alternative activation, in case of
CD163) for T and B lymphocyte and macrophage, respectively. DAPI (4’,6-diamidino-2-phenylindole) is an IHC stain
that stains all nuclei.

Table 3.1 Fluorescent IHC primary and secondary antibodies
Product name
Primary antibodies
Rabbit polyclonal anti-CD3
Mouse monoclonal anti-CD69
Mouse monoclonal anti-CD20
Rat monoclonal anti-BAFF
Mouse monoclonal anti-CD68
Mouse monoclonal anti-CD163
Secondary antibodies
Goat anti-rabbit Alexa 555
Goat anti-mouse IgG2a Alexa 555
Anti-mouse IgG1 Alexa 488
Goat anti-rat Alexa 488

Clone

Source

Dilution

CH11
L26
Buffy 2
514H12
EDHu-1

Cell Marque, CA, USA
AbCam, Cambridge, UK
Cell Marque
AbCam
AbCam
Serotec, Oxford, UK

1:600
1:25
1:250
1:200
1:40
1:600

-

Molecular Probes, CA, USA
Molecular Probes, CA, USA
Molecular Probes, CA, USA
Molecular Probes, CA, USA

1:200
1:1000
1:200
1:200
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3.3.8 Statistical analysis
All statistical analysis was performed using Prism software (GraphPad Software, La Jolla, CA).
The prevalence of intramucosal microcolonies between diagnostic groups was assessed using
Fisher’s exact test. The IHC semi-quantitative data were analyzed using Mann-Whitney U-test
because the sinus mucosal immune cells did not follow a normal distribution. P-values were
considered significant when less than 0.05. Pearson correlation coefficients (r) were calculated in
order to correlate the immunology and microbiology data with disease severity. Correlations were
considered non-existent between 0-0.1, small between 0.1-0.3, medium between 0.3-0.5 and strong
between 0.5-1.0.

3.4 Results
3.4.1 Conventional culture
S. aureus was cultured from the middle meatal swabs in 8/16 (50%) of CRSsNP, 6/11 (55%) of
CRSwNP, and 4/9 (44%) of controls. When including the positive culture of all non-commensal
organisms bacteria, the culture rates were 12/16 (75%) of CRSsNP, 8/11 (73%) of CRSwNP, and
5/9 (56%) of the controls. None of these cultures rates were significantly different between groups.

3.4.2 Intramucosal microcolonies
Gram positive cocci were found within the mucosa of 11/16 (69%) of CRSsNP, 5/11 (45%) of
CRSwNP patients, but only in 1/9 (11%) of the control group. The difference in frequency between
CRSsNP and controls was significant (p=0.01). The difference in frequency between CRSwNP and
controls failed to reach significance (p=0.2), although this may have also reached significance with
a larger study population. The overall incidence of intramucosal bacteria were significantly higher
in CRS, than in controls. (Figure 3.3)
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Figure 3.3

The presence of intramucosal bacteria in normal control sinus mucosa and chronic rhinosinusitis (CRS) sinus mucosa.

3.4.3 Immunology
Variable immune cell numbers and distribution was observed in sinus mucosa. The most
predominant immune cells were T lymphocytes, and they were often detected clustering around
blood vessels and within the epithelium. (Figure 3.4)

CRSsNP vs control
A general increase in immune cells was observed in CRSsNP compared to controls. Per high
power field (x400 magnification), there were significantly more T lymphocytes in CRSsNP
(10.5 + 1.8) compared with controls (3.8 + 0.9; p < 0.01); significantly more B cells in
CRSsNP (2.6 + 0.6) compared to controls (1.0 + 0.2; p = 0.02); and significantly more
macrophages in CRSsNP (1.1 + 0.2) compared to controls (0.4 + 0.1; p = 0.01). There were
no significant differences in the percentage of activated T and B cells between the two groups,
although there was a trend toward an increasing CD163+ macrophage percentage in CRSsNP.
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CRSwNP vs control
Similarly, significantly more immune cells were observed in CRSwNP compared to controls.
There were a significantly higher percentage of CD163+ macrophages (76.9 + 0.9) compared
to controls (34.9 + 12.7; p = 0.02). However the percentage of activated T and B lymphocytes
did not differ significantly between the groups.

CRSsNP vs CRSwNP
There were significantly more macrophages in CRSwNP (3.2 + 0.9) than in CRSsNP (1.1 +
0.2; p = 0.001), and significantly higher percentage of CD163+ macrophages in CRSwNP
(76.9 + 4.1) than in CRSsNP (57.2 + 7.2; p = 0.024). There was a trend towards increased T
and B lymphocyte numbers in CRSwNP.

Figure 3.4

Intraepithelial CD3+ T cells (arrows) detected in normal (left) and chronic rhinosinusitis without nasal polyp (CRSsNP; right)
sections at 400 magnification. (B) T-cell clustering around blood vessel rich areas (solid square) in CRSsNPs (left) and CRS with
nasal polyps (CRSwNPs) at 50 magnification. Intraepithelial T-cell clusters in CRSsNPs (dotted square).

33

3.4.4 Microbiology and immunology
The impact of intramucosal bacteria on the mucosal immunology was then investigated. Positive
histology for intramucosal bacteria was defined as Gram positive cocci seen on histological sections
of the mucosal biopsies. (Figure 3.6) Significantly more B lymphocytes per high powered field
were seen in the group with intramucosal microcolonies, but the presence of intramucosal bacteria
did not affect other immunocyte numbers per high powered field or the percentage of immunocytes
activated.

3.4.5 Clinical correlations
A strong correlation was found between the percentage of CD163+ macrophages and both the
subjective (symptom score; r = 0.60; p < 0.001) and radiological (LMS score; r = 0.50; p < 0.01)
markers of disease severity. Small to medium correlations were also found between disease severity
and the number of immunocytes overall, but these did not reach statistical significance. (Table 3.2)

Table 3.2
T cells
Symptom
scores

Small
r = 0.28
(p=0.12)

LMS

n.c.

Activated
T cells

B cells

Activated
B cells

Macrophages

n.c.

Small
r = 0.24
(p = 0.19)

n.c.

Medium
r = 0.35
(p = 0.05)

n.c.

n.c.

n.c.

n.c.

CD163+
macrophages
Strong
r = 0.60
(p < 0.001)
Strong
r = 0.50
(p < 0.01)

Significant correlations seen between the percentage of alternatively activated macrophages and both the subjective
and objective measures of disease severity. The number of immunocytes and the activation of T and B lymphocytes
demonstrated no correlations (n.c.) with disease severity.
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Figure 3.5

(A) The number of all immunocytes were significantly higher in both chronic rhinosinusitis without nasal polyp
(CRSsNPs) and CRs with nasal polyps (CRSwNPs) compared with normal controls. The proportion of alternatively
activated macrophages was significantly higher in CRSwNPs compared with controls.

Figure 3.6

The presence of intramucosal bacteria was associated with significantly higher B lymphocytes but had no impact of
other immunocytes or on immunocyte activation.
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3.5 Discussion
Our most remarkable finding involved the population of CD 163 positive macrophages. There were
significantly more macrophages in CRSsNP and CRSwNP, and the percentage of CD163+
macrophages was significantly higher in CRS than in controls. Furthermore, strong correlations
were observed between both the subjective CRS symptoms scores and objective LMS scores, and
the percentage of CD163+ macrophages present in the tissue. CD163 antibody is commonly used as
a M2 macrophage marker (Akila et al., 2012; Hristodorov, Mladenov, Huhn, Barth, & Thepen,
2012; Mège, Mehraj, & Capo, 2011), although it is not completely specific, stand-alone markers of
M2 macrophages.

The predominance of M2 macrophages which exhibit impaired microbial phagocytosis, may be a
factor promoting bacterial survival within the tissues in CRS (Kim, Freeman, Waldvogel-Thurlow,
Roberts, & Douglas, 2013; Krysko et al., 2010; Wood et al., 2012; Zernotti et al., 2010). When
bound to bacteria, M2 macrophages release pro-inflammatory cytokines such as TNF-α, which may
explain the associated increase in clinical signs and symptoms (Fabriek et al., 2009; Verreck et al.,
2004).

We also observed significantly more T lymphocytes in CRSwNP and CRSsNP compared with
controls, but without significant increases in the percentage of activated (CD69+) cells. We also
observed a small correlation between the number of T cells and subjective disease severity. Overall,
these results suggest that T lymphocytes have an important role in CRS, but that the presence of
intramucosal bacteria does not appear to play a role in T lymphocyte activation.

Similarly, significantly more B lymphocytes were detected in CRSwNP and CRSsNP compared
with controls, but without significant changes in the percentage of activated B lymphocytes
(BAFF+). The presence of intramucosal microcolonies demonstrated a significant correlation with
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the number of B cells, although not with their activation. The increased number of B cells in CRS
suggest preferential induction of a humoral inflammatory response rather than a cell mediated one,
possibly facilitating persistence of intramucosal bacteria.

One of the key strengths of our study is the use of healthy sinus mucosa as normal controls. To our
knowledge this is the first study to semi-quantitatively investigate T and B lymphocyte and
macrophage numbers, and their activation states of these cells in healthy and diseased sinus
mucosa.

A significant limitation of this study is the semi-quantitative analysis of immune cell numbers.
Because each tissue section represents a very small proportion of sinus mucosa, reducing the
influence of variation in immune cell distribution was challenging. To address this issue, two
blinded investigators examined 10 high power fields (x400 magnification) of sections of each study
patient.

3.6 Conclusion
Our results support a model where CRS is caused by a dysfunctional pro-inflammatory immune
response in which CD163+ macrophages may play two distinct roles: 1) they are associated with an
immunosuppressive response which is unable to clear a persistent inflammatory load; and 2) their
impaired phagocytic ability promotes bacterial persistence (Moos et al., 2010). Significantly higher
numbers of T and B lymphocytes were also observed in CRS, but the presence of intramucosal
microcolonies does not appear to be associated with the observed immune dysfunction. Further
research is needed into the function of CD163+ macrophages to more fully elucidate their role in
the pathophysiology of CRS.
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Chapter 4. Chronic rhinosinusitis and cystic fibrosis:
the interaction between sinus bacteria and mucosal
immunity.
Reproduced with permission from the International Forum of Allergy and Rhinology, Wiley
Volume 5(5):380-385, 2015

4.1 Abstract
4.1.1 Background
Chronic rhinosinusitis (CRS) is highly prevalent in cystic fibrosis (CF) patients, in whom a close
correlation exists between the microbiology of the upper and lower respiratory tracts. We reported
intramucosal bacterial microcolonies in the sinus mucosa from idiopathic CRS patients, and made
observations suggesting that these may result from mucosal immunotolerance secondary to altered
macrophage function. In this study, we sought to determine whether intramucosal microcolonies
exist in the mucosa of CF patients with CRS, and to investigate the associated mucosal immunology.

4.1.2 Methods
Mucus swabs and tissue biopsies were taken from 9 patients with CF undergoing functional
endoscopic sinus surgery (FESS) for CRS, 11 with idiopathic CRS undergoing FESS, and 9 with
normal sinuses having transnasal pituitary surgery. Microbiology samples were taken for culture
and intramucosal microcolonies were sought using Gram staining. Mucosal immune cells were
identified using fluorescent immunohistochemistry.
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4.1.3 Results
Positive culture rates were similar between CRS patients and controls, but there were significantly
more intramucosal microcolonies in the CRS groups (8/9 CF-CRS, 7/11 CRS), compared to
controls (1/9). Furthermore, the biodensity of intramucosal microcolonies was significantly higher
in CF-CRS than idiopathic CRS. Mirroring the microbiological observations, the number of
CD163+ macrophages was significantly increased in CF-CRS compared to idiopathic CRS (p =
0.03).

4.1.4 Conclusions
Intramucosal bacteria exist within the sinus mucosa of patients with CF, and in significantly greater
numbers than in idiopathic CRS patients. We speculate that intramucosal microcolonies may also
exist in the lower respiratory tract mucosa in CF and play a role in disease recalcitrance.

4.2 Introduction
Almost all patients with cystic fibrosis (CF) develop chronic rhinosinusitis (CRS) (Johansen et al.,
2012; Oomen & April, 2012), and these patients are often more recalcitrant to therapy than those
with idiopathic CRS. They are predisposed to CRS due to the defect in the CF transmembrane
regulator (CFTR) protein. This defect results in viscous mucus, which in turn impedes mucociliary
function which encourages bacterial colonization of the sinuses (Berkhout et al., 2013). Greater
attention has been focused on the upper airway involvement in CF in recent years as the
considerable morbidity associated with sinus disease has become increasingly recognized (Oomen
& April, 2012), and as the correlation between upper and lower airway microbiology has become
better recognized (Berkhout et al., 2013; Bonestroo et al., 2010; Mainz et al., 2009; Oomen & April,
2012).
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In cases of idiopathic non CF related CRS, it is generally accepted that bacteria play a
pathophysiological role, even though nasal swab culture results from CRS patients and healthy
controls have been found to be strikingly similar (Bhattacharyya, 2005). A possible explanation for
this finding lies in the growth of bacteria in surface biofilms, within epithelial cells and within the
submucosal interstitium (Bhattacharyya, 2005; Clement et al., 2005; Psaltis et al., 2007; Wood et al.,
2012). Within these niches, bacteria are often difficult to isolate using conventional culture
techniques.

Figure 4.1

Endoscopic photo showing the maxillary
infundibulum region of a CF-CRS
patient. The white arrow demonstrates a
clinically visible subepithelial abscess,
which is a reflection of the high
biodensity of intramucosal bacteria in
CF-CRS patients. CF = cystic fibrosis;
CRS = chronic rhinosinusitis.

We have observed intramucosal bacterial microcolonies in the sinus mucosa from CRS patients and,
in low frequency, healthy control sinus mucosa of patients undergoing transnasal pituitary surgery
(Wood et al., 2012). The majority of the microcolonies were found to be Staphylococcus aureus on
fluorescence in situ hybridization (FISH). Another intriguing finding was the observation of
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significantly fewer immune cells immediately around the microcolonies when compared to other
areas in same tissue section without microcolonies. This suggests that the microcolonies are able to
avoid detection by the mucosal immune system. We hypothesized that the intramucosal S. aureus
species achieved host immunity evasion as they were less immunogenic variants of the surface
bacteria, but we have been unable detect any discernable genotypic or phenotypic differences
between the surface and intramucosal S. aureus (Kim, Freeman, Waldvogel-Thurlow, Roberts, &
Douglas, 2013).

An increase in eosinophils, basophils, neutrophils, T lymphocytes, and subepithelial collagen
deposition is seen in CRS mucosa (Sobol et al., 2003). Invasion by S. aureus should trigger the
innate immune response to recruit macrophages, neutrophils and other immune cells via the release
of cytokines and chemokines (Köckritz-Blickwede et al., 2010). The resulting antigen specific
adaptive immune responses of T and B lymphocytes should result in the eradication of pathogens.

As this process had not occurred in CRS mucosa with microcolonies (Wood et al., 2012), we
hypothesized that there may be an underlying mucosal immune dysfunction, which allows bacteria
to exist within the mucosa after they migrate from the surface through disrupted sinus epithelium. A
subsequently performed study demonstrated a significant population of M2 phenotype macrophages
in CRS (Kim, Yin, Chen, Mansell, Wood, Dunbar, et al., 2013), which is more immune-tolerant
phenotype that exhibits impaired microbial phagocytosis (Kim, Freeman, Waldvogel-Thurlow,
Roberts, & Douglas, 2013; Krysko et al., 2010; Wood, Fraser, Amirapu, & Douglas, 2012; Zernotti
et al., 2010). We speculate that the host mucosal dysfunction with significantly increased CD163positive M2 macrophages (Akila et al., 2012; Hristodorov et al., 2012; Mège et al., 2011) may lead
to increased prevalence of intramucosal bacteria in CRS mucosa (Kim, Yin, Chen, Mansell, Wood,
Dunbar, et al., 2013).
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In this study, we wished to determine whether the prevalence of intramucosal microcolonies were
more common in CF associated CRS than in idiopathic CRS, and whether there were associated
differences in mucosal immune responses.

4.3 Materials and methods
This study was approved by the Health and Disability Ethics Committee of New Zealand, and the
ethics committees of the participating hospitals. Informed written consent was obtained from all
study patients.

4.3.1 Participants and recruitment
Twenty-nine adult patients undergoing endoscopic sinus surgery were recruited. Nine patients had
CF, eleven patients had idiopathic CRS (Samter’s triad, fungal CRS and hypogammaglobulinaemic
patients were excluded; both CRS with or without nasal polyps were included), and the remaining
nine were control patients with normal sinuses undergoing trans-sphenoidal resection of nonfunctioning pituitary adenomas in a combined ORL/neurosurgical procedure at the same center.
Inclusion criteria for CRS patients were sinusitis symptoms which failed to respond to medical
therapy and a Lund-Mackay radiological severity score of greater or equal to 10/24 (C. Hopkins et
al., 2007). All participants completed a subjective visual analogue symptom scores prior to surgery
(scoring between 0 and 5 severity of the following symptoms: nasal obstruction, anterior rhinorrhea,
posterior nasal drip, facial fullness, pain or pressure, and anosmia) (Wabnitz et al., 2005). Control
patients were excluded from the study if there was evidence of CRS on history, endoscopic
examination or CT sinus scan. Patients were excluded if they had been administered systemic
antibiotics or corticosteroids in the four week period preceding their surgery.

4.3.2 Specimen collection
Routine hospital microbiological swabs (Sterilin, Cambridge, UK) were used to sample the surface
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mucus around the middle meatus in anaesthetized patients under endoscopic guidance prior to the
administration of prophylactic antibiotics. Mucosal biopsies were removed from the middle meatus
and anterior ethmoid sinuses in the CRS groups, and from the posterior ethmoids for the control
patients. Using aseptic techniques, tissue biopsies were washed in sterile saline and divided into
portions for snap freezing in liquid nitrogen or fixing in Carnoy’s fixative for histological
assessment. Only anonymous reference numbers identified specimens, and the investigators were
blinded from the patients’ clinical details until completion of sample analysis.

4.3.3 Microbiological culture
Mucus swabs were cultured conventionally by the hospital laboratory.

4.3.4 Gram stain and light microscopy
A combination of FISH probes, including an eubacterial probe used in a previous study revealed
that the majority of the sinus intramucosal microcolonies in the study patients were composed of S.
aureus (Wood et al., 2012). In this study we used Gram staining to identify intramucosal
microcolonies, as background fluorescence in FISH techniques can reduce the sensitivity and
specificity of bacterial detection within the tissues. Tissue biopsies were fixed in Carnoy’s (60%
ethanol, 30% chloroform, 10% glacial acetic acid) solution and embedded in paraffin. Five µm
tissue sections were cut and stained with filtered crystal violet and Gram’s iodine after
deparaffinization. A 0.1% aqueous solution of neutral red was used as a counterstain. The positive
control was lamb’s liver, incubated with pure S. aureus in Terrific broth (InvitrogenTM, CA, USA)
for 24 hours. For every patient, randomly selected sections were examined until a microcolony was
identified. A maximum of 30 tissue sections were examined per patient, and if careful examination
of these sections did not reveal any intramucosal bacteria, the patient was scored as having no
intramucosal microcolonies. This number of sections were chosen as the upper limit of sections to
examine as we have previously found that if microcolonies were not observed within the first 16
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sections examined, the possibility of finding microcolonies dropped to nil after examination of 25
sections (Kim, Freeman, Waldvogel-Thurlow, Roberts, & Douglas, 2013).

4.3.5 Biodensity comparison
An epifluorescent Leica DMR upright microscope (Leica Microsystems, Wetzlar, Germany), a
SPOT camera (Diagnostic Instruments, MI), and Macropath D system (Milstone, Bergamo, Italy)
were used in combination for image capture. ImageJ software (NIH, Maryland, U.S.A.) was then
used for image analysis. The two-dimensional area of each section was measured in triplicate using
Image J. Once bacterial microcolonies were identified, the total number of Gram positive cocci
within that tissue section was counted. The number of bacteria per total area of tissue sections
examined was calculated.

4.3.6 Immunology
Fluorescent immunohistochemistry (IHC) was used on paraffin embedded sections to
simultaneously label several cell markers in sinus mucosa. An antigen retrieval process was used
prior to staining. Human lymph node tissue was used as a positive control. Unconjugated primary
antibodies were used, and these were detected by fluorescent-labeled secondary antibodies specific
for the isotypes of the primary (Kim, Yin, Chen, Mansell, Wood, Dunbar, et al., 2013). At least two
different dilutions of all antibodies were tested, and the optimum dilution determined.

4.3.7 Fluorescence microscopy
An epifluorescent Leica DMR upright microscope (Leica Microsystems, Wetzlar, Germany), a
SPOT camera (Diagnostic Instruments, MI), and analysis FIVE software (Olympus, Tokyo, Japan)
were used in combination for image capture. ImageJ (NIH, Maryland, U.S.A.) was then used for
image analysis. Cells of interest were analyzed in 3 random tissue sections per participant. Ten
random high power fields (HPF) (x400 magnification) per section were imaged and analyzed.
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4.3.8 Statistical analysis
Computer software, Prism 6 (GraphPad Software, La Jolla, CA), was used for all statistical
analyses. Fisher’s exact test was used to compare the prevalence of intramucosal microcolonies
between diagnostic groups. The Mann-Whitney U-test was used both for the bacterial microcolony
density comparison, analysis of the immunocyte IHC data, and for comparison of disease severity.
P-values of less than 0.05 were considered significant.

4.4 Results
4.4.1 Microbiological culture
S. aureus was the most commonly cultured organism from all groups, isolated in 5/9 (56%) of
CFCRS, 8/11 (73%) of idiopathic CRS, and 5/9 (56%) of controls. Pathogenic bacteria were
isolated from 8/9 (89%) CF patients. Pseudomonas aeruginosa was cultured from 3/9 patients with
CF, but not in the other patient groups.

4.4.2 Intramucosal microcolonies
Gram positive cocci were found within the mucosa of 8/9 (89%) of CF CRS, 7/11 (64%) of
idiopathic CRS patients, but only in 1/9 (11%) of the control group. (Figure 4.2) In the CF group,
2/7 patients with intramucosal Gram positive cocci also had Gram positive bacilli, and 1/7 also had
Gram negative cocci. The difference in frequency between controls and CRS was significant
(p=0.02) as was the difference in frequency between controls and CF (p=0.003). Although the
frequency of occurrence of microcolonies between idiopathic CRS and CF did not reach
significance, the bacterial density was consistently higher in CF. (Figure 4.3)

4.4.3 Bacterial biodensity comparison
The total surface area of tissue sections examined until the observation of bacteria was calculated.
When microcolonies were found, the total number of bacterial colonies on the section was counted
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to produce a dataset of ‘number of cocci per area of tissue examined.’ This figure was then
converted to ‘number of cocci per 100mm2 of tissue’ for comparison between groups. A
statististically significant increase in density was seen in CF CRS patients, compared to both
idiopathic CRS (p = 0.007) and controls (p = 0.004). (Figure 4.4)

Figure 4.2

The prevalence of intramucosal bacterial
microcolonies in the CF-CRS, idiopathic CRS, and
healthy control groups. There was a statistically
significant difference between controls and
idiopathic CRS (p = 0.02), and controls and CFCRS (p = 0.003). Prevalence did not significantly
differ between idiopathic CRS and CF-CRS. CF =
cystic fibrosis; CRS = chronic rhinosinusitis.

Figure 4.4

Comparison of the intramucosal bacterial density
between CF-CRS, idiopathic CRS, and healthy control
groups. A statistically increased density was seen in CFCRS patients, compared to both idiopathic CRS (p =
0.007) and controls (p = 0.004). CF = cystic fibrosis;
CRS = chronic rhinosinusitis.

Figure 4.3

Typical Gram stain appearance, demonstrating the marked biodensity difference between (A) sinus mucosa of CF-CRS
patients and (B) idiopathic CRS patients, with the white circle highlighting the small volume bacterial load. Control
patients had intramucosal bacteria of similar biodensity as idiopathic CRS patients.
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4.4.4 Immunology
T and B lymphocyte and macrophage numbers within the sinus mucosa were determined using
immunohistochemical techniques. The percentage of activated lymphocytes, and the proportion of
M2 macrophages were also studied. (Figure 4.5)
CF vs Control
When comparing the immunocytes of control and CF groups, the number of both the T and B
lymphocytes were significantly higher in CF (p = < 0.0001, for both). The percentage of
activation did not differ between the groups, but due to having higher number of lymphocytes,
the total number of activated T and B lymphocytes were significantly higher in CF patients.
Both the number of macrophages (0.750 + 0.15 vs 1.805 + 0.3; p = 0.006) and the number
CD163+ macrophages (0.283 + 0.06 vs 1.269 + 0.235; p = 0.0002) were significantly
increased in CF.

CF vs idiopathic CRS
There were more T lymphocytes (2.5 + 0.4 vs 11.3 + 1.5; p < 0.0001) and B lymphocytes (1.6
+ 0.6 vs 4.3 + 0.9; p = 0.0006) in the CF group, but the percentage of cells activated did not
differ between the groups. Although the number of macrophages between the groups did not
differ, the number of CD163+ macrophages was significantly higher in the CF group (0.56 +
0.09 vs 1.268 + 0.235; p = 0.03).

Control vs idiopathic CRS
The single significant finding was the increased number of CD163+ macrophages, per high
power field (x400 magnification), in CRS (0.56 + 0.09), compared to controls (0.28 + 0.06), p
= 0.04. No significant differences were found between the number of T and B lymphocytes,
or their activation ratio. There was also no significant difference between the total numbers of
macrophages.
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Figure 4.5

Comparison of the number of CD163+ alternatively activated, immunotolerant macrophages in CF-CRS, idiopathic
CRS, and healthy control groups. There were significantly more in idiopathic CRS compared to controls (p = 0.04),
and even more still in CF-CRS when compared to idiopathic CRS (p = 0.03). CF = cystic fibrosis; CRS = chronic
rhinosinusitis.

4.4.5 Clinical severity
The radiological Lund-Mackay scores and subjective visual analogue symptom scores were
compared between the CF CRS and idiopathic CRS groups. The mean subjective symptom score
was higher in CF CRS groups (14.8 + 3.6 vs 11.5 + 1.9; p = 0.29), as was the mean objective
radiological Lund-Mackay scores (16.2 + 1.8 vs 13.6 + 0.7; p = 0.25), but neither reached a
statistical significance.

4.5 Discussion
To our knowledge, this is the first study to report the presence of intramucosal bacteria in CF
related CRS. These microcolonies were both more prevalent and in each individual, more abundant
than in patients with idiopathic CRS. Although P aeruginosa was cultured from the mucus in one
third of patients with CF, intramucosal bacterial colonization was almost exclusively Gram positive
cocci.
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The lungs of patients with CF have the hallmark feature of colonization of bacteria that are resistant
to treatment. There is a direct parallel to CRS where there is colonization of planktonic bacteria on
the surface of sinus mucosa, in surface biofilm form (Bhattacharyya, 2005; Psaltis et al., 2007),
within epithelial cells (Clement et al., 2005), and in the submucosal interstitium (Wood et al., 2012).
CF elated CRS is often proves recalcitrant to medical and surgical treatment, even more so than
patients idiopathic CRS.

The microbiology of the upper airway has been shown to reflect that of the lower airway (Berkhout
et al., 2013; Bonestroo et al., 2010; Mainz et al., 2009; Oomen & April, 2012). Some strains of
Burkholderia cenocepacia have been shown to have the capacity to survive and replicate
intracellularly in both airway epithelial cells and macrophages in a mouse intranasal infection
model (Ganesan & Sajjan, 2011). Although the observation of micrcolonies within the lung
parenchyma has not been reported, if so, we speculate that they may play a role in reduced
antibiotic response. This study confirms the presence of intramucosal microcolonies within the
sinus mucosa of CF-CRS patients, and in significantly greater density than in idiopathic CRS
patients.

In an earlier study (Kim, Yin, Chen, Mansell, Wood, Dunbar, et al., 2013) we reported a greater
proportion of CD163+ macrophages in the sinus mucosa of patients with idiopathic CRS, when
compared to a healthy control group. The increased prevalence of intramucosal bacteria in CRS
may have been a result of the impaired phagocytic activity by these macrophages. There was also
an intriguing observation of a strong correlation between disease severity and the proportion of
CD163+ macrophages. We speculated that CRS symptoms may be related to the dysfunctional proinflammatory behavior of these alternatively activated macrophages. We have made observations,
which suggest the possibility of macrophage dysfunction in the airway mucosa affected by CF, as
the number of CD163+ macrophages was significantly higher in CF patients than in idiopathic
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CRS. Despite this, the disease severity of sinusitis did not differ significantly between CF-CRS and
idiopathic CRS groups. We speculate that this may be due to the fact that patients with mild
severity of idiopathic CRS were excluded from this study.

The main limitation in this study is that a study of a standardized amount of entire tissue block is
technically not possible for the determination of prevalence and abundance of the intramucosal
colonies. Similarly, the counting of immune cells was a semi-quantitative process as the distribution
of these cells within the tissue was not uniform. To improve accuracy of counting, 10 high power
fields (x400 magnification) of tissue sections were examined and counted by two blinded observers.

4.6 Conclusion
This study demonstrated the presence of intramucosal bacterial microcolonies in the sinus mucosa
of patients with cystic fibrosis. These bacterial microcolonies appear to evade the host immune
response (Wood et al., 2012), potentially making them difficult to eradicate. An immunotolerant
macrophage response was observed in CF sinus mucosa, which was greater than that seen in
patients with idiopathic CRS. These observations support a model of CF in which the mucosa is in a
relatively immunotolerant state. We speculate that these findings may provide some insight into
why CF related CRS is challenging to treat, and also into the understanding of the lower respiratory
airway microbiology in CF.
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Chapter 5. Rifampicin and doxycycline against
intramucosal bacteria in chronic rhinosinusitis: pilot
double-blinded randomized placebo-controlled trial.
Submitted (2015) to Rhinology, official Journal of the European & International Rhinologic
Societies – undergoing revision process

5.1 Abstract
5.1.1 Background
The role of bacteria in the pathophysiology of chronic rhinosinusitis (CRS) remains unclear and the
clinical efficacy of antibiotics is limited. We have reported presence of intramucosal bacterial
microcolonies, predominantly Staphylococcus aureus, in patients with CRS. We have also observed
significantly higher proportion of alternatively activated, more immunotolerant CD163+ “M2”
macrophages in CRS and speculated there may be an interaction between microcolonies and host
macrophage function. In this study we sought to investigate the effects of rifampicin, an antibiotic
with high tissue penetration aimed specifically at intramucosal microcolonies, on bacteria
eradication, host macrophage recruitment and patient symptoms. Doxycycline was given
concurrently to reduce risk of resistance development to rifampicin.

5.1.2 Method
21 patients undergoing surgery for CRS were randomized into receiving: (1) rifampicin and
doxycycline; (2) doxycycline and placebo; (3) double placebo, for 2 weeks leading up to surgery.
Symptom scores were taken at commencement and completion of therapy. Mucus swabs and
mucosal biopsies were taken at time of surgery.
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5.1.3 Results
Prevalence of intramucosal microcolonies was similar across the groups (1/7 in group 1; 2/7 in
other groups). Significantly higher number of macrophages (p < 0.0001) was seen in the first group
1, while the percentage of M2 macrophages did not vary significantly between the groups.
Symptom scores improved significantly (p < 0.02) after treatment in the first group only.

5.1.4 Conclusion
Although rifampicin did not have a significant impact on the prevalence of intramucosal
microcolonies, there was an increased recruitment of macrophages to the tissues and significantly
improved symptoms.

5.2 Introduction
Recent surveys conducted by the United States Department of Health and Human Services showed
that the most common primary diagnosis for adult outpatient visits resulting in antibiotic
prescriptions was rhinosinusitis (Shitani-Smith et al., 2013). Although the efficacy of antibiotics for
the treatment of acute rhinosinsusitis has been established, the role of antibiotics for the treatment
of chronic rhinosinusitis is far from clear. There have been no published placebo-controlled trials
that define the efficacy of short term antibiotics for CRS and currently antibiotics are only
recommended for exacerbations with a positive culture (Fokkens et al., 2012). Longer term
macrolides and doxycycline regimens have brought about improvement in CRS symptoms and
quality of life but these effects have been attributed to the anti-inflammatory actions of these drugs,
and the improvements have not been shown to persist (Ragab et al., 2004; Van Zele et al., 2010).

The pathogenic role of bacteria in CRS has not yet been fully elucidated. Positive culture rates of
pathogenic bacteria have been found to be similar between CRS and control subjects
(Bhattacharyya, 2005), while culturing of Staphylococcus aureus intraoperatively has been shown
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to be associated with worse surgical outcomes (Jervis-Bardy et al., 2009). With the development of
molecular microbiological techniques it has become clear that culture results underestimate the
complexity of the mucosal microbiome. Biofilms that consist of bacteria organized into aggregated
cells within a hydrated matrix of extracellular polymeric substances (EPS) have been found on the
surface of sinus mucosa (Psaltis et al., 2007). Intraepithelial and interstitial bacteria have also been
observed, clearly demonstrating that non-planktonic bacteria are associated with CRS (Clement et
al., 2005; Corriveau et al., 2009; Niederfuhr et al., 2008; Wood et al., 2012). These non-planktonic
bacteria are difficult to culture and are resistant to antibiotic therapy. However, the implications of
the presence of the multitude of species inhabiting several different microbial niches is not clear
(Abreu et al., 2012; Feazel et al., 2012).

We have reported the presence intramucosal bacteria within the sinus mucosa from CRS patients,
the majority of which were S. aureus (Wood et al., 2012). We could identify no genotypic or
phenotypic differences between the surface and intramucosal S. aureus (Kim, Freeman, WaldvogelThurlow, Roberts, & Douglas, 2013), and described an underlying immune dysfunction within the
sinus mucosa (Kim, Yin, Chen, Mansell, Wood, Dunbar, et al., 2013) that may allow these bacteria
to exist within the mucosa without evoking a host immune response (Wood et al., 2012). S. aureus
has demonstrated its capability of interstitial and intracellular survival in several other niches
(Sandberg, Hessler, Skov, Blom, & Frimodt-Møller, 2009) including leukocytes (Russell, Lawson
McLean, Saunders, & Laurenson, 2014; Yamaoka, 2007) and osteoblasts (Ellington et al., 2006;
Mohamed et al., 2014), where it is also found to be relatively resistant to antibiotic therapy. We
hypothesized that an antibiotic therapy with high tissue penetration may eradicate these bacteria and
lead to improvement of CRS symptoms.

Rifampicin inhibits bacterial RNA synthesis and is bactericidal. It is known to be effective against
interstitial and intercellular bacteria, including mycobacterium infections, methicillin-resistant S.
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aureus (MRSA) (Yamaoka, 2007), abscesses (Bamberger et al., 1997), and chronic osteomyelitis
(Ellington et al., 2006; Mohamed et al., 2014). The aim of this study was to investigate the impact
of rifampicin on the sinus microbiology, host immunity and patient symptoms. Patients were
divided into three groups. The first group received combination therapy with rifampicin and
doxycycline. Combination therapy was given to avoid the rapid development of rifampicin
resistance (Acocella, 1978). The second group received doxycycline and a placebo tablet to
distinguish any changes seen in the first group as being effects of rifampicin. The final group
received two placebo tablets.

5.3 Materials and methods
The Health and Disability Ethics Committee of New Zealand, and the ethics committees of the
participating hospitals approved the study protocol. Written informed consent was obtained from all
participants.

5.3.1 Participants and recruitment
21 consecutive adult patients, above 15 years of age, waitlisted to undergo endoscopic sinus surgery
for CRS were recruited. (Table 5.1) Patients all had a diagnosis of CRS according to the EPOS
criteria (Fokkens et al., 2012) and a Lund-Mackay score of more than 10. Patients with underlying
systemic conditions predisposing to CRS, such as ciliary dyskinesia and cystic fibrosis, were
excluded, as were ones with hepatic dysfunction or known sensitivity to rifampicin or doxycycline.
Patients in both groups were excluded if they received systemic antibiotics or corticosteroids in the
four weeks preceding their surgery.

5.3.2 Randomization and drug regimens
An internet-based tool was used to randomize numbers 1 to 21 into three groups
(www.randomization.com), which was blinded to the authors and managed by a research nurse, and
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Figure 5.1 Study protocol
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this process pre-determined the 21 consecutive patients into their study groups. (Figure 5.1) All
groups had a 2-week course of antibiotics or placebo tablets packaged into medication blister packs
(Douglas Pharmaceuticals, Auckland, New Zealand). Group 1 received 600mg once daily
rifampicin for first 7 days. Doxycycline regimen was 100mg twice daily for the first 7 days
followed by 100mg once daily for the second 7 days. Group 2 received the same doxycycline
regimen but a placebo tablet for the first 7 days, in place of rifampicin. Group 3 received two
different shaped placebo tablets, in place of the antibiotics. The regimen and dosage of the
antibiotics were decided upon consultation with clinical microbiologists at Auckland City Hospital,
Auckland, New Zealand.

Table 5.1 Patient demographics
Placebo (n=7)
Age (mean + SD)
minimum
maximum
Male:Female
Baseline symptom
score (out of 25 + SD)
Lund-MacKay score
(out of 25 + SD)

Doxycycline (n=7)

47.74 + 10.81
33
66
4:3
16.71 + 3.86

Rifampicin &
Doxycycline (n=7)
39.83 + 13.26
26
63
3:4
14.67 + 5.57

16.50 + 5.09

16.80 + 3.35

14.80 + 2.78

48.00 + 12.52
32
63
3:4
15.29 + 6.08

5.3.3 Study protocol
All participants completed a preoperative symptom score at the time of booking for surgery. Liver
function tests were added to the routine pre-operative blood tests. Study information was given and
patients were provided up to two weeks to consider the invitation. On the day of surgery, blister
packages were collected to check compliance and symptom scores were completed again. Mucus
samples were taken intraoperatively from the middle meatus using cultures swabs (Medical Wire
Co., Corsham, England), and mucosa biopsies taken from the anterior ethmoid region, immediately
deep to the surface swab site. The specimens were taken prior to administration of routine
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prophylactic antibiotic (cefazolin). Contamination was minimized by endoscopic visualization of
the swabbing and biopsy process, with caution not to make contact with surrounding mucosa when
exiting from the sinonasal cavities.

5.3.4 Specimens
The routine microbiological culture from swabs and fresh biopsies were performed by the hospital
laboratory. Further tissue biopsies were fixed in Carnoy’s fixative and only identified by a reference
number. The fixed tissue samples were embedded in paraffin after routine histological processing.

5.3.5 Symptom scores
All participants completed a symptom score sheet. The following five symptoms associated with
CRS were ranked between 0-5: nasal obstruction; anterior rhinorrhea; posterior nasal drip; facial
fullness, pain or pressure; and loss of sense of smell. (Figure 5.2)

Figure 5.2 Subjective symptom score
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5.3.6 Light microscopy
Gram stain with safranin counterstain was used to detect intramucosal bacteria. Lamb liver
incubated in pure cultures of S. aureus for 24 hours was the positive control. Paraffin-embedded
tissue blocks were sectioned at 5-microns, and 32 tissue sections studied for each patient as per our
previously published protocols (Kim, Freeman, Waldvogel-Thurlow, Roberts, & Douglas, 2013).
Leica DMR upright microscope (Leica Microsystems, Wetzlar, Germany) was used for screening of
intramucosal microcolonies.

5.3.7 Immunohistochemistry (IHC)
We observed significantly more macrophages in the sinus mucosa of CRS patients than controls,
and that CRS patients also had an altered macrophage function, identified by significantly higher
percentage of the CD163+ more immunotolerant “M2” type macrophages (Kim, Yin, Chen,
Mansell, Wood, Dunbar, et al., 2013). Clinical severity also correlated with the percentage of M2
macrophages. Normal macrophages and M2 macrophages were simultaneously labeled using
fluorescent immunohistochemistry on paraffin embedded tissue sections, in association with an
antigen retrieval process. Human lymph node sections were used as positive controls. (Table 5.2)
Imaging was performed with an epifluorescent Leica DMR upright microscope (Leica
Microsystems, Wetzlar, Germany), in combination with a SPOT camera (Diagnostic Instruments,
MI, USA) and analysis FIVE software (Olympus, Tokyo, Japan). Images and figures were
processed using Cytosketch (www.cytocode.com, Auckland, New Zealand), and ImageJ (NIH,
USA). For each patient, 3 tissue sections were analyzed and positively stained cells from 10 random
high power fields (HPF) (x400 magnification) were counted by two independent blinded
investigators.
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Table 5.2 Fluorescent IHC antibodies
Product name
Primary antibodies
Mouse monoclonal anti-CD68
Mouse monoclonal anti-CD163
Secondary antibodies
Goat anti-mouse IgG2a Alexa 555
Anti-mouse IgG1 Alexa 488

Clone

Source

Dilution

514H12
EDHu-1

AbCam, Cambridge, UK
Serotec, Oxford, UK

1:40
1:600

-

Molecular Probes, CA, USA
Molecular Probes, CA, USA

1:1000
1:200

5.4 Results
All the study medications were well tolerated with no reported adverse effects during the study
period. All participants completed the study.

5.4.1 Symptom scores
Group 1, the rifampicin treated group reported a statistically significant reduction in symptoms
(14.7 to 12.2, P = 0.02). (Figure 5.3) Paired Wilcoxon t test was used for analysis.

Figure 5.3 Symptom score paired comparison

5.4.2 Culture
The rate of culture of pathogenic bacteria did not differ among the groups. Three patients in the
group 1 had positive cultures in both mucus and whole tissue. In group 2, two patients had positive
mucus cultures, while four patients had positive tissue cultures. Only one of these patients had
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positive cultures from both mucus and tissue. In group 3 also, two patients had positive mucus
cultures, while four patients had positive tissue cultures. S. aureus was cultured in one patient from
all three groups. Other identified bacteria were Propionibacterium species, Enterobacter cloacae,
Pseudomonas aeruginosa and E. coli. Despite rifampicin therapy being aimed at the interstitial
bacteria in this study, the positive culture rate from whole tissue specimens of rifampicin group
patients were similar to others. However, the culture rate of S. aureus was significantly lower than
observed in a previous study of CRS patients with no medical treatment (Kim, Freeman,
Waldvogel-Thurlow, Roberts, & Douglas, 2013), and similar to the carrier rate in healthy
Aucklanders (Best et al., 2011).

5.4.3 Intramucosal bacteria
The prevalence of intramucosal bacteria was similar in the two antibiotic groups (1/7 in group 1 and
2/7 in groups 2 and 3).

5.4.4 Macrophage numbers
Macrophage recruitment to the sinus mucosa was the greatest in group 1. The macrophage count
between the groups 2 and 3 did not vary significantly from one another (P = 0.24), but there were
significantly more macrophages seen in group 1, compared to the group 3 (P < 0.0001). Group 1
also had a significantly higher macrophage count than the group 2 (P < 0.001). (Figure 5.4) The
percentage of M2 macrophages did not vary significantly between the groups.

5.5 Discussion
This is a novel study of a placebo-controlled double-blinded randomized trial of short courses of
both rifampicin and doxycycline in CRS, using the prevalence of intramucosal bacteria at the end of
the course as the key endpoint. Several groups have identified intraepithelial and subepithelial
bacteria within the sinus mucosa (Clement et al., 2005; Corriveau et al., 2009; Niederfuhr et al.,
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Figure 5.4 Macrophage count per high power field

2008; Plouin-Gaudon et al., 2006; Sachse et al., 2010; Wood et al., 2012). While there is contrasting
observations on the role of these bacteria on the Th2-related inflammation seen in CRS (Corriveau
et al., 2009; Sachse et al., 2010), it has been shown that intracellular bacteria is a significant risk for
recalcitrant CRS (Plouin-Gaudon et al., 2006). We have identified a distinct lack of host immune
response immediately surrounding these intramucosal bacteria (Wood et al., 2012), and it has been
suggested that intracellular residence may provide a sanctuary for pathogenic bacteria by protecting
them from host defense mechanisms (Clement et al., 2005). Rifampicin had been chosen in this
study due to its known strong tissue penetrating ability, but the prevalence of intramucosal bacteria
was the same regardless of antibiotics, suggesting that the intramucosal bacteria are relatively
resistant to the antibiotic regimens used. Of interest, patients in the rifampicin group had recruited
significantly more macrophages to their sinus tissues than those in other groups, and that they
subjectively felt significantly better.
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The potential immunomodulatory effects of rifampicin have been reported in the literature, although
the exact mechanism remains unknown. The World Health Organization recommends the treatment
of Buruli ulcers, a necrotizing disease of the skin, subcutaneous tissue and bone caused by
Mycobacterium ulcerans, with a combination of rifampicin and streptomycin (World Health
Organization, 2015). This is supported by histological findings of reversal of the mycolactoneinduced local immunosuppression, which in turn leads to increased inflammatory infiltrations and
phagocytosis of bacilli. In a mice model study of Buruli ulcers (Martins et al., 2012), the rifampicin
and streptomycin combination not only resulted in rapid pathogen eradication but also prevention of
draining lymph node destruction, which allowed rapid macrophage activation and re-establishment
of locoregional immune responses. This finding is in keeping with our observation of high
macrophage count in the rifampicin group. Another group demonstrated, in vitro and in rats, that
rifampicin binds to myeloid differentiation protein 2 (MD2), the key co-receptor for the innate
immune toll-like receptor 4 (TLR4) (X. Wang et al., 2013). This leads to immunosuppression via
blockade of pro-inflammatory mediators, nitric oxide, interleukin 1β, and tumor necrosis factor α in
mouse microglia and macrophage cells. Although this is not an explanation of the increased
macrophage count seen in our rifampicin group, it may explain the significant symptom reduction
as there is already a significant body of evidence that immunosuppression and anti-inflammatory
effects of corticosteroids lead to improved CRS symptoms and clinical severity (Bachert, 2011;
Fokkens et al., 2012; Mullol & Alobid, 2011).

The results of this study suggest that the impact of both rifampicin and doxycycline on bacteria in
the mucus and within the sinus mucosa are minimal. However, this is due to unexpected
microbiological findings in the placebo group. In three separate cohorts of CRS patients we have
examined in earlier studies, the prevalence of intramucosal bacteria ranged between 59-78%, while
that in normal controls ranged between 11-13% (Kim et al., 2015; Kim, Yin, Chen, Mansell, Wood,
Dunbar, et al., 2013; Wood et al., 2012). Group 1 in this study had a prevalence of 14% (1/7), while
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the other groups both had a prevalence of 29% (2/7). We had anticipated that the placebo group
would have prevalence similar to untreated CRS patients from earlier studies. In an earlier study
comparing the surface and intramucosal S. aureus in CRS patients, positive culture rates ranged
between 44-64% in the surface mucus and 31-54% from the whole tissue (Kim, Freeman,
Waldvogel-Thurlow, Roberts, & Douglas, 2013). S. aureus was cultured for one patient in each of
the three groups. This is similar to the 18% carrier rate of S. aureus identified in healthy
Aucklanders (Best et al., 2011), but again does not explain why the placebo group did not have a
higher S. aureus culture rate. This is likely due to a relatively small sample size, but considering the
potential significant adverse effects of rifampicin, the study had been kept small and aimed to
determine an approximate effect size. On the other hand, there is evidence that immunosuppression
can be learned, where a group conditioned both humans and rats with a novel taste and an
immunosuppressant (Wirth et al., 2011). They then found that the novel taste alone led to
significant inhibition of interleukin-2 and interferon-γ, closely mimicking the effect of the drug. The
majority of patients with CRS undergoing sinus surgery would have had multiple courses of
antibiotics and probably corticosteroids as part of standard medical therapy, and the possibility of
placebo mimicking medical therapy is not inconceivable.

Rifampicin leads to red-orange discoloration of body fluids, and therefore patients were specifically
informed that any of the three tablets that they receive might cause this. Patient compliance was
excellent with just one patient in the doxycycline group starting his medicines 2 days late and only
completing a 12-day course. There were no reported complications.

The potential adverse effects of rifampicin includes rapid development of resistance, hepatotoxicity,
and reduction in the efficacy of hormonal contraception to the extent that even short courses have
led to unplanned pregnancies (Back & Orme, 1990). This study excluded any patients with who had
results in their liver function test values even mildly out of the normal range, and any female
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patients on a hormonal method of contraception.

Another limitation in our study is the use of IHC for the study of macrophages, as this only allows a
semi-quantitative analysis. Each tissue section reflects only a small portion of sinus mucosa, and
may not necessarily be representative. To minimize this difficulty we examined 10 high power
fields (x400 magnification) per tissue section, and had two blinded investigators image and
analyzed the slides independently.

We did not continue the study surveillance postoperatively. This is a small study, and it was felt that
there would have been so much extra variability added as the post-operative management of
patients varied greatly depending on the clinical subtype of CRS, intra-operative findings and postoperative progress. It would have been unlikely to generate meaningful data.

We have previously shown the presence of surface or intramucosal bacteria did not correlate with
clinical severity, but the percentage proportion of the more immunotolerant M2 macrophages did
(Kim, Yin, Chen, Mansell, Wood, Dunbar, et al., 2013). We speculated then that host immune
dysfunction, rather than the presence of bacteria, led to patient symptoms. The findings in this study
reinforce our speculation that mucosal immunity impacts patient symptoms more than the local
microorganisms.

5.6 Conclusion
Administration of rifampicin and doxycycline was associated with an increased recruitment of
macrophages and significantly improved patient symptoms compared to either placebo or
doxycycline alone. No reduction in the prevalence of intramucosal bacteria was evident after a short
course of antibiotics.
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Chapter 6. Connexin gap junction channels and chronic
rhinosinusitis.
Accepted for publication with minor modifications (2015) in International Forum of Allergy and
Rhinology, official journal of the American Rhinologic Society.

6.1 Abstract
6.1.1 Background
Gap junction channels are formed by connexin (Cx) proteins. These channels facilitate
communication between adjacent cells, and some have been implicated in acute and chronic
inflammation. We investigated whether altered connexin expression could be associated with the
inflammatory changes of the sinonasal mucosa that characterize chronic rhinosinusitis (CRS).

Our aims were firstly to screen normal sinus mucosa to determine the expression profile of the
connexin family of genes, and secondly to compare the level of expression of three key Cxs (26, 30,
43) in CRS and normal sinus mucosa. These three connexins have been implicated in lower airway
epithelial cell repair, as well as chronic and acute cutaneous wounds.

6.1.2 Method
Sinus mucosa biopsies were taken from 11 patients with CRS undergoing sinus surgery and from 7
controls with normal sinuses undergoing transnasal pituitary surgery. Gene expression study of
connexin family was performed using PCR. Subsequent targeted quantitative analyses were done
using qPCR and fluorescent immunohistochemistry (IHC).
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6.1.3 Results
A total of 16 different connexin genes were expressed in the normal mucosa including Cxs 26, 30
and 43. The qPCR demonstrated increased abundance of Cx26 (p = 0.005), Cx30 (p = 0.07) and
Cx43 (p = 0.04) in CRS compared to control mucosa. IHC confirmed significantly higher levels of
Cx43 in CRS (p < 0.001).

6.1.4 Conclusion
The majority of the connexin family is expressed in normal sinus mucosa. Expression of three
selected connexins was found elevated in CRS mucosa. Connexin gap junction modulation may
offer a novel therapeutic target for CRS.

6.2 Introduction
Gap junctions are intercellular communication channels formed by the docking of membrane bound
connexon hemichannels that in turn consist of 6 connexin (Cx) proteins. These junctions mediate
electrical and biochemical communication between a wide variety of somatic cells and tissues (Saez,
Berthoud, Branes, Martinez, & Beyer, 2003). There are now 21 different human connexin proteins
that have been identified and each named according to their molecular weight in kDa. The direct
intercellular communication facilitated by gap junctions is understood to play a significant role in
acute inflammatory and healing processes. This is supported by dynamic changes in the levels of
their protein expression in cutaneous wounds (Coutinho, Qiu, Frank, Tamber, & Becker, 2003),
including burns (Coutinho et al., 2005), and acute lung injury (Parthasarathi, Ichimura, Monma,
Lindert, Quadri, Issekutz, & Bhattacharya, 2006).

There is increasing evidence that gap junctions are involved in inflammatory cell activation,
vascular leak and the resulting increased circulating levels of inflammatory cytokines, all of which
can found in a number of chronic health conditions (Green, Green, Nicholson, & Nicholson, 2008).
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Altered connexin protein levels have been reported in chronic conditions such as atherosclerosis
(Chanson et al., 2005), Parkinson’s disease (Rufer et al., 1996), Alzheimer’s disease (Nagy, Li,
Hertzberg, & Marotta, 1996), and non-healing diabetic wounds (D. L. Becker, Thrasivoulou, &
Phillips, 2012; Sutcliffe et al., 2015).

There have also been reports in experimental animal studies (Cronin et al., 2008; Grupcheva et al.,
2012; O'Carroll et al., 2013; O'Carroll, Gorrie, Velamoor, Green, & Nicholson, 2013; Tonkin et al.,
2014) and humans (Ormonde et al., 2012) of successful therapeutic effects from modulating gap
junction channels in order to interrupt the inflammatory cycle, and promote wound healing across a
number of different tissues.

We hypothesized that the chronic mucosal inflammation seen in CRS may involve gap junction
channels and set out to firstly identify which connexins are expressed within the sinus mucosa. The
next goal was to quantify and compare the levels of three key tissue Cxs (26, 30 and 43) in healthy
sinus mucosa and that from patients with CRS. These three connexins have been previously
reported to change in acute skin healing (Coutinho et al., 2003). Cxs (26, 30 and 43) were reported
in the epidermal wound margin of biopsies taken from patients with mixed ulcers (Tonkin et al.,
2014) and have been profiled in detail in a range of chronic wound settings (Sutcliffe et al., 2015).
The connexins are potential targets for modulation to reduce inflammation and improve healing (D.
L. Becker et al., 2012; Grupcheva et al., 2012).

6.3 Materials and methods
The Health and Disability Ethics Committee of New Zealand, and the ethics committees of the
participating hospitals approved this study, and informed written consent was obtained from all
study patients.
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6.3.1 Participants and recruitment
Eleven patients undergoing functional endoscopic sinus surgery (FESS) for CRS were recruited.
Inclusion criteria for CRS patients included a Lund-Mackay radiological severity score of greater or
equal to 10/24 (C. Hopkins et al., 2007). Five patients had CRS without nasal polyps (CRSsNP) and
six patients had CRS with nasal polyps (CRSwNP). The control group was consisted of seven
patients with normal sinuses undergoing trans-sphenoidal resection of non-functioning pituitary
adenomas in a combined otorhinolaryngological/neurosurgical procedure. Each had normal sinus
CT scans. Control patients were excluded from the study if there was evidence of CRS on history,
endoscopic examination or CT sinus scan.

6.3.2 Specimen collection
Mucosal biopsies were removed from the middle meatus and ethmoid sinuses prior to
administration of any prophylactic antibiotics at the commencement of surgery. Using aseptic
techniques, tissue biopsies were washed in sterile saline and divided into portions for storage in
RNAlater® (Life Technologies, CA, USA), snap-freezing in liquid nitrogen, or fixing in Carnoy’s
fixative for histological assessment. Only anonymous reference numbers identified specimens, and
the investigators were blinded from the patients’ clinical details until completion of sample analysis.

6.3.3 Connexin screening
In the connexin screening part of this study, RNA extracted from sinus mucosa whole tissue
biopsies from two control patients were used for screening of 20 different connexin genes. Briefly,
RNeasy Fibrous Tissue Mini Kit (Qiagen, Hilden, Germany) was used to extract RNA from 10 mg
of tissue previously stored in RNAlater®. The purity and concentration of extracted RNA was
determined using NanoDrop (Thermo Fisher Scientific, MA, USA). All RNA samples were diluted
to 15ng/µL, treated with DNase I (RNase-free) (Life Technologies, CA, USA), and reverse
transcribed to cDNA using SuperScript® VILOTM cDNA Synthesis Kit (Invitrogen, MA, USA).
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PCR reactions (25µL) were then performed using specific connexin primer sets (Table 6.1) and
placental DNA (Sigma-Aldrich, MO, USA) was used as a positive control. The PCR products were
run on agarose gel and stained with ethidium bromide for visualization under ultraviolet light.

Table 6.1 Sequences of the primers for connexin screening
Primer – human
Cx
HCx25 forward
HCx25 reverse
HCx26_F
HCx26_R
HCx30_F
HCx30_R
HCx30.2_F
HCx30.2_R
HCx30.3_F
HCx30.3_R
HCx31_F
HCx31_R
HCx31.1_F
HCx31.1_R
HCx31.9_F
HCx31.9_R
HCx32_F
HCx32_R
HCx36_F
HCx36_R
HCx37_F
HCx37_R
HCx40_F
HCx40_R
HCx40.1_F
HCx40.1_R
HCx43_F
HCx43_R
HCx45_F
HCx45_R
HCx46_F
HCx46_R
HCx47_F
HCx47_R
HCx50_F
HCx50_R
HCx59_F
HCx59_R
HCx62_F
HCx62_R

Sequence
GGATGGATTTGGCTGGCTGTCGTGTTTG
ATAAGCGTACCATAGGCCCCCATCCATTGT
GACGCAGAGCAAACCGCCCAGAGTAGAAG
ATAGCCGGATGTGGGAGATGGGGAAGTAGTGA
GGGCCCTCCAGCTGATCTTCGTCTCC
TTACTCTCCTTTAGGGCATGATTGGGGTGATTTTTT
GGCGCCTCTTGCTTCCCGTGCTCCT
GGTCTCCTCCTCCTTCCCCTTTCCTGATAAT
CCGCATCTGGCTGTCTGTGGTGTTCATCTTT
ACGCGGGGCATGTCATAATCCTTGTAGAG
TGGGCCCTGCAGCTCATCTTCGTCACA
CTTCTCGGTAGGTCGGGCAATGTAGCAGTCC
GAACAGTGGGCGCCTCTACCTGAAC
GGCAGCCCCTCACAAGATGGTTTTC
CGCGCCTTCCCGGTCTCCCACTAC
CCCCACCGCGAAATAGAAGAGCACGAAGAC
GAATGAGGCAGGATGAACTGGACAGGTTTG
GGGGCAGGGGTAGACGTCGCACTTGA
TACCCCCAGTCTTTGCTTCATCACCTAC
AGTCTTCTCAGTTGGCCGGGACACA
GCATCCGCGGAGCACTGA
GGGGGTTTTTGGCCATTCTGAGG
AGGTCCGGGGCTCTGGCTCTTACGA
GGGGGTGGTGTGCAGCTCTGGACTATG
GACTTTTCGGCCGGCTACATCATCCAC
GCGCCGGTGCCCCCTCTTCCT
GGGGCAGGCGGGAAGCACCATCTC
TCTCTTATCCCCTCCCTCTCCACCCATCTACCC
GCCAACACAGCCCAGGAACAGCAGTATG
AAGCACAGGTTTTAAGCCCGCCAGGATT
ATCGTGCGCATGGAAGAGAAGAAGAAAGAGA
AGGGGCGGGGGATCGGCTGTCC
GCCCGCCCGCCCCTATGA
CCAGGTCGGCGGGCTCAG
TCCCGGGGCTACCAAGAGACACTG
CCTGGCTCGGCTGCTGGCTTTGCTTAG
AGCGACTCCCTTCTGCCCCTGATTAT
GGTTCTGACTGTGCCCTTTCTGA
ATGCGGTGGATTGCTTTGTAT
AGTTGCCTTGGCTGTGGGATTT
69

6.3.4 Connexin quantification
In a separate study, quantitative real time PCR (qPCR) was performed to compare the levels of
Cx26, 30 and 43 gene expressions in healthy controls and CRS patients, using ABI 7900 fast realtime PCR machine (ABI, MA, USA). Reactions were performed with 5µL of 2X Sybr Greener
mastermix (Invitrogen, MA, USA), 4µl of 10-fold diluted human sinus mucosa cDNA and 0.2µL of
both forward and reverse primers (10µM). Thermal cycle conditions were: 2 minutes at 95°C,
followed by 40 cycles at 95°C for 15 seconds, and final 1 min at 60°C. All reactions were
performed in triplicates and a no-template control and a no-reverse-transcriptase control were run in
parallel with each sample. Connexin gene expressions were normalized to the geometric mean of
reference

genes,

peptidylprolyl

isomerase

A

(PPIA)

and

hypoxanthine-guanine

phosphoribosyltransferase (HPRT), and the Ct values generated from qPCR were converted to
relative expression levels (Vandesompele et al., 2002).

6.3.5 Immunohistochemistry and quantification
Fluorescent immunohistochemistry was performed on fresh frozen mucosa sections cut at 7 microns
from 18 patients. Tissues were treated with 10% normal goat serum for 30 minutes to block nonspecific binding, and individually stained with primary antibodies anti-Connexin 26 (catalog #512800, Invitrogen) and anti-Connexin 30 rabbit IgG (catalog #71-2200, Invitrogen, MA, USA), or
anti-Connexin 43 rabbit (catalog # C6219, Sigma-Aldrich, MO, USA). Alexa Fluor® 488 (Life
Technologies, CA, USA) was used as secondary antibodies for all three connexins. Cell nuclei were
stained with DAPI. Antifading agent Citifluor (Citifluor Ltd, London, UK) was used to mount the
coverslips and labeling were imaged using a confocal microscope (Olympus FluoViewTM FV 1000,
Tokyo, Japan). In order to achieve an anatomical standardization, photomicrographs were taken
with the confocal microscope at the depth where most epithelial cells are in focus. ImageJ (NIH,
Maryland, USA) was used for analysis of the photomicrographs for quantification and comparison
of the connexin staining between controls and CRS. Two blinded investigators performed the image
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analysis independently, where five microphotographs were taken for each tissue section and seven
‘regions of interests’ randomly chosen per photomicrograph. Connexin staining was expressed as
the percentage of area within the regions of interest.

6.3.6 Statistical analysis
All statistical analysis was performed with Prism (GraphPad Software, CA, USA). Mann-Whitney
test was used for both the qPCR and IHC comparisons and a statistical difference of P<0.05 was
accepted as significant.

6.4 Results
6.4.1 Connexin screening
Sixteen connexin genes were found to be expressed in the human sinus mucosa. These included the
seven that had previously been associated with human respiratory epithelium in cell cultures (Losa,
Chanson, & Crespin, 2011), as well as the three key connexins of interest. (Table 6.2)

Table 6.2 Connexin genes expressed in sinus mucosa
Present
Cx 25
Cx 26*
Cx 30*
Cx 30.2
Cx 30.3*
Cx 31*
Cx 31.1*
Cx 32
Cx 37*
Cx 40
Cx 40.1

Cx 43*
Cx 45
Cx 46
Cx 47
Cx 59

Not present
Cx 31.9
Cx 36
Cx 50
Cx 62

* Connexin channels previously identified in respiratory epithelial cell culture or nasal tissue

6.4.2 Quantification of Connexins 26, 30, and 43
qPCR was performed to quantify the gene expression of Cx26, 30, and 43. Data were presented as
relative fold change to healthy controls. All three connexins were elevated in CRS tissues.
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Specifically, Cx26 was 2.97 fold more (p = 0.005), Cx30 was 2.19 fold more (p = 0.07), and Cx43
was 1.49 fold more (p = 0.04) than the control tissues. (Figure 6.1) There was no significant
difference in levels of connexin expression between CRSsNP and CRSwNP.

Figure 6.1 Connexin quantification by qPCR

Relative abundance of connexin genes in CRS demonstrated: 2.97 fold more for Cx26 (p = 0.005); 2.19 fold more for
Cx30 (p = 0.07); 1.49 fold more for Cx43 (p = 0.04).

Figure 6.2-1 Sinus mucosa fresh frozen section

Hematoxyclin and eosin (HE) stained 7µm section of fresh frozen sinus mucosa, demonstrating the pseudostratified
columnar respiratory epithelium.
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6.4.3 Immunohistochemistry
Cx26 protein was localized predominantly in the basal cell layer of the normal sinus mucosa,
whereas Cx30 protein was evident throughout the epithelium. Minimal Cx43 protein was detected
in both the epithelium and stroma of the control patients. (Figure 6.2-1) All three connexins showed
comparable cellular distribution between control and CRS patients. (Figure 6.2-2) However,
significantly higher Cx43 immunofluorescence was observed (2.7-fold higher, p < 0.0001) in the
stroma of CRS tissues. (Figure 6.3) Cx26 and 30 protein levels remained similar between control
and CRS. Amount of immunofluorescence of all three connexins did not differ between CRSsNP
and CRSwNP.

Figure 6.2-2 Connexin immunohistochemistry

Representative immunohistochemistry of
Cx26, 30, 43 in sinus mucosa of control
and CRS patients. The white dotted line
demarcates the epithelium and stroma.
Nuclei were stained with DAPI (blue).
(A) and (B) are paired control and CRS
patient sections with Cx26 staining
(green) around the basal epithelial
nuclei; (C) and (D) demonstrate paired
control and CRS patient sections with
Cx30 staining (green) through the
epithelial layers, with some green
autofluorescence within the stroma; (E)
shows minimal Cx43 in the and stroma
(white circles) of a control patient while
(F) from a CRS patient showed massive
elevation of Cx43 in the stroma.
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Figure 6.3 Connexin immunohistochemistry

Graphs demonstrate the mean percentage area of photomicrographs represented by connexin staining, where just Cx43
showed a significantly increased expression (P<0.0001) in CRS.

6.5 Discussion
This is the first study, to our knowledge, to have comprehensively screened for the connexin family
in human sinus mucosa. We found most of the known connexin gene family to be expressed in
sinus mucosa.

To date, only seven connexins had been identified as present in human airway epithelium primary
cell cultures (Losa et al., 2011). Cx26 was identified in human fetal tissue (Carson et al., 1998), and
Cx43 in whole nasal tissue (Yeh, Su, Hsu, Chen, & Lee, 2003). Mutations of some connexin
channels have been investigated as a potential cause for dysfunction of sinonasal epithelium, but
found to be rare (BuSaba & Cunningham, 2008; Sedaghat, Cunningham, & Busaba, 2014). Other
research examining the potential role of connexin gap junctions in the rhinologic literature include a
group that reported suppressed Cx26 levels in primary human nasal epithelial cells of patients with
allergic rhinitis, and concluded that aeroallergens may have a direct effect on the suppression
(Zheng et al., 2012). Another group reported that decreased Cx43 expression may limit the
diffusion of intercellular signaling molecules essential to the coordinated function of neighboring
cells (Yeh et al., 2003), and lead to ciliary beating defect (Yeh, Hsu, Chen, Hsu, & Lee, 2005).
However, our current study is the first published work to comprehensively look at connexin
expression in relation to CRS.
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We focused on three connexins (26, 30 and 43) that have been implicated in acute and chronic
inflammation, wound healing, and in lower airway pathology (Bajpai, Shukla, Tripathi, Srikrishna,
& Singh, 2009; D. L. Becker et al., 2012; Crespin et al., 2014; Losa et al., 2011; O'Donnell,
Birukova, Beyer, & Birukov, 2014). Connexin investigations in diabetic wounds have revealed
elevated levels of Cx26 and 43 in diabetic rats. High levels of Cx26 in keratinocytes are thought to
lead to a hyperproliferative state (Lucke et al., 1999), delaying remodeling and recovery of barrier
function (Djalilian et al., 2006), while it was observed that migration of keratinocytes and
commencement of healing did not begin until the high levels of Cx43 began to downregulate (C. M.
Wang, Lincoln, Cook, & Becker, 2007). Connexin downregulation by antisense augments healing
in diabetic animal models (D. L. Becker et al., 2012), and a recent study of human chronic wound
edge punch biopsies reported greatly increased Connexin 26, 30 and 43 levels at the wound edges.
These observations support efforts to target Cx43 to promote cell migration and wound healing in
chronic ulcers (Sutcliffe et al., 2015).

The lower airway is a continuation of the upper airway and the role of connexins in the sinonasal
mucosa may be hypothesized to some extent from the research done in the lungs. In the setting of
acute lung inflammation (ALI), Cx43 is thought to act as a conduit for proinflammatory signals
through the lung capillary bed (Parthasarathi, Ichimura, Monma, Lindert, Quadri, Issekutz, &
Battacharya, 2006a), and this has been confirmed in vivo where Cx43 knockout mice showed an
almost 50% reduction in neutrophil recruitment after lung injury (Sarieddine et al., 2009). In a
mouse model of asthma, which is a chronic inflammatory condition of the lower airway, just as
CRS is for the upper airway, gap junction blockade was shown to prevent allergic airway
inflammation (Ram, Singh, Singh, Kumar, & Ghosh, 2009). Cx43 regulation has also been shown
to be defective in several cystic fibrosis (CF) cell lines (Martin & Prince, 2008), and it is already
well known that almost all patients with CF also suffer from CRS (Oomen & April, 2012). Our
finding of elevated Cx43 in sinus mucosa of CRS patients supports the idea that connexin
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modulation in sinus mucosa may also lead to dampening of nasal inflammation and improvement of
symptoms.

The qPCR demonstrated that all three connexin genes were upregulated in CRS, while
immunohistochemistry showed significant elevation in Cx43 protein. Although high expressed
mRNA is usually an indication of abundant protein presence, the correlation can be as little as 40%
depending on the system because there are numerous processes between transcription and
translation of the protein (Vogel & Marcotte, 2012).

The aim of sinus surgery is to widen the ostia to allow improved drainage, as well as optimizing
delivery of topical agents to improve symptoms of CRS. Re-mucosalization of the sinonasal
cavities is critical in the immediate postoperative healing phase, as healing with scarring wound
lead to re-narrowing of the sinus openings. There is still limited knowledge about the regulation of
sinonasal mucosa regeneration despite the researches into epithelial participation with their specific
activation, proliferation and mobilization (Watelet, Bachert, Gevaert, & Van Cauwenberge, 2002).

Wound healing in the skin is reached via hemostasis, inflammation, proliferation and migration in
this order. As mentioned earlier, connexin expression undergoes dynamic changes, and the upregulated Cx43 needs to down-regulate before migration and wound closure begins. Cx43 blockade
in acute wounds of rodent skin and cornea resulted in rapid down-regulation, and reduces the
inflammatory up-regulation in the dermal blood vessels (D. L. Becker et al., 1999; Law, Zhang,
Stott, Becker, & Green, 2006; Mori et al., 2006; Nakano et al., 2008; Qiu et al., 2003; C. M. Wang
et al., 2007). This led to speeding the migration of keratinocytes and fibroblasts, ultimately leading
to considerably faster wound closure and granulation tissue formation (Mori et al., 2006; Qiu et al.,
2003). The benefits of connexin modulation by antisense observed in the skin may also be
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applicable in the immediate post-FESS cavity at the end of the procedure to induce a shortened
inflammatory phase, and more rapid re-mucosalization.

There were some limitations in this study. Firstly, from animal studies it is known that connexin
changes are dynamic in the course of wounding, inflammation and healing (Coutinho et al., 2003),
however due to the requirement for surgery to obtain the mucosal biopsies, this study was limited to
a single snapshot of connexin expression. Secondly, the use of immunohistochemistry for
quantification of connexin expression has limitations. IHC only allows a minute proportion of the
sinus mucosal biopsy to be assessed so important areas and features can be missed just by chance
and it is also not a highly sensitive method for quantification. Thirdly, sixteen different connexin
genes were identified, but quantification comparison was not performed on all of them. This is
partly due to limited resources and so we only selected 3 connexins with better known roles and
functions, and also in part due to the lack of validated antibodies available to target the different
connexins for IHC.

6.6 Conclusion
In our study, 16 different connexin gap junction channels were identified within the human sinus
mucosa. Increased expression of three key connexins previously identified to be up-regulated in
human chronic skin wounds were also observed in chronically inflamed CRS sinus mucosa,
compared to controls, where Cx43 message and protein were both up-regulated. Cx43 modulation is
under evaluation in both acute and chronic wounds in skin and cornea, and may also be a novel
therapeutic target for CRS mucosa, both in the management of the inflammatory symptoms, and for
the immediate healing after sinus surgery.
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Chapter 7. Paired analysis of the microbiota of surface
mucus and whole tissue specimens in patients with
chronic rhinosinusitis.
Reproduced with permission from the International Forum of Allergy and Rhinology, Wiley
Volume 5(10):877-883, 2015

7.1 Abstract
7.1.1Background
The role of bacteria in the pathogenesis of chronic rhinosinusitis (CRS) remains uncertain. Recent
evidence suggests that bacteria are able to establish micro-colonies within the underlying mucosa.
However, to date there has been no systematic comparison of bacterial community composition and
diversity in the surface mucosa with that of the underlying tissue.

7.1.2 Methods
Paired swabs and whole tissue samples were collected from the middle meatus of 9 patients with
CRS undergoing endoscopic sinus surgery. The bacterial composition and diversity of the samples
were determined using 16S rRNA gene amplicon pyrosequencing.

7.1.3 Results
The bacterial communities of both swabs and tissues were dominated by known residents of the
sinonasal cavity such as Staphylococcus, Corynebacterium, Prevotella, and Peptoniphilus.
Although bacterial diversity (richness) did not differ between the two groups of samples, there were
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significant differences in the composition of bacterial communities. Molecular analyses revealed a
large amount of inter-personal variation between patients.

7.1.4 Conclusions
Swab and tissue samples revealed similar bacterial diversity to each other and to that of other
microbiota studies reported in the CRS literature. However, bacterial composition was significantly
different between the two sample types, even though the tissue biopsies also comprise bacteria from
the surface. We speculate that the bacteria on the surface seed the underlying tissue via the damaged
epithelium in CRS patients, which over time develops into a distinct bacterial community.

7.2 Introduction
Chronic rhinosinusitis (CRS) is an inflammatory condition involving the paranasal sinuses and
nasal passages that persists for over 12 weeks (Fokkens et al., 2012), and constitutes one of the
commonest conditions encountered in medicine (Bousquet et al., 2009). The role of bacteria in the
pathophysiology of CRS has been questioned since nasal swab culture results between CRS patients
and healthy controls are surprisingly similar (Bhattacharyya, 2005). However, the higher prevalence
of biofilms on the surface of CRS sinus mucosa (Keir, Pedelty, & Swift, 2011; Psaltis et al., 2007;
Suh et al., 2010), as well as the presence of subepithelial intramucosal bacteria in CRS tissue
biopsies (Clement et al., 2005; Kim, Freeman, Waldvogel-Thurlow, Roberts, & Douglas, 2013;
Wood et al., 2012), suggest that bacteria may play a pathogenic role.

The capability to perform culture-independent, molecular assessment of the bacterial community
associated with CRS has developed rapidly in recent years. To date, the majority of studies have
used mucus samples from the surface of the sinus mucosa (Feazel et al., 2012; Liu et al., 2013;
Ramakrishnan, Feazel, Gitomer, Gitomer, Ir, et al., 2013). Furthermore, there have been studies of
mucosal brushings (Abreu et al., 2012; Ren et al., 2012) and mucosa (Boase et al., 2013), and
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recently a study that compared the ethmoid sinus microbiota of the surface mucus with that of the
immediately underlying mucosa (Bassiouni, Cleland, Psaltis, Vreugde, & Wormald, 2015).
Bacterial abundance (as estimated by 16S rRNA gene copy numbers) has been compared for sinus
biopsies and mucosal brushings (Roediger et al., 2010), with significantly greater numbers in the
latter. Interestingly, within that cohort of patients, disease severity was not correlated with bacterial
load. Rather, it was thought that bacterial composition was the greater determinant of severity. The
detection of pathogens such as Staphylococcus aureus in nasal lavage versus tissue biopsies has
also been investigated for CRS patients, but with no clear difference being established (Niederfuhr
et al., 2008).

In this study, we used molecular techniques to identify and compare the microbiota of the mucus
from swabs of the middle meatus of CRS patients with results obtained from mucosal biopsies
taken directly underlying the swabbed surface. This study may help determine the optimal specimen
collection method for investigating the sinus microbiota.

7.3 Materials and methods
The Health and Disability Ethics Committee of New Zealand, and the ethics committees of the
participating hospitals, approved this study (NTX/08/12/126/AM01). Informed written consent was
obtained from all study patients.

7.3.1 Participants and recruitment
Nine adult patients undergoing endoscopic sinus surgery for CRS by a single surgeon at a tertiary
hospital were recruited. Patients were excluded if their radiological Lund-Mackay disease severity
score was less than 10 out of 24, and if they had received any systemic antibiotics or systemic
corticosteroids in the four weeks preceding surgery. (Table 7.1)
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7.3.2 Specimen collection
Biopsies were taken at the beginning of each operation, prior to administration of prophylactic
antibiotics. All specimens were taken from the middle meatus. For analyses of the surface mucus,
sterile rayon-tipped swabs (Copan, #170KS01) were used at the same site and stored at -20oC until
further analysis. The immediately underlying mucosa was biopsied using a Blakesley forceps and
rinsed in sterile saline before storage in RNAlater at -20oC.

Table 7.1 Demographics of study patients

CRS = chronic rhinosinusitis; CRSsNP = CRS without nasal polyps; CRSwNP = CRS with nasal polyps; F = female;
M = male; N = no; Y = yes.

7.3.3 DNA extraction
Genomic DNA was extracted from the samples as previously described (Taylor, Schupp, Dahllöf,
Kjelleberg, & Steinberg, 2004), with minor modifications. Polyvinyl polypyrrolidone (PVPP) was
omitted from the extraction protocol due to concerns about microbial contamination. In brief, tissue
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biopsies or swabs (one for each patient) were thawed and placed into an individual sterile Lysing
Matrix E tube (MP Biomedicals, Australia). Extraction buffer containing cetyl trimethyl ammonium
bromide (CTAB), ammonium acetate and chloroform:isoamyl alcohol (24:1) was added to the
samples before cells were ruptured at 4 m/s for 30 s using a bead-beating machine (Bio 101/Savant
FastPrep® FP120). Genomic DNA was precipitated using isopropanol and washed twice in 70%
ethanol. The extracted DNA was dissolved in 30 µL of DNase-free water. DNA concentrations and
purity (260/280 nm ratio) were measured using a Nanodrop spectrophotometer (Thermo Fisher
Scientific, Inc.).

7.3.4 Bacterial 16S rRNA gene amplicon pyrosequencing
Bacterial 16S rRNA genes were amplified using a nested PCR approach due to difficulties in
obtaining a PCR product from most samples after 35 cycles. Primers 616v (Spring et al., 1998) and
1492R (Polz & Cavanaugh, 1998), targeting Escherichia coli positions 8-27 and 1492-1513
respectively, were used in the initial PCR to amplify almost the full length of the bacterial 16S
rRNA gene. The PCR reaction contained 2 µL of DNA template, equimolar concentrations of
primer (0.2 µM) (forward and reverse), dNTPs (0.2 mM), PCR buffer (1×), MgSO4 (2 mM), 0.5 U
Platinum High Fidelity Taq (Invitrogen), and PCR-certified water to a final volume of 25 µL. The
initial denaturation step of the PCR reaction was at 94oC for 5 min, followed by 12 cycles of
denaturation (94oC for 45 s), annealing (54oC for 45 s), and elongation (72oC for 90 s) followed by
a terminal elongation step at 72oC for 7 min.

The second 16S rRNA PCR amplification was performed using primers 347f and 803r (Nossa et al.,
2010) as previously described (Biswas, Taylor, & Turner, 2014), with minor modifications for this
study. The forward primer comprised adaptor A, a 4-nt key, a unique multiplex identifier (MID),
and the 16S rRNA gene template-specific primer (347f). The reverse primer consisted of adaptor B,
a 4-nt key, and the template-specific primer (803r). Template (1 µL) from the initial PCR reaction,
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along with the PCR reaction mix (Biswas et al., 2014), was initially denatured for 2 min at 94oC
followed by 35 cycles of denaturation (94oC for 30 s), annealing (55oC for 30 s), and elongation
(70oC for 30 s). A final elongation step was carried out for 3 min at 70oC. Negative controls were
run for all PCR reactions. PCR products were visualized on a 1% agarose gel then purified using
Agencourt AMPure beads (Beckman Coulter Inc.), quantified using Picogreen, and qualitatively
checked on Agilent 1200 Bioanalyzer DNA 1000 chips (Agilent Technologies, Santa Clara, CA,
USA). Equal concentrations of samples were pooled into a library, resulting in a final concentration
of 10 ng/µL and a 260/280 nm ratio >1.80 in accordance with Macrogen’s instructions.
Pyrosequencing was performed on the Roche GS FLX Titanium platform by Macrogen Inc. (Seoul,
South Korea).

7.3.5 Bioinformatic analyses
Amplicon sequences were analyzed using Mothur (Schloss et al., 2009) and custom-made PERL
scripts as previously described (Biswas et al., 2014; Schmitt et al., 2012). Sequences were aligned
using SILVA (http://www.mothur.org/wiki/Silva_reference_alignment) as the reference database.
The total number of sequences for all samples was 45178, with a range of 720-4529 per sample.
Taxonomic assignments for the sequences are shown in Figures 7.1, 7.2 and Table 7.2. Operational
taxonomic units (OTUs) were assigned at 97% 16S rRNA gene similarity based on an uncorrected
pairwise distance matrix. There were 756 unique 97%-OTUs for the 18 samples. Each sample was
subsampled to 700 sequences before alpha and beta diversity measurements were calculated in
Mothur. Rarefaction of the OTU table was performed with subsampling at 700 reads for all 18
samples and plotted. UniFrac distances (weighted) obtained in Mothur were plotted in Microsoft
Excel using principal coordinate analysis (PCoA).

7.3.6 Statistical analysis
An equal number of sequences was subsampled across all samples to calculate weighted and
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unweighted UniFrac (phylogeny-based) distances (Lozupone, Lladser, Knights, Stombaugh, &
Knight, 2011). In addition, the results from the alpha diversity indices were tested for significance
by using a pairwise t-test (one-tailed).

7.4 Results
The 16S rRNA gene pyrosequencing data obtained from swabs and tissues indicate that the middle
meatus bacterial communities of CRS patients were dominated by Firmicutes (mostly belonging to
the genera Staphylococcus, Peptoniphilus and Anaerococcus), Bacteroidetes (dominated by genus
Prevotella) and Actinobacteria (Corynebacterium). (Table 7.2) Considerable variability in bacterial
community composition between subjects was observed at both phylum and genus levels. (Figures
7.1 and 7.2)

Figure 7.1

Bacterial community composition of 9 CRS patients at phylum level. The phylum Proteobacteria has been subdivided
further to class level. Swab (S) and tissue (T) samples from each patient are shown alongside each other. CRS =
chronic rhinosinusitis; S = swab; T = tissue.

A characteristic bacterial community structure was not observed for each respective site (surface
mucus/whole tissue) across all patients. Members of the bacterial communities obtained from swab
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samples were also found in the whole tissue sample of all nine patients, but with varying sequence

Figure 7.2

Bacterial community composition of the 9 CRS patients at genus level. The dominant genera within the samples are
shown. Swab and tissue samples from each patient are shown alongside each other. CRS = chronic rhinosinusitis; S =
swab; T = tissue.

abundance. However, the opposite was not always true. Members of the genus Corynebacterium
were in some cases found exclusively in the tissue (patient 7) sample, in both swab and tissue
samples but at markedly different sequence abundances (patients 1, 3, 4, 5, 6, 8 and 9), or were
completely absent (2). Similarly, Staphylococcus was found in all patients except for patient 2, and
only in the tissue of patient 7. Members of the genus Peptoniphilus were detected exclusively in the
tissue of patients 1 and 2, and at higher sequence abundances within the tissue of patients 4, 5, 6,
and 8. Genus Prevotella, comprising putatively anaerobic organisms, dominated (98-99% of total
sequences) the swab samples of patients 2 and 7, but was undetected in all other swab samples in
this study. The corresponding tissue samples of these two patients also contained Prevotella
sequences (33-57%), albeit to a lesser extent. The microbiota of patient 3 was dominated by the
genus Finegoldia, which was absent or at relatively low abundance among all other patients.
(Figure 7.2)
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Table 7.2 Taxonomic breakdown of samples at phylum and genus levela

a The values represent ARA (%)
and SDs of 9 swabs and 9 tissue
samples collected from CRS
patients. ARA = average of
relative abundance; CRS =
chronic rhinosinusitis; SD =
standard deviation
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Figure 7.3

PCoA of weighted UniFrac distances at 97%-OTU for all 18 samples are plotted. The relative abundance of different
sequences has been taken into account. Swab and tissue samples from each patient are displayed using the same color.
OTU = operational taxonomic unit; PCoA = principal coordinates analysis; S = swab; T = tissue.

Weighted and unweighted UniFrac analyses, the former of which takes relative abundances into
account, both revealed significant differences (p<0.001) between swab and whole tissue bacterial
community composition of each CRS subject. Furthermore, when all 9 swabs and all 9 tissue
samples were grouped together there were significant differences (p<0.001) in bacterial
composition between the two groups. The PCoA plot (Figure 7.3) is supportive of our observations
of high inter-personal variability of the bacterial community in the sinonasal cavity of CRS subjects.
However, intra-personal variability seems to be less of a concern as swab and tissue from an
individual generally tended to group closer together on the PCoA plot compared with samples from
different patients. In addition, when samples were grouped together (9 swabs and 9 tissues), alpha
diversity indices such as observed 97%-OTUs, Shannon-Wiener, inverse-Simpson and Chao-1
richness, indicated no significant differences between the two groups. Based on the rarefaction
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curves, subsampling at 700 sequences for all samples was adequate to investigate bacterial diversity
in this study. Moreover, rarefaction curves show relatively low diversity in all 18 samples (Figure
7.4A) and also between grouped samples (swab versus tissue). (Figure 7.4B)

Figure 7.4

Rarefaction curves showing OTU richness based on 97% 16S rRNA gene similarity across (A) all 18 samples (9 swab +
9 tissue), and (B) grouped samples (swab vs tissue). OTU = operational taxonomic unit; S = swab; T = tissue.

7.5 Discussion
Culture-independent microbiota studies on swab or tissue samples from CRS cohorts have
highlighted a general lack of understanding about what is the “true” bacterial community of either
sample type (Boase et al., 2013; Feazel et al., 2012; Ramakrishnan, Feazel, Abrass, & Frank, 2013).
Comparisons between studies have been limited in this area of research due to differences in
methodologies used. Although swabs are the most common collection technique to determine the
bacterial communities of sinonasal cavities, mucosal brushings (Abreu et al., 2012), biopsies (Boase
et al., 2013), and sinus lavages (Niederfuhr et al., 2008) have also been used in a handful of studies.
Collection site has also been a source of much discrepancy in the literature (Yan et al., 2013),
however a recent study has shown that inter-personal differences, rather than disease status or
sampling site, account for the greatest proportion of the variation between samples (Biswas,
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Hoggard, Jain, Taylor, & Douglas, 2015). Furthermore, it is important to understand whether
sample type (such as swab or tissue) has an effect on the microbial community profile.

One possible CRS etiology is that S. aureus forms small colony variants, which enter into the host
cells (due to epithelial damage) and are able to evade the host immune response (Seiberling et al.,
2005; Xu & McCormick, 2012). However, in culture-based studies S. aureus is not detected in all
CRS patients (15-70%) (Lin & BuSaba, 2006). Accordingly, the significance of its presence is not
yet certain. Also, we have observed significantly higher numbers of subepithelial, intramucosal
bacteria in patients with CRS when compared with controls, the majority of which were S. aureus
(Wood et al., 2012). However, these micro-colonies did not elicit a host immune response, and in
fact appeared to be actively evading phagocytosis (Kim, Yin, Chen, Mansell, Wood, Dunbar, et al.,
2013). These findings highlight the importance of investigating the total bacterial community of
underlying tissue mucosa in the context of CRS. Furthermore, it is also pertinent to compare these
results to those from surface mucus (as collected by swabbing), due to most CRS studies having
used this sampling technique. In this study, we aimed to determine whether varying depth of sample
collection has an important effect on the composition and diversity of the sinus microbiota. The
technique of tissue sampling used in this study did not attempt to sterilize the surface of the
biopsied mucosa. Thus, the comparison we draw is between surface mucus from swabs and the
immediately underlying whole tissue. The whole tissue would include bacteria within any residual
mucus after washing in saline, biofilms on the surface and bacteria that penetrated the mucosal
epithelium.

Tissue biopsies from CRS patients have previously been used to identify or confirm the presence of
specific bacteria (such as S. aureus, Pseudomonas aeruginosa or Haemophilus influenzae)
(Foreman, Psaltis, Tan, & Wormald, 2009; Sanderson, Leid, & Hunsaker, 2006). A recent study
which employed the Ibis T5000 device detected 33 bacterial species in tissue samples from CRS
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patients, with S. aureus predominating (Boase et al., 2013). The present study, using amplicon
pyrosequencing, also found a range of bacterial genera within all tissue samples analyzed.
Interestingly, only 2/9 patients (22.2%) were Staphylococcus predominant, while members of the
genera Prevotella, Finegoldia and Peptoniphilus were most prevalent in other individuals. The
bacterial communities observed in the swab and tissue samples were consistent with those from
other molecular studies of the CRS microbiota (Abreu et al., 2012; Biswas et al., 2015; Boase et al.,
2013; Feazel et al., 2012; Foreman et al., 2009; Ramakrishnan, Feazel, Abrass, & Frank, 2013).
Furthermore, the tissue samples had similar alpha diversity (OTU richness) to the surface mucus,
with both sample types showing considerable inter-personal variability between patients. Such
variation among individuals has been observed previously for CRS cohorts (Biswas et al., 2015;
Boase et al., 2013; Feazel et al., 2012; Foreman, Boase, Psaltis, & Wormald, 2012; Roediger et al.,
2010), along with other human-related microbiota studies (Grice et al., 2009; Turnbaugh et al.,
2009; Wade, 2013). Thus, choice of sampling approach (swab vs tissue) may be influenced by
convenience, with the former being less invasive for patients and therefore a possibly preferred
sampling option.

The bacterial composition of the surface mucosa was significantly different to that of the whole
tissue specimens for all nine patients. These differences could be related to the distinct
environmental niche of these two collection sites. The protected environment of the tissue could
lead to preferential proliferation of specific groups of bacteria and ultimately lead to a distinct
bacterial community. Members of the bacterial community found in the swab samples were also
observed in the underlying tissue samples, and this may partly be a result of residual surface mucus.
However, given the significant differences in bacterial composition, we further speculate that the
surface mucus is seeding the underlying tissue with bacteria, which may evade the host immune
response and develop into a distinct niche. A recent study that compared the microbiota of swab
versus biopsies of the anterior ethmoid sinus mucosa supports our findings and showed no
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significant differences in the alpha and beta diversity (Bassiouni et al., 2015). However, in contrast
to the results from this study, those authors found no significant differences in the composition of
the microbiota. Further investigations are required to determine the impact of both the surface and
subepithelial bacterial niches on the development of CRS.

7.6 Conclusion
Species richness (diversity) of surface and tissue mucosa of the middle meatus was very similar in
patients with CRS. However, the bacterial composition of the two sample types (swab and tissue)
differed significantly. This is consistent with previous histological observations of intramucosal
bacteria in CRS. Personalized anti-microbial treatment with agents effective against intramucosal
bacteria may prove to be required to treat CRS effectively.

91

Chapter 8. Conclusion and discussion

8.1 Major findings
The presence of intramucosal bacteria in CRS has recently been observed. The research described
in this thesis has attempted to define more clearly the nature of these intramucosal bacteria and the
immune response that they elicit. Novel treatment options were also sought based on the findings.
The findings were as follows:

1) Intramucosal bacteria have no discernable genotypic or phenotypic differences from the
bacteria on the epithelial surface, despite their ability to survive without eliciting a host
immune response.

2) A distinct mucosal immune dysfunction (i.e. altered macrophage function) was identified,
which may reflect the tolerance of intramucosal bacteria in CRS mucosa.

3) Subjective and objective severity of disease correlated with the amount of alternatively
activated macrophages within the mucosa, but not with the presence of intramucosal
bacteria. This suggests that the presence of intramucosal bacteria may be a consequence of
immune dysfunction, rather than being the main cause of disease presentation.

4) Cystic fibrosis CRS patients have a particularly recalcitrant clinical course. In these
patients, intramucosal bacteria were seen in significantly greater numbers than in
idiopathic CRS patients. CF patients were also found to have a significantly greater
proportion of macrophages that had altered function, than in idiopathic CRS patients.
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5) Rifampicin, an antibiotic with high tissue penetrating ability (therefore aimed specifically
at the intramucosal bacteria), was trialed as a potential novel treatment for CRS.
Rifampicin was found not to impact the prevalence of intramucosal bacteria. However,
patients who took rifampicin experienced an improvement of their symptoms. They were
also found to have a significantly greater recruitment of macrophages to the mucosa
compared to other groups. These findings echo the previous suggestion that macrophage
dysfunction correlates with disease severity and that increased macrophage recruitment
may improve patient symptoms.

6) The manipulation of connexins, which are intercellular channels that allow electrical and
biochemical communication, may provide a novel treatment for CRS. Direct intercellular
communication plays an important role in tissue inflammation, and connexin blockade has
been shown to dampen both acute and chronic inflammation in skin, cornea and spinal
cord. Connexin channels were found to be present in sinus mucosa, and this is the first step
in investigating a potential novel treatment.

7) Traditional bacterial cultures and histological techniques such as Gram staining and FISH
were found to reveal only a very limited proportion of the microbiome, when compared to
molecular techniques. Furthermore, it was found that the surface and intramucosal
microbiome on individual patients differed significantly in our cohort.

8.2 Discussion
8.2.1 Intramucosal (subepithelial) colonies
The existence of subepithelial bacteria has been observed in other tissues of the body. A close
vicinity example is the middle ear (Coates et al., 2008; Vijayasekaran et al., 2012), connected to the
postnasal space via the Eustachian tubes. Chronic otitis media (OME) is a condition that leads to
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recurrent infections of the middle ear. It affects children worldwide, and in fact the most common
reason for children visiting doctors and receiving antibiotics (Freid, Makuc, & Rooks, 1998).
Although the observation of intramucosal bacteria in OME has opened a new paradigm, their role in
the pathophysiology of the condition has yet to be elucidated.

Other parts of the upper airway affected by chronic infections are the tonsils and adenoids.
Although significant recurrent infections occur and bacteria are presumed to play an important role
in the pathophysiology (Brook, 2005; Van Staaij et al., 2003), it is unclear why culture directed
antimicrobial therapy still only has limited efficacy. As well as biofilms, subepithelial bacteria have
been implicated as a potential cause (Swidsinski et al., 2007).

Cystitis leads to frequent antibiotic prescriptions, and recurrent urinary tract infections occur despite
appropriate therapy (Anderson et al., 2010). There is a strong parallel not just to CRS but also to the
recurrent ear infections and recurrent tonsillitis. Subepithelial Escherichia coli have been identified
in cystitis (Abraham, Duncan, Li, & Zaas, 2005; Eto, Jones, Sundsbak, & Mulvey, 2007), and a
mouse model suggests that an increased number of the subepithelial bacteria activates a host
immune response that predisposes to persistent bacteriuria and chronic cystitis (Schwartz, Chen,
Hultgren, & Seed, 2011).

Crohn’s disease is another condition with complex pathophysiology that ultimately leads to chronic
mucosal inflammation of the gastrointestinal tract. Bacteria is thought to have a role in the disease
process as decreasing luminal bacterial concentrations have lead to clinical improvement (Colombel
et al., 1999; Turunen et al., 1998). However, antibiotics do not cure the condition. Adherentinvasive Escherichia coli (AIEC) are strains of E. coli that are able to adhere to cultured intestinal
epithelial cells (Darfeuille-Michaud et al., 1998) and also have ability to invade into cells (Boudeau,
Glasser, Masseret, Joly, & Darfeuille-Michaud, 1999; Darfeuille-Michaud et al., 1998). An
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abnormally high prevalence of AIEC have been observed in the ileal mucosa of Crohn’s disease
patients (Darfeuille-Michaud et al., 2004), and may have implications in the disease process.

Research into several conditions associated with recurrent infections and chronic inflammation, has
led to observations of subepithelial bacterial colonies within the involved tissues. The exact role of
these bacteria in the pathophysiology is still unclear. The work done as part of this thesis suggests
that the intramucosal S. aureus in the sinus mucosa is more likely a result of the underlying mucosal
immune dysfunction, rather than the cause of the CRS.

8.2.2 Alternatively activated macrophages
The mucosal immune dysfunction of CRS identified in this thesis is the significantly higher
population of CD163+, alternatively activated macrophages that represent a variant phenotype (M2)
of macrophages (Fuentes-Duculan et al., 2010; Moestrup & Møller, 2004).

Macrophages are important players in the innate immunity as phagocytic cells, but functionally
polarized into M1 and M2 phenotypes (Brown et al., 2009). M1 and M2 are actually the extremes
on a continuum macrophage phenotypes (M1, M2a, M2b and M2c) (Mantovani et al., 2004), where
M1 macrophages mediate resistance against intracellular parasites and tumors (Goerdt et al., 1999;
Mills, Kincaid, Alt, Heilman, & Hill, 2000; Mosser, 2003), while M2 macrophages represent an
anti-inflammatory polarization (Brown et al., 2009; Mantovani et al., 2004; F. O. Martinez, Gordon,
Locati, & Mantovani, 2006).

The fact that significantly higher proportion of macrophages in CRS patients were M2 phenotype,
than in controls, may explain the presence of intramucosal bacterial colonies that exist without
eliciting a host immune response. The characteristic feature of CRS is persistent mucosal
inflammation, and the objective disease severity measurement of inflammation by computed
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tomography (CT) scan had a positive correlation with the proportion of total macrophages in the
mucosa that were of M2 phenotype. Subjective patient symptom scores also correlated with the
proportion of M2 macrophages, and this may be due to release pro-inflammatory cytokines such as
TNF-α (Fabriek et al., 2009; Verreck et al., 2004).

8.2.3 Molecular assessment of microbiome
Based on culture and histological assessment of the surface and subepithelial microbiological
niches, S. aureus had been the main pathogen that attracted significant research. Research within
this thesis, however, has shown that S. aureus may in fact be a byproduct of the underlying mucosal
immune dysfunction, further questioning the role of bacteria in pathophysiology of CRS. However,
molecular techniques have revealed significantly higher diversity of bacteria both on the surface
and within the tissue of the sinus mucosa. These results echo the findings in the oral cavity from a
decade ago where molecular assessment revealed even more significant diversity than the 500
bacterial strains already identified via traditional culture techniques (Kroes, Lepp, & Relman, 1999).
The role of bacteria in the pathophysiology of CRS requires more attention.

Work performed in this thesis aimed to study and compare the microbial diversity between the
surface of the sinus epithelium and within the tissue immediately deep to it. In keeping with the
earlier histological work identifying the subepithelial environment as a distinct microbial niche, the
bacterial composition differed significantly between surface and the underlying tissue. On the other
hand, a similar comparison study performed at a different centre, with the aim of validating an
optimal sampling method for sinus microbiome research, found the diversity to be similar between
surface and the underlying tissue (Bassiouni et al., 2015). Following the ideals of the Human
Microbiome Project (Turnbaugh et al., 2007), several studies have attempted to define the sinus
microbiome in health and compare to CRS (Abreu et al., 2012; Aurora et al., 2013; Biswas et al.,
2015; Boase et al., 2013; Feazel et al., 2012), but with no apparent consensus. The microbiome of
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normal healthy sinus still requires further research and defining, as does the changes associated with
CRS. Critically, 5 extremely pertinent questions need to be asked in designing future studies and
interpreting the extremely complex microbiome data (Hanage, 2014): Can experiments detect
differences that matter? Does the study show causation or just correlation? What is the mechanism?
How much do experiments reflect reality? Could anything else explain the results?

These questions raised by Hanage on microbiome science fundamentally rang true in the designing
and interpretation of work in this thesis.

8.3 Further studies
8.3.1 Microbes
Histological techniques were used in this thesis for the detection of subepithelial intramucosal
bacterial colonies. Although these subepithelial colonies are significantly more prevalent in CRS
mucosa than in controls, their role in the pathophysiology is far from clear.

Eradication of bacteria may help us infer their role in the pathophysiology of a disease process.
However, conventional antibiotics used for CRS do not have particularly high tissue penetrability,
and result in limited clinical improvement (Kim & Douglas, 2012), and yet rhinosinusitis is the
indication for the highest antibiotics prescriptions in the United States between 2006-2010 (ShitaniSmith et al., 2013). In chapter 5, a pilot study attempted to eradicate intramucosal bacteria using
rifampicin, an antibiotic with known high tissue penetrability. It was found that even rifampicin did
not manage to eradicate intramucosal bacteria, nor make a statistically significant reduction in their
prevalence when compared to other study groups. However, it was a pilot study with small study
population and a subsequent larger study population study is required to further clarify the impact
of rifampicin on intramucosal bacterial colonies.
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Another way to infer the role of bacteria in the disease process is to study germ free animals. These
are animals that are delivered by sterile Caesarean section and subsequently raised in isolators with
autoclaved food and water (Al-Asmakh & Zadjali, 2015). By studying germ free animals, it has
been found that commensal bacteria are critical in the development of both normal anatomy
(Heneghan, 1965; Thompson & Trexler, 1971) and innate immunity (Cebra, 1999; H. E. Duncan &
Edberg, 1995) in the gut. Having established that commensal bacteria are critical in the
development of normal function, various conditions are now being studied in germ free mice (AlAsmakh & Zadjali, 2015; Jakobsson et al., 2015; Pedroso et al., 2015; Wing, Klocke, Samuelsson,
& Holmdahl, 2015). The concept of germ free animals was already known to Pasteur, and
successful colonies were developed by 1940s (Al-Asmakh & Zadjali, 2015; Wostmann, 1981), but
the recent resurgence of interest in their use in research parallels the development of molecular
techniques of microbiome delineation. Comparing the anatomy and innate immunity of the sinus
mucosa between germ-free and conventional pathogen-free animals would confirm the importance
of commensal bacteria in the development of normal sinus mucosa. This could, in turn, infer the
role of a shift in the microbiome in the development of the chronic mucosal inflammation that
defines CRS.

The complete molecular assessment of the sinus microbiome also requires further research. In
chapter 7, it was demonstrated that the microbiome between the mucus in the human sinus and the
underlying mucosa varies significantly. Another striking finding was the significant variability of
the microbiome between individuals. Another study of CRS patients has shown that inter-personal
differences resulted in more significant variation in bacterial composition than sampling location or
even disease status (Biswas et al., 2015). In the gut, dietary exposure, as well as other
environmental factors have been shown to impact the microbiome (Candela, Biagi, Maccaferri,
Turroni, & Brigidi, 2012; D'Argenio & Salvatore, 2015; Vanamala, Knight, & Spector, 2015) and if
oral intake can alter the gut microbiome, one may hypothesize that the inhalational environment
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would impact on the sinonasal microbiome. Altered gut microbiome have been associated with not
only mucosal inflammatory conditions of the gut (Greenblum, Turnbaugh, & Borenstein, 2012;
Rowan et al., 2010; Sartor, 2010), but also with risk of developing childhood asthma (Arrieta et al.,
2015). The impact of ageing, environmental factors, antibiotic and corticosteroid therapy for CRS,
and also sinus surgery on the sinus microbiome are all areas that need to be studied. In fact, healthy
commensal microbiome of the sinus mucosa are yet to be fully characterized.

8.3.2 Innate immunity
The main immunological dysfunction of the sinus mucosa identified in chapter 3 was the significant
proportion of M2 macrophages in CRS when compared to controls. In the study of CF related CRS
patients in chapter 4, the proportion of M2 macrophages was even higher than that found in
idiopathic CRS patients. However, dividing macrophages into M1 and M2 phenotypes is an oversimplification, because activation of macrophages takes place in the extended macrophage family
that includes monocytes, myeloid-derived dendritic cells and multinucleated giant cells (F. O.
Martinez & Gordon, 2014). All these events results in a phenotype and the steps that occur in CRS
to lead to a high M2 propensity have not been studied. Patients with CRS would likely have had
more than a single course of prednisone as part of the medical therapy given prior to decision to
undergo sinus surgery. Although prednisone improves patient symptoms and reduce mucosal
inflammation, glucocorticoids are actually one of the many stimuli for M2 macrophage activation
(Murray et al., 2014; Rőszer, 2015). It may be that the treatment given for CRS is also playing a
role in the immune dysfunction that leads to tolerance of intramucosal bacterial colonies. Further
delineation the subtype(s) of macrophages over-represented in CRS is necessary, as are the stimuli
that lead to the M2 phenotype activation. The downstream effects of the M2 activation also require
further research to elucidate their role in the pathophysiology of CRS.

It is clear that CRS is not simply caused by microbial changes or immune dysfunction in isolation.
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Bacterial communities influence innate immunity, but in more complex ways than the simple
concept of a pathogenic bacteria triggering an active host immune response. In the gut, bacterial
colonization has shown to increase production of neurotransmitters and expression of cytokines that
are integral to the programming of the hypothalamic-pituitary-adrenal axis (Diaz Heijtz et al., 2011;
Sudo et al., 2004). The gut microbes are also essential to development of the immune system and
the central nervous system, as well as in immune modulation (Kelly, King, & Aminov, 2007;
Littman & Pamer, 2011; Walker & Lawley, 2013). The gut has received much attention as the
gastrointestinal tract is exposed to bacteria very early in human life through nutritional oral intake,
and the microbes have been shown to play critical roles not only in the gut mucosa, but also in the
systemic immune system as well as the central nervous system. In much the same way, the
sinonasal cavities are exposed to inhaled microbes from the moment of birth, yet the interaction
between the sinus microbes and their impact on the body is a field that requires much research.

8.3.3 Novel therapy
Rifampicin was investigated in chapter 5 as a potential novel therapy for CRS. In chapter 6,
connexins were investigated as potential novel therapeutic targets for CRS. Manipulation and
blockade of connexin 43 has been shown to dampen inflammation in both acute (e.g. cornea,
cutaneous wounds including burns, and acute lung injury) and chronic wound (e.g. diabetic and
venous ulcers). Wound healing involves an orchestration of extremely complex processes that are
difficult to manipulate individually, whereas blockade of connexin channels reduces the interceullar
spread of the inflammatory process (Coutinho et al., 2003; Green et al., 2008). Connexin 43
blockade in the CRS mucosa may be effective in both the management of the chronic mucosal
inflammation, and also for the acute wound after sinus surgery in which accelerated healing without
scarring is the goal. The next steps of investigation would include utilizing our established rabbit
wound healing model (Jain et al., 2015) for confirmation of in vivo efficacy, followed by human
trials if the animal model results confirm therapeutic potential.
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