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ABSTRACT

UNIVERSITY OF SOUTHAMPTON
FACULTY OF MEDICINE, CLINICAL EXPERIMENTAL SCIENCES

Doctor of Philosophy
CHARACTERISATION OF BACTERIAL PROFILES IN CHRONIC RHINOSINUSITIS
By Stephen Michael Andrew Hayes

Chronic rhinosinusitis (CRS) with or without nasal polyps (NP) affects up to 15% of the
UK population significantly affecting quality of life and impacting heavily on health
care resources. Despite millions of pounds spent on research each year, the
underlying cause of CRS remains unknown. Bacteria have been implicated in playing
a role in mediating the ongoing inflammation in CRS. Bacteria possess the ability to
quickly adapt to environmental changes, readily interchanging between planktonic,
biofilm and intracellular profiles. Emerging evidence suggests that CRS is the result
of a locally dysregulated innate immune system caused by changes in bacterial
profiles in a bid for survival. The work presented in this thesis aimed to clarify this
proposed theory through characterisation of bacterial profiles in CRS and analysis of
the effect on the local innate immune system at a cellular level.

A prospective study was performed using ex-vivo sinonasal mucosal and NP tissue
from CRS patients, and sinonasal mucosa from non-CRS patients undergoing trans-
sphenoidal pituitary surgery as a control. Tissue was analysed using the LIVE/DEAD®
BacLight™ viability kit, fluorescent in situ hybridisation, scanning electron
microscopy, transmission electron microscopy, confocal laser scanning microscopy
and immunohistochemistry. An explant tissue model was developed to explore
histological changes at the host-environment interface after addition of exogenous
Staphylococcus aureus (S aureus) and Staphylococcus enterotoxin B (SEB). An in vitro
cell culture model was developed to investigate cellular changes resulting from mast
cell-S aureus interactions.

Surface-related biofilms were identified on CRS sinonasal mucosa. S aureus was the
commonest microbe identified. Sodium nitroprusside appeared to have little or no
effect on dispersal of surface-related CRS biofilms. In NP, bacteria were sub-epithelial
and within mast cells (intracellular). This is the first reported study to observe
intracellular S aureus within mast cells in NP. The presence of SEB significantly
increased the internalisation of S aureus into mast cells. S aureus entered mast cells
through phagocytosis and via extracellular traps. Proliferating intracellular S aureus
led to mast cell expansion and eventual rupture, seeding viable S aureus and pro-
inflammatory mediators into the extracellular space.

These findings demonstrate the ability of S aureus in CRS to manipulate the host’s
innate immune system in order to facilitate survival. Adaptation of bacteria into
different profiles results in different pathophysiological effects. The intermittent
dispersal of active planktonic bacteria from surface-related bacterial biofilms on non-
polypoidal mucosa mediates the ongoing chronic inflammation and symptom relapse
in CRS. Intracellular S aureus within mast cells could act as a reservoir for bacteria
constantly seeding into the extracellular environment leading to the build-up of pro-
inflammatory cytokines and mediators, thus promoting tissue oedema and potentially
nasal polyp growth. These findings suggest that NP formation may be an indirect
consequence of a S aureus survival strategy to evade host defences.
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1.1 Upper Airways - Anatomy and physiology

1.1.1 Nasal cavity

The internal nose comprises of two nasal cavities which extend from the nares
anteriorly to the choanae posteriorly, separated by the nasal septum. The nares
open into the vestibule, the skin-lined part of the nasal cavity containing nasal
hairs, follicles and sebaceous glands. The skin meets mucosa at the narrowest
part of the nasal cavity, the nasal valve. Mucosa lines the rest of the sinonasal

cavities.

The floor of the nasal cavity is formed by the palatine process of the maxilla
and the horizontal plate of the palatine bone and extends posteriorly 4.5cm
to the soft palate. The floor extends medially to the nasal septum and laterally

to the inferior meatus.

The roof of the nasal cavity is divided into three- the frontonasal, ethmoidal
and sphenoidal sections, which form the base of the skull and floor of the
anterior cranial fossa. The frontonasal portion is formed by the nasal bones
and the nasal spine of the frontal bone. The ethmoidal section is formed by
the cribiform plate of the ethmoidal bone and is named the olfactory area. The
sphenoidal section is formed by the anterior wall of the sphenoid sinus and
contains the sphenoethmoidal recess. It is into the sphenoethmoidal recess
that the sphenoid sinus drains via the sphenoid ostium. The nasal cavity
terminates at the junction where the vertical anterior wall of sphenoid meets

the horizontal floor of the sphenoid sinus and is called the choana.

The medial wall comprises of the nasal septum, which is composed of septal
cartilage, the perpendicular plate of the ethmoid bone and the vomer. The
perpendicular plate of the ethmoid bone forms the superior part of the
septum, where it ascends superiorly to form the cribiform plate and crista gali.
The vomer forms the posteroinferior section of the nasal septum with

contribution from the nasal crests of the maxillary and palatine bones.

The lateral wall of the nasal cavity is comprised of three pairs of shelf-like
conchae termed the superior, middle and inferior turbinates (Figure 1.1A).

These three turbinates divide the nasal cavity into three spaces, the superior,
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middle and inferior meatus (Figure 1.1B). The superior meatus forms the space
between the superior and middle turbinates and contains the opening to the
posterior ethmoid sinuses. The middle meatus forms the space between the
inferior and middle turbinates and receives drainage from the maxillary,
anterior ethmoidal, the agger nasi and frontal sinus forming a complex
drainage unit called the osteomeatal complex. Anterosuperiorly to the middle
meatus the ethmoidal infundibulum leads to the frontal sinus ostium via the
frontonasal duct. The frontal sinus ostium opens into a semicircular groove
called the semilunar hiatus. Superiorly to the semilunar hiatus is the ethmoid
bulla (Figure 1.2A), a rounded elevation formed by cells from the ethmoid
sinuses. Inferiorly to the semilunar hiatus is the uncinate process (Figure 1.2A)
of the ethmoid bone and posteriorly, the maxillary sinus ostium (Figure 1.2B).
The inferior meatus lies inferolateral to the inferior turbinate and contains the

opening of the nasolacrimal duct anteriorly, which drains tears from the

lacrimal sac.

. I{/}/’Suweme Meatus
( }//___'__,_,,f-'supenor turbinate
(15 = - et Superior Meatus
| /\;1\r middle turbinate
— Middle Meatus

~ inferior turbinate
Inferior Meatus

Figure 1.1 Anatomy of the nasal cavity and turbinates. (A) Sagittal image of
superior, middle and inferior turbinates on the lateral wall of the nasal cavity

(1). (B) Coronal image of turbinates and associated meatus (2).
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Figure 1.2 Endoscopic appearance of nasal cavity. (A) Endoscopic images of
right sided nasal cavity showing the ethmoid bulla EB and uncinate process UP
and middle turbinate MT. (B) Endoscopic images of left sided nasal cavity
showing the middle turbinate MT and middle meatus (yellow dotted circle)
after removal of the UP. The maxillary sinus ostium (white asterisk) can be

clearly observed within the middle meatus. (1)

1.1.2 Paranasal sinuses

The paranasal sinuses are comprised of 4 paired air-filled extensions of the
respiratory part of the nasal cavity. They develop within the bones of the face
and base of the skull. They include the frontal, maxillary, ethmoid (anterior
and posterior) and the sphenoid sinuses. The frontal sinuses form between the
anterior and posterior tables of the frontal bone and usually start to develop
from 8 years of age. Each frontal ostium opens into the frontonasal duct and
drains into the semilunar hiatus of the middle meatus. The maxillary sinuses
are the largest pair of paranasal sinuses. Each maxillary sinus drains through
natural and often accessory ostia through the middle meatus and into the nasal
cavity. The ethmoidal sinuses are composed of multiple cavities or cells that
develop between the nasal cavity and the orbit. The most anterior ethmoidal

cells are called the agger nasi. The ethmoid sinuses are divided into the

5
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anterior and posterior sinuses. The anterior ethmoidal cells drain into the
middle meatus via the infundibulum. The posterior ethmoidal cells open into
the superior meatus. The sphenoid sinuses are paired asymmetrical cavities
within the body of the sphenoid bone and drain into the sphenoethmoidal

recess through the sphenoid ostium.

1.1.3 Vasculature and innervation

The sinonasal cavity receives its blood supply from branches of the internal
carotid artery (ICA) and external carotid artery (ECA) (Figure 1.3). The anterior
and posterior ethmoidal arteries branch from the ophthalmic artery, which in
turn is a branch of the ICA. The anterior ethmoidal artery accompanies the
nasociliary nerve through the anterior ethmoidal canal to supply the anterior
ethmoidal and frontal sinuses as well as the anterosuperior aspect of the nasal
cavity. The sphenopalatine artery (SPA) is a branch of the maxillary sinus,
which in turn is a branch of the ECA. From the maxillary artery it passes
through the sphenopalatine foramen into the superior meatus of the nasal
cavity. Here it terminates at the nasal septum with the posterior septal artery

and anastomoses with the greater palatine artery.

The descending palatine artery branches off the maxillary sinus in the
pterygopalatine fossa and passes through the greater palatine canal and
foramen emerging as the greater palatine artery. Here the artery passes
through the incisive canal and anastomoses with the SPA to supply the nasal
septum. The superior labial artery and lateral nasal branches of the facial artery
also contribute to the blood supply of the sinonasal cavity. Terminal branches
of all arteries supplying the nasal cavity anastomose on the anterior nasal
septum, forming a rich network of capillaries called Little’s area (or

Kiesselbach’s area) (Figure 1.3).
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Anterior ethmoid artery

Posterior ethmoid artery

Sphenopalatine artery

\
) LY
! P

Kiesselbach’s
plexus

Superior
labial artery

Greater palatine artery

Figure 1.3 Arterial blood supply to sinonasal cavity (1)

A plexus of veins deep within the sinonasal mucosa drain into the
sphenopalatine, facial and ophthalmic veins. This plexus is a crucial part of
the nasal thermoregulatory system, warming and humidifying air before it

enters the lower respiratory tract.

The maxillary and nasopalatine nerves provide innervation to the majority of
the sinonasal mucosa. The remaining nerve supply comes from the posterior
lateral branches of the greater palatine nerve, which supply the lateral wall of
the nasal cavity and the anterior and superior ethmoidal nerves. The sense of
smell is detected exclusively through the olfactory fibres embedded within the
epithelium lining the anterosuperior aspect of the base of skull. These fibres
penetrate the cribiform plate, forming the olfactory nerve and eventually the

olfactory bulb.
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1.1.4 Physiology and Histopathology

Despite many proposed theories, the actual role of the sinuses remains
unknown. Initial structural theories suggested that pneumatised sinuses
reduced the weight of the cranium, therefore reducing strain on the
musculature of the neck. This theory was disproved after ossification of the
sinuses was demonstrated to increase the overall weight of the head by only
1%. Evolutionary theories include improving the floatation of the head when
swimming, thus protecting the airway and also as shock-absorbing pockets
protecting the brain after facial trauma. Functional theories propose sinuses
are crucial for vocal resonance. Despite controversy regarding the true
evolutionary origin of the sinuses, the sinonasal cavity is the doorway to the
upper airway and as such, provides important functions in filtering and
conditioning air before it enters the lower airways, as well as defence against

inhaled environmental pathogens.

The sinonasal mucosa is lined by respiratory epithelium with small areas of
neuroendocrine olfactory epithelium within the superior cavity adjacent to the
cribiform plate. Respiratory epithelium is composed of ciliated and non-ciliated
pseudostratified columnar cells, basal pluripotential stem cells and goblet
cells. The epithelium is separated from the underlying layer of connective
tissue by the lamina propria and contains seromucinous glands and vascular
networks. However, throughout the sinonasal cavity, these histological
components and layers differ slightly to facilitate different physiological

requirements.

For the first 1-2cm, the nasal vestibule is lined by keratinised stratified
squamous epithelium, transitioning at the mucocutaneous junction (limen
nasi) into pseudostratified columnar and ciliated epithelium, which cover the
remaining nasal cavity. On the nasal septum, the number of goblet cells
increase from anterior to posterior and from superior to inferior (Figure 1.4A).
In contrast, the seromucinous glands decrease from anterior to posterior and
from superior to inferior. The pseudostratified epithelium of the superior nasal
septum merges with olfactory epithelium superiorly, which contains sensory
receptor cells, supporting cells with microvilli, basal stem cells and Bowman’s

glands.
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As the mucosa passes over the turbinates (particularly the middle and inferior)
the lamina propria increases in thickness containing both superficial and deep
glandular layers with a large vascular network of vessels capable of marked

variation in luminal capacity (nasal pseudo-erectile tissue) (Figure 1.4B).

Within the sinuses, the mucosa becomes thinner, losing the deep and
superficial glandular layers, with only a thin submucous fibrous layer adjacent
to the underlying periosteum (Figure 1.4C). Unlike turbinate mucosa, there is

no prominent vascular layer.

Ciliated pseudostratified epithelium extends from the nasopharynx to the
middle ear via the Eustachian orifice. The lamina propria is thick and contains
a rich supply of capillaries and glands, which open into the lumen of the tube.
A mixture of pseudostratified columnar and ciliated epithelium with goblet
cells continues into and lines the middle ear cavity. Here the underlying lamina

propria thins and strongly adheres to the underlying periosteum.

| =

§RRL

7T

Figure 1.4 Histology of sinonasal mucosa. Photomicrographs of hemotoxylin
and eosin stained sections of nasal septal mucosa (A), Inferior turbinate
mucosa (B) and sinus mucosa. C, cilia; PE, pseudostratified epithelium; GC,
goblet cells; LP, lamina propria; CT, connective tissue; G, glandular tissue; VP,

vascular plexus; B, bone. (A) x10 magnification. (B) x60 magnification (1).
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1.1.4.1 The conditioning of inspired air

The sinonasal mucosa functions to warm and humidify air entering the nasal
cavity before it reaches the lower airways. The turbinates help to increase the
surface area of sinonasal mucosa within the sinonasal cavity to approximately
180cm?. Within the underlying connective tissue, a rich vascular plexus
consisting of sinusoids, distensible veins, arteriovenous anastomosies,
arterioles and venules acts to engorge the nasal mucosa with blood, creating
a heat exchange system allowing humidification of air entering the nasal
cavity. Engorgement of the sinonasal mucosa warms the inspired air, whereas

constriction leads to cooling of the inspired air.

1.1.4.2 Mucociliary clearance

Ciliated cells are tall columnar cells with cilia that project through the full
thickness of the epithelial layer into the mucus covering the surface and work
as a protective mechanism to remove pathogens and environmental particles.
Each cell contains approximately 250 cilia that work in a coordinated sweeping
motion moving the mucus coat from the sinuses into the nasal cavity, ready to

be excreted or ingested.

Goblet cells are located throughout the epithelium, interspersed among the
ciliary epithelial cells. Goblet cells are more abundant in regions within the
nasal cavity where air irritation is greatest. Goblet cells function to synthesise
and secrete mucus into the sinonasal cavity. Mucus contains several properties
that help protect the sinonasal cavity. The thick, viscous nature of mucus
creates a physical barrier and helps to trap dust, pollutants, pathogens and
any other particles that could irritate the lower respiratory system. Mucus
consists of water (95%), glycoprotein (2.5%) electrolytes (2%). lysozyme
enzymes and IgA (0.5%). The efficacy of the mucociliary clearance system

depends on the integrity of the ciliated cells, goblet cells and mucus.

10
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1.2 Chronic Rhinosinusitis

1.2.1 Background

Chronic rhinosinusitis (CRS) is a disease characterised by inflammation of the
mucosa lining the nose and paranasal sinuses (3). It represents one of the
commonest conditions encountered in medicine, affecting up to 15% of the
population in the United Kingdom (UK) (4) and 16% of the population in the
United States of America (USA) (5). CRS presents to a wide range of clinicians,
from primary and emergency care to respiratory, allergy, otorhinolaryngology
and even critical care and neurosurgery when complications occur (3). It is not
surprising, therefore, that CRS impacts enormously on the healthcare economy
(6). In the UK alone, CRS is estimated to cost the economy £100 million per
year (7). In the USA, CRS accounts for more than thirteen million physician
visits per year (5, 8), is ranked as the second most prevalent chronic disease
in society (8) and is estimated to cost the US economy over $5.8 billion per

year (9).

As well as representing a huge economic burden on society, CRS is also
associated with a significant impact on quality of life (QOL). A study by Gliklich
and Metson, in 1995, showed that patients with CRS had a QOL comparable
with other chronic medical conditions, such as congestive heart failure, angina,
chronic obstructive pulmonary disease and chronic back pain (10). A recent
study by Stankiewicz et al, in 2011, also showed that CRS has a negative effect
at work by significantly reducing the productivity and mental activity of each
patient (11).

CRS also impacts heavily on antimicrobial resistance due to the requirement
for repeated courses of short and long-term antimicrobial therapy. Concerns
have been raised regarding the increasing prevalence of Methicillin-resistant
Staphylococcus aureus (MRSA) within the sinonasal cavities and the increased
resistance of CRS microbes to current macrolide therapy (12). The World Health
Organisation (WHO) has recently reported that antimicrobial resistance is a
global problem and threatens the effective prevention and treatment of an

ever-increasing range of infections (13). It is therefore important to develop
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more specific microbial detection methods and novel therapies with the goal

of minimising antimicrobial resistance in the future.

1.2.2 Definition
1.2.2.1 Chronic Rhinosinusitis

CRS is a disease of the mucosa lining the sinonasal cavity characterised by
recurrent episodes of inflammation resulting in chronic symptoms, such as
nasal obstruction, facial pain, rhinorrhoea and a reduction in sense of smell
(3, 6). Rhinitis and sinusitis usually co-exist and are concurrent in most
patients suffering with CRS (3, 6). Therefore, the most accepted terminology
is now rhinosinusitis. For many years there was little guidance on definition
and diagnostic criteria. With the emergence of evidence-base medicine and
increasing research into the pathophysiology of CRS, the development of
structured guidelines and diagnostic criteria have become essential. Several
documents containing guidelines have now been published (3, 6, 14-16). The
most recent and universally adopted clinical definition of CRS was published
in the European Position Paper on Rhinosinusitis and Nasal Polyps (EPOS) in
2007 and recently updated in 2012 (3, 6). The defining criteria are displayed
in Table 1.1. Chronicity was defined as un-resolving symptoms for more than

twelve weeks’ duration.
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SYMPTOMS

Inflammation of the nose and the paranasal sinuses
characterised by two or more symptoms, one of which should

be either nasal blockage/ obstruction/congestion or nasal

discharge (anterior/posterior nasal drip)

e +/- Facial pain or Facial Pressure

ENDOSCOPY | And endoscopic signs of:
e polyps and/or

e mucopurulent discharge from the middle meatus

RADIOLOGY And/or:

e (T changes - mucosal changes within the ostiomeatal

complex and/or sinuses

resolution of symptoms

TIME e Symptoms for more than twelve weeks without complete

Table 1.1 Definition and diagnostic criteria for CRS (3)

1.2.2.2 Chronic rhinosinusitis with and without nasal polyps

CRS is subdivided into CRS with and without nasal polyps (NP) (CRSWNP and
CRSsNP respectively) (Figures 1.5 A & B). In 20% of CRS patients, the chronically
inflamed mucosa develops into non-sensile (grape-like) out-pouches called NP,
comprising of a thin layer of ciliated pseudostratified epithelium surrounding
a loose stroma of oedema, cytokines and inflammatory cells (6). Although
generally benign, NP can physically obstruct the sinus ostia and nasal airways,
preventing sinus drainage and ventilation, leading to infection (3, 17, 18). This
can be seen on a CT of the sinuses (Figures C & D). Evidence suggests that
when present, NP create a greater burden of symptoms, a higher radiological
severity score and require more revision surgery and medical treatment (17).
The clinical differentiation between CRSwWNP and CRSsNP is based on
endoscopy (3).

13
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Figure 1.5 Endoscopic and CT appearance of patients with CRSWNP and
CRSsNP. (A) Endoscopic appearance of nasal polyp (black arrow) from patient
with CRSWNP. (B) In the sinonasal cavities of patients with CRSsSNP there are
no nasal polyps, but chronically infected mucopus (red arrow) is often
observed coming from the middle meatus (1). (C) CT sinuses (coronal view)
showing bilateral opacified maxillary (yellow stars) and ethmoidal sinuses in a
patient with CRSWNP. (D) Normal CT sinuses (coronal view) showing bilateral

pneumatised maxillary (blue stars) and ethmoidal sinuses.

14



Stephen M A Hayes Introduction

1.2.3 Epidemiology

Due to the heterogeneity of CRS and the lack of accepted diagnostic criteria,
there is a relative paucity of high quality CRS-related epidemiological data (3).
A summary of the prevalence data for CRS and NP is displayed in Table 1.2. In
a survey of the prevalence of CRS in the US population between 1990 and
1992, 15.5% of the total population suffered with an episode of sinusitis
lasting for more than three months (8). This study also demonstrated CRS to
be the second most prevalent chronic disease in the USA (8). A follow-up study
in 1997, using the same criteria, confirmed the prevalence of CRS as 16% of
the US population (5). However, these values are thought to represent an over-
estimation as strict diagnostic criteria were not followed and the majority of
General Practitioners did not have either the skills or facilities to perform
confirmatory nasal endoscopy (19). A further study, using ICD-9 diagnostic
codes, demonstrated a prevalence of 2%, which was thought to be an
underestimation for the USA population (20). More recently, the Global Allergy
and Asthma Network of Excellence (GA2LEN) study, involving nineteen centres
across Europe and using the EPOS diagnostic criteria (Table 1.1), demonstrated
a CRS European prevalence of 10.9% (range 6.9-27.1) (4). Other studies
demonstrate geographical variation with a prevalence of 1.01% identified in
Korea, 5.5% in Brazil, 6% in Belgium, 9.6% in Scotland and 9.3% in the Caribbean
(21-24).

In the USA, the prevalence of CRS was demonstrated to be higher in females,
with a ratio of 3:2 (8). Similar findings were shown in Canada, with a prevalence
of 5.7% in females and 3.4% in males (25). Despite CRS affecting patients of all
ages, the prevalence appears to increase with age, from a mean of 2.7%, in the
20-29 age group, up to a mean of 6.6% in the 50-59 age group (25). After 60

years of age, the prevalence of disease drops to 4.7% (25).

Approximately 20% of patients suffering with CRS develop NP (3). Accurate
epidemiological data for the prevalence of NP in CRS is difficult due to the
complexities of diagnosis. It may be possible to diagnose severe nasal
polyposis using anterior rhinoscopy, but most cases need verification with
nasal endoscopy (3). The prevalence exhibits a geographical variation. The

prevalence of NP in Sweden is reported as 2.7% of the total population (26). In
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Korea, the prevalence is reported as 0.5% (27). Finland has a prevalence of
4.3%, France 2.1% and the USA 4.2% (28-31). Differing from CRSsNP, NP
develop more commonly in males compared to females (2.2:1). However, CRS
prevalence appears to increase with age in all races (29, 32, 33). NP are rarely
found in patients under twenty years of age, but develop in 5% of all those over
60 years (30). The average age of onset is approximately forty-seven years (34,
35).

The prevalence of NP significantly increases in patients who suffer with asthma
and aspirin sensitivity (36, 37). Between 40% and 80% of patients with aspirin
sensitivity suffer with nasal polyps and 15% of patients with NP have aspirin
sensitivity (38). The presence of hypersensitivity to aspirin or any non-steroidal
inflammatory drug (NSAIDs) in patients suffering with asthma and CRS is
associated with a particularly aggressive and treatment-resistant form of the
disease (39). Ingestion of aspirin or NSAIDs inhibits the production of
cyclooxygenase (COX-1) enzymes with subsequent activation of both lipid and
non-lipid mediators, causing an acute exacerbation of underlying upper and
lower airway inflammation (40, 41). This syndrome was originally known as
Samter’s Triad, but has more recently been termed Aspirin Exacerbated
Respiratory Disease (AERD) (42, 43). AERD affects between 0.3% and 0.9% of
the total population in Europe with the prevalence of nasal polyposis between
60% to 70% (30, 44).
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STUDY YEAR | COUNTRY PREVALENCE (%)
Chronic Rhinosinusitis
Collins (8) 1997 USA 15.5% (Survey period 1990-92)
Gordts & Clement (23) | 1997 Belgium 6%
Blackwell et al (5) 2002 USA 16% (Survey period 1997)
Ahsan et al (24) 2004 Scotland 9.6% (Scotland), 9.3% (Caribbean)
Shashy et al (20) 2004 USA 2% (ICD-9 diagnostic coding)
Hastan et al (4) 2011 Europe 10.9% (GA2LEN study -19 centres
across Europe. EPOS diagnostic
criteria)
Pilan et al (22) 2012 Brazil 5.5%
Nasal Polyps
Settipane (30) 1996 USA 4.2%
Hedman et al (28) 1999 Finland 4.3%
Johansson et al (26) 2003 Sweden 2.7%
Klossek et al (29) 2005 France 2.1%
Kim et al (27) 2011 Korea 0.5%

Table 1.2 Summary of the prevalence data for chronic rhinosinusitis and

nasal polyps
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1.3 Pathophysiology of chronic rhinosinusitis

Recent guidelines propose the classification of CRS into two distinctive
pathological entities (CRSWNP and CRSsNP), primarily based on differences in
inflammatory cytokine profiles (3). A CRSWNP T-helper 2 (T,,2)-mediated profile
is characterized as eosinophilic, with elevated IL-5, immunoglobulin E,
Regulated on Activation Normal T Cell Expressed and Secreted (RANTES) and
eotaxin (3, 45-47). CRSsNP T-helper 1 (T,1)-mediated profile is characterised
as neutrophilic, with elevated Tumour Necrosis Factor Alpha (TNF-a), IL-8,
Transforming Growth Factor Beta (TGF-B), and Interferon Gamma (IFN-y) (3,
48). However, there still exists a significant amount of overlap in the
pathophysiological mechanisms between both subtypes and, as such, the

classification is not universally accepted (49, 50).

To date, the aetiology and pathophysiology of CRSWNP and CRSsNP remain
unclear, with many factors implicated in the aetiopathogenesis of the disease
lacking substantial evidence. Factors thought to contribute to the disease are

discussed below.

1.3.1 Mucociliary impairment

Mucociliary function of the mucosa lining the sinonasal cavities plays a crucial
role in clearing allergens and pathogens from the upper airway tract.
Conditions which impair the mucociliary function, such as primary ciliary
dyskinesia (PCD) or cystic fibrosis (CF), can therefore lead to accumulations of

allergens and pathogens, resulting in chronic inflammation (6).

Cystic fibrosis is an autosomal recessive exocrinopathy caused by defective
cystic fibrosis transport regulator gene function, encoded on the q31 region
of the long arm of chromosome 7 (51, 52). The prevalence of NP in CF is

quoted as between 18.2% and 44.8%, primarily affecting adolescents (53, 54).

Several associated factors have been reported in the possible development NP
in CF, but no single factor has been identified (54). These possible associations

include long-term pulmonary colonisation with Pseudomonas aeruginosa (P.
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aeruginosa) (55) and allergy to Aspergillus fumigatus (56). However, it is fully
accepted that the underlying pathophysiology is impaired mucociliary function
caused by a defective epithelial ion transport system, which leads to the
production of less hydrated fluids with increased viscoelasticity (57). This
differs from non-CF NP at both a histological and biochemical level (58, 59).
Histopathological analysis demonstrated significant duct dilatation and
mucous gland proliferation in CF NP, when compared to non-CF NP (58). The
vascular network remained identical between the two tissue groups (60). The
CF NP were found to contain higher levels of neutrophils, IL-8 and IL-1p
compared to the non-CF NP, which contained higher levels of eosinophils,
consistent with the literature (59). The impaired mucociliary function in CF
leads to increased pathogen colonisation and mucosal inflammation driven by
a neutrophil-dominated host reaction (54). This leads to sinus ostia occlusion

and further impairment of mucociliary function (54).

CF NP and non-CF NP represent two separate underlying pathophysiological
processes resulting in the same outcome of NP formation. Although not
primarily an aetiological factor in CRS, impaired mucociliary function results
as a consequence of chronically inflamed sinonasal mucosa and can contribute

to sinus ostia occlusion and mucociliary stasis.

1.3.2 Allergy

Allergy has also been associated with CRS. Inflammation of the sinonasal
mucosa caused by allergens is thought to lead to increased mucus production,
increased nasal obstruction and blockage of the sinus ostia, leading to
symptoms of CRS (61). Benninger showed that 54% of CRS patients had positive
skin prick tests (SPT) (62). However, the role of allergy remains unclear, as
other studies have shown no increase in CRS prevalence over the high pollen
count months (62). On examination of NP fluid, no increase in concentration
of either IgE or histamine was seen in patients with clinical hypersensitivity
compared to non-allergic patients, suggesting allergy is unlikely to play a

central role in the pathogenesis of CRSWNP (63, 64).

20



Stephen M A Hayes Introduction

1.3.3 Asthma

Asthma has been implicated as a co-morbidity with CRS. The link between the
upper and lower airways is now well established and has led to the publication
of the Allergic Rhinitis and its Impact on Asthma (ARIA) position paper in 2001
(65) and revision in 2010 (66). This provided evidence that inflammation within
the lower and upper airways co-exists and led to the concept of ‘one airway,
one disease’ (38). Allergic rhinitis has been identified as a risk factor for the
development of asthma and therefore, early recognition and control of allergic
rhinitis is now recommended (65). Evidence suggests that up to 80% of
asthmatics also suffer with CRS or allergic rhinitis and 50% of patients with
CRS also have co-existing asthma (38). Upper airway infections have also been
linked to asthma exacerbations (67). The identification of similar mediators of
inflammation in both the upper and lower airways has led to the conclusion
that asthma and rhinitis are not diseases of a single organ, but in fact involve

the whole respiratory tract which has been termed the ‘United Airway’.

The concept of the ‘United Airway Disease’ also applies to NP with a strong
correlation demonstrated between asthma and NP (3). Patients with asthma
have a 7% chance of developing NP compared to 4% of the normal population
(3, 31,66). This rises dramatically to 15-26% in patients with late onset asthma
(62). On the other side, 45% of patients with NP will go on to develop asthma,
which rises to 60% in those with late onset NP (68). Asthmatics with NP also
have more severe upper and lower airway disease (62). Both conditions share
similar histopathological changes, such as mucosa remodelling, eosinophilic
infiltration, T-helper cell involvement and increased synthesis of IL-5,
suggesting similar underlying mechanistic processes (68). However, despite
huge advances in this field, there remains a lack of consistent evidence to

explain the link between asthma and NP.

It is also unknown why the association is significantly stronger, with worse
clinical outcomes if either condition develops later on in life (68). Earlier onset
of NP more commonly affects males, but late onset NP are more common in
females (3, 68). This may suggest a hormonal contribution in late onset
disease. More sever inflammation, remodelling and increased levels of

inflammatory cytokines will lead to a reduction in mucociliary clearance and a
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better environment for opportunistic bacterial and fungal biofilms to form.

This may explain why these patients have worse clinical outcomes.

1.3.4 Aspirin exacerbated airway disease

Hypersensitivity to aspirin (or other NSAIDs) together with coexisting asthma
in patients suffering with CRSWNP or CRSsNP is known as aspirin exacerbated
airway disease (AERD) or Samter’s Triad (39) and is associated with a
particularly persistent and recalcitrant form of the disease (39). These patients
have chronic underlying upper and lower airway inflammation, which is
exacerbated by the intake of aspirin (or NSAIDs). AERD is associated with a
severe upper airway disease reflected in the high recurrence rates of NP (60%
to 70%) (30, 44, 69). On computer tomography (CT) scans, patients with AERD
have been shown to have significantly thicker nasal mucosa compared to CRS
patients with no aspirin hypersensitivity (3). In AERD patients, the intake of
aspirin inhibits the enzyme cyclooxygenase-1 (COX-1), leading to the
activation of inflammatory cells, such as mast cells and eosinophils (40, 41,
70-72). AERD is associated with a marked eosinophilia, resulting in the release
of large quantities of IL-5, RANTES and eotaxin (73, 74). AERD patients require
extensive medical therapy including regular oral corticosteroid treatments as

well as increased frequency of endoscopic sinus surgery.

Patients with AERD have been shown to benefit clinically in terms of asthma
and nasal polyp symptoms, after aspirin desensitisation. The mechanism
underlying this involves suppression of IL-4 and the downregulation of
proinflammatory matrix metalloproteinase 9 (MMP-9) (75). These benefits were
not seen as readily in non-AERD patients and therefore, EPOS has not

recommended aspirin desensitisation in non-AERD patients (3).

1.3.5 Hormones

There is evidence to suggest that hormones play a role in CRS. It has been

shown that during pregnancy, one in five women develop symptoms and signs
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of CRS (76). The hormones proposed include oestrogen, progesterone and
placental growth hormone (76). However, the mechanisms underlying this

remain unknown.

1.3.6 Anatomical variations

Anatomical variations, such as deviation of the nasal septum, enlarged inferior
turbinates, concha bullosa and displacement of the uncinate process have all
been proposed as increasing the risk of developing CRS (77). However, several
more recent studies have provided conclusive evidence that no such
correlation exists (78, 79). Anatomical variations probably exacerbate pre-

existing CRS, rather than cause the disease.

1.3.7 Osteitis

Chronically inflamed bones surrounding the sinuses have been proposed as
mediating the chronically inflamed mucosa in CRS. These changes are
commonly seen on CT scans of the paranasal sinuses in patients with
recalcitrant CRS (72). However, it is possible that these osteitic changes are

secondary to chronically inflamed mucosa, rather than the actual cause.

1.3.8 Fungi

Airborne fungal antigens have been thought to play a role in the
pathophysiology of CRS for many years. They are regularly cultured from the
sinuses of patients undergoing endoscopic sinus surgery and in some cases
they can form benign fungal balls and invasive fungal sinusitis. Studies have
shown clear evidence of fungus in CRS, but have also found the same levels of
fungus in control samples (81, 82). Therefore, the role of fungus in CRS is still

unclear.
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1.3.9 Epithelial integrity and defects

It is well established that epithelium plays a crucial role in initiating, regulating
and maintaining the innate and adaptive immune system (83). It also provides
an important barrier against environmental allergens and pathogens to the
mucosa (83, 84). Defective epithelial layers have been shown to contribute to
a number of chronic diseases, such as inflammatory intestinal disease (7),

atopic dermatitis (85), psoriasis (86) and asthma (87).

Recent studies within the literature have proposed that disrupted epithelial
barriers may lead to a breakdown in the innate and adaptive immune system
within sinonasal mucosa, leading to chronic inflammation and the
development of NP (84). This research has focused mainly on tight junction
proteins, such as the epithelial protein LEKT1 (88). These proteins form apical
intercellular junctions between epithelial cells and are responsible for a
number of important functions, such as prevention of environmental allergens
or pathogens entering into the sub-epithelial layer and regulation of the

accumulation or excretion of inflammatory cells and tissue oedema (84).

Epithelial defects as aetiological agents in CRS is an interesting concept, but
there is still a lack of evidence directly linking the defects to the development
of CRS or NP. It is more likely to be the result of another aetiological factor,
with the ability to damage or down regulate tight junction proteins in a strategy

to manipulate the innate and adaptive immune system.

1.3.10 Bacteria

The role of bacteria in CRS remains unclear. Intraoperative bacterial cultures
taken from the middle meatus of the sinonasal cavity are often sterile.
Culturing of planktonic bacteria from the sinuses identified Staphylococcus
aureus (S aureus) as the commonest microbe present (36%) (89). Other
microbes cultured included Coagulase negative Staphylococcus (CNS) (20%)
and Streptococcus pneumonae (17%) (89). Other studies confirmed S aureus as
the commonest planktonic bacteria to colonise the nasal cavity, with rates of
27% in patients with CRSsNP, 60% in patients with CRSWNP and in 33% of
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control patients (36). In patients with AERD, levels of S aureus colonising the

nasal cavity have been found to be as high as 87% (36, 90).

The findings of colonised S aureus in one third of control patients raises the
guestion of the relevance of planktonic bacteria within the sinonasal cavities,
but the large proportions within CRSWNP and AERD suggest that S aureus may
play some role in the pathophysiology of NP. On closer inspection of S aureus
within the sinonasal cavities, Clement et al, in 2005, described the appearance
of S aureus on CRS sinonasal mucosa as being in reservoirs, which differed in
appearance to planktonic bacteria on control tissue (91). Further studies
showed that within these S aureus reservoirs, some bacteria appeared to have
passed through the epithelial surface of the sinonasal mucosa and in some
areas, adopted intracellular residency (92-94). This was mostly observed in the
sinonasal mucosa of patients with AERD. These reservoirs could represent
bacterial biofilms and could, therefore, be contributing to the growing
evidence implicating bacterial biofilms in the pathophysiology of CRS,

discussed later in Section 1.6.

1.3.11 Staphylococcus aureus superantigens

S aureus is frequently identified as the commonest microbe within the
sinonasal cavity of CRS patients (95). Depending on specific accessory gene
regulator (agr) loci, S aureus has the ability to produce exotoxins which are
potent virulence factors called superantigens (SAgs) (96). SAgs have been
demonstrated to exert effects on both host cells and cytokines associated with
local innate immunity (97). Host cells stimulated by the secretion of SAgs
include epithelial cells, B and T cells, eosinophils, fibroblasts, dendritic cells
and mast cells (98-100). SAgs upregulate IL-4, IL-5 and prostaglandin E2 and
downregulate Regulatory T Cells (Treg), Transforming Growth Factor beta
(TGF-B) and Interleukin-10 (IL-10) (101-103). Other effects reported include
manipulation of eicosanoid metabolism (104-105), granulocyte augmentation
(106) and the induction of glucocorticoid insufficiency (107). The net effect
results in tissue damage, remodelling, a T,2 skewed cytokine profile,

generation of polyclonal IgE, an eosinophilia and mast cell degranulation
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(Figure 1.5). It is due to this manipulation of the innate immune system that

SAgs have been proposed as potential mediators of NP formation.

High levels of IgE antibodies to the SAgs S aureus enterotoxin A (SEA) and S
aureus enterotoxin B (SEB) have been identified within NP, providing further
evidence of a potential role in their pathogenesis (99, 108). Levels of IgE
antibodies to SEA and SEB were particularly high in patients suffering with
AERD (108-109). Despite this strong evidence, SAgs appear to be involved in
only 50% of CRSwWNP patients (110) and therefore, currently SAgs are
considered more to be disease modifiers than direct aetiological agents in NP

formation (3).
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Figure 1.6 Superantigen (SAg) hypothesis in CRS. Mechanistic diagram taken
from Bachert et al, 2007 (100).

26



Stephen M A Hayes Introduction

1.4 Treatment of chronic rhinosinusitis with and

without nasal polyps

Guidance for the treatment of CRS is provided by the EPOS guidelines (2012)
(3). Treatment pathways for both CRSsNP and CRSwNP are displayed in Figures
1.7 and 1.8 respectively.

1.4.1 Medical treatment

The initial medical treatment regimen in CRS has been termed ‘maximal
medical therapy’ (3). This includes a combination of an 8-week course of a
topical corticosteroid, a sinus douche and a low-dose antibiotic (3). In CRSsNP,
the antibiotic recommended is the macrolide, clarithromycin. In CRSWNP, the
antibacterial therapy recommended is doxycycline (3). A short course of oral
corticosteroids may be required in severe nasal polyposis. Further adjuvant
medical therapies can be considered in the presence of certain associated co-

morbidities. Individual medical therapies are described in detail below (3).

1.4.1.1 Corticosteroids

Glucocorticoids reduce airway eosinophil infiltration through activation of the
intracellular glucocorticoid receptors GRa and GRB (111-115). GRa receptor
activation causes an anti-inflammatory effect and represses pro-inflammatory
gene transcription (115). Levels of expression of these receptors will
determine the clinical effectiveness of topical corticosteroids (115- 116). In
CRSsNP, significant improvements have been demonstrated in maxillary ostial
patency, nasal resistance, mucocilary clearance and a reduction in the levels
of T-cells, eosinophils, IL-4 and IL-5 (117-121). The evidence for clinical
efficacy of topical corticosteroids in CRSWNP is even more striking. Significant
improvements have been demonstrated in nasal blockage, sneezing,
rhinorrhoea, sense of smell, rhinitis, postnasal drip and quality of life (122-
126).
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CRSsNP in adults management scheme for ENT-specialists

2 symptoms: one of which should be nasal obstruction

or discoloured discharge

+/- frontal pain, headache

+/- smell disturbance

ENT examination including endoscopy

consider CT scan

check for allergy

consider diagnosis and treatment of co-morbidities eg. asthma

Figure 1.7 EPOS treatment pathway for CRSsNP

CRSwNP management scheme for ENT-specialists

2 symptoms: one of which should be nasal obstruction
or discoloured discharge
+/- frontal pain, headache
+/- smell disturbance
ENT examination including endoscopy (size of polyps)
consider CT scan
consider diagnosis and treatment of co-morbidities
L2 _

Figure 1.8 EPOS treatment pathway for CRSWNP
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There is no evidence within the literature demonstrating efficacy of oral
corticosteroids in CRSsNP (3). However, in CRSWNP the use of systemic steroids
appears to be most beneficial. Several studies have demonstrated significant
reduction in NP size (in up to 72% of the population), improvement in nasal
symptoms (nasal obstruction, secretion, sneezing and sense of smell), nasal
expiratory peak flow and improvement in endoscopic and radiological

appearances after only a short course of systemic steroids (126-134).

In addition to the anti-inflammatory effects, corticosteroids produce collateral
metabolic effects, resulting in possible unwanted side effects, such as changes
in bone mineral density, fat metabolism, catabolic muscle effects, appetite,
glucose intolerance, risk of cataract formation and pituitary-hypothalamic axis
suppression (3). Although precautions are taken to minimise these side-
effects, long-term oral steroids are occasionally needed in long-term
management of the most resistant cases and individual risk versus benefit
assessments need to be made. In general, a combination of an initial short
course of oral steroids followed by long-term intranasal topical corticosteroids
has become the preferred protocol demonstrating significant NP reduction,
improved anterior rhinomanometry and improved CT findings after a twelve-

week regimen (135).

1.4.1.2 Antibiotics

In patients suffering with CRSsNP there is little evidence to support the
effective use of short-term antibiotics (3). A study investigating the efficacy of
a two week course of either amoxicillin/clavulanic acid (co-amoxiclav) or
cefuroxime in patients with CRSsNP demonstrated a bacteriological cure rate
of only 65% and 68% respectively (136). In a study looking at the efficacy of
low-dose, long-term macrolide treatment (twelve-week regimen) in patients
with panbronchitis and CRS, the ten-year survival rate increased from 25% to
90% and the associated CRS was controlled (137). Therefore, short-term
antibiotic therapy has been superseded by a longer low-dose course (8-12
weeks) of macrolides (3). As macrolides also possess an anti-inflammatory
effect, they are both immuno-modulatory and antibacterial (3). As well as

increased bacterial eradication, long-term macrolide therapy has
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demonstrated a reduction in inflammatory markers, increased ciliary beat
frequency, improved Sino-Nasal Outcome Test 20 (SNOT-20) scores, improved
nasal endoscopy appearances and reduced levels of IL-8 (138). Evidence
suggests that macrolide therapy is less effective in patients with high levels of

serum IgE, such as those suffering with CRSWNP (139).

As discussed in Section 1.3.11, Staphylococcus superantigens have been
implicated as modulators of disease in CRSWNP and may play a role in NP
formation (140, 141). Significant levels of superantigens have been
demonstrated in NP tissue, particularly in patients suffering with severe
asthma (140). In contrast to CRSsNP, CRSWNP appears to have both an
inflammatory and antibacterial element to the disease process. Doxycycline
has therefore, been proposed for use in CRSWNP due to its dual anti-
inflammatory and antimicrobial properties (134). Subsequent studies have
demonstrated a reduction in nasal polyp size, nasal symptoms and mucosal
and systemic markers of inflammatory after treatment with doxycycline (126,
142- 143). Doxycycline has therefore, been recommended by EPOS for use in
patients with CRSWNP (3).

1.4.1.3 Sinonasal irrigation

Isotonic and hypertonic sinonasal irrigation, or sinus douching, represents an
essential treatment modality in both CRSsNP and CRSWNP (3). When delivered
as a high volume, low-pressure douche this was demonstrated to be more
effective at irrigating the sinuses than the low volume, high-pressure nasal
sprays (144-145). In a Cochrane report, nasal irrigation was demonstrated to
be beneficial in both CRSsNP and CRSwWNP (146). Post-operative douching was
shown to reduce discharge and oedema at three weeks but had no effect on
adhesions, NP or crusting. At three months, no significant difference was

observed between douched cavities and non-douched cavities (147).

Regular irrigation of the sinuses using a high volume low-pressure douche is
a recommended treatment for CRSsNP and CRSWNP, when the patency of the

nasal cavities permits and in patients after endoscopic sinus surgery (3).
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1.4.2 Adjuvant medical treatments

1.4.2.1 Leukotriene antagonists

Leukotriene antagonists, such as Montelukast, are useful in patients suffering
with CRSWNP in association with asthma and as an adjuvant therapy to
intranasal and inhaled corticosteroids. In the majority of patients studied
fitting this criteria, Montelukast significantly improved clinical symptoms,
acoustic rhinometry and peak nasal inspiratory flow (148). In another study
looking at postoperative patients with CRSWNP commenced on Montelukast,
improvements in nasal blockage, rhinorrhoea, nasal itching and sense of smell
were demonstrated and less proinflammatory biomarkers were identified in

nasal lavage washings (149).

1.4.2.2 Antihistamines

Antihistamines have been demonstrated to have no effect on reducing the
number or size of NP in CRSWNP and are therefore not a recommended
treatment (150). However, in CRS patients with positive skin prick allergy test,

antihistamines may be beneficial (3).

1.4.2.3 Anti-IL-5

IL-5 is a powerful activator of eosinophils, which have been demonstrated to
be in high levels in NP. The development of an anti-IL-5 medication
(Mepolizumab and Reslizumab) was aimed at reducing eosinophilia and NP
size (3). Although initial Phase I/Il trials demonstrated improved NP scores and
reduced opacification on CT scans, adverse effects including nasopharyngitis,
fatigue and pharyngolaryngeal pain were commonly reported and therefore

use is not recommended routinely in CRS patients (3).
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1.4.3 Surgical treatment

If medical treatment fails to improve the patient’s symptoms to an acceptable
level and the patient is well enough to undergo a general anaesthetic, surgery
may be offered in the form of functional endoscopic sinus surgery (FESS).
Through the removal of chronically inflamed or polypoidal mucosa and
through widening of the sinus ostia, FESS surgery aims to improve the
ventilation and drainage of the sinonasal cavities, which helps to restore

normal mucociliary clearance (3).

In both CRSsNP and CRSWNP patients, FESS results in a significant improvement
in symptom scores, with the biggest improvements seen in nasal obstruction,
facial pain and postnasal discharge. However, FESS appeared to only have a
small effect on headaches and hyposmia (151). In the few studies
distinguishing between the two groups, a significant improvement in SNOT-22
scores was demonstrated at three, twelve and thirty-six months post-
operatively in patients with CRSWNP when compared to CRSsNP (152).
However, these patients demonstrated a higher rate of recurrence and need
for revision surgery (153). FESS is, therefore, not a cure for CRS and the long-
term control of the disease process is highly dependent on the continuing use

of anti-inflammatory medical therapies in the post-operative period (3).
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1.5 Host inflammatory pathways in chronic

rhinosinusitis

The sinonasal mucosa represents the host-environment interface where a
combination of mucocilary clearance and the innate and the adaptive immune
systems form a barrier against environmental agents, such as pathogens,
irritants and aero-allergens (3). It is the manipulation and alteration of the
innate and adaptive immune system that is thought to be key in the
pathogenesis of CRS. However, there remains little evidence of a single
exogenous agent leading to these changes and it is thought more likely to be

multifactorial.

1.5.1 Mechanical barrier

The first port of defence encountered by environmental agents is the epithelial
barrier. This consists of a thick layer of mucus, sitting on top of motile cilia
attached to respiratory epithelial cells (3). Mucus, together with motile cilia,
forms the mucociliary transport system, which traps exogenous agents and
transports them through the nasal cavities to the postnasal space, where they
are swallowed (3). Mucus consists of secretions from submucosal glands,
goblet cells, epithelial cells, lacrimal glands and vascular transudate and is
primarily composed of mucin glycoproteins (3). Glycoproteins combine the
secretions together, creating the thick, sticky blanket of mucus (3). Mucins
have the ability to alter the surface proteins of invading pathogens, preventing
progression towards the epithelial layer (154). The glycoproteins are arranged
as such to produce a gel-like outer layer, with a low viscosity inner layer,
allowing the mucus, with the help of the cilia, to transport foreign particles out
of the nose and sinuses (3). Alterations in the consistency of mucus, leading
to increased viscosity, have been associated with increased disease severity in
CRS (155).
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1.5.2 Epithelial cells

Epithelial cells are held tightly together by intercellular apical adhesion
complexes. These include tight junctions, desmosomes and hemi-
desmosomes. Alterations in these junction proteins lead to barrier defects
and reduced epithelial integrity, leading to increased vulnerability to mucosal
penetration by pathogenic organisms. In CRSWNP, studies have demonstrated
a reduction in desmosomal proteins (DSG2 and DSG3) (156), tight junction
proteins (claudin and occuldin) (157) and epithelial proteins (LEKT1) (158).
LEKT1 is encoded by the SPINK5 gene and is a protease inhibitor regulating
tight junctions (158). A reduction in LEKT1 leaves the epithelial barrier

vulnerable to exogenous agents with significant protease activity (158).

The epithelial cells play a crucial role in regulating both the innate and adaptive
immune system (83, 159). The innate immune system provides an immediate,
but non-specific response to pathogenic organisms that rely on cytokines and
phagocytic cells that activate immediately upon recognition of generic features
of invading pathogens. In contrast, the adaptive immune system is slower to
activate on first exposure to a new pathogen, but through the synthesis and
proliferation of specific B and T cells, it possesses the ability to recognise

specific pathogens and destroys them immediately on repeated contact.

Through the use of cytoplasmic pattern recognition receptors (PRRs), epithelial
cells possess the ability to recognise pathogen-associated molecular patterns
(PAMPs) expressed on all environmental organisms (160-164). Activation of
PRRs leads to the release of chemokines and cytokines, which stimulate innate
immune cells, such as macrophages, neutrophils and mast cells (3). Epithelial
cells can also detect damaged cells via damage-associated molecular patterns
(DAMPs) and together with stimulations of PRRs, activate the adaptive immune
system (161, 165-156).

The majority of PRRs are composed of Toll-Like Receptors (TLR), which form a
family of ten membrane glycoproteins that recognise PAMPs (3). TLR2, TLR3,
TLR4 and TLR9 are expressed on epithelial cells in sinonasal mucosa (167). It
is hypothesised that these cells are crucial in mediating inflammation and

therefore, an alteration in these proteins could lead to chronic inflammation
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(167). Decreases in TLR2 and TLR9 mRNA, which are associated with bacteria
recognition, have been identified in CRSWNP (163, 168).

A further antimicrobial property of epithelial cells includes the release of
antimicrobial compounds, such as enzymes, opsonins, permeating proteins,
collectins and binding proteins (169-170). The majority of studies within the
literature have demonstrated no change in the level of these compounds in
CRS compared to controls. However, the one exception includes the palate
lung nasal epithelial clone (PLUNC) protein, which is downregulated in CRSWNP
(171). This may be relevant as PLUNC proteins contain potent anti-biofilm

properties (171).

There is also evidence demonstrating that T,2 cytokines cause epithelial cells
to downregulate the production of innate immune compounds, such as IL-22,
human beta-defensin 2, surfactant protein A and the transcription factor STAT
3 (172-175). These molecules are involved in mucosal host defence and
epithelial layer repair and have been shown to be downregulated in CRS (176)
(177).

Epithelial cells possess the ability to produce nitric oxide synthase (NOS). NOS
produces nitric oxide (NO), an intracellular messenger and neurotransmitter
crucial in many biological processes, including mediation of inflammation,
defence against pathogens and cell apoptosis. NO is produced in large
amounts within the normal sinonasal cavities and is thought to prevent
bacterial colonisation through upregulation of specific chemokines, cytokines,
allergens and bacterial toxins within the epithelial layer (178). This hypothesis
is strengthened by studies demonstrating reduced levels of NO in the
sinonasal cavities of patients with CRSsNP and CRSwWNP and with increasing

levels of NO after commencement of maximal medical treatment (179-181).

1.5.3 Macrophages

Macrophages play a crucial role in the innate immune response to pathogens
within sinonasal mucosa (3). Macrophages are classified into pro-inflammatory
M1 cells associated with the T,1 response, or immunosuppressive M2 cells,

which are associated with the T,2 pathway and have been shown to have
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reduced phagocytic properties (182, 183). This M2 pathway is important in
providing defence against helminths and repairing damaged tissue (184). M2
macrophages have been shown to be present in larger amounts in CRSWNP,
compared to CRSsNP and controls (185). A recent study has shown that NP-
derived M2 macrophages have an impaired ability to phagocytose S aureus,
allowing bacteria to survive intracellularly (186). This may be relevant in the
pathogenesis of NP. A transmission electron microscopy (TEM) image of a

macrophage within a NP is displayed in Figure 1.9.

Figure 1.9 TEM image of a macrophage within a NP. Representative TEM image

demonstrates the macrophage nucleus (red star), cytoplasmic infoldings

(orange arrow) and vacuoles (blue arrow)

1.5.4 Eosinophils

Eosinophils are white blood cell granulocytes involved in the innate immune
response and tissue remodelling and repair and are closely associated with

allergic rhinitis and asthma (3, 187). Pre-formed granules located within the
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cell cytoplasm are filled with histamines, proteins, eosinophil peroxidase,
ribonuclease, deoxyribonucleases, lipase, plasminogen and major basic

protein (Figure 1.10).

Initially, eosinophils were considered crucial in the pathophysiology of CRS,
whereby, in response to fungal colonisation, the release of toxic mediators
through degranulation was thought to drive ongoing inflammation (81, 188).
However, both the levels of fungal colonisation and tissue eosinophilia varied
significantly amongst CRS patients and, therefore, the hypothesis lost some
credibility (3). Tissue eosinophilia was shown to be higher in Caucasian
patients with CRSWNP compared to those with CRSsNP (189-190). However,
this association was not demonstrated in non-Caucasian populations where
the majority of NP were shown to be non-eosinophilic (191-192). Due to the
geographical variation in NP eosinophil levels, eosinophils are not considered
aetiological factors in either the pathogenesis or pathophysiology of NP (3).
Despite this, eosinophils are found in high levels in NP and appear to be an
important biomarker for recalcitrant disease (3). Eosinophil recruitment into
the tissue appears to be the result of a switch from a T,1 to T,2 cytokine
pathway, regulated by the chemokines RANTES, eotaxin and IL-5 (193-194).
The cause of the switch to a T,,2 pathway remains unknown, but appears to be
driven by T-helper cells (195, 196).

1.5.5 Neutrophils

Neutrophils are immune effector cells capable of phagocytosing invading
organisms and are recruited through cytokine release after pathogenic
stimulation of PRRs (3). The relevance of neutrophils in CRS remains unclear.
However, levels of neutrophils are elevated in both CRSWNP and CRSsNP,
compared to controls (3). IL-8 has been linked to neutrophil stimulation and is
upregulated in CRSWNP and CRSsNP (197-198). Neutrophilic infiltration
dominates within a T,1 cytokine pathway, which is associated with CRSsNP,
whereas an eosinophilic infiltration dominates within a T,2 cytokine pathway
(3). Epidemiologically, tissue from Asian patients with CRS demonstrated less

neutrophilic infiltration than tissue from Caucasian patients (191, 199).
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Despite this, they still demonstrated a neutrophilia compared with control
tissue, which was higher in patients with CRSsNP than CRSWNP (195).

it e e T .
SRR i
R

»
—Fy
. J

Tt

Figure 1.10 TEM image of an eosinophil within a NP. Representative TEM image
demonstrates the bi-lobed nucleus (yellow stars) and multiple granules (white

arrows) of a NP eosinophil

1.5.6 Mast cells

Mast cells (Figure 1.11), like basophils, are white blood cell granulocytes which
originated from bone marrow as haematopoietic progenitor cells, specifically
from CD34+ cells (200). Unlike basophils, mast cells leave the bone marrow as
immature cells and do not usually circulate within the blood stream, but
typically complete their differentiation into mature end cells in peripheral
vascularised tissue (200). This accounts for their difference in life span with
basophils surviving from 4 hours to 5 days and mast cells living up to 300
days. Mast cells usually reside along vascular structures or beneath the
epithelial layer along the host-environment interface, such as within the

sinonasal cavity, respiratory tract and gastrointestinal tract (200).
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On reaching their final destination, mast cells differentiate into mature end
cells and their ultimate function is dependent on the requirements of the
specific tissue. This differentiation is regulated by stem cell factor, IL-3, IL-4,
IL-9, IL-10 and nerve growth factor (200). During maturation mast cells begin
to express high affinity receptors for IgE (FceRI) on the cell surface (200). This
is a tetrameric receptor complex that binds the Fc portion of the heavy chain
of IgE. Activation of this complex leads to degranulation where the contents of
cytoplasmic granules inside the mast cell are released in varying speeds and
concentrations. Cytoplasmic granules contain proteoglycans (chondroitin
sulphates and heparin), histamine, serine proteases (tryptase and chymase),
lipid mediators (prostaglandin D2 and leukotriene C4), serotonin, adenosine
triphosphate, lysosomal enzymes and cytokines (IL-4 and TNF-a) (200). The
rate of action for each mediator and cytokine released varies. For example,
histamine dissociates very rapidly, whereas serine proteases are released
slower (200). Released mediators have the ability to interact and activate other
cells, such as epithelial cells, eosinophils, B and T cells, neutrophils and
macrophages. These mediators are transitory and only last long enough to
initiate further cellular functions. This complex chemical communication
system makes the mast cell a key player in both the innate and adaptive
immune system and explains why they are situated at the host environmental

interface.

Within the sinuses, mast cells play an important role in promoting innate
immunity against microbial pathogens (201-202). Known as the sentinel cells,
mast cells are usually the first innate effector cells pathogens come into
contact with once the epithelial layer is breeched (203). Through activation of
CD8* T cells, mast cells possess the ability to regulate both the T,1 and T,2
cytokine pathways and can therefore adopt both immunosuppressive and
immunostimulatory properties (201). Recently, mast cells have been
demonstrated to exert phagocytosis-independent antimicrobial activity
against S aureus, mediated through extracellular traps and the release of
antibacterial enzymes (203). Mast cell activation can occur through stimulation
of PRRs (202). Once activated, mast cells degranulate, releasing the contents
of their granules (3). S aureus surface protein A (SpA) has been demonstrated

to stimulate mast cell degranulation (101).
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It is well established that mast cell degranulation within the sinuses is
associated with allergic rhinitis through antigen driven IgE cross-linking (3).
Mast cells also have the ability to mediate eosinophilic infiltration through IgE-
dependent and independent processes (204-205). Other studies have shown
mast cell prostaglandins capable of activating T,2-lymphocytes, independent
of T-cell activation, leading to the secretion of T,2 cytokines (102, 206). This
raises the possibility of mast cells playing a role in NP pathogenesis through
the induction of a T,,2 cytokine pathway and the stimulation of an eosinophilic

infiltrate. Despite this theory, the role of mast cells in NP remains unclear.

Figure 1.11 TEM image of a mast cell within a NP. Representative TEM image
demonstrating a mast cell within NP tissue. Image demonstrates an intact mast
cell nucleus (yellow star) and pre-formed granules (red arrows) (Image taken
by author)
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1.6 Surface-related bacterial biofilms

Bacterial biofilms are defined as an aggregation of complex, structural and
antibiotic-tolerant communicating microorganisms encased within a self-
produced hydrated polysaccharide matrix, allowing adherence to both biotic
and abiotic surfaces (9, 207).

The polysaccharide matrix, or extracellular polymeric substance (EPS), makes
up at least 90% of the biofilm mass (208) and provides a number of critical
functions to ensure the survival of the embedded bacteria. Firstly, through
mediation of surface proteins and formation of anchoring cells, the EPS can
form irreversible electrostatic adherence to both living and inert surfaces
(209). Secondly, the EPS appears to protect the biofilm from environmental
pathogens and antimicrobial therapy. One theory suggests that the EPS
prevents penetration of antibiotics into the biofilms (9). However, Palmer et al
(2005) showed antibiotics diffusing readily throughout the biofilm (210).
Another theory suggested that the negatively charged polymers within the EPS
interact with the positively charged polymers of the antibiotics, deactivating
or neutralising the antimicrobial therapy (9). A popular theory is that once the
biofilm phenotype is formed, the EPS can cause the embedded bacteria to
mutate in response to the commencement of antibacterial therapy, resulting
in a downregulation in metabolic activity and growth rate (211), leading to a
dormant persister-cell phenotype (212). Antibiotics wusually target
metabolically active cells and therefore this dormant layer of bacteria within
the biofilm could confer relative antibacterial resistance (9, 211-212). It is also
thought that due to the close relationship to each other within the biofilm,
bacterial cells are able to share genetic material, increasing the transmission
of resistant genes (213). Metabolic activity and growth are thought to resume

once the antimicrobial therapy has ended.

Bacterial biofilms attach, mature, disperse and re-colonise in a biofilm life-cycle
(Figure 1.12). Attachment to a surface forms the first stage of biofilm
development (214). The second stage is growth and maturation (214). The EPS
allows the biofilm to grow and mature by providing an environment safe from
unfavourable host defences and antimicrobial therapy, whilst at the same time

providing essential nutrients and removing toxic waste via the formation of
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water channels (207, 215-216). Once the biofilm reaches a critical size, various
dispersal mechanisms are orchestrated leading to the final stage of dispersal
(214). Bacteria is released in its most basic phenotype, as planktonic (or free-
floating) bacteria and results in colonisation of new anatomical locations (9).
The planktonic bacterial phenotype, however, differs significantly from the
biofilm one. Bacteria within biofilms are between 500-1000 times more
resistant to antimicrobial therapy compared to bacteria in its planktonic state
due to the lack of EPS (217).

The release of planktonic bacteria from the biofilm initiates an acute
inflammatory reaction resulting in the host’s immune system eradicating the
majority of bacteria. However, any remaining bacteria usually aggregate to
restart the biofilm life-cycle, often in different regions allowing spread of

bacteria.

Figure 1.12 Bacterial biofilm life-cycle (218)
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1.6.1 Biofilm-mediated disease

The ability to survive and re-populate new colonies despite local host immune
defences and an inherent resistance to antimicrobial therapy has led to
biofilms being implicated in many human chronic infections. In fact, the Centre
for Disease Control in the USA has estimated that biofilms account for 65% of

all human bacterial infections (219).

Biofilms in human disease are not a new entity. In the Seventeenth Century,
Anton van Leeuwenhoek scraped the plaque from his teeth and looking under
his light microscope, commented on organised microbial communities (207).
However, it is only since the 1970s that the complexity of these communities
has been appreciated in the environmental setting and only over the last ten
to fifteen years that biofilm formation has been recognised as causing or
exacerbating chronic infections in humans (220). Some of these chronic
infections that have shown to have biofilm involvement in their
pathophysiology include periodontitis (207), otitis media with effusion (221),
recurrent tonsillitis (215), CF pneumonia (222), chronic adenoid infections
(223-225), urinary tract infections (226), cholesteatomas (227), chronic wound
infections (228), central venous catheters) (229), cochlear implants (230),
tympanostomy tubes (231), urinary catheters (229), orthopaedic devices (207)
and, more recently, CRS (232).

Due to advances in microbial detection methods, bacterial biofilms have only
recently been demonstrated in chronic diseases where conventional cultures
have been negative, raising questions of their possible importance in the

pathophysiology of these conditions.

1.6.2 Sinogenic bacterial biofilms in cystic fibrosis

Sinogenic bacterial biofilms have also been demonstrated to play a role in
mediating pulmonary disease in up to 50% of CF population (233). The
commonest bacterial biofilms isolated in the sinuses of CF patients are
reported as P aeruginosa and S aureus (234-235). Godoy et al (2011),

demonstrated a significant associated between sinus and pulmonary cultures
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within patients with CF (236). Walter et al (1997), demonstrated identical P
aeruginosa isolates colonising the lungs of pre and post lung-transplant CF
patients (237). Mainz et al (2009), demonstrated identical upper and lower S
aureus and P aeruginosa genotypes in CF patients (235). In regards to fungal
biofilms, Aspergillus fumigatus and candida species were regularly isolated
and genotyped, but were mainly identified colonising the lower airway with no
association with the upper airways (235). The increase in fungal colonisation
of the lower airways in CF is thought to be due to the increased use of inhaled

corticosteroids and better microbial detection technology (234).

These studies suggest that the sinuses play a role in harbouring bacterial
biofilms which can colonise, recolonise and seed the lower airways (237). This
led to many lung-transplant CF patients undergoing pre-transplant sinus
surgery in an attempt to eradicated these biofilms and reduce re-colonisation

of the new lung allografts.

The behaviour of the upper and lower airway bacteria and biofilms in the CF
population provides further evidence for a united airway and raises the
possibility of sinogenic bacterial seeding of the lower airways in other non-CF
chronic conditions, such as asthma and chronic obstructive pulmonary

disease.

1.6.3 Bacterial biofilms in chronic rhinosinusitis

Due to the recalcitrant nature of CRS, emerging evidence has implicated
bacterial biofilms in the pathogenesis of this inflammatory disease. A summary

of this evidence is presented in Table 1.3.

Perloff and Palmer, in 2004, first associated bacterial biofilms with CRS when
frontal sinus stents, taken from patients with CRS, were imaged with scanning
electron microscopy (SEM) and found in all cases to contain surface-related
aggregates of bacteria (238). In a further study, they validated their initial
findings using a rabbit-biofilm model (239). No biofilms were observed on any
control tissue (239). Using SEM, Cryer et al, in 2004, was the first to identify

bacterial biofilms on human sinonasal mucosa, taken from patients suffering
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with CRS (237). Following this breakthrough observation, several further
studies successfully identified bacterial biofilms on the sinonasal mucosa of
CRS patients, using a mixture of SEM or TEM, with varying success (240-242)
(Table 1.2).

As the evidence for biofilms in CRS strengthened, the limitations of SEM and
TEM became more evident as the need to identify species-specific biofilms was
required in order to attempt to understand their pathophysiological relevance.
Sanderson et al, in 2006, were the first to successfully evaluate CRS mucosa
and control tissue using a combination of fluorescence In Situ hybridisation
(FISH) and confocal laser scanning microscopy (CLSM) (243-244). Further
studies followed, successfully identifying bacterial biofilms on CRS mucosa
using combinations of either FISH with CLSM or LIVE/DEAD® BacLight™ viability
stains with CLSM (216, 244-249) (Table 1.3).

The commonest biofilm-forming microbe in CRS was found to be S aureus
(216, 243, 250-251). Other biofilm-forming bacteria identified included H
influenzae, P aeruginosa, CNS and S pneumoniae (243, 250-251). The presence
of bacterial biofilms on sinonasal mucosa was associated with worse
preoperative radiological scores, worse pre and postoperative quality-of-life
scores and a worse mucosal appearance (245-246). These patients were also
found to have significantly more postoperative appointments and courses of
antibiotics (247, 248).
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STUDY YEAR SLAMPE TECHNIQUE EVIDENCE / SUMMARY FOR BIOFILMS IN
CRS
1 Perloff & 2004 Stents n=6 SEM/Culture Frontal stents. Biofilms identified in 100% stents.
Palmer (233) S aureus cultured in 83% of stents.
2 Cryer et al 2004 CRS=16 SEM Morphological evidence of biofilms seen on 25% of
(232) CRS samples
3 Ramadam et 2005 CRS n=5 SEM Bacterial biofilm in all CRS samples
al (239)
4 Perloff & 2005 Rabbits n=22 SEM/Culture Biofilms identified in all 22 diseased samples. No
Palmer (238) Control n=22 biofilms seen in controls.
5 Sanclement 2005 CRS n=30 SEM/TEM Morphological evidence of biofilms in 80% CRS
et al (240) Control n=4 samples. No biofilms seen in controls.
6 Ferguson et 2005 CRS n=4 TEM Morphological evidence of biofilms in 50% samples
al 241)
7 Sanderson et 2006 CRS n=18 FISH & CLSM Biofilms identified in 78% CRS samples. Biofilms
al (242) Control n=5 identified in 40% controls. S aureus & H influenzae
identified.
8 Psaltis et al 2007 CRS n=38 LIVE/DEAD & Biofilms identified in 45 CRS samples. No biofilms
(244) Control n=9 CLSM seen in controls. Biofilm-positive patients had
higher disease recurrence rate
9 Healy et al 2008 CRS n=11 FISH & epi- Bacterial biofilms identified in 45% CRS samples.
(243) Control n=3 fluorescence Fungal biofilms identified in 64% of CRS samples
10 Psaltis et al 2008 CRS n=40 CLSM Biofilms identified in 50% CRS samples. Biofilms
(244) positive patients had higher LMS.
11 Foreman et 2009 CRS n=50 FISH & CLSM Biofilms detected in 72% of CRS samples. No
al (211) Control n=10 biofilms seen in controls. S aureus commonest
organism identified
12 Bendouah et 2006 CRS n=31 Culture S aureus, CNS and P aeruginosa isolated from CRS
al (250) tissue. 71% isolates grew biofilms in vitro. These
included 80% S aureus, 60% P aeruginosa and 80%
CNS.
13 Psaltis et al 2008 CRS n =41 LIVE/DEAD & SEM identified biofilms in 35% of CRS samples.
(245) Control n =21 CLSM LIVE/DEAD with CLSM identified biofilms 100% of
SEM samples. No biofilms seen in controls.
14 Singhal et al 2010 CRS n=51 LIVE/DEAD & Biofilms detected in 71% of CRS samples. Biofilm-
(246) CLSM positive patients had worse preoperative LMS and
endoscopic appearances. Higher disease
recurrence in biofilms-positive patients
15 Foreman & 2010 CRS n= 24 FISH 37 biofilms identified in 24 samples. In 45% of
Wormold samples biofilms were polymicrobial. These groups
(249) had higher LMS. H influenzae most commonly
identified as single organism and had lowest LMS.
S aureus commonest microbe forming biofilms.
S aureus associated with worse symptoms.
16 Foreman et 2010 CRS n=20 LIVE/DEAD & LIVE/DEAD & CLSM detected biofilms in 65%
al (247) CLSM samples. FISH & CLSM detected biofilms in 70% of
FISH & CLSM samples. Combined methods detected biofilms in
90% of CRS samples
17 Chen et al 2012 CRS n=24 SEM Biofilms detected in 54.2% CRS patients and 8.3%
(251) Controls controls
18 Sun et al 2012 CRSWNP n=19 SEM Biofilms detected in 68.4% CRS patients. No
(252) Controls n=12 biofilms seen in controls
19 Wang et al 2014 CRSWNP n=19 SEM Biofilms detected in 73.7% of CRSWNP & 73.3%
(253) CRSsNP n=15 CRSsNP.
Controls n=13 No biofilms seen in controls
20 Jung et al 2015 CRS n=26 SEM Biofilms detected in 50% CRS samples & 14.3%
(254) Control n=7 controls. Higher LMS in patients with detected
biofilms
21 Arild 2016 CRSsNP n=34 LIVE/DEAD & Biofilms identified in 97% CRSWNP, 82% CRSsNP.
Danielsen et CRSWNP n=27 CLSM Biofilms identified on 80% ethmoid bulla and 71%
al (255) Controls n=25 uncinated process

Table 1.3 Summary of literature for bacterial biofilms in CRS

46




Stephen M A Hayes Introduction

Over the last ten years, biofilm detection methods have improved enormously,
but they continue to have limitations. A recent systematic review concluded
that at present, a combination of FISH and CLSM was the gold standard
technique for detecting biofilms in CRS tissue (214). However, FISH is limited
in its ability to quantify bacterial biofilms and can only detect the bacteria that
are specifically targeted. There is also variation between studies in sample
sizes (256). Tissue samples have also been taken from different regions of the
sinonasal cavities, such as the middle meatus, the inferior turbinates, the
uncinate processes, and the ethmoidal sinuses. Recently, a tissue sampling
study has been performed in CRS patients, to identify the anatomical sites
within the sinonasal cavity that contain the highest concentration of surface-
related bacterial biofilms. Using the LIVE/DEAD® BacLight™ Viability Kit, Arild
Danielsen et al, in 2016, identified the ethmoid bulla and the uncinate process
as the structures containing the highest concentrations of surface-related
bacterial biofilms within the sinus cavities of CRS patients (80% and 71%

respectively) (255).

1.6.4 Polymicrobial biofilms in chronic rhinosinusitis

With the advancement of microbial detection methods, it has become evident
that sinogenic biolfilms are often composed of more than one organism and
commonly contain a mixture of bacterial and fungal colonies. Foreman and
Wormold (2010), used FISH and CLSM to identified polymicrobial biofilms in
46% of samples taken from the sinuses of patients suffering with CRS (249).
Organisms identified included S aureus, H influenza, P aeruginosa and fungal
species (249). H influenza was the commonest single-species biofilm identified
and represented the least severe disease (249). S aureus was the most
commonly identified microbe and when part of a polymicrobial biofilm,
represented the most severe disease (249). Disease severity increased with the
number of organisms within a polymicrobial biofilm. The presence of fungal
colonies within a polymicrobial biofilm appeared to not affect disease severity
(249).
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The ability of bacterial and fungal species to form polymicrobial biofilms is
evident with improving microbial detection methods, but their relevance and
relationships with each other remains unknown. Species, such as S aureus,
appear to thrive within a polymicrobial biofilm forming symbiotic relationships
with other species, such as fungi (247). Cooperative relationships lead to
biofilm augmentation through enhanced transfer of antimicrobial resistance
data, strengthening of surface adherence and the formation of a larger EPS
(247). H influenzae appears to be competitive, resistant to form polymicrobial
biofilms. Other bacterial species may be within the biofilms coincidently and

form no relationships with other microbes.

Polymicrobial biofilms are complex and many aspects of their pathophysiology

remains unknown making their eradication extremely challenging.

1.6.5 Eradication of bacterial biofilms

Increasingly, there is a focus on developing novel methods and technologies
to target and eradicate bacterial biofilms. The medical community has been
successfully eradicating bacterial biofilms through physical removal long
before their formal identification. For example, the physical removal of dental
plague, the removal of infected joint replacements and the removal of tonsils
and adenoids to name but a few. To a certain degree, functional endoscopic
sinus surgery (FESS) physically disrupts bacterial biofilms and provides
symptomatic relief in the majority of patients suffering with CRS (240).
However, evidence has shown that surgery alone does not eliminate bacterial
biofilms from the sinuses entirely (257) and there remains a group of patients
resistant to both maximal medical and surgical therapy, who may benefit from

novel adjuvant treatments (258).

Studies have attempted to disrupt bacterial biofilms with varying success by
targeting different stages of the biofilm life-cycle (256). Studies focusing on
the prevention of biofilm formation have had varying success in targeting
antibodies against bacterial chemicals that facilitate accumulation and
adhesion of planktonic bacteria into a biofilm (259-260). Others have

attempted to disrupt extracellular pili, leading to a reduction in biofilm
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formation (261). Other studies have focused on the destruction of the biofilm,
by using silver in chronic wound biofilms (262-263), using enzymes, such as
DNase to disrupt the stabilising DNA in P aeruginosa biofilms in the infected
lungs of patients with CF (264) and the use of electric currents which have
been shown to have anti-biofilm effects (265). Studies have also attempted to
weaken biofilms through inhibition of quorum-sensing (266) and of the Type
[Il Secretion System (267), leading to interference with communication and the
exchange of genetic material.

There have been a number of studies reporting novel anti-biofilm therapies
with varying success. Bartley et al, in 2009, initially advocated the idea of using
ultrasonic pulsations within the sinuses to disrupt bacterial biofilm formation
on the sinus mucosa (268). Young et al, in 2010, performed a study looking
at twenty-two patients with recalcitrant CRS, each undergoing a 6 session
course of pulsed ultrasonic therapy and showed that 18/22 had improvements
in their nasal mucosa and their CRS symptoms (269). However, there was no
evidence provided on the effect that the ultrasonic pulsations had on bacterial
biofilms.

The remaining anti-biofilm therapies include topically delivered techniques.
Desrosiers et al, in 2007, showed that the addition of a citric acid/zwitterionic
surfactant to in vitro CRS biofilms caused a reduction in colony forming unit
(CFU) counts and also a reduction in biofilm mass on CLSM (244). Valentine et
al, in 2011, delivered this citric acid/zwitterionic surfactant to the frontal
sinuses of forty-two sheep inoculated with S aureus, but this resulted in
adverse effects on the sinus cilia morphology (270). Uren et al, in 2008, used
the topical antibacterial therapy Mupirocin, at a concentration of 0.05%, in a
nasal douche delivered to the sinuses of sixteen patients with surgically
recalcitrant CRS over a period of three weeks (271). Although 15/16 patients
showed an improvement in the appearance of their nasal mucosal and 12/16
in their symptoms, the study once again provided no evidence of Mupirocin’s
effect on established CRS biofilms (271). Chiu, et al, in 2008, performed a
clinical trial using 1% baby shampoo in a nasal douche delivered to the sinuses
of eighteen patients with recalcitrant CRS (272). Only 8/18 patients
experienced an improvement in their symptoms and in vitro experiments

showed that 1% baby shampoo had no effect on CRS P aeruginosa biofilms
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(272). In a similar study on a rabbit sinusitis model, Chiu et al, in 2007, showed
that the antibiotic tobramycin delivered as a nasal douche at varying

concentrations also had no effect on disrupting P aeruginosa biofilms (273).

A topical treatment showing very promising results in treating CRS biofilms is
Manuka honey. This natural remedy has been used through the ages for its
antibacterial therapy, but has recently resurfaced as a possible therapy for
treating CRS-related biofilms. Manuka honey has been found to contain an
active antibacterial chemical called methylglyoxal which separates it from
other honeys in its potent bactericidal ability (274-276). Alendejani et al, in
2009, showed Manuka honey to be 100% effective in killing S aureus
planktonic bacteria, 73% effective at destroying MRSA biofilms and 91%
effective at killing a P aeruginosa biofilm (277). The capability of Manuka
honey to breakdown bacterial biofilms lies in its ability to inhibit bacterial
adhesion to surfaces (278), to inhibit fibronectin binding (279) and to interfere
with genes controlling quorum sensing and virulence (280). Kilty et al, in
2010, have recently used a rabbit animal model to test the toxicity of Manuka
honey on respiratory mucosa and found no histological evidence of epithelial
injury (281). Other bee products, such as propolis and royal jelly, have also
been shown to have strong antibiotic and anti-biofilm activity, but have yet to
be studied in the context of CRS biofilms.

Due to the rise in antimicrobial tolerance, there is a need to develop novel
adjunctive biofilm-targeted therapies in order to reduce the use of antibiotics
as well as the need for multiple operations on people with CRS. Currently,
within our research group (Upper Airway Research Group,) we are testing a
novel biofilm-targeted therapy called Surgihoney™ on CRS-related biofilms.
This is a novel, topical engineered honey, which releases hydrogen peroxide
in contact with fluid. The initial in vitro data shows a very impressive
antimicrobial profile against S aureus, both in the planktonic and biofilm
states. We are hoping to test this in the clinical setting by undertaking a small
clinical trial to test its efficacy in CRS patients after FESS.
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1.7 Nitric oxide

Nitric oxide (NO) is an important inflammatory marker and potent vasodilator
(282-283). It is also an important mediator possessing antibacterial, antifungal
and antiviral properties (184, 282, 284). The role it plays in the
pathophysiology of the sinuses has been debated over the last two decades.
Gustafsson et al, in 1991, were the first to identify the presence of NO in
exhaled air from the nasal cavity (285). NO is synthesised from the amino acid
L-arginine and oxygen by the action of the enzyme NO synthase (NOS) (286).
Lundberg et al, in 1994, identified that NOS was situated within the mucosal
lining of the sinuses and upper airway and this accounted for the high levels
of NO in the sinonasal cavity (284). They also showed that the levels NOS were
increased in areas of inflamed or infected mucosa (287). This would make
sense, as increased production of NO is known to enhance local defences
within the upper airways by stimulating mucociliary function and inhibiting
growth of pathological organisms (288-289). Lindberg et al, in 1997, showed
that a decrease in the production of NO led to an impaired mucociliary function
and therefore an increase in susceptibility to pathogens (288). The results from
a genetic study by Zhang et al, in 2011, further highlight the importance of
NO in the sinuses by suggesting that polymorphisms in the gene responsible
for the synthesis of NOS may increase the susceptibility of developing CRS
(286).

The concentration of NO within the sinuses has been shown to fluctuate with
different conditions. The concentration is increased in asthma (290), allergic
rhinitis (291) and upper respiratory tract infections (292) and decreased in
acute (293) and chronic rhinosinusitis (180). This can be explained by the
biochemistry of NO. Within the sinonasal cavity, NO is converted to the more
stable metabolites nitrite (NO,) and nitrate (NO;) before being oxidised to
peroxynitrite (ONOO) (294). In the presence of pus, caused by acute or chronic
sinusitis, the environment becomes acidic and peroxynitrite is protonated to
peroxynitrous acid, producing the cytotoxic metabolites hydroxyl and nitric
dioxide (294). In a rabbit animal model with chronically infected sinuses,
Schlosser et al, in 2000, showed a reduction in sinus NO concentration and an
increase in NO metabolites (295). These levels returned to normal with

treatment as the sinuses recovered (295). This was validated by Naraghi et al,
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in 2007, who conducted this work in patients with recalcitrant CRSWNP and
CRSsNP and showed reduced sinus NO and increased NO metabolites when

compared to controls (296).

There is evidence that NO also possesses anti-biofilm properties by causing
bacterial biofilms to disperse in the final stage of their life-cycle (297). Once
the biofilm has matured and reached an optimal size, there is an orchestrated
dispersal where the biofilm transforms from its sessile form into more
vulnerable planktonic bacteria (298). This facilitates re-colonisation and the

formation of new biofilms in different locations (9).

Barraud et al, in 2006, showed that by using low, non-toxic concentrations of
NO in vitro, in the form of sodium nitroprusside (SNP), it was possible to trigger
dispersal of P aeruginosa biofilms (297). They also showed that by using NO
as an adjuvant therapy with antibiotics, biofilm eradication was even more
extensive (297, 299). At low doses, it appears that NO stimulates the activity
of the degradation enzyme phosphodiesterase in P aeruginosa, reducing the
levels of intracellular cyclic-di-GMP and thereby inducing dispersion (300). In a
later study, Barraud et al, in 2009, using varying concentrations of NO in the
form of SNP, demonstrated dispersal of the single-organism biofilms Serratia
marcescens, Vibrio cholerae, Escherichia coli, Bacillus licheniformis,

Staphylococcus epidermidis and the yeast Candida albicans (299).

The ability of NO to induce dispersal of P aeruginosa biofilms into the
planktonic state has formed the basis of a clinical trial within our Biofilm
Group, looking at NO as a novel adjuvant therapy in the treatment of chronic
P aeruginosa lung infections in CF patients (Reducing Antibiotic Tolerance
using Nitric Oxide). It is thought that by administering NO to CF lungs, the
carriage of P aeruginosa will be reduced by inducing biofilm dispersal,
therefore subverting antibiotic resistance mechanisms associated with biofilm
structure and increasing bacterial antibiotic sensitivity. We have extended
these findings by investigating the role of NO on CRS-related biofilms. This is
novel as there have been no previous studies looking at the effects of NO on
CRS biofilms.
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1.8 Study Aims & Objectives

Chapter 2

e Materials and Methods

Chapter 3

e Aims: To evaluate the presence, species and biology of surface-related
bacterial biofilms on ex vivo sinonasal mucosa obtained from adults
with CRSWNP and CRSsNP

¢ Objectives:

1. To evaluate the presence of surface-related bacterial biofilms on

CRS sinonasal mucosa and control mucosa

2. To characterise the specific bacteria forming biofilms on CRS

sinonasal mucosa

Chapter 4

e Aims: This chapter investigates the effects of low-dose NO on CRS-

related bacterial biofilms
e Objectives:
1. To evaluate the effect of NO on bacteria in biofilms

2. To quantify the ability of NO to enhance the efficacy of antibiotics
conventionally used to treat CRS

53



Stephen M A Hayes Introduction

Chapter 5

e Aims: The primary aim of this chapter is to characterise bacterial
profiles in NP and compare them with non-polypoidal mucosa from the

same patient
e Objectives:
1. To characterise bacterial profiles in NP

2. To compare the bacterial profiles in NP with those on adjacent

non-polypoidal sinonasal mucosa from the same patients

Chapter 6

e Aims: To investigate the mechanistic processes behind the
internalisation of S aureus into mast cells and its relevance to the

pathogenesis of NP
e Objectives:

1. To develop an explant model using non-polypoidal mucosal
tissue from patients with CRSWNP

2. To determine the effects of treatment with different
combinations of exogenous agents on the epithelial and sub-

epithelial host cells using this explant model

Chapter 7

e Aims: To determine the in vitro morphological and proliferative effects
of S aureus and exogenous SEB on the HMC-1 cell line

e Objectives:

1. To develop a working mast cell co-culture model to investigate S
aureus-mast cell interactions

2. Toinvestigate the effects of S aureus and exogenous SEB on mast
cell proliferation rates

3. To assess the morphological sequelae in mast cells after
exposure to S aureus and exogenous SEB

4. To clarify the mechanisms underlying S aureus internalisation
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2 Materials & Methods
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2.1 Ethical considerations

Ethical approval for this study was obtained from the Southampton and South
West Hampshire Research Ethics Committee (Ethics Reference Code: REC
09/H0501/74). Formal written consent (Appendix I) was obtained from each
study participant and original copies were stored in the project site file. A
formal discussion regarding the research project was carried out with each
participant and appropriate written information was provided at the time
(Appendix II).

2.2 Subjects and control samples

Patients with chronic rhinosinusitis with and without nasal polyps (CRSWNP and
CRSsNP) who met the diagnostic criteria defined in the EPOS guidelines (3) were
recruited into the project. These patients, who had previously failed an eight
week trial of maximal medical therepy with antibiotics, topical steroids and
nasal douches, underwent functional endoscopic sinus surgery (FESS) at
University Hopsital Southampton NHS Foundation Trust (UHSNFT) by
Consultant Ear, Nose and Throat Surgeons Mr Rami Salib and Mr Philip Harries.
None of the patients were using either topical or systemic corticosteroid,
antibacterial or antihistamine therapies in the eight weeks prior to surgery.
Exclusion criteria included age under eighteen years and patients suffering
from cystic fibrosis (CF), primary ciliary dyskinesia (PCD) and

immunocompromised patients.

Tissue was obtained from a total of 46 patients with CRS. Each patent was

allocated a specific study number and these are displayed in Table 2.1.
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STUDY NUMBER NP CHAPTER 3 CHAPTER 4 CHAPTER 5 CHAPTER 6
LIVE/DEAD SEM (NON-POLYP) FISH (NON-POLYP) Nitric Oxide (PILOT) Nitric Oxide | SEM (NP)  FISH (NP) IHC TEM LIVE/DEAD VIABILITY ASSAY IHC
CRS 1 N Y N N N N N N N N N N N
CRS 2 N Y N N N N N N N N N N N
CRS 3 N Y Y N N N N N N N N N N
CRS 4 Y Y N N N N N N N N N N N
CRS 5 Y Y Y N N N N N N N N N N
CRS 6 N Y Y N N N N N N N N N N
CRS 7 Y Y Y Y N N Y Y N N N N N
CRS 8 Y Y N Y N N Y Y N N N N N
CRS 9 N Y Y Y N N N N N N N N N
CRS 10 Y Y Y Y N N Y Y N N N N N
CRS 11 Y Y N Y N N Y Y N N N N N
CRS 12 Y Y N Y N N Y Y N N N N N
CRS 13 Y Y Y Y N N Y Y N N N N N
CRS 14 Y N Y Y N N Y Y N N N N N
CRS 15 Y N Y Y N N Y Y N N N N N
CRS 16 Y N N Y N N Y Y N N N N N
CRS 17 Y N N N Y N N N N N N N N
CRS 18 N N N N Y N N N N N N N N
CRS 19 Y N N N Y N N N N N N N N
CRS 20 N N N N Y N N N N N N N N
CRS 21 Y N N N N Y N N N N N N N
CRS 22 Y N N N N Y N N N N N N N
CRS 23 N N N N N Y N N N N N N N
CRS 24 N N N N N Y N N N N N N N
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STUDY NP CHAPTER 3 CHAPTER 4 CHAPTER 5 CHAPTER 6
NUMBER Nitric SEM
LIVE/DEAD SEM (NON-POLYP) FISH (NON-POLYP) Nitric Oxide (PILOT) Oxide (NP) FISH (NP) IHC TEM LIVE/DEAD VIABILITY ASSAY IHC
CRS 25 Y N N N N N N N Y N N N N
CRS 26 Y N N N N N N N Y N N N N
CRS 27 Y N N N N N N N Y N N N N
CRS 28 Y N N N N N N N Y N N N N
CRS 29 Y N N N N N N N Y N N N N
CRS 30 Y N N N N N N N Y Y N N N
CRS 31 Y N N N N N N N Y Y N N N
CRS 32 Y N N N N N N N Y Y N N N
CRS 33 Y N N N N N N N Y Y N N N
CRS 34 Y N N N N N N N Y Y N N N
CRS 35 Y N N N N N N N N N Y Y N
CRS 36 Y N N N N N N N N N Y Y N
CRS 37 Y N N N N N N N N N Y Y N
CRS 38 Y N N N N N N N N N Y Y N
CRS 39 Y N N N N N N N N N Y Y N
CRS 40 Y N N N N N N N N N N N Y
CRS 41 Y N N N N N N N N N N N Y
CRS 42 Y N N N N N N N N N N N Y
CRS 43 Y N N N N N N N N N N N Y
CRS 44 Y N N N N N N N N N N N Y
CRS 45 Y N N N N N N N N N N N Y
CRS 46 Y N N N N N N N N N N N Y
Total 13 9 10 4 4 9 9 10 5 5 5 7

Table 2.1 CRS Study numbers with allocated experiments
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Control tissue was obtained from non-CRS patients with no clinical history or
radiological evidence of CRS, undergoing endoscopic trans-sphenoidal
pituitary surgery at the Wessex Neurological Centre, University Hospital
Southampton NHS Foundation Trust (UHSNFT), by Mr Salil Nair (Consultant
Rhinologist & Anterior Skull Surgeon), Mr Ashok Rokade (Consultant
Rhinologist & Anterior Skull Surgeon) and Mr Nijaguna Mathad (Consultant
Neurosurgeon). Control patients were excluded from the study if they had used
either topical or systemic corticosteroids, antibacterial or antihistamine
therapies in the eight weeks prior to surgery. All patients selected had serum

cortisol levels within normal limits.

Tissue was obtained from a total of 13 control patients. Each patent was

allocated a specific study number and these are displayed in Table 2.2.

STUDY NUMBER CHAPTER 3 CHAPTER 4 CHAPTER 5
LIVE/DEAD SEM FISH Nitric Oxide SEM FISH IHC TEM
CT1 Y Y Y N N N N N
CT2 Y Y Y N N N N N
CT3 Y Y Y N N N N N
CT4 Y Y Y N N N N N
CT5 Y Y Y N N N N N
CRS 6 N N N Y N N N N
CRS 7 N N N N Y Y Y Y
CRS 8 N N N N Y Y Y Y
CRS 9 N N N N Y Y Y Y
CRS 10 N N N N Y Y Y Y
CRS 11 N N N N Y Y Y Y
CRS 12 N N N N Y Y Y Y
CRS 13 N N N N Y Y Y Y
TOTAL 5 5 5 1 7 7 7 7

Table 2.2 Control study numbers with respective studies

60




Stephen M A Hayes Materials & Methods

2.3 Data collection

All subjects were skin-prick allergy tested (SPT) to a standard battery of
common aero-allergens (Histamine (control), house dust mite, tree pollen,
grass pollen, indoor mould, outdoor mould, feather, cat pelt and dog dander

(ALK-Abello, Reading, Berkshire, UK) prior to surgery.

Radiological severity of sinus disease was graded on a CT scan of the sinuses
using the Lund-Mackay (LM) scoring system (301). The LM score is a simple
objective assessment tool for assessing the severity of CRS on a CT scan (302).
Each sinus is assessed as no opacification (0 points), partial opacification (1
point) or total opacification (2 points). The ostiomeatal complex (OMC) is
assessed as patent (0 points) or obstructed (2 points). With 5 paired sinuses
and 2 OMC the LM score ranges from 0 to 24. As a result of its simplicity and
there being no requirement for radiological training, the assessment tool has
a high level of user reliability and as such, has been recommended by the Task
Force on Rhinosinusitis for use in outcome research (302). We have therefore
included the LM score in this study. However, a limitation of the LM scoring
system is that the normal non-CRS population can have a radiological Lund-
Mackay (LM) score of 0-5 (303). To overcome this limitation and to reduce error
(the chances of including patients with sub-clinical CRS), only control patients

with a LM score of 0 out of 24 were included in the study.

Pre-operative demographical data were collected including age, gender, atopic
status, previous sinonasal surgery, past medical history, history of asthma,
history of aspirin sensitivity and smoking habits. The perioperative endoscopic
appearance of the sinonasal cavities, such as the presence or absence of pus,

nasal polyps (NP) or allergic mucin was noted.

Each sample was allocated a reference number and sent anonymously for
histopathological evaluation in each case. Pus swabs were taken from the

middle meatus and sent for microbiological culture and sensitivity.
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2.4 Tissue sampling

Intra-operative tissue samples were obtained from regions within the sinonasal
cavity which were being removed as part of the planned surgery and therefore
represented waste material. Initially, samples were obtained from different
regions of the sinonasal cavity and evaluated for biofilm consistency. These
regions included the middle meatus, the uncinate process and the ethmoid
bulla. Analysis of these different anatomical regions demonstrated more
consistent bacterial biofilms on the uncinate process and ethmoid bulla. This
is in keeping with recent literature (255). Tissue biopsies from CRS patients
were, therefore, obtained from the uncinate process when present and the
ethmoid bulla when the uncinate process had been previously removed. All
biopsies were stored initially in Hank’s Balanced Salt Solution (HBSS) and placed
on ice for immediate transfer to the Wellcome Trust Clinical Research Facility
(WTCRF) for processing.

2.5 Tissue and biofilm viability

Tissue and microbial viability were assessed using the LIVE/DEAD® BacLight™
Viability Kit. This kit includes the two nucleic acid stains SYTO™ 9 and
propidium iodide (Pl). The SYTO™ 9 nucleic acid stain fluoresces both viable
and non-viable cells green when viewed under confocal laser scanning
microscopy (CLSM). Propidium iodide (PI) nucleic acid stain only penetrates
non-viable cells and when used in combination with SYTO™ 9, reduces the
fluorescence giving a red appearance. Therefore, using this viability kit, all
viable cells fluoresced green and all non-viable cells fluoresced red. Each tissue
biopsy was analysed with the LIVE/DEAD® BacLight™ Viability Kit according to
the manufacturer’s instructions (Thermofisher, Loughborough, UK). In brief,
biopsy samples were treated with 20ul of each nucleic acid stain and left to
stand for twenty minutes at room temperature. All samples were then assessed
using CLSM.
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2.6 Isolation of bacteria from chronic rhinosinusitis

tissue

Isolation of S aureus from CRS tissue was performed using the standard
Biomedical Sciences standard operating protocol (Appendix Ill). Fresh tissue
samples were placed in HBSS and transferred on ice to the WTCRF. Tissue
samples were added to DNase, blood and Baird-Parker agar plates and
incubated at 37°C for 18-24 hours. Colony morphology was then analysed,
showing creamy gold colonies on DNase and blood agar plates and grey-black,
shiny colonies surrounded by a zone of clearing on Baird-Parker agar plates.
Further tests performed to confirm S aureus isolates included a DNase test, a

coagulase test, a catalase test and Polymerase Chain Reaction (PCR).

2.7 Surface-related biofilm detection rates

For each patient and tissue type, five specimens were imaged with CLSM to
detect biofilms. The patient was deemed to have surface-related bacterial
biofilms on their sinonasal mucosa if the bacteria observed met the biofilm
definition criteria (Section 2.9) on one or more of the five samples analysed. A
surface-related biofilm detection rate (SBDR) was calculated by dividing the

number of biofilm positive samples by five.

2.7.1 Surface-related biofilm detection rate classification

(0 out of 5) (No biofilms) SBDR = 0.0
(1 out of 5) (Minimal) SBDR =0.2
(2 out of 5) (Mild) SBDR =0.4
(3 out of 5) (Moderate) SBDR =0.6
(4 out of 5) (Severe) SBDR =0.8

(5 out of 5) (Extensive) SBDR =1.0
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2.8 Intracellular bacteria detection rates

For each patient and tissue type, five specimens were imaged with CLSM to
detect intracellular bacteria. The patient was deemed to have intracellular
bacterial if identified on one or more of the five samples analysed. An
intracellular bacteria detection rate (IBDR) was calculated by dividing the

number of intracellular bacteria positive samples by five.

2.8.1 IBDR Intracellular bacteria detection rate classification

(0 out of 5) (No biofilms) IBDR =0.0
(1 out of 5) (Minimal) IBDR =0.2
(2 out of 5) (Mild) IBDR =0.4
(3 out of 5) (Moderate) IBDR =0.6
(4 out of 5) (Severe) IBDR =0.8
(5 out of 5) (Extensive) IBDR =1.0

2.9 Biofilm analysis diagnostic criteria

Diagnostic criteria for biofilm detection were based on the Parsek and Singh
criteria (304), in which they state that biofilms should be:

1. Associated with a surface

2. Aggregated in clusters encased in a matrix

2.10 Confocal laser scanning microscopy

All tissue requiring analysis with confocal laser scanning microscopy (CLSM)

was transported to the Biomedical Imaging Unit (BIU) at the UHSNFT. All tissues
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were mounted within chamber slides with cover-slip bottoms and imaged with
a Leica TCS SP5 inverted confocal system (Leica Microsystems, Milton Keynes,
UK) using a 63x oil immersion lens. Sequential scanning was used to further
eliminate cross talk interference from multiple fluorophores. Images were
collected and analysed using Leica LAS-AF software. CLSM was applied to
various techniques including fluorescence in situ hybridisation (FISH),
LIVE/DEAD viability assay, intracellular bacteria viability assay and co-
cultivation cell line culture. The CLSM was facilitated by the BIU.

2.11 Fluorescence in situ hybridisation

The protocol was adopted from Nistico et al, in 2011(305) and optimised for
use on CRS tissue.

2.11.1 Optimisation for fluorescence in situ hybridisation on

chronic rhinosinusitis tissue

The lysozyme and formamide concentrations were optimised in vitro using a
CRS strain of S aureus (strain ATCC25923). A standard growth curve was
performed and a mid-log phase of 150 minutes was achieved. Poly-L-Lysin

slides were prepared with the S aureus strain.

The concentrations of lysozyme used were 0.25mg, 0.5mg, 1mg, 2.5mg, 5mg
and 10mg (lysozyme concentration calculations can be seen in Appendix IV.
The concentration of formamide used included 20%, 30% and 40%. The 16S
rRNA FISH probes used in this optimisation experiment included the
Eubacterial consensus probe (Eub338, 16S sequence
GCTGCCTCCCGTAGGAGT), the Staphylococcus genus probe (Sta, 16S
sequence TCCTCCATATCTCTGCGC) and the S aureus probe (S.au, 16S
sequence GAAGCAAGCTTCTCGTCCG). The fluorescence intensity was
measured by the Leica software of the TCS SP5 confocal microscope. This
experiment was repeated 3 times and average intensities can be viewed in
Table 2.3. Analysis of results showed that the strongest fluorescence

intensities were seen with lysozyme concentrations between 0.25mg-0.5mg
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and formamide concentrations at 20%. Therefore, when performing FISH on

CRS and control tissue, 0.5mg of lysozyme with 20% formamide was used.

Formamide concentration (%)

Lysozyme conc. 20% 30% 40%
(mg) Sta |S.au | EuB | Sta | S.au | EuB | Sta | S.au | EUB
0.25 250 | 200 | 205 [ 235| 145 | 95 |230| 75 95
0.5 250 | 220 | 190 [ 220 | 70 | 90 |220| 125 95
1 240 | 220 | 130 (125|135 | 60 |170| 55 65
2.5 240 | 230 | 115|150 | 75 60 | 225 | 80 75
5 240 | 170 | 130 {200 | 190 | 170 | 210 | 90 80
10 240 | 160 | 125 [ 205 | 100 | 95 |220| 105 | 120

Table 2.3 The variation of fluorescence intensity of three 16s rRNA FISH
probes.16s rRNA FISH probes: Sta, Staphylococcus genus; S.au, Staphylococcus

aureus; EuB, Eubacterial consensus sequence probe.

2.11.2 Fluorescence in situ hybridisation protocol

Specimens were fixed in 4% Paraformaldehyde followed by serial washes with
phosphate buffered saline (PBS) and finally stored at -20°C in PBS-Ethanol (1:1).
The 16S rRNA FISH probes utilised were: S aureus (S.au), Staphylococcus genus
(Sta), H influenzae (Hinf), P aeruginosa (PaerA), and the universal eubacterial
consensus sequence probe (Eub338). A maximum of 3 probes were used on
each specimen to limit cross-interference with the 3 labelled fluorescent dyes,
Cy3, Cy5 and 6-FAM.
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Samples were each treated with 20pl of 0.5mg/ml of lysozyme (Sigma-
Aldridge) and incubated within a hydration chamber (a 50ml centrifuge tube
containing tissue dampened with sterile water, see Figure 2.1), at 37°C/5% CO,
for 3 hours. This was followed by incubation with 4l of either the S aureus
(1.33pl Sta, 1.33pl S.au and 1.33pl Eub) or P aeruginosa and H influenzae
(1.33pl Hinf, 1.33pul PaerA and 1.33pl Eub338) FISH probes combined with 16pl
of hybridisation buffer (360ul 5M NaCl, 40pl TrisHCL (pH 8), 400pl of 20%
formamide, sterile water and 2pl of 10% Sodium Dodosyl Sulphate (SDS)), for
2 hours at 48°C. Finally, samples were submerged in wash buffer (1pl TrisHCL,
2150pl of 5M NacCl, 500ul 0.5M ETDA, sterile water and 50ul of 10% SDS), at

46°C for 15 minutes followed by immersion in PBS and visualised using CLSM.

The serial dehydration steps used in the original protocol were found to
dehydrate the tissue and damage the surface architecture. The serial

dehydration steps were therefore not used in this adapted protocol.

50ml Centrifuge Tube / \

Kim wipe dampened with remaining HB
and sterile PBS

Figure 2.1 Hydration chamber. Chamber created to keep tissue sample
hydrated. Tissue sample placed on slide and inserted into 50ml centrifuge
tube. Kim wipes soaked in hydration buffer (HB) and sterile phosphate buffered

saline (PBS) and inserted within the chamber to prevent dehydration.
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2.12 Scanning electron microscopy

Imaging was performed at the UHSNFT BIU. Specimens were fixed in 3%
glutaraldehyde in cacodylate sucrose buffer with 0.15% alcian blue for 24
hours to retain biofilm matrix (306). Samples were rinsed in 0.1M Na-
Cacodylate and post fixed in 1% osmium tetroxide for 1 hour. Specimens were
then serially dehydrated (for 10 minutes at 30%, 50%, 70%, 95%, 100%, 100%
ethanol) critical point dried, mounted on aluminium stubs, coated with gold-
palladium and imaged on an FEI Quanta 200 scanning electron microscope.
The CLSM was facilitated by the BIU.

2.13 Transmission electron microscopy

Transmission electron microscopy (TEM) was performed at the UHSNFT BIU.
Specimens were fixed in 3% glutaraldehyde and 4% formaldehyde in 0.1M PIPES
(piperazine-N,N"-bis) for 24 hours. Specimens were rinsed in 0.1M PIPES and
post fixed in 1% osmium tetroxide in 0.1M PIPES for 1 hour. After further
rinsing in 0.1M PIPES, uranyl acetate was added to the specimens. Specimens
were then serially dehydrated in ethanol (30%, 50%, 70%, 95%, 100%, 100%),
and then placed in acetonitrile. Specimens were then subjected to
acetonitrile:resin (50:50) for 1 hour, then infiltrated in resin overnight. After
16 hours, specimens were embedded in new epoxy resin and polymerised at
60°C. Tissue sections were each cut with an Ultra Cut E Ultramicrotome.
Sections were finally imaged using a Hitachi H7000 TEM. TEM was facilitated
by the BIU.

2.14 Dispersal of bacterial biofilms with nitric oxide

2.14.1 Nitric oxide donor

In this study, sodium nitroprusside (SNP) was used as the nitric oxide (NO)
donor in vitro on ex vivo mucosal samples at a concentration of TmM. SNP is
an inorganic compound comprised of a ferrous centre surrounded by 5
cynanide ligands and 1 linear NO ligand (Na,[Fe(CN);NO]-2H,0). SNP is a potent
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vasodilator and is used clinically in the intensive care setting for acute
hypertensive emergencies. NO is released and works by increasing intracellular
production of cyclic-di-GMP which stimulates calcium to move from the
cytoplasm to the endoplasmic reticulum, reducing the amount available for
smooth muscle contraction. Therefore, smooth muscle relaxes, allowing

vascular dilatation.

2.14.2 Antibiotic therapy

Amoxicillin/clavulanic acid (co-amoxiclav) was used as it represents one of the

antibiotics used to treat CRS.

2.14.3 Dispersal of bacterial biofilms using nitric oxide

This protocol was adapted from Barraud et al, 2009 (297), and optimised for
this study using CRS tissue samples. Tissue samples were obtained from
patients with CRS and control subjects as described previously. A 5x5mm
specimen of tissue was treated in each of the treatment groups at 37°C/5%
CO,, for 3 hours. Four separate treatment groups were setup, as shown in
Table 2.4. Each treatment group contained 10% foetal bovin serum (FBS) in
Hanks’ Balanced Salt Solution (HBSS). Group 1 (control group) contained no
additional co-amoxiclav (antibiotic) or SNP (NO donor). Co-amoxiclav only was
used to treat tissue in Group 2 (Antibiotic Group). SNP only was used to treat
tissue in Group 3 (SNP Group). Co-amoxiclav and SNP were used to treat tissue
in Group 4 (Antibiotic/SNP Group).

Group Co-amoxiclav SNP FBS/HBSS
1 Control - - Tml/9mls
2 Antibiotic 6ul _ Tml/9mls
3 SNP - 100pl 1ml/9mls
4 Antibiotic/SNP 6ul 100pl Tml/9mls

Table 2.4 Treatment groups for nitric oxide pilot study
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After 3 hours’ incubation, the tissue specimens were rinsed 3 times with sterile
PBS followed by maceration through a filter mesh to form 4 homogenates
representing each treatment group. Each homogenate was serially diluted to
1x107. The diluted homogenates were then plated to 3 different agar plates:
blood agar, chocolate agar and CFC (cetrimide, fucidin, cephalosporin)
Pseudomonal agar. These agar plates were chosen to facilitate the growth of
common CRS pathogens (S aureus, H influenzae and P aeruginosa). These agar
plates were then incubated at 37°C/5% CO, and analysed at 24 and 48 hours.

Colony forming unit (CFU) counts were documented for each agar plate.

2.14.3.1 Bacterial identification

The bacteria from each agar plate were isolated and sent to the Health
Protection Agency (HPA) Microbiological Laboratories at University Hospital
Southampton NHS Foundation Trust (UHSFT) for microbial species
identification.

2.15 Immunohistochemistry

2.15.1 Fixing and tissue preparation for glycolmethacrylate

Biopsy specimens were fixed in ice-cold acetone and stored at -20°C overnight.
Specimens were then embedded in water-soluble resin glycolmethacrylate
(GMA) (Park Scientific, Northampton, UK) as previously described (307).

2.15.2 Immunohistochemistry

GMA embedded sections were cut at a thickness of 2um and mounted on glass
slides. Sections were treated with 0.1% sodium azide with 3% hydrogen
peroxide to inhibit endogenous peroxidases for 30 minutes, followed by
application of a Dulbecco’s Modified Eagles Medium for 2 hours. Primary

antibodies were applied for 24 hours at room temperature at previously
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titrated optimal dilutions (Table 2.5). Biotinylated secondary antibodies were
applied for 2 hours followed by avidin biotin-peroxidase complexes.
Depending on specimen analysis, either 3-amino-9-ethylcarbazole (AEC) or 3,
3’-Diaminobenzidine (DAB) substrate were applied and counterstained with
Mayer haematoxylin. All experiments included a negative control slide without

primary antibodies applied and an isotype-matched antibody control.

Primary Clone Source Host Working
antibody species dilution
Mast cell AA1 Abcam, Cambridge, UK Mouse 1:20000
tryptase

Neutrophils NOE Dako, Ely, UK Mouse 1:1000
Eosinophils EG2 Life Technologies, Mouse 1:2000

Paisely, UK
Macrophages CD68 Dako, Ely, UK Mouse 1:100
PGMI
Lymphocytes CD3 AbD Serotec, Oxford, UK | Mouse 1:700
B Lymphocytes CD20 Dako, Ely, UK Mouse 1:2000
Epithelial cells PanCK Sigma-Aldrich, St Louis, Mouse 1:4000
USA
S aureus SA Abcam, Cambridge, UK Mouse 1:100

Table 2.5 Monoclonal antibodies used in GMA immunohistochemistry and

associated dilutions

2.15.3 Validation of Staphylococcus aureus primary

monoclonal antibody

A mouse anti-S aureus primary antibody was obtained from Abcam (Milton,
Cambridge, UK) to identify S aureus in sinonasal specimens. A positive control
was developed to optimise concentrations and assess the sensitivity of this S
aureus antibody. The S aureus strain (ATCC25923) was previously isolated
from CRS tissue and used for this validation. After performing a standard

growth curve, the mid-log phase was found to be between 120-180 minutes.
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Previous tissue viability experiments showed that CRS tissue remained viable
at 18 hours in Roswell Park Memorial Institute medium (RPMI). RPMI, therefore,
was used as a culture medium. A S aureus broth was created by adding S
aureus to 50mls of RPMI and incubated at 36°C/5% CO,. After 150 minutes
(mid-log phase selected) CRS sinonasal mucosa and NP tissue was added to
the S aureus broth and returned to the incubating oven at 36°C/5% CO,for 18
hours. Specimens were removed and placed in acetone before being embedded
in GMA for IHC. Serial dilutions of the anti-S aureus antibody were used to
detect the S aureus on the GMA embedded samples. It was determined using
dilutions 1:25, 1:50, 1:100, 1:200 and 1:400 to obtain the best detection.

2.15.4 Cell count

Cells were counted manually for each tissue section. The epithelial length and
sub-epithelial area were measured with the assistance of computerised image
analysis (KS400 software with a Zeiss Axioskop 2 microscope and Axiocam,
Zeiss, Bicester, UK).

Epithelial cell rates were calculated using the equation:

Epithelial cell rate (cells mm-'") = Total number of cells

Epithelial length (mm)

Sub-epithelial cell rates were calculated using:

Sup-epithelial cell rate (cells mm-?) = Total number of cells

Sub-epithelial area (mm?)
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2.15.5 Cell accumulation measurements

A 10 x 10 grid was used to measure cell accumulation on IHC sections, with
each individual square measuring 25pum x 25pm (at x40 magnification). The
cell rate was calculated at intervals of 100pm deep into the loose stroma from
the epithelial basement membrane. The area of each 100pum depth interval was
calculated at 25000pum? (250pum X 100um). A conversion factor of 40 was used

to convert the rate of cells per 25000pum?to rate of cells per mmz.

2.16 Proliferation assay

The Click-iT® EdU proliferation assay (Thermofisher, Loughborough, UK) was
used to detect DNA synthesis and provides an accurate method of assessing
cell proliferation. The Edu (5-ethynyl-2 -deoxyuridine) is a nucleoside
analogue to thymidine and incorporates into DNA during active DNA synthesis.
Detection is based on a click reaction, a copper catalyzed covalent reaction

between picolyl azide (Alexa Fluor®488 dye) and an alkyne EdU (Figure 2.2).

2.16.1 Click-iT® EdU proliferation assay on sinonasal

tissue

The method for using the Click-iT® EdU proliferation assay in sinonasal tissue
was performed according to the manufacturer’s product protocol. Briefly, CRS
tissue was prepared into 5mm x 5mm sections and placed into wells
containing EdU (10um) in RPMI for 24 hours at 37°C, 5% CO,. After 24 hours,
the tissue was fixed in 3.7% formaldehyde in PBS for 15 minutes. Tissues were
washed twice with 3% bovine serum albumin (BSA) in PBS. Tissue was then
treated with the permealisation buffer (0.5% Triton® X-100 in PBS) at room
temperature for 20 minutes and washed twice with 3% BSA in PBS. The Click-
iT® reaction cocktail (Click-iT® reaction buffer, CuSO,, Alexa Fluor®647 azide
and reaction buffer additive) was used to treat tissue for 30 minutes, protected

from light. Tissue was washed again twice with 3% BSA in PBS. Wash solution

73



Stephen M A Hayes Materials & Methods

was then replaced with PBS. The DAPI-488 (Sigma-aldrich®, Dorset, UK) stain
was added 30 minutes prior to imaging with CLSM.

Click-iT " Alexa Fluor azide

ch Accessible

N

Incorporated EdU

Figure 2.2 Detection of the incorporated EdU with the Alexa Fluor® 488

azide. Image from www.thermofisher.com
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2.16.2 Click-iT® Edu proliferation assay in cell culture

The protocol for using the assay cell culture lines was the same as for sinonasal
tissue, except after each treatment or wash step, the cells were centrifuged
(11,000 G) for 10 minutes into a pellet, allowing removal or addition of buffers

and solutions.

2.17 Intracellular bacteria viability assay

To test the viability of intracellular bacteria in specific host cells, a novel
technique was developed by combining the Click-iT® Edu proliferation assay,
primary antibodies with a fluorochrome-labelled secondary antibody and the
DAPI stain.

CRS tissue was prepared into 5mm x 5mm sections and placed into wells
containing 1ml of RPMI. A final concentration of 10uM of EdU was added to
each well, in addition to 200ul of the specific mouse anti-human monoclonal
antibody required (see Table 2.3), and then incubated for 24 hours at 37°C/
5% CO,. After 24 hours, the solution was removed and 200ul of donkey anti-
mouse IgG H&L Alexa Fluor®568 (Abcam, Cambridge, UK) secondary antibody
was added for 2 hours. The tissue was then fixed with 3.7% formaldehyde in
PBS. After 15 minutes, tissues were washed three times with 0.5% Triton® X-
100 in PBS, each wash lasting 30 minutes. The Click-iT® reaction cocktail
(Click-iT® reaction buffer, CuSO,, Alexa Fluor®647 azide and reaction buffer
additive) was added to each well for 30 minutes, protected from light. Tissue
was washed again twice with 0.5% Triton® X-100 in PBS, each wash lasting 30
minutes and finally replaced with PBS. Thirty minutes prior to imaging with
CLSM, 20pl of the DAPI-488 (Sigma-aldrich®, Dorset, UK) stain was added to

the tissue.

2.18 Explant tissue model

The ex vivo explant tissue model was used to test the effects of a series of

exogenous agents on the host environment interface of non-polypoidal
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sinonasal mucosa from patients with CRSWNP. The tissue used for the explant

model was taken from the inferior turbinate.

Ex vivo tissue was divided into 6 separate 5mm x 5mm samples. One sample
was immediately fixed in acetone and GMA embedded for analysis with IHC
(no culture group). The remaining 5 samples were added to 5 individual wells
containing RPMI and sterile penicillin/streptomycin for 30 minutes to clear
exogenous bacteria on tissue surface. Tissue samples were rinsed three times
in sterile PBS and then immersed in 2mls of RPMI alone. The treatment groups
were setup as shown in Table 2.6. After addition of each treatment group,
samples were incubated for 24 hours at 37°C, 5% CO,. Tissue was fixed with

acetone, GMA embedded and then processed for IHC.

TREATMENT GROUP TOPICAL TREATMENT
ANTIBIOTIC
No Culture No Fixed immediately for IHC
Culture (control) Yes Cultured in RPMI alone for 24hrs
S aureus (live) Yes Cultured with live S aureus for 24 hrs
IL-4 Yes Cultured with IL-4 (20pg/ml) for 24 hrs
SEB Yes Cultured with SEB (10ug/ml) for 24 hrs
S aureus (live) & SEB Yes Cultured with live S aureus & SEB (10ug/ml) for 24 hrs
S aureus (dead) Yes Cultured with dead S aureus for 24 hrs
S aureus (dead) & SEB Yes Cultured with dead S aureus & SEB for 24 hrs

Table 2.6 Treatment groups for explant model
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2.18.1 Staphylococcus aureus (live)

S aureus (P3 isolate) was grown to the mid-log phase at 37°C in RPMI medium,
centrifuged and washed with sterile PBS to remove toxins and diluted to the
required concentration. Viable bacteria were determined with CFU counts after
serial dilution and plating on blood-agar for 24 hours. Twenty microlitres of S

aureus (containing 5.0 x 10° bacterial cells) were added to each sample.

2.18.2 Non-viable Staphylococcus aureus

Non-viable S aureus was required to investigate whether the viability of S
aureus was essential to cause effect. The same CRS isolated S aureus strain P3
was used. S aureus was grown to the mid-log phase at 37°C in RPMI medium.
The number of viable bacteria at the mid-log phase was determined after serial
diluting part of the culture and plating on blood-agar. The remaining bacteria
were centrifuged and immersed in 16% paraformaldehyde for 1 hour. Viability
of the culture was determined after serial dilution, plating on blood-agar and

incubating for 48 hours. It was confirmed there was no growth at 48 hours.

2.19 Cell culture model

2.19.1 Human mast cell line

The human mast cell (HMC-1) line was kindly donated by Dr J.H. Butterfield
(Mayo Clinic, Rochester, Minn., USA). HMC-1 cells were maintained in 75cm?
tissue culture flasks at 37°C/5% CO,. Complete medium consists of Iscove’s
modified Dulbecco’s medium (IMDM) (Gibco, Paisley, UK) supplemented with
25mM Hepes, sodium bicarbonate and L-glutamine, 10% calf serum and 1.2
mM alphathioglycerol (Sigma). The alpha thioglycerol and complete medium
were freshly made once per week. Cell cultures were split when cell density
reached 1.0-1.5x10° cells/ml. Following this, 2.0 x10° cells were seeded into a

12-well plate in 2ml of culture medium. The viability of cells was confirmed to
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be 99% before the start of the stimulation. The HMC-1 culture was performed

with the help of Dr Sylvia Pender and E Level laboratory staff.

2.19.2 Co-culture assay

There were 7 different treatment groups (Table 2.7) including live S aureus
(Section 2.18.1) and non-viable S aureus (Section 2.18.2) at a multiplicity of
infection (MOI 1:1) of 1 bacterium per HMC-1 cell, for two hours before
lysostaphin (20 pg/ml) was added. Lysostaphin was added to eradicate

extracellular bacteria after 2 hours, leaving only viable intracellular reservoirs.

TREATMENT GROUP |LYSOSTAPHIN TREATMENT

Control Yes Cultured in RPMI alone for 24hrs

S aureus (live) Yes Cultured with live S aureus for 24 hrs

S aureus (dead) Yes Cultured with dead S aureus for 24 hrs

SEB Yes Cultured with SEB (10ug/ml) for 24 hrs

S aureus (live) & SEB Yes Cultured with live S aureus & SEB for 24 hrs

S aureus (dead) & SEB Yes Cultured with dead S aureus & SEB (10ug/ml) for 24 hrs
Lysostaphin Yes Cultured with Lysostaphin (10pg/ml) alone

Table 2.7 Treatment groups for HMC-1 cell co-culture assay

The first seven treatment groups were incubated (37.5°C, 5% CO,) for a further
22 hours (24 hours total) and then fixed and processed with the Click-iT® EdU
proliferation kit (Section 2.19.2.1). The other three 9-well plates were fixed for
TEM at 2, 4 and 24hrs, respectively. Details of fixing and processing for TEM
can be seen in Chapter 2, Section 2.19.2.2
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2.19.2.1 Proliferation assay

The treatment groups were incubated at 37°C, 5% CO, for 24 hours. After
incubation, each treatment group was centrifuged (11,000G) to separate the
cells from the supernatant. The supernatant from each group was removed
and stored at -20°C for future analysis. The remaining cells were fixed using
the Click-iT® EdU proliferation kit. The Click-iT® EdU proliferation Kit directly
measures DNA synthesis and therefore provides an accurate method of
assessing cell proliferation. The Click-iT® EdU proliferation kit was used
according to the instructions recommended by the manufacturer, as described
in Chapter 2, Section 2.19.2.1. One million HMC-1 cells were added to each
well and were incubated with EdU for 24 hours at 37°C 5% CO, before being
fixed in 3.7% formaldehyde in PBS for fifteen minutes. After being rinsed twice
with 3% bovine serum albumin (BSA) in PBS, 0.5% Triton® X-100
(permeabilisation buffer), PBS was added to the cells in each well and incubated
at room temperature for 20 minutes. After further rinsing with 3% BSA in PBS
the Click-iT® reaction cocktail (Click-iT® reaction buffer, CuSO4, Alexa
Fluor®647 azide and reaction buffer additive) was added to each well for 30
minutes. After further rinsing the DAPI-488 (Sigma-aldrich®, Dorset, UK) stain
was added to each well and the cells were imaged with confocal laser scanning
microscopy (CLSM) after 30 minutes.

The total number of mast cells was counted using CLSM. Proliferation rates

were calculated as a percentage of total number of cells (see equation below).

Proliferation rate (%) = Number of proliferating mast cells
x 100

Total number of mast cells counted
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2.19.2.2 S aureus* mast cell measurements

S aureus™ mast cells were identified using the CLSM on HMC-1 cells stained
with the Click-iT® EdU proliferation kit and DAPI-488, as described above.
Intracellular S aureus were easily identified within the HMC-1 cells. Five
thousand cells were manually counted from each well and the proportion of S

aureus** mast cells was presented as a percentage of the total number of cells

(see below).
Proportion of Number of MC containing S aureus counted
S aureus* - x 100
MC (%) Total number of MC counted (5000)

2.19.2.3 Mast cell measurements

The diameter of 5000 HMC-1 cells was manually measured from each
treatment group. One thousand cells were measured and assessed for
intracellular S aureus from 5 separate randomly selected fields (totalling
5000). Analysis and measurements were undertaken using CLSM and the Leica

Application Suite (LAS) AF software.

2.19.2.4 Transmission electron microscopy

The same treatment groups were replicated, but cells were fixed at 2, 4 and
24 hours with 3% glutaraldehyde and 4% formaldehyde in 0.1M PIPES for TEM.

Processing and imaging for TEM was as described earlier.

2.19.3 Live Staphylococcus aureus for co-culture

S aureus (P3 strain) was grown in RPMI medium to a mid-log phase. Regular
culture samples were taken, serially diluted and plated on blood agar. Regular

optical density (OD) measurements were taken and plotted again CFU counts
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(Figure 2.3). Using the linear regression graph, the number of bacteria was
calculated per OD. The bacteria were centrifuged (11,200G for 5 minutes),
washed with sterile PBS and diluted to the required concentration. The final
concentration required was 1.0 x 10° bacteria per 20pl. This was added to 1.0
x10° HMC-1 cells per well (MOI 1:1).
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Figure 2.3 Linear regression for the CRS S aureus isolate P3

2.20 Statistical analysis

Statistical analysis was performed using Graph Pad Prism 6.0 software (Graph
Pad Software Inc., San Diego, CA). Comparisons between clinical groups were
made using either a one-sample t-test (when control means were zero) or a
paired t-test (two-tailed) (when control means were not zero). The level of
significance was accepted as a p value of less than 0.05. Statistical significance
was represented on graphs using the star rating: NS = not significant, *p <
0.05, **p <0.001,***p <0.000.
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3 Characterisation of bacterial biofilms in

chronic rhinosinusitis
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3.1 Introduction

Recent evidence has implicated surface-related bacterial biofilms in playing an
active role in perpetuating the ongoing inflammatory process associated with
chronic rhinosinusitis (CRS) (211). Biofilms are described as highly structured
and antibiotic-resistant bacterial aggregates, consisting of highly organised
communities of bacteria encased within an extracellular matrix (9, 198).
Biofilms form as a result of aggregating planktonic bacteria which coalesce to
surfaces within the human host as a strategy of survival within environments
less than optimal for growth. These regions are often areas of high
environmental stress and altered oxygen tension, such as the sinonasal
cavities, where biofilms can protect bacteria from host defences and
antimicrobial therapies. Intermittent dispersal of planktonic bacteria from the
biofilms allows migration and re-colonisation and is thought to contribute to

recurrent infective exacerbations in CRS (210, 212, 308).

Using a range of different microbial detection methods (212, 233, 240-242,
244, 308-309) bacterial biofilms have been demonstrated on the sinonasal
mucosa from both CRS patients with and without nasal polyps (NP) (CRSWNP
and CRSsNP, respectively). These include S aureus, H influenzae, P aeruginosa,
and M catarrhalis (211, 242, 310-312). Biofilms on CRS sinonasal mucosa
formed by S aureus and P aeruginosa are associated with more unfavourable
post-operative course following functional endoscopic sinus surgery (FESS)
(241, 244). S aureus biofilms have also been shown to foster a T,2 cytokine
immune response and also drive eosinophilia, both associated with NP

formation (141).

Despite these associations, there remains little hard evidence that bacterial
biofilms are directly or indirectly involved in initiating or driving the ongoing
chronic inflammatory process that defines CRS, or whether they represent a
harmless bacterial survival strategy, providing symbiotic benefits to both the

host and the pathogen.

This chapter, therefore, aims to clarify these associations through further
characterisation of CRS surface-related bacterial biofilms. This involves
evaluating the presence, species and biology of CRS bacterial biofilms using

the most advanced methods of microbial detection and analysis.
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3.2 Methods

3.2.1 Subjects

Sixteen consecutive patients with CRS (CRS 1-16) and 5 control patients (CT 1-

5) were recruited into the study as described in Section 2.2.

3.2.2 Tissue sampling

CRS and control tissue was obtained as described in Section 2.4.

3.2.3 Tissue analysis

e Thirteen CRS samples (n=13) were processed using the nucleic acid
stain SYTO 9 (LIVE/DEAD® BacLight™ viability kit (Section 2.5) and
imaged with confocal laser scanning microscopy (CLSM) (Section 2.10).

¢ Nine samples (n=9) were processed for scanning electron microscopy
(SEM) (Section 2.12).

e Ten samples (n=10) were stained using fluorescent in situ hybridisation
(FISH) (Section 2.10) and imaged with CLSM.
e Five control sinonasal mucosa samples (n=5) were processed for all of

the above techniques.

3.2.4 Surface-related biofilm detection rate

The calculations to determine the Surface-related biofilm detection rate (SBDR)

were described in full in Chapter 2, Section 2.7.1.
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3.3 Results

3.3.1 Characteristics of datasets

A total of sixteen patients with CRSWNP and CRSsNP were included in the study
cohort. This cohort was divided into three datasets, where tissue from each
dataset was analysed using three different techniques. CRS sinonasal mucosa
from thirteen patients (n=13) was processed using SYTO 9 and imaged with
CLSM. The demographic data for this group (dataset 1) is shown in Table 3.1.
CRS sinonasal mucosa from nine patients (n=9) was processed for SEM and the
demographic data for this group (dataset 2) is shown in Table 3.2. CRS
sinonasal mucosa from ten patients (n=10) was processed using FISH and
imaged with CLSM. The demographic data for this group (dataset 3) is shown
in Table 3.3.

A total of five control patients were included within the study and tissue from
this group was processed for all of the above techniques. The demographic

data for the control group are shown in Tables 3.1-3.3.

3.3.2 Patient demographics

The male to female ratio across datasets was evenly distributed. Within the
literature, the prevalence of CRSWNP is higher in males and the prevalence of
CRSsNP is higher in females. As this cohort is a mixture of patients with
CRSwWNP and CRSsNP, an equal distribution between the two sexes is a good
reflection of the CRS population (313). The mean ages across datasets ranged
from 40-45 years, which closely represents the true value from the CRS
population (3). The prevalence of asthma ranged from 11% to 20% across
datasets which was slightly less than the reported prevalence of 26% (314).
Skin prick testing (SPT) was positive in between 11% and 20%, which was
slightly higher than the reported prevalence of allergy in CRS of 10% (315). The
prevalence of current smokers ranged from 23% to 40%, which is relatively high
compared to the reported prevalence in the literature of 15% (316). This may
represent the prevalence of smoking in the local area of recruitment. Patient

with aspirin sensitivity were excluded from the study. The mean Lund-Mackay
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Score (LMS) ranged from 15 to 16, indicating severe disease. As these patients
were undergoing surgery due to failure of medical treatment, the high LMS

were not surprising as they represent CRS patients with a more severe disease.

3.3.2.1 Control group

A total of five control patients were included in the study cohort. There was a
mean age of 59 years, which was slightly higher than that seen in the CRS
group. There were slightly more male than females, but with a ratio of three
males to two females this was as close to the true population as possible with
a sample number of five. The proportion of smokers was 20%, which closely
represents the current UK population prevalence of 18.6% (317). No control
patients suffered with asthma, had aspirin sensitivity or were positive for

allergy on skin prick testing.
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Characteristics CRS Control
Subject no. 13 5

Mean age (range) 45 (20-73) 59 (45-76)
Sex 7M/6F 3M/2F
CRSwWNP 8 0
CRSsNP 5 0
Current smokers 3 1
Aspirin sensitivity 0 0
Asthma 2 0
Positive SPT 2% 0

Mean LMS (range) 16 (9-22) 0

Table 3.1 Demographics for patient dataset 1 (SYTO 9 (LIVE/DEAD® BacLight™
viability kit with CLSM). *Patient 1: tree, HDM; Patient 2: Indoor mould, HDM,

cat & dog dander.

Characteristics CRS Control
Subject no. 9 5

Mean age (range) 41 (20-73) 59 (45-76)
Sex 5M/4F 3M/2F
CRSWNP 6 0
CRSsNP 3 0
Current smokers 3 1
Aspirin sensitivity 0 0
Asthma 1 0
Positive SPT 1% 0

Mean LM Score (range) 16 (10-22) 0

Table 3.2 Demographics for patient dataset 2 (SEM). *

Patient 1: tree, HDM.

Characteristics CRS Control
Subject no. 10 5

Mean age (range) 40 (20-73) 59 (45-76)
Sex 5M/5F 3M/2F
CRSwWNP 9 0
CRSsNP 1 0
Current smokers 4 1
Aspirin sensitivity 0 0
Asthma 1 0
Positive SPT 2 0

Mean LM Score (range) 15 (9-22) 0

Table 3.3 Demographics for patient dataset 3 (FISH

with CLSM). *Patient 1:

tree, HDM; Patient 2: Indoor mould, HDM, cat & dog dander.
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3.3.3 Surface-related bacterial biofilms analysis

3.3.3.1 SYTO 9 with confocal laser scanning microscopy

Using the SYTO 9 nucleic acid stain combined with CLSM, bacterial biofilms
were identified attached to the epithelial surface of the sinonasal mucosa in all
thirteen CRS patients (100%) (Figure 3.1A-B). No bacteria biofilms were
identified in any of the five control patients (Figure 3.1C).

3.3.3.1.1 Surface-related biofilm detection rate using SYTO 9 with

confocal laser scanning microscopy

The mean SBDR for the CRS group was 0.89 and for the control group was 0
(p=0.0001, Table 3.4). Higher SBDRs were associated with a worse LMS as
patients with a SBDR of 1.0 had significantly higher LMS than those patients
with a SBDR <1.0. (p=0.003).

3.3.3.1.2 Limitations of SYTO 9 with confocal laser scanning microscopy

Using the nucleic acid stain SYTO 9 on unfixed, fresh tissue samples followed
by imaging with CLSM has been very successful in identifying the presence of
surface-related bacterial biofilms in CRS sinonasal mucosa (SBDR 0.89).
However, this technique is limited in its ability to provide any morphological
information to help characterise these bacterial biofilms and these limitations

are well documented within the literature (9).
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Figure 3.1 Surface-related bacterial biofilms on CRS sinonasal mucosa and
control tissue. (A & B) Representative CLSM images of CRS sinonasal mucosa
showing viable aggregates of bacteria (biofilms) (white arrows) attached to the
underlying surface epithelium (red arrows). (C) Representative CLSM images of
control sinonasal mucosa showing epithelial cells (yellow arrows) with no

evidence of any associated bacterial biofilms.
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Study no. CRS Group Lund-Mackay
Score (LMS)
SBDRs
CRS 1 1.0 22
CRS 2 1.0 19
CRS 3 1.0 18
CRS 4 0.8 15
CRS 5 0.8 12
CRS 6 1.0 19
CRS 7 0.8 17
CRS 8 0.6 9
CRS 9 1.0 15
CRS 10 0.8 15
CRS 11 1.0 16
CRS 12 1.0 18
CRS 13 0. 13
Total (%) 100%
Mean 0.89 16.7
p-value 0.0001
Cl 0.81 to 0.97
Control Group
CT1 0.0 0
CT2 0.0 0
CT3 0.0 0
CT4 0.0 0
CT5 0.0 0
Mean 0.0 0

Table 3.4 Surface-related biofilm detection rates (SBDRs) for chronic

rhinosinusitis sinonasal mucosa and control tissue using SYTO 9 with confocal

microscopy. (p-value represents chronic rhinosinusitis group compared to

controls)
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3.3.4 Scanning electron microscopy

Using SEM, surface-related bacteria biofilms were identified on the sinonasal
mucosa in all nine CRS patients (100%) (Figure 3.2A-B). No bacterial biofilms
were identified on any of the five control patients (Figure 3.2C). The
morphology of the bacteria forming biofilms was assessed and classified into
either cocci or bacilli-shaped microbes. Biofilms composed of cocci-shaped
bacteria were identified attached to 89% of the CRS samples (Table 3.5).
Biofilms composed of bacilli-shaped bacteria were identified attached to 33%
of the CRS samples. In 22% of the samples, biofilms were composed of both

cocci and bacilli-shaped bacteria, representing polymicrobial biofilms.

3.3.4.1 Surface biofilm detection rate using scanning electron

microscopy

The mean SBDR for the CRS group was 0.47 and for the control group was 0.
A significant difference between these groups was observed (p=0.004, Table
3.5).

Study no. CRS Group Control Group
SBDR Cocci Bacilli BDR
CRS 3 0.6 + - 0
CRS 5 0.6 + - 0
CRS 6 0.6 - + 0
CRS 7 0.4 + - 0
CRS 9 0.2 + + 0
CRS 10 0.6 + -
CRS 13 0.2 + +
CRS 14 0.6 + -
CRS 15 0.4 + -
Total (%) 100% 8 (89%) 3 (33%) 0
Mean 0.47 0
p-value 0.004
Cl 0.15 to 0.69

Table 3.5 SBDR for CRS sinonasal mucosa and control tissue using SEM.

(p-value represents CRS group compared to controls)
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Figure 3.2 Scanning electron microscopy (SEM) images of sinonasal mucosa.
(A) Representative SEM image of CRS sinonasal mucosa showing aggregates of
cocci bacteria as biofilms (yellow arrows) attached to the epithelial surface. (B)
Representative SEM image of CRS sinonasal mucosa showing aggregates of
bacilli bacteria as biofilms (red arrows) attached to the epithelial surface. (C)
Representative SEM image of control sinonasal mucosa showing normal
surface mucosa with cilia (white arrows) and no evidence of any bacterial

biofilms.
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3.3.5 Fluorescence in situ hybridisation with confocal laser

scahning microscopy

After hybridisation with 16S rRNA FISH probes and imaging with CLSM, surface-
related bacterial biofilms were identified in all ten CRS samples (100%) (Table
3.6, Figure 3.3). No bacterial biofilms were observed in any of the five control

patients (Table 3.6, Figure 3.3).

3.3.5.1 The surface-related biofilm detection rate

S aureus was identified as the commonest biofilm-forming microbe (Table 3.6).
Surface-related biofilms composed of S aureus were identified on 70% of CRS
sinonasal mucosa with a mean SBDR of 0.42 (p=0.007, Table 3.6). P aeruginosa
and H influenzae biofilms were both identified in 30% of CRS patients. P
aeruginosa had a mean SBDR of 0.14 and H influenzae had a mean SBDR of
0.16, both of which showed no significant difference from the control group
(p=0.042 and p=0.057, respectively). Higher S aureus SBDR correlated with
higher LMS. A S aureus SBDR above 0.8 had a mean LMS of 19.6, whereas a
SBDR less than 0.8 had a LMS of 13.6. Due to the small number of samples,
this was not shown to be statistically significant. Nevertheless, there was an
observed trend suggesting the more extensive the biofilms, the worse the LMS.
Polymicrobial biofilms when S aureus was present appeared to have the worst
SBDR and LMS.
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Patient no. S aureus P aeruginosa | H influenzae LMS
CRS Group SBDR SBDR SBDR
CRS 7 0.2 0.0 0.0 15
CRS 8 0.6 0.0 0.0 17
CRS 9 0.0 0.4 0.2 10
CRS 10 0.6 0.0 0.0 15
CRS 11 0.0 0.4 0.6 12
CRS 12 0.2 0.0 0.0 13
CRS 13 0.8 0.0 0.0 18
CRS 14 1.0 0.6 0.8 22
CRS 15 0.0 0.0 0.0 9
CRS 16 0.8 0.0 0.0 19
Total (%) 70% 30% 30%
Mean 0.42 0.14 0.16 15
p=value 0.007* 0.088 0.121
95% ClI 0.15t00.69 | -0.03 to 0.31 -0.05 to 0.37
Control
Group
CTl1 0.0 0.0 0.0 0
CT2 0.0 0.0 0.0 0
CT3 0.0 0.0 0.0 0
CT4 0.0 0.0 0.0 0
CTS5S 0.0 0.0 0.0 0
Mean 0.0 0.0 0.0 0

Table 3.6 Surface-related biofilm detection rate (SBDR) for each bacteria-
forming microbial species identified using FISH and CLSM. *Statistical

significance of p<0.05.
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Eubacterial probe S.au S aureus probe

S.au S aureus & Eubacterial probe Control Tissue

Figure 3.3 Surface-related bacterial biofilms on chronic rhinosinusitis
sinonasal mucosa. Representative confocal microscopy images of chronic
rhinosinusitis sinus mucosa and control tissue hybridised with 16S rRNA
Eubacterial (E338) (A) and S aureus (S.au) (B) probes. (C) Combined S.au and
Eub338 16S rRNA probes showing S aureus (yellow & light green) attached to
the surface epithelium. (D) Control tissue stained with S.au and Eub338 16S
rRNA probes showing no bacteria.
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3.4 Discussion

Using the most up to date biofilm detection methods (9, 215), the current
findings confirm the existence of surface-related bacterial biofilms attached to
the epithelial surface of CRS sinonasal mucosa in both CRSWNP and CRSsNP.
This is consistent with other studies within the literature (211, 239, 240, 242,
248, 318-319).

The use of the nucleic acid stain SYTO 9 combined with CLSM was a simple
and highly effective technique for detecting bacterial biofilms, but was limited
in providing adequate morphological detail. Tissue analysis using SEM
validated the SYTO 9 findings and provided more detailed information on
biofilm and epithelial morphology, enabling characterisation of the aggregated
bacteria into cocci and bacilli groups. The dominant bacteria identified forming

the biofilms were cocci which was consistent with the literature (249, 320).

FISH with CLSM further validated the SYTO 9 and SEM findings and identified S
aureus as the most commonly identified biofilm-forming microbe, in keeping
with other studies (249-250). S aureus colonises the sinonasal cavities in 27%
of patients with CRSsNP and 60% of patients with CRSWNP (36). S aureus
biofilm-formation within the sinonasal cavity is thought to be facilitated by
defects within the immune barrier (158). The ‘immune barrier hypothesis’
proposes that coordinated defects in the physical barrier as well as a
manipulated innate immune system at the host-environment interface, leads
to a weakened and altered epithelial layer, allowing S aureus biofilms to adhere
and reside (320). The release of superantigens (SAgs) from S aureus biofilms
leads to further manipulation of the innate immune system through direct and
indirect activation of host cells (97, 98). The net effect represents a S aureus
survival strategy adapted to evade both host defences and antibacterial

therapies to prolong survival.

FISH with CLSM also identified biofilms formed by H influenzae and P
aeruginosa. also consistent with the literature (211, 242, 310-312). Although
identified in 33% of samples, no statistical significance was found when
compared to controls due to a low SBDR. With a larger sample population this
is likely to become significant. This was, however, beyond the scope of this

study but should be considered for future work.
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Interestingly, a correlation between LMS and the SBDR was demonstrated. The
higher the rate of detected biofilms, the higher the LMS. This is in keeping with
recent studies that have demonstrated significantly higher LMS in biofilm-
positive patients compared to biofilm-negative patients (244, 246, 254). This
was particularly relevant to S aureus biofilms, which were also demonstrated
to have more unfavourable post-operative outcomes and persistent disease
compared to non-S aureus biofilm mediated disease (244). LMS represents a
radiological severity score and is an objective assessment of severity. More
extensive biofilms would suggest multi-sinus cavity involvement and therefore,
worse radiological findings. A polymicrobial biofilm, including S aureus, H
influenzae and P aeruginosa, was associated with the worst LM score in the

CRS group.

All 3 techniques were consistent in identifying the absence of bacterial biofilms
in any of the control samples. This is in keeping with the literature (212, 233,
240, 244, 248, 252, 253). It is well established that the sinonasal cavity in a
normal individual contains an extensive microbial network of normal nasal
flora. However, all tissue samples were rinsed prior to processing to remove
all planktonic bacteria and weakly adhered biofilms. This would explain the
lack of bacteria observed in any of the control groups. This also confirms that
the biofilms detected on CRS sinonasal mucosa were strongly adherent and
would therefore be resistant to treatments, such as nasal douching. The
abundance of bacterial biofilms detected on the CRS sinonasal mucosa, in
comparison with the lack of bacterial biofilms seen on control tissue, suggests
their existence is pathogenic and likely to be contributing to the ongoing

chronic inflammatory process.

Using SEM, bacterial biofilms were identified on the sinonasal mucosa of all
patients with CRS. Despite this, the overall detection rate was lower than that
seen previously using the technique of SYTO 9 with CLSM. This lower detection
rate may be due to biofilm erosion as a consequence of the extensive
processing method required for SEM processing, or difficulties with biofilm
detection, which is clearer using fluorescence. However, SEM allowed detailed
morphological analysis of these surface-related biofilms, enabling

characterisation into cocci or bacilli.
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The combination of FISH with CLSM allows identification of species-specific
biofilms on sinonasal mucosa, making it the gold standard technique in biofilm
detection in CRS tissue (215). FISH probes are 100% sensitive and 100%
specific. However, the limitation of this technique lies in its inability to identify
multiple strains of bacteria on the same tissue sample at the same time. Three
specific 16S rRNA FISH probes were utilised to specifically detect S aureus, H
influenzae and P aeruginosa as they represent the most frequently identified
pathogens in CRS tissue, as reported within the literature. However, the non-
specific Staphylococcus genus probe identified a few bacterial colonies that
did not hybridise with the S aureus probe and may therefore represent another
Staphylococcus species, most likely Coagulase negative Staphylococcus.
Therefore, the use of a limited number of 16S rRNA FISH probes limits the
range of bacterial species detection. Nevertheless, the species sampled in this
study are the most commonly reported in association with CRS and are

therefore likely to be most relevant to the disease process.

The role of polymicrobial biofilms remains unclear. Within this study 22% of
samples imaged with SEM showed a mixture of bacilli and cocci species. Using
FISH, 30% of samples contained polymicrobial biofilms. The polymicrobial
biofilm containing S aureus was taken from a patient with the highest LM
score, consistent with the literature. H influenzae was only present in a
polymicrobial biofilm and was always identified together with P aeruginosa,
which goes against other studies. Due to small numbers of polymicrobial
biofilms identified within this study, it is difficult to make any clear conclusions
regarding their relevance. More studies are required to further characterise

these polymicrobial biofilms and explore the interspecies relationships.
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3.5 Conclusion

Using a range of advanced microbial detection techniques, surface-related
bacterial biofilms were observed on the sinonasal mucosa of patients suffering
with CRS, as compared to controls. The biofilm load correlates with the
radiological severity scores, suggesting that biofilms are involved in the
disease process. S aureus appears to be the commonest biofilm forming
microbe. Its ability to manipulate the host immune system through the release

of toxins as a survival strategy requires further investigation.
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4 Investigation of the effect of low dose
nitric oxide on chronic rhinosinusitis -

related bacterial biofilms
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4.1 Introduction

Evidence of surface-related bacterial biofilms in chronic rhinosinusitis (CRS)
patients has been provided. These sinonasal bacterial biofilms are
associated with a poor post-operative outcome (244). Bacteria within a
biofilm state represent a significant challenge to the medical profession due
to their resistance to medical treatment and host defences. In contrast,
bacteria in a free-floating planktonic state appear to be much more
vulnerable to antimicrobial therapy. It is in the final stage of the biofilm
cycle that biofilms disperse into planktonic bacteria, in an attempt to form
new colonies and spread. Therefore, the development of novel therapies
with the ability to induce biofilm dispersal could serve as an adjunct to

antimicrobial treatment, with the aim of eradicating these biofilms.

One such proposed novel therapy is nitric oxide (NO). NO is an
endogenously produced neurotransmitter that has been demonstrated to
disperse P aeruginosa biofilms at nanomolar, non-toxic concentrations in
vitro (297) through interaction with phosphodiesterase, thus decreasing
intracellular cyclic di-GMP levels and triggering cellular dispersal (300). Gene
expression studies have also demonstrated upregulation of genes
associated with motility and downregulation of adhesin-associated genes
(300). Current work within the University of Southampton Biofilm Group has
focused on in vitro and ex vivo laboratory evaluation of NO in P aeruginosa
biofilms from patients with cystic fibrosis (CF). The group demonstrated
that low-dose NO disperses P aeruginosa biofilms into planktonic bacteria

increasing its sensitivity to antibacterial therapy (322).

The commonest biofilm-forming species in CRS are S aureus, H influenzae
and P aeruginosa (212). Our results are in agreement and suggest the
commonest biofilm-forming bacteria are S aureus (70%), followed by H
influenzae (30%) and P aeruginosa (30%). A study characterising the
microbial diversity in CRS using Terminal Restriction Fragment Length
Polymorphism (T-RFLP) profiling found that P aeruginosa was the most
commonly detected species (90). Although the effects of NO on S aureus
and H influenzae are unknown, evidence suggests a strong effect on P

aeruginosa and therefore NO may have potential as a novel biofilm-targeted
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therapy as a means of dispersing biofilms and increasing their susceptibility

to antimicrobial therapy.
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4.2 Methods

4.2.1 Pilot study

To test the study feasibility and to optimise the protocol for surface-related
bacterial biofilm dispersal using NO, a pilot study was performed using CRS
sinonasal mucosa obtained intraoperatively from two patients (CRS17-18)
(n=2) undergoing functional endoscopic sinus surgery (FESS). Tissue was
obtained from the middle meatus and transferred immediately on ice to the
Wellcome Trust Clinical Research Facility for processing. A full description of

the method is described in Chapter 2, Section 2.14.

4.2.1.1 Pilot study results

The results for the four treatment groups are displayed in Table 4.1. The
results from this pilot study demonstrated very low CFU counts after 48 hours’
incubation. These counts were too low to make any conclusions regarding the
capabilities of NO to disperse CRS biofilms. These findings may be due to
tissue sampling errors and difficulties with biofilm growth. To address this,

the following was undertaken:

1. Multiple biopsies were obtained from different regions within the
sinonasal cavity and CFU counts assessed after 48 hours.
2. Amplification of the surface-related bacterial biofilms through a pre-

treatment culture.

Group CRS 17 CRS 18
CFU count (cm?) | CFU count (cm?
1 Control 25 10
2 | Antibiotic 10 10
3 | Sodium Nitroprusside (SNP) 0 0
4 | Antibiotic + SNP 0 0

Table 4.1 Pilot study CFU counts
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4.2.1.2 Tissue sampling

Perioperative tissue samples were taken from the uncinate process, middle
meatus and ethmoid bulla (Figure 1.3, Chapter 1) from two patients with CRS
undergoing FESS (CRS 19-20) (n=2). Each tissue specimen was divided into 20g
sections and each placed in Roswell Park Memorial Institution (RPMI) or Brain
Heart Infusion (BHI) broth and incubated at 37°C/5% CO, for eighteen hours.
After eighteen hours, the tissue was removed from the culture mediums and
rinsed three times to remove any planktonic bacteria. The specimens were then
homogenised, serially diluted and plated on blood, chocolate and CFC
Pseudomonas-specific agar plates and incubated at 37°C (5% CO,) for a further

forty-eight hours.

4.2.1.2.1 Tissue sampling results

Inspection of the tissue culture mediums after incubation for eighteen hours
showed the uncinate process to produce the most turbid broth, suggesting
high bacterial concentrations. This finding was similar in both CRS patients.
CFU counts were higher on blood agar plates compared to chocolate agar
plates. Blood agar CFU counts for each tissue and culture medium are
displayed in Table 4.2. No bacteria grew on the CFC P aeruginosa-specific agar

plates after 48 hours.

These results suggest that the uncinate process and the ethmoid bulla contain
the most consistent and highest concentration of bacteria in biofilms when
compared to the middle meatal mucosa. This is consistent with recent
literature (255). There was little difference in CFU counts between RPMI and
BHI.

BHI CFU counts (cm?) RPMI CFU counts (cm?)
CRS Tissue CRS 19 CRS 20 CRS 19 CRS 20
Middle meatus 1x10° 1 x10? 1x 10 1 x10?
Uncinate process 1x10° 7 x10° 2x 107 4x107
Ethmoid bulla 4 x10* 6 x 10 4 x10* 1x10

Table 4.2 CFU counts for each tissue type and culture medium
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4.2.1.3 Biofilm amplification

There was a significant increase in the size of the surface-related bacterial
biofilms before and after culture with RPMI. Figure 4.1 shows sinonasal mucosa
imaged before and after treatment with RPMI for eighteen hours. RPMI
appeared to have successfully amplified the bacterial biofilms.

4.2.1.4 Tissue viability

The viability of the CRS mucosa before and after treatment with RPMI and BHI
was assessed as described in Section 2.5. Analysis revealed minimal change in
the epithelial cell viability after eighteen hours’ culture with RPMI (Figure 4.2A).
An increase in non-viable epithelial cells was demonstrated after eighteen
hours’ culture with BHI (Figure 4.2B).

4.2.1.5 Bacterial identification

The identification of bacterial isolates is described in Section 2.14.3.1

0 Hours

Figure 4.1 Surface-related bacteria biofilm amplification using RPMI.
Representative CLSM image of CRS sinonasal mucosa, stained with SYTO 9 /
propidium iodide nucleic acids, and imaged at 0 hours (A) and at eighteen

hours (B) in RPMI culture medium. The green fluorescent stain shows viable
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bacteria aggregated together within a biofilm. These images show that RPMI

significantly amplifies the biofilm size after eighteen hours.

25um

Figure 4.2 CRS epithelial cell viability after RPMI and BHI culture.
Representative CLSM images of CRS sinonasal mucosa after an eighteen hour
culture with (A) RPMI and (B) BHI. Tissues have been processed with a
LIVE/DEAD® BacLight™ viability kit. The nucleic acid SYTO 9 stains all viable
cells green and propidium iodide stains non-viable or damaged cells red. There
is an increased number of non-viable cells (red) after eighteen hours of

treatment with BHI compared with RPMI.

4.2.2 Optimisation of pilot study protocol

These experiments demonstrated that the bacterial biofilms are more
consistent and in higher concentrations on uncinate process mucosa
compared to other regions within the sinonasal cavity. RPMI was demonstrated
to amplify existing bacterial biofilms over eighteen hours without affecting the
viability of the host epithelial cells. The original pilot study method could now
be repeated with the modifications of using uncinate process mucosa and
culturing the tissue in RPMI for eighteen hours, before adding the assigned

treatments.
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4.3 Results

4.3.1 Characteristics of datasets

A total of four patients with CRS (CRS 21-24) and one control patient (CN 6)
undergoing trans-sphenoidal pituitary surgery at UHSFT were included in the

study cohort.

4.3.2 Patient demographics

Patient demographics are presented in Table 4.3. Despite the small sample
numbers, which will create a high variance, the demographics of this group
closely represent the published sample values. Only one control sample was

obtained for comparison.

Characteristics CRS (21-24) Control (CN 6)
Subject no. 4 1
Mean age (range) 47 (41-52) 47
Sex 2M/2F M
CRSWNP 2 0
CRSsNP 2 0
Current smokers 0 0
Aspirin sensitivity 0 0
Asthma 2 0
Positive SPT 0 0
Mean LM Score (range) 19.3 (15-24) 0

Table 4.3 Demographic data for the study population
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4.3.3 Surface-related bacterial biofilm dispersal using the

nitric oxide donor sodium nitroprusside

The CFU counts for each patient are displayed in Table 4.4. S aureus was
cultured from all the CRS samples (n=4). The S aureus results are displayed in
Figure 4.3. There was no significant reduction in S aureus CFU counts between
the control group and the three other treatment groups (p=0.852, p=0.646,
p=0.701, respectively, Figure 4.3).

Coagulase-negative Staphylococcus, P aeruginosa and H influenzae were
cultured in 25% of samples. However, due to only being detected once,
statistical analysis on these microbes was not possible. These results are
displayed in Figures 4.4-4.6. The results for P aeruginosa appeared to show a
reduced CFU count with antibiotics and SNP treatment (Figure 4.6), but this

needs further confirmation with a larger sample size.

Polymicrobial biofilms were identified in 50% of samples and always included
S aureus. No bacteria were cultured from the control tissue. The CFU counts

for each patient are displayed in Table 4.4.
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Bacteria detected

CFU Count for each treatment group (CFU cm?)

Control Antibiotic SNP SNP &
Antibiotic
CRS Group 1 2 3 4
CRS 21 S aureus 1.0 x 107 1.0 x 107 2.0 x 107 1.0 x 107
H influenzae 3.0 x 107 3.0 x 107 3.0 x 107 1.0 x 107
P aeruginosa 1.0 x 107 1.0x 107 2.0x10° 8.0x10°
CRS 22 S aureus 1.2 x 10° 3.1 x10° 2.0 x 10° 1.05 x 10°
CRS 23 S aureus 1.0 x 10° 1.5x10° 1.0 x 10° 5.0 x 10°
Coagulase-negative 8.0x10° 1.2x10° 8.0x10° 1.3 x10°
Staphylococcus
CRS 24 S aureus 9.0x10° 5.0x 10* 2.3x10° 1.7 x10°
Control Group
CN6 | 0 0 0 0

Table 4.4 CFU count profile in CRS and control groups after 48 hours culture.

(CFU, Colony forming units: SNP, sodium nitroprusside)

2.0%10 71

1.5%10 7

CFU cm

5.0810 °1

1.0810 74

S aureus

N S

NS

NS

Control

Antibiotic

SNP

Antibiotic & SNP

Figure 4.3 S aureus treatment groups (n=4) group. The CFU count for S aureus

for each treatment group. No statistical significance was identified between

any of the treatment groups when compared to the control group. Results are

pooled data from 4 independent experiments (n=4). Error bars represent the

means + 1SD. NS not significant. CFU, Colony forming units: SNP, sodium

nitroprusside.
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Coagulase-negative Staphylococcus

1.0%10 61
8.0810°1
6.0910°

4.0%10°4

CFU cm

2.0%10°1

Antibiotic & SNP

Control Antibiotic

Figure 4.4 Coagulase negative Staphylococcus treatment group (n=1). CFU,

Colony forming units: SNP, sodium nitroprusside.

H influenzae

4.081077

3.0%810 7"

2.09107

CFUcm

1.09810 7

Control Antibiotic SNP Antibiotic & SNP

Figure 4.5 H influenzae treatment group (n=1). CFU, Colony forming units:

SNP, sodium nitroprusside.
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P aeruginosa

1.53%10 77

1.03%1074

CFU cm

5.0310 ¢

Control Antibiotic SNP Antibiotic & SNP

Figure 4.6 P aeruginosa treatment group (n=1). A reduction in CFU counts was
observed for the SNP group and the antibiotics & SNP group compared to the
control group. However, as P aeruginosa was only present in one sample,

statistical analysis was not possible. CFU, Colony forming units: SNP, sodium

nitroprusside.
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4.4 Discussion

Studies have demonstrated in vitro the ability of the NO donor, SNP, to disperse
P aeruginosa biofilms into free-floating planktonic bacteria (297, 299). Losing
the protective mechanisms provided by the biofilm and extracellular matrix,
planktonic bacteria become vulnerable to antibacterial therapy and host

defences.

As this was the first study to use SNP on ex vivo CRS tissue samples, a pilot
study was performed to assess study feasibility and to test the protocol. Initial
pilot results demonstrated very low CFU counts in all treatment groups, too
low to show any significant treatment effect. This may be explained by the
difficulty in culturing bacterial biofilms, a well-documented biofilm
characteristic. Modifications were made to the protocol, including
improvements in tissue sampling and amplification of surface-related bacterial
biofilms prior to treatment. Sampling analysis identified the uncinate process
as possessing the most extensive surface-related bacterial biofilms and a pre-
treatment culture of samples in RPMI resulted in biofilm amplification without

changes to epithelial viability.

S aureus was the commonest microbe identified, having been cultured from
all CRS samples studied. SNP did not appear to induce significant disruption
of S aureus biofilm. In fact, the opposite effect was observed with a small non-
significant increase in biofilm mass. This is consistent with a recent study,
which demonstrated enhanced formation of CRS-related S aureus biofilms
using low-dose concentrations of NO, similar to the levels used in this study
(308). Reductions in the biomass of S aureus biofilms were only observed when
using high, toxic concentrations of NO (323).

P aeruginosa, H influenzae and coagulase-negative Staphylococcus were
identified in only 25% of samples, similar to the results in Chapter 3. However,
in the one sample where P aeruginosa was isolated and cultured, CFU counts
were reduced in the combined SNP and antibiotic group, suggesting a
treatment effect. This effect was not unexpected as dispersal of P aeruginosa

biofilms has been demonstrated previously in vitro (297) and in the lungs of
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patients with cystic fibrosis (CF) (322). However, the effect of SNP on P
aeruginosa biofilms on CRS sinonasal mucosa has not been previously
documented. Unfortunately, due to the low sample number, statistical analysis
was not possible. With larger sample sizes, this result may have been
statistically significant. P aeruginosa biofilms have a high prevalence in CF-
related CRS. Investigating the dispersal of CRS sinonasal P aeruginosa biofilms
in the CF population would be an interesting future study to investigate the
potential for SNP to be developed as an adjuvant biofilm-targeted therapy

alongside antibiotics in the treatment of CF-related CRS.

122



Stephen M A Hayes Nitric oxide and CRS-related biofilms

4.5 Conclusion

Despite the limitations of a small sample size, the results suggest that SNP has
no significant dispersal effect on CRS-related S aureus biofilms. On the basis
of this preliminary data, it was decided not to proceed any further and to focus
efforts on more detailed characterisation of the bacterial profiles of relevance

to the disease process in CRS.
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5 Investigation of the role of bacteria in

the pathogenesis of nasal polyps
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5.1 Introduction

In the UK, approximately 20% of patients suffering with chronic rhinosinusitis
(CRS) develop nasal polyps (NP) (3). Despite many proposed mechanisms (3,
97, 98, 110, 140, 188, 324), the cause of NP remains poorly understood.
Theories describe NP as a consequence of chronic inflammation, resulting in
the formation of stromal oedema and changes in inflammatory cell profiles
(325). Proposed aetiological factors associated with NP include allergy (98),
asthma (3), eosinophilic mediators (38, 97, 196, 326, 327), aspirin sensitivity
(3, 39, 328, 329) genetic factors (35, 330), fungal biofilms (331, 332) and
Staphylococcal superantigens (36, 108, 140, 333, 334). However, whilst many
of these associations have been well documented, the initiating cause remains

unknown.

Recent EPOS guidelines propose the classification of CRSWNP and CRSsNP into
two distinct pathological entities primarily based on differences in
inflammatory cytokine profiles (3). A CRSWNP T-helper 2 (T,2)-mediated profile
is characterised as eosinophilic with elevated IL-5, immunoglobulin E; RANTES
and eotaxin, whilst CRSsNP T-helper 1 (T,1)-mediated profile is characterised
as neutrophilic with elevated TNF-a, IL-8 and IFN-y (3). These biochemical
profiles are likely to be manifestations of various pathological processes

occurring at the host-environment interface.

One of the proposed pathological aetiologies in CRS is biofilm formation within
the sinonasal cavity (3). S aureus has been identified as the commonest
biofilm-forming pathogen in CRS, colonising the sinonasal cavities in 27% of
patients with CRSsNP and 60% of patients with CRSWNP (36). S aureus biofilms
have also been associated with more severe preoperative disease, persistence

of ongoing mucosal inflammation and poor postsurgical outcomes (244).

Our results have clearly demonstrated the presence of surface-related bacterial
biofilms on the sinonasal mucosa in patients with both CRSWNP and CRSsNP.
S aureus was confirmed as the commonest biofilm-forming microbe (244). We
wished to extend these findings by investigating bacterial profiles in NP as

little is known in this area.
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5.2 Methods

5.2.1 Subjects

Twenty four patients with CRSwWNP (CRS 7-8, 10-16, 25-39) and 5 control

patients (CN 7-13) were recruited into the study as described in Section 2.2.

5.2.2 Tissue sampling

From each individual patient with CRSWNP, biopsies were taken from NP and
non-polypoidal mucosa. The non-polypoidal mucosa was taken from the
middle meatus, adjacent to the NP (Figure 5.1). Control tissue was obtained as

described in Section 2.4.

Nasal Polyp Biopsy Non-Polypoidal Mucosal Biopsy

Middle Turbinate *
Middle . Maxillary &
Turbinate =0, ¢ =\ Sinus 4

Figure 5.1 Nasal polyp and non-polypoidal mucosal biopsies. Endoscopic
images of left sinonasal cavity from patient with CRSWNP. (A) First biopsy taken
from NP (blue dashed line). (B) Once NP removed, a second biopsy of non-
polypoidal mucosa obtained from middle meatus (yellow dashed line) from the

same patient.
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5.2.3 Tissue analysis

Tissue was analysed as described in Table 5.1.

ANALYSIS SAMPLE STUDY NUMBERS NP NON-POLYPOIDAL CONTROL
SINONASAL MUCOSAL
SEM CRS 7-8, CRS10-16, CNT 7-13 9 9 7
Section 2.12
FISH with CLSM CRS 7-8, CRS10-16, CNT 7-13 9 9 7
Section 2.10, 2.11
IHC CRS 25-34, CNT 7-13 10 10 7
Section 2.15
TEM CRS 30-34,CNT 7-13 5 5 7
Section 2.13
LIVE/DEAD CRS 35-39 5 5 0
Section 2.5
VIABILITY CRS35-39 5 5 0
Section 2.17

Table 5.1 Tissue analysis for Chapter 5 including specific Sample Study

Numbers and tissue type.

5.2.4 Calculations and measurements

Calculations for both the surface-related biofilm detection rate (SBDR) and the
intracellular bacteria detection rate (IBDR) (Tables 2 & 3) and severity scales
are described in Sections 2.7 & 2.8. Host cell rate calculations are described in
full in Section 2.15.4. Cell accumulation measurements are described in
Section 2.15.5

5.2.5 Combination of fluorescence in situ hybridisation,

confocal laser scanning microscopy and DAPI Staining

This is a technique developed and validated for this project. In addition to the
FISH protocol, described in Section 2.11, 30 minutes prior to imaging with
CLSM, 20ul of the nucleic acid stain 4', 6-diamidino-2-phenylindole (DAPI) was
added to each tissue sample. By binding to double stranded DNA, DAPI clearly

identifies cell nuclei when observed under CLSM.
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5.3 Results

5.3.1 Patient demographics

5.3.1.1 Chronic rhinosinusitis with nasal polyps group

A total of 24 patients with CRSWNP were included in the study cohort. Patient
demographics are demonstrated in Table 5.1. Despite the small sample
numbers, which will create a high variance, the demographics of this group

closely represent the published sample values.

5.3.1.2 Control group

A total of seven control patients were included in the study cohort. Patient
demographics for this group are demonstrated in Table 1.

Characteristics CRSWNP Control
Group population 24 7

Mean age (range) 47 (20-76) 54 (34-82)
Sex 15M : 9F 4M : 3F
Current smokers 7 1

Aspirin sensitivity 0 0

Asthma 4 0

Positive SPT 4* 1%

Mean LM Score (range) 16.7 (11-24) 0

Table 5.2 Patient characteristics. *SPT Results: CRSWNP patient 1 (grass),
patient 2 (Indoor mould/cat), patient 3 (house dust mite/ dog); patient 4
(house dust mite); **Control patient 1 (house dust mite)
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5.3.2 Scanning electron microscopy

There were clear differences in surface morphology observed between the NP,
the adjacent sinonasal mucosa and control samples. The surface of the NP
appeared irregular with large epithelial defects and disorganised, uneven and
metaplastic-appearing squamous epithelial cells (Figure 5.2A). There was no
evidence of any bacterial biofilms attached to the surface epithelium of the NP
in any of the samples. In contrast, the CRS sinonasal mucosa appeared to have
a regular, smooth surface, with well organised epithelium and no visible
defects. Attached to the epithelial surface were aggregations of bacteria in
biofilms (Figures 5.2B). These surface-related biofilms were identified in all
CRS sinonasal mucosa samples. The control tissue demonstrated normal
surface mucosa with cilia and no evidence of any surface-related bacterial

biofilms in any of the samples (Figure 5.2C).

5.3.3 Fluorescence in situ hybridisation

5.3.3.1 Tissue comparison

In keeping with the results obtained from SEM, FISH detected surface-related
bacterial biofilms on all sinonasal mucosal samples (n=9) (Figure 5.3A), but no
surface-related biofilms were observed on any NP tissue. However, on imaging
the sub-epithelial region of the NP using CLSM, bacteria were observed within
the loose stroma, tightly packed into the cytoplasm of unknown host cells
(Figure 5.3B). No bacterial biofilms or intracellular bacteria were observed on

any of the control samples (n=5) (Figure 5.3C).
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Figure 5.2 Tissue surface morphology with SEM. (A) Representative SEM image
of the surface of a NP. No evidence of any bacterial biofilms can be seen on
the epithelial surface. The NP surface is composed of metaplastic squamous
epithelial cells, producing a ‘rough’ and ‘rugged’ appearance. (B)
Representative SEM image of CRS sinonasal mucosa demonstrating
aggregations of Staphylococcus bacteria in biofilms (yellow arrows) within an
extracellular matrix (red arrow) attached to the epithelial surface. (C)
Representative SEM image of control tissue showing normal surface mucosa
with cilia (blue arrows) and no evidence of any bacterial biofilms.
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Figure 5.3 FISH analysis of CRS sinonasal mucosa, NP and control tissue.
Representative CLSM images of CRS sinus mucosa (A), NP tissue (B) and control
tissue (C) hybridised with 16S rRNA probes (S.au/Sta/Eub338) showing S
aureus (yellow) biofilms. (A) Aggregations of S aureus bacteria (biofilms) can
be seen attached to the epithelial surface of the sinus mucosa (blue arrows).
(B) Aggregations of S aureus (yellow) seen, each spherical with central black

spaces (white arrows). (C) No bacterial biofilms seen on the control tissue.
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5.3.3.2 Sub-epithelial bacteria in nasal polyps

To confirm the location of intracellular bacteria below the epithelial layer (sub-
epithelial), NP were stained with a combination of DAPI and FISH and imaged
with the CLSM Z-axis view. This allowed the intracellular bacteria to be plotted
in relation to the epithelial layer, clearly demonstrating the intracellular

microbial reservoirs to be sub-epithelial (Figure 5.4 A-B).

5.3.3.3 Intracellular bacteria in nasal polyps

To confirm the observed intracellular residency of bacteria in the NP samples,
the nucleic acid stain 4', 6-diamidino-2-phenylindole (DAPI) was combined with
FISH and imaged with high-resolution microscopy (n=9). This technique clearly
demonstrated host nuclei surrounded by tightly-packed bacteria within the
cytoplasm of unknown host cells, confirming intracellular residency of bacteria

in all NP samples (Figure 5.4 C-D).

5.3.3.4 Bacterial profiles

Interestingly, the bacterial profile observed in the sinonasal mucosa and NP
tissue were very similar. S aureus was the most frequent biofilm-forming
microbe found attached to the surface of the CRS sinonasal mucosa (78%). It
was also the most frequently identified intracellular microbe within NP tissue
(78%) (Tables 5.2-5.3). The SBDR of S aureus on the CRS sinonasal mucosa was
0.47 (p=0.006, compared to controls) and the IBDR in NP was 0.49 (p=0.002,
compared to controls). P aeruginosa and H influenzae were also identified as
biofilm-forming microbes on CRS sinonasal mucosa and as intracellular entities
in NP, detected in 33% of samples (Tables 5.2-5.3). On the CRS sinonasal
mucosa, the P aeruginosa and H influenzae SBDR were 0.16 and 0.18,
respectively. Neither bacteria demonstrated statistical significance when
compared to the control group (p=0.088 and p=0.121, respectively, Table 5.2).
Similarly, in the NP tissue the IBDR for P aeruginosa and H influenzae was 0.18

and 0.11, respectively. Again, no statistical significance was observed between
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either of these bacteria when compared to the control group (p=0.086 and

p=0.139, respectively, Table 5.3).

Figure 5.4 Intracellular S aureus in ex vivo NP tissue. (A & B) Representative
high resolution CLSM images of NP tissue hybridised with 16S rRNA FISH
probes (S.au/Sta) showing intracellular S aureus reservoirs (pink) co-localised
with DAPI-stained host nuclei (grey). (C) Intracellular S aureus aggregates
(white arrows) beneath the epithelial surface (yellow arrows). (D) XYZ view:
lower magnification image clearly demonstrating intracellular S aureus

aggregates (white arrows) beneath the epithelial surface (yellow arrows).
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Study no. S aureus | P aeruginosa | H Influenzae Intracellular bacteria
SBDR IBDR
CRS Group
CRS 7 0.2 0.0 0.0 0.0
CRS 8 0.6 0.0 0.0 0.0
CRS10 0.0 0.4 0.2 0.0
CRS 11 0.6 0.0 0.0 0.0
CRS 12 0.0 0.4 0.6 0.0
CRS 13 0.2 0.0 0.0 0.0
CRS 14 0.8 0.0 0.0 0.0
CRS 15 1.0 0.6 0.8 0.0
CRS 16 0.8 0.0 0.0 0.0
Total (%) 7/9 (78%) 3/9 (33%) 3/9 (33%) 0
Mean SBDR 0.47 0.16 0.18 0
p=value 0.006 0.088 0.121 0
95% ClI 0.18 to -0.03 to 0.34 -0.06 to 0.41 0
0.75

Control

Group
CT7 0.0 0.0 0.0 0.0
CT8 0.0 0.0 0.0 0.0
CT9 0.0 0.0 0.0 0.0
CT10 0.0 0.0 0.0 0.0
CT11 0.0 0.0 0.0 0.0
CT12 0.0 0.0 0.0 0.0
CT13 0.0 0.0 0.0 0.0
Mean 0.0 0.0 0.0 0.0

Table 5.3 Surface-related biofilm and intracellular bacteria detection rates in

CRS sinonasal mucosa and control tissue.
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Study no. Surface Biofilms S aureus P aeruginosa ‘ H Influenzae
SBDR IBDR
CRS Group
CRS 7 0.0 0.6 0.0 0.0
CRS 8 0.0 0.6 0.0 0.0
CRS10 0.0 0.0 0.6 0.2
CRS 11 0.0 0.8 0.0 0.0
CRS 12 0.0 1.0 0.4 0.2
CRS 13 0.0 0.4 0.0 0.0
CRS 14 0.0 0.0 0.6 0.6
CRS 15 0.0 0.4 0.0 0.0
CRS 16 0.0 0.6 0.0 0.0
Total 0 7/9(78%) 3/9 (33%) 3/9 (33%)
Mean 0.0 0.49 0.18 0.11
p=value 0.0 0.002 0.086 0.139
95% ClI 0.0 0.23 to 0.76 -0.03 to 0.34 -0.04 to 0.27

Table 5.4 Surface-related biofilm detection rates (SBDR) and intracellular
bacteria detection rates (IBDR) in NP detected by FISH with CLSM.
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5.3.4 Detection of Staphylococcus aureus™® host cells

using immunohistochemistry

Immunohistochemistry (IHC) was utilised to validate the FISH & CLSM findings
of sub-epithelial intracellular S aureus in NP and to assess host cell profiles
within different tissue types. To help facilitate this, a mouse anti-S aureus
monoclonal primary antibody was optimised (as described in Chapter 2,
Section 2.15.3) and used to stain GMA sections on CRS sinonasal mucosa
(n=10), NP (n=10) and control tissue (n=7).

5.3.4.1 Host cell profiling in nasal polyps and chronic rhinosinusitis

sinonasal mucosa

To evaluate any histological differences in host cell profiles between NP,
adjacent non-polypoidal CRS sinonasal mucosa and control tissue, a host cell
count was performed for each tissue type. The results of the cell counts are
presented in Figure 5.5. There was a significantly higher rate of mast cells, T-
cells and eosinophils (p=0.0003, p=0.011, p=0.0004, respectively) in the loose
stroma of NP compared with adjacent CRS sinonasal mucosa and control
tissue. This is consistent with the cytokine profile described in patients
suffering with CRSWNP. Within the sub-epithelial layer of the adjacent non-
polypoidal CRS sinonasal mucosa there were significantly higher rates of
neutrophils (p=0.0042, Figure 5.4) compared to NP. This is consistent with the
cytokine profile seen in patients suffering with CRSsNP. Interestingly, both the
NP and CRS sinonasal mucosa were taken from the same ten patients suffering
with CRSWNP. The rate of S aureus* host cells was significantly higher in NP

than CRS sinonasal mucosa and control tissue (p=0.0065, Figure 5.4).
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5.3.4.2 Intracellular Staphylococcus aureus

5.3.4.2.1 Chronic rhinosinusitis sinonasal mucosa

S aureus* host cells were detected in 30% of CRS sinonasal mucosa samples
when analysed with IHC (n=10) (Table 5.4). Within these samples, intracellular
S aureus was identified in both the epithelial and sub-epithelial layer (Table
5.4). However, the actual number of host cells containing S aureus within each
of these sections was extremely low (1.09 cells mm™ within the epithelial layer
and 0.82 cells mm? in the sub-epithelial layer) and showed no significant
difference when compared with the control group (p=0.5 and p=0.5

respectively, Figure 5.6).

5.3.4.2.2 Nasal polyp tissue

S aureus™ host cells were detected in 90% of NP samples analysed with IHC
(n=10). There was a significantly higher rate of S aureus~host cells in the NP
sub-epithelial layer compared to the NP epithelial layer (p=0.0057). Within the
epithelial layer, the S aureus*<host cell rate was 4.53 cells mm™ and within the
sub-epithelial layer the rate was 37.73 cells mm? (Table 5.5). A significantly
higher rate of S aureus*<host cells was observed in both the NP epithelial and
sub-epithelial layers when compared to the respective CRS sinonasal mucosa
(p=0.0226 and p=0.0065 respectively, Table 5.4 & Figure 5.7). S aureus™host
cells detected by IHC are demonstrated in Figure 5.8.

5.3.4.2.3 Controls

No intracellular bacterial were observed in any of the control tissue samples.
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Sample no. Epithelial Layer Sub-epithelial Layer
CRS SM NP CRS SM NP
(cells mm?) | (cells mm?) (cells mm?) (cells mm?)
CRS 25 0.00 0.94 0.00 3.65
CRS 26 3.53 5.38 3.35 23.00
CRS 27 0.00 0.56 0.00 94.97
CRS 28 0.00 4.83 0.00 82.61
CRS 29 0.00 0.00 0.00 10.40
CRS 30 5.61 19.02 1.17 66.83
CRS 31 1.71 5.10 3.66 32.21
CRS 32 0.00 0.00 0.00 0.00
CRS 33 0.00 2.86 0.00 29.36
CRS 34 0.00 6.59 0.00 34.29
Total (%) 30% 80% 30% 90%
Mean 1.09 4.53 0.82 37.73
p value 0.0266 0.0065
95% ClI 0.50 to 0.639 13.20 to 60.63

Table 5.5 S aureus* host cell rate within the epithelial and sub-epithelial

layers of the NP and adjacent CRS sinonasal mucosa (SM) samples
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Figure 5.6 S aureus™ host cell rate within the epithelial layer of NP, CRS
sinonasal mucosa and control tissue. The rate of epithelial S aureus** host
cells within NP, adjacent CRS sinonasal mucosa and control tissue, analysed
using a mouse anti-S aureus monoclonal antibody on GMA embedded tissue
sections. Cell count was performed as described in Chapter 2. Significantly
more S aureus™ host cells were demonstrated in the epithelial layer in NP
compared to adjacent CRS sinonasal mucosa. Results are pooled data from ten

independent experiments (n=10). Error bars represent the means + 1SD.

**p<0.001, NS not significant.
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Figure 5.7 S aureus: host cell rate within the sub-epithelial layer of NP, CRS
sinonasal mucosa and control tissue. The rate of sub-epithelial S aureus*< host
cells within NP, adjacent CRS sinonasal mucosa and control tissue, analysed
using a mouse anti-S aureus monoclonal antibody on GMA embedded tissue
sections. Cell count was performed as described in Chapter 2. Significantly
more S aureus* host cells were demonstrated in the sub-epithelial layer in NP
compared to adjacent CRS sinonasal mucosa. Results are pooled data from ten
independent experiments (n=10). Error bars represent the means + 1SD.

**p<0.001, NS not significant.
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Figure 5.8 Immunohistochemical detection of S aureus™ host cell in nasal
polyps. GMA embedded NP, adjacent CRS sinonasal mucosa and control
tissue, immunohistochemically stained with a monoclonal mouse anti-S aureus
primary antibody and DAB substrate. Representative IHC photomicrographs
(x40 magnification)., demonstrating the presence of S aureus* host cells
(yellow arrow) within NP tissue (A) and the absence of S aureus™<host cell in
CRS sinonasal mucosa (B) and control tissue (C). (D) NP section stained with

Tris-buffered saline (TBS) as a control.
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5.3.4.3 Detection of the identity of the S aureus™host cell

Within NP tissue, intracellular S aureus has been demonstrated to reside within
the cytoplasm of an unknown host cell. In order to investigate the underlying
mechanism of microbial migration from a surface-related bacterial biofilm into
an intracellular entity, it is essential to clarify the identity of this S aureus*

host cell.

5.3.4.3.1 Immunohistochemistry co-localisation

Co-localisation was performed using serial 2pum thick sections, on CRS
sinonasal mucosa (n=3) and NP (h=10) (CRS 25-32). The monoclonal mouse
anti-S aureus primary antibody was used to identify intracellular S aureus.
Sequential sections were each stained with the monoclonal anti-human primary
antibodies listed in Chapter 2, Section 2.15.2. These primary antibodies were
selected as they closely represented the range of host cells located within these
tissues. Sections demonstrating S aureus™ host cells were then directly

compared with sequential sections stained with different host cells.

5.3.4.3.2CRS non-polypoidal mucosa immunohistochemistry co-

localisation

Within the 3 CRS sinonasal mucosa samples that demonstrated S aureus*host
cells, the cells harbouring bacteria were identified as epithelial cells in the
epithelial layer and macrophages in the sub-epithelial layer (Table 5.5). It must
be noted that the S aureus*host cell rates identified in both the epithelial
layer and sub-epithelial layer in the CRS non-polypoidal mucosa were extremely
small and demonstrated no significant different from the rate of cells observed

within the control tissue (see earlier Section 5.5.4.2.1).
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5.3.4.3.3 Nasal polyp immunohistochemistry co-localisation

Within the nine NP samples that demonstrated S aureus™chost cells, the cells
were identified as both epithelial and mast cells (2:1 ratio) within the epithelial
layer. However, in the sub-epithelial layer, 100% of the S aureus™: host cells

were identified as mast cells (S aureus™ mast cells) (Table 5.5 & Figure 5.9).

5.3.5 Transmission electron microscopy

To further validate the findings of S aureus™ mast cells, NP tissue was
processed and imaged with TEM. Five NP samples used for IHC were processed
for TEM (CRS 30-34). Five samples (n=5) previously shown to contain S
aureus™ host cells by IHC were selected for imaging. Mast cells were easily
identified on TEM imaging based on their morphology of large secretory
granules, absence of polarity, nucleus containing significant amounts of
euchromatin and size (~12-18 pm in length). Each mast cell was examined for
intracellular bacteria. Intracellular Staphylococci within the cytoplasm of mast

cells (Figure 5.9) were observed in all five samples.
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Study No. Epithelial Layer Sub-epithelial Layer
CRS SM NP CRS SM NP
CRS 25 - EC - MC
CRS 26 EC EC & MC MP MC
CRS 27 EC & MC MC
CRS 28 EC MC
CRS 29 - - MC
CRS 30 EC EC & MC MP MC
CRS 31 EC EC & MC MP MC
CRS 32 - -
CRS 33 EC MC
CRS 34 EC MC

Table 5.6 The identification of S aureus™ host cells in the epithelial and sub-

epithelial layers within CRS sinonasal mucosa (SM) and NP. Results of IHC co-

localisation in NP and adjacent CRS sinonasal mucosa. EC, epithelial cells; MC,

mast cells; MP, macrophages; (-), not detected.
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Figure 5.9 Immunohistochemical co-localisation. Photomicrographs of
sequential 2um sections of NP tissue stained with monoclonal anti-mast cell
tryptase (A) and mouse monoclonal anti-S aureus (B) demonstrating sub-
epithelial intracellular S aureus within mast cells (arrows) (x20 magnification).

Both images are shown at higher magnification (C & D x40 magnification).
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Figure 5.10 TEM image of a S aureus™ mast cell within the loose stroma of a
NP. Representative TEM images demonstrating a S aureus** mast cell within
the loose stroma of an ex vivo NP (A). An individual S aureus microbe is
demonstrated (yellow arrow) within the mast cell cytosol. (B) Higher

magnification image of intracellular S aureus.
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5.3.6 Viability of intracellular S aureus
5.3.6.1 Investigating the viability of intracellular bacteria in nasal polyps

Having successfully identified S aureus residing within the cytosol of mast cells
in NP, the next step was to ascertain the viability of these intracellular bacterial
reservoirs. Therefore, the LIVE/DEAD® BacLight™ Viability Kit was utilised on
fresh, unfixed nasal polyp tissue (n=5) (CRS 35-39) and imaged with CLSM. In
all samples examined, the intracellular bacteria identified within the cytosol of

host cells were demonstrated to be viable (Figure 5.11A).

5.3.6.2 Identification of host cells with viable intracellular bacteria

In order to investigate whether intracellular S aureus was viable within mast
cells in NP, an intracellular viability assay was developed and is described in
Chapter 2, Section 2.17. A total of five NP samples (CRS 35-39) were processed
with this novel assay and imaged with CLSM. After analysis, proliferating and
therefore viable bacteria were observed within the cytosol of mast cells (Figure
5.11B). No intracellular bacteria were observed within any other NP host cell

analysed with this method.
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Figure 5.11 Viable bacteria within host cells. (A) Fresh NP tissue stained with
a LIVE/DEAD® BacLight™ Viability Kit and imaged with CLSM. SYTO 9 stains
nucleic acid green indicating viable cells with intact membranes. Propidium
iodide stains nucleic acid red indicating damaged cells. Image demonstrates
viable bacterial (yellow arrow) within the cytosol of damaged cell (white arrow).
(B) NP tissue stained with the intracellular viability assay (described in Chapter
2) demonstrating viable intracellular bacteria within a mast cell. The mast cell
nucleus is stained with DAPI (blue arrow), the cytosol is stained with the
monoclonal mouse anti-mast cell tryptase primary antibody (red arrow) and
the proliferating and viable bacteria are stained with the Click-iT © Edu

proliferation assay (green arrow).
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5.3.7 Sub-epithelial mast cell accumulation

During IHC analysis, an observation was made of mast cell accumulation in the
sub-epithelial layer. To investigate this further, a grid was used on NP IHC
sections in order to calculate the mast cell density at different depths from the
basement membrane into the NP loose stroma. The mast cell density was
calculated as a rate for each area per 100um depth intervals (technique

described in Section 5.4.7). The measuring grid is illustrated in Figure 5.12.

The results for mast cell density are displayed in Figure 5.13 and Table 5.6.
The results from this study strongly indicate that mast cells, within NP,
accumulate closely beneath the epithelial basement membrane. Within the first
100pum below the basement membrane the mast cell rate was at its highest
density of 852 cells mm?, which represented 37.63% of all mast cells within
the measured section (to a depth of 700um). As the depth increases into the
loose stroma at 100pm intervals, the mast cell rate reduces significantly
(p=0.0005, p=0.002, p=0.0089, p=0.0071, Figure 5.13, Table 5.6) until 500pum

where the rate stabilised to approximately 100 cells mm=.

Further analysis was performed to investigate the rate of S aureus™* mast cells
in the same IHC NP sections using the same 100um depth intervals. Results
can be seen in Figure 5.14 and Table 5.7. As expected, the results from this
analysis appear to mirror the mast cell accumulation findings in Figure 5.13.
The S aureus mast cells appear to accumulate immediately below the
epithelial basement membrane. Within the first 100pum below the basement
membrane, the S aureus™ mast cell rate was 466.7 cells mm, accounting for
49.76% of all mast cells containing S aureus within the measured section (to a
depth of 700um). As the depth increased into the loose stroma, the S aureus*
mast cell rate reduced significantly (p=0.0095 and p=0.0101, Figure 5.13 and
Table 5.7) to a depth of 300pm where the rate stabilised to between 20-40

cells mm=.

Figure 5.15 shows the proportion of S aureus™ mast cells compared to mast

cell rates. Within the first 100pm below the basement membrane, 54.77% of
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mast cells contained intracellular S aureus. This number reduced to 19-32%
by 700pum.

Figure 5.12 Immunohistochemical photomicrographs of nasal polyp tissue
stained with AA1 mast cell tryptase primary antibody with representative grid
(A) and without grid (B)
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Figure 5.13 Mast cell localisation in nasal polyps. The mast cell density
reduced significantly with distance from the basement membrane. Results are
pooled data from nine independent experiments (n=9). Error bars represent
the means +/- 1SD. *p<0.05, **p<0.001, NS not significant.

Depth rl\:tag;rzﬂlz Percent (%) Accur?)/(u:)latlon p-value

0-100 852 37.63 37.63 0.0005
100-200 544 24.03 61.66 0.0002
200- 300 324 14.31 75.97 0.0089
300-400 224 9.89 85.87 0.0071
400-500 132 5.83 91.7 0.4249
500-600 108 4.77 96.47 0.3618
600-700 80 3.53 100

Table 5.7 Mast cell localisation in nasal polyps.
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Figure 5.14 S aureus* mast cell localisation in nasal polyps. The S aureus*
mast cell density reduced significantly with tissue depth. Results are pooled
data from 9 independent experiments (n=9). Error bars represent the means
+/- 1SD. *p<0.05, **p<0.001, NS not significant.

Mast cell Percent Accumulation

Depth (um) e T %) %) p-value
0-100 466.67 49.76 49.76 0.0095
100-200 235.56 25.12 74.88 0.0101
200- 300 97.778 10.43 85.31 0.0648
300-400 44 .44 4.74 90.05 0.7072
400-500 35.56 3.79 93.84 0.999
500-600 35.56 3.79 97.63 0.3651
600-700 22.22 2.37 100.00

Table 5.8 S aureus™ mast cell localisation in nasal polyps.
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Figure 5.15 Density of mast cells and S aureus™ mast cells in relation to tissue

depth. Percentages above bars represents the proportion of mast cells

containing S aureus per 100um tissue depth from the epithelial basement

membrane. Results are pooled data from 9 independent experiments (n=9).

Error bars represent the mean + 1SD.
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5.4 Discussion

Despite many proposed theories of pathogenesis, the exact cause of nasal
polyps remains elusive. Recent evidence suggests that the underlying chronic
inflammation which defines CRS results from a dysfunction and imbalance in
host-environment interactions involving various exogenous agents and
stresses, leading to changes in the sinonasal mucosal architecture. Despite
evidence of surface-related bacterial biofilms on CRS sinonasal mucosa, the
role bacteria play in NP pathogenesis remains unclear. In an attempt to address
this question, we aimed to characterise bacterial profiles in NP and compare
them to non-polypoidal mucosa harvested from the same patient, thus

controlling for host genetics.

5.4.1 Surface morphology

Direct comparison of the surface morphology of the different tissues using
SEM revealed an absence of surface-related bacterial biofilms in NP compared
to the adjacent CRS sinonasal mucosa. The NP epithelial surface appeared
rugged and irregular with large epithelial defects, which differed
morphologically from the regular, smooth epithelium with associated surface-
related biofilms seen in the adjacent CRS sinonasal mucosa. This is in keeping
with other studies, where the NP surface has been described as having a
‘cobblestone’ appearance with areas deficient in epithelial cells, leaving the
basement membrane exposed (335-336). The appearances of epithelial
defects on NP is well supported in the literature and forms the basis of the
‘immune barrier theory’, which proposes that defects in the epithelial barrier
lead to disruptions in adaptive and innate immunity (83-84). The epithelial
layer functions as a mediator and regulator of innate and adaptive immunity
as well as acting as a defensive barrier against environmental allergens and
pathogens (83). Recent studies have shown that a reduction in tight junction
proteins and an increase in the pro-inflammatory cytokines IFN-y and IL-4 in
NP may suggest a disruption in epithelial integrity with subsequent epithelial

remodelling and formation of surface defects (84). A defective epithelial layer
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could provide the opportunity for surface-related bacterial biofilms to disperse
and penetrate into the NP loose stroma as a bacterial survival strategy and may
help to explain the absence of any observed surface-related bacterial biofilms
with SEM.

5.4.2 Bacterial profiling

Using a combination of FISH with CLSM allowed direct comparison of bacterial
profiles between NP, adjacent CRS sinonasal mucosa and control tissue.
Surface-related bacterial biofilms were identified attached to the epithelium of
all CRS sinonasal mucosa samples, in keeping with the literature. However, no
surface-related bacterial biofilms were identified on the epithelial surface of
the NP. Using the CLSM Z-axis (orthogonal) view combined with the nucleic
acid stain DAPI, sub-epithelial and intracellular bacteria were observed in the

cytoplasm of host cells in all NP samples.

The use of FISH enabled species-specific identification of the microbes
responsible for both the surface-related biofilms and the intracellular bacterial
reservoirs. Despite morphological differences in the bacterial behaviour
between the NP and non-polypoidal CRS sinonasal mucosa, the bacterial
species identified were identical, suggesting that the appearances observed
between the two tissues types may represent different survival strategies of
the same bacteria. In both NP and adjacent non-polypoidal CRS sinonasal
mucosa, S aureus was identified as the commonest microbe present (78%).

This is consistent with the literature.

Intracellular S aureus reservoirs have been previously described in non-
polypoidal CRS sinonasal mucosa, but not in NP tissue. They were first
described using a combination of IHC and CLSM (91). More recently they have
been identified using PNA-FISH with epifluorescence microscopy (92) and with
propidium iodide and CLSM (93, 337). Intracellular bacteria were not identified
within the CRS sinonasal mucosa using FISH with CLSM, but using IHC a few
epithelial cells (1.09 cells mm') and macrophages (0.82 cells mm?') were

identified containing intracellular S aureus. However, it is worth noting that
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the majority of intracellular S aureus reservoirs identified in the above studies
were from patients suffering with AERD (the most severe form of CRS), which
were excluded from our study. This may help to explain the small numbers of
intracellular bacteria observed within the CRS sinonasal mucosa. Whilst
intracellular S aureus within the sinonasal mucosa of CRS patients is not a
novel finding per se, this is the first study to demonstrate intracellular

localisation of bacteria in NP.

5.4.3 Intracellular localisation of Staphylococcus aureus

within mast cells in nasal polyps

Having identified sub-epithelial intracellular S aureus reservoirs within the
cytoplasm of host cells, the next step was to establish the identity of this

bacteria-harbouring cell.

Initially, the bacteria-harbouring host cells were presumed to be mononuclear
phagocytes. Part of the innate immunity defence system of the mucosal barrier
in NP includes macrophages (phagocytic cells). Macrophages are classified into
pro-inflammatory M1 cells associated with the T,1 response or
immunosuppressive M2 cells, which are associated with the T,2 pathway and
have been shown to have reduced phagocytic properties (182, 183). A recent
study in 2010, using flow cytometry and immunohistochemistry in 28 NP
samples showed impaired phagocytosis in M2 macrophages when exposed to

S aureus, allowing the bacteria to survive intracellularly (186).

IHC co-localisation on sequential sections identified mast cells as the S aureus-
harbouring host cell. This was further validated with TEM. This constitutes a
novel finding in NP. Mast cells appear to play an important role in promoting
innate immunity against microbial pathogens (201). Through activation of
CD8* T cells, mast cells possess the ability to regulate both the T,1 and T,2
cytokine pathways, and can therefore adopt both immunosuppressive and
immune-stimulatory properties (201). Recently, mast cells have been shown to
exert phagocytosis-independent antimicrobial activity against S aureus,

mediated through extracellular traps and the release of antibacterial enzymes
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(203). S aureus has been shown to subvert these extracellular antimicrobial
mechanisms by internalising within mast cells (194). Once within the mast
cell, S aureus appears to access the nutrient-rich cytosol and up-regulate cell
wall synthesis, allowing persistent and viable intracellular S aureus reservoirs
to be established (203). The viability of the intracellular S aureus reservoirs

within mast cells was assessed and shown to be both viable and proliferating.

The mast cell in the context of chronic S aureus infection may well act as a
double-edged sword (203). Whilst promoting innate immunity against
microbial pathogens, the mast cell may also be providing a safe haven for S
aureus by providing protection from extracellular antimicrobial compounds.
This not only avoids clearance, but also facilitates the establishment of an
intracellular microbial reservoir that could lead to persistence and chronic
carriage. This may explain the high levels of resistance to systemic

antibacterial therapies in chronic conditions such as CRS.

5.4.4 Mast cell accumulation

As ‘sentinel cells’, mast cells are often the first defensive host cell against
pathogens breaching the epithelial basement membrane. Mast cells are alerted
to pathogenic invasion through both indirect and direct mechanisms.
Epithelial cells, dendritic cells and endothelial cells all possess the ability to
recruit mast cells through pattern recognition receptors (PRRs) such as Toll-
like receptors (TLRs), which are activated in response to pathogen-associated
molecular patterns (PAMPs). Mast cells can also directly detect pathogens
through the expression of surface receptors, such as Fc receptors (FcRs), which
bind pathogen-specific antibodies. Mast cells appear to express different
surface receptors in response to specific pathogens, leading to the stimulation

and release of different combinations of cytokines.

Our findings clearly demonstrate significant sub-epithelial accumulation of
mast cells in response to S aureus. Within the first 100pm from the basement
membrane, the mast cell rate was ten times higher than the rate between

600um-700um. These findings provide evidence that mast cells play an

162



Stephen M A Hayes Bacterial profiling in nasal polyps

important defensive role in response to S aureus in NP. Furthermore, the
accumulation of mast cells potentially provides a reservoir of host cells for S

aureus to internalise within.

The bacteria’s ability to attract distant mast cells is crucial for the long-term
survival. It is unknown how long a mast cell can survive containing intracellular
bacteria. Intracellular S aureus may have the ability to lie dormant within the
cell until the mast cell naturally expires, which can be up to 300 days.
Accumulated mast cells may provide new vectors for the now extracellular §
aureus and the process may continue. As in biofilm disease, there may be
periodic times of bacterial amplification, which may result in clinical
deterioration or recurrent disease. This may help to explain the patient who
suffers with life-long recalcitrant NP who develops recurrent disease every 2-5

years.

5.4.5 Host cell profiling

Recent guidelines have proposed the classification of CRSWNP and CRSsNP into
two distinct pathological entities primarily based on differences in
inflammatory cytokine profiles (3). Interestingly, the results from this study
demonstrated a difference in the composition of inflammatory host cells
between NP and adjacent non-polypoidal CRS sinonasal mucosa, from the same
patients. Profiling of the host cells in NP revealed an eosinophilic profile
associated with a Th-2 skewed cytokine pathway, consistent with the above
classification (3). However, the adjacent non-polypoidal CRS sinonasal mucosa
from the same patients with CRSWNP demonstrated a neutrophilic composition
associated with a Th-1 skewed cytokine pathway, inconsistent with the above
classification (3). As this study is the first to directly compare NP with non-
polypoidal sinonasal mucosa from the same patients, these findings would
suggest that the inflammatory profile is not uniform and may be tissue-specific

(NP versus non-polypoidal mucosa).

163



Stephen M A Hayes Bacterial profiling in nasal polyps

164



Stephen M A Hayes Bacterial profiling in nasal polyps

5.5 Conclusion

The mast cell in the context of chronic S aureus infection may well act as a
double-edged sword. Although promoting innate immunity against microbial
pathogens, the mast cells may be providing a safe haven for S aureus by
protecting it from extracellular antimicrobial compounds. This not only avoids
clearance but also facilitates the establishment of an intracellular microbial
reservoir that could lead to persistence and chronic carriage. This may explain
the high levels of resistance to systemic antibacterial therapies in chronic
conditions such as CRS. Crucially, these intracellular S aureus reservoirs may
constitute potential future therapeutic targets for the development of novel
bacterial eradication strategies, aimed at reducing systemic antimicrobial

usage and in turn, the associated risk of antimicrobial drug resistance.
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6 Investigation of mechanism of
internalisation of Staphylococcus

aureus into mast cells in nasal

polyps
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6.1 Introduction

The findings thus far suggest that the internalisation of S aureus into mast
cells might be of relevance to nasal polyp (NP) formation (338). We have
demonstrated an eosinophilic T,-2-skewed cytokine profile in NP and a
neutrophilic T-helper 1 (T,-1) - skewed profile in the adjacent sinonasal mucosa
in patients with chronic rhinosinusitis with NP (CRSWNP). These findings are
contradictory to the recent EPOS guidelines which proposes the classification
of CRS into CRSWNP and CRS without NP (CRSsNP) based on different cytokine
profiles (T-helper 2 (T,-2) and T,-1, respectively) (3). NP and adjacent sinonasal
mucosa appear to differ at a microscopic, macroscopic, microbiological and
cytokine level. This suggests that alterations within the architecture of
sinonasal mucosa, leading to the formation of NP, may result from dysfunction
in the innate immunity at specific locations contributed to by exogenous

agents.

One of the possible exogenous agents is bacteria, with evidence of S aureus
as the most commonly detected microbe in CRS (97). Within the CRS sinonasal
cavities, S aureus has been detected as free-floating planktonic microbes
within surface-related biofilms (212) and as intracellular reservoirs (337--338)
and its presence has been associated with poorer post-surgical outcomes
(244). However, S aureus has also been identified as a non-pathogenic
commensal that colonises the anterior nares in 20% of the population (95).
What remains unknown is how a seemingly non-pathogenic commensal in an
asymptomatic patient can turn into a pathogenic microbe capable of invading

and occupying host cells.

The S aureus superantigen theory proposes that toxins released by certain S
aureus phenotypes have an effect on multiple cell types, manipulating the local
innate immunity with the net effect of creating a T,2 skewed cytokine profile,
recruiting eosinophils and mast cells leading to local tissue damage and
remodelling (3, 97, 140, 333). It is also proposed that S aureus uses these

toxins as a survival strategy to evade the host immune response.
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6.2 Methods

6.2.1 Subjects

Seven consecutive patients with CRSWNP (CRS 40-46) were recruited into the

study as described in Section 2.2.

6.2.2 Tissue sampling

For the explant tissue model, non-polypoidal tissue was obtained from the

inferior turbinate of patients with CRSWNP (Figure 6.1).

Inferior Turbinate Biopsy

Figure 6.1 Non-polypoidal mucosal biopsy (blue dashed line) of inferior

turbinate mucosa in patients with CRSWNP
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6.2.3 Explant tissue model

Mechanisms of internalisation

The protocol for the explant tissue model is described in Chapter 2, Section

2.18. The initial treatment groups used are displayed in Table 6.1 (n=4). To

investigate the effects of live and dead S aureus on the explant model, the

treatment groups were modified for the final three samples (n=3) and are
displayed in Table 6.2.

TREATMENT GROUP TOPICAL TREATMENT
ANTIBIOTIC
Untreated No Fixed immediately for IHC
Culture Yes Cultured in RPMI for 24hrs
S aureus (live) Yes Cultured with live S aureus (1x10°cells/ml) for 24 hrs
IL-4 Yes Cultured with IL-4 (20ug/ml) for 24 hrs
SEB Yes Cultured with SEB (10ug/ml) for 24 hrs
S aureus (live) & SEB Yes Cultured with live S aureus (1x10° cells/ml) & SEB
(10ug/ml) for 24 hrs

Table 6.1

Initial groups with associated treatment regimens (n=4). IHC

(immunohistochemistry); RPMI (Roswell Park Memorial Institute medium); IL-4

(Interleukin-4); SEB (Staphylococcus enterotoxin B)

TREATMENT GROUP TOPICAL TREATMENT
ANTIBIOTIC
Control Yes Cultured in RPMI for 24hrs
S aureus (live) Yes Cultured in live S aureus (1x10°cells/ml) for 24 hrs
S aureus (dead) Yes Cultured in dead S aureus (1x10°cells/ml) for 24 hrs
SEB Yes Cultured in SEB (10ug/ml) for 24 hrs
S aureus (live) & SEB Yes Cultured in live S aureus (1x10° cells/ml) & SEB
(10ug/ml) for 24 hrs
S aureus (dead) & SEB Yes Cultured in dead S aureus (1x10° cells/ml) & SEB|

(10pg/ml) for 24 hrs

Table 6.2 Modified groups with associated treatment groups (n=3). RPMI

(Roswell Park Memorial Institute medium); SEB (Staphylococcus enterotoxin B)
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6.2.4 Tissue analysis

Tissue was embedded in GMA for immunohistochemistry (IHC) and processed

as described in Section 2.15.

6.2.5 Cell count

Cells were counted manually for each tissue section. The epithelial length and
sub-epithelial areas were measured with the assistance of computerised image
analysis (KS400 software with a Zeiss Axioskop 2 microscope and Axiocam,

Zeiss, Bicester, UK). Calculations for cell counts are described in Section 2.15.4.
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6.3 Results

6.3.1 Patient demographics

Mechanisms of internalisation

Patient demographics are demonstrated in Table 6.1.

Characteristics CRSWNP
Subject no. 7

Mean age (range) 52 (33-78)
Sex 4M 3F
Current smokers 0

Aspirin sensitivity 0

Asthma 2

Positive skin prick testing 3*

Mean Lund-Mackay Score (range) 16.4 (11-21)

Table 6.3 Patient demographics. *(Patient 1: tree, grass, house dust mite
(HDM), cat & dog dander; Patient 2: feathers, HDM, cat & dog dander; Patient
3: tree, grass & HDM)

6.3.2 Effects of Interleukin-4, S aureus, and Staphylococcus

enterotoxin B on the explant tissue model

6.3.2.1 Untreated group

Biopsies designated to the untreated group were fixed within 20 minutes of
being removed from the sinonasal cavity. This group was included to examine
the morphology of in situ inferior turbinate mucosa. Interestingly, within the
epithelial layer, there were significantly more S aureus* host cells (3.80 cell

mm') in the untreated group compared to the culture group (1.25 cells mm™)
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(p=0.0037, Figure 6.2, Table 6.4). However, this significant difference was not
replicated in the sub-epithelial layer (Figure 6.3, Table 6.5), possibly
suggesting an efficient and robust host immunity effectively dealing with the

exogenous pathogens at the epithelial barrier.

Although not statistically significant, there was a trend for an increase in the
number of mast cells within the epithelial layer of the untreated group,
compared to the culture group (Figure 6.4, Table 6.6). In the sub-epithelial
layer, the mast cell rate increased, becoming significantly higher than that of
the culture group (p=0.0467, Figure 6.5, Table 6.7). This finding may be due
to surface-related bacterial-biofilms on the turbinate mucosa, causing mast cell

stimulation and recruitment into the epithelial and sub-epithelial layers.

This also demonstrates that within the explant tissue model, there were
differences between the untreated and culture groups. As such, the culture

group was used as the control in subsequent experiments.

6.3.2.2 Interleukin-4

IL-4 forms part of the T,-2 cytokine milieu associated with NP and was utilised
as an exogenous agent to observe its effect on intracellular S aureus and mast
cells in the epithelial and sub-epithelial layers. Within the epithelial layer there
was a significant increase in the number of both S aureus* host cells and in
the mast cell rate (cells mm?') compared to the control group (p=0.0302 and
p=0.0109, respectively, Figure 6.2 & 6.4, Tables 6.4 & 6.6). However, IL-4
appeared to have little or no effect on either the number of S aureus* host
cells or mast cells in the sub-epithelial layer (Figures 6.3 & 6.5, Table 6.5 &
6.7).

6.3.2.3 Staphylococcus aureus and Staphylococcus enterotoxin B

Using live S aureus as an exogenous agent significantly increased both the
number of S aureus* host cells (p=0.0011, Figure 6.2, Table 6.4) and the
number of mast cells (p=0.0382, Figure 6.4, Table 6.6) within the epithelial

layer, compared to the control group. The number of S aureus™ host cells was
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higher than the number of mast cells in the epithelial layer as most host cells
invaded by S aureus were epithelial cells. Invasion of the epithelial layer by
exogenous S aureus can be seen in Figure 6.6. However, within the sub-
epithelial layer, no significant increase in the number of S aureus™ host cells
or mast cells was seen (Figure 6.3 &-6.5, Table 6.5 & 6.7).

Treating the tissue with SEB alone showed no significant effect on either the
rate of S aureus host cells or mast cells in the epithelial layer (Figures 6.2 &
6.4, Table 6.4 & 6.6). There was also no effect observed within the sub-
epithelial layer (Figures 6.3 & 6.5, Table 6.5 & 6.7).

6.3.2.3.1 Staphylococcus aureus and Staphylococcus enterotoxin B within
the epithelial layer

Interestingly, there was a remarkably enhanced effect seen when S aureus was
combined with SEB. Within the epithelial layer, an eighteen-fold increase in S
aureus™ host cells and a 6.5-fold increase in the mast cell rate was observed
compared to the control group (p=0.0001 & p=0.0001 respectively, Figures
6.2 & 6.4, Table 6.4 & 6.6). Also, the addition of SEB to S aureus demonstrated
a 5.5-fold increase in the S aureus™ host cells and a three-fold increase in mast
cell rate, when compared with adding S aureus alone (p=0.0001 & p=0.0004
respectively, Figures 6.2 & 6.4, Table 6.4 & 6.6). A 22.5-fold increase in the S
aureus™ host cell rate and a 4-fold increase in mast cell rate was seen, when
compared with SEB alone (p=0.0001 & p=0.0006 respectively, Figures 6.2 &
6.4, Table 6.4 & 6.6). The S aureus™ host cell rate was twice that of the mast
cell rate when directly compared. This is due to the majority of S aureus™® host

cells within the epithelial layer being identified as epithelial cells.

6.3.2.3.2 Staphylococcus aureus and Staphylococcus enterotoxin B within

the sub-epithelial layer

The combination of S aureus and SEB showed a similar effect in the sub-
epithelial layer. A 7-fold increase in S aureus™ host cells and an 8-fold increase
in the mast cell rate was observed compared to the control group (p=0.0001
& p=0.0001 respectively, Figures 6.3 & 6.5, Table 6.5 & 6.7). Figure 6.7
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demonstrates mast cell recruitment under the epithelial basement membrane
after treatment with S aureus and SEB. The addition of SEB to S aureus resulted
in a three-fold increase in the number of S aureus* host cells and a 4-fold
increase in the mast cell rate, when compared with adding S aureus alone
(p=0.0013 & p=0.0001 respectively, Figures 6.3 & 6.5, Table 6.5 & 6.7). An 8-
fold increase in the number of S aureus™® host cells and a twelve-fold increase
in mast cell rate was seen, when compared with SEB alone (p=0.0001 &
p=0.0006 respectively, Figures 6.3 & 6.5, Table 6.5 & 6.7).
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Figure 6.2 Effect of different treatments on the uptake of S aureus into

epithelial host cells. Number of epithelial S aureus*< host cells following 24-

hour exposure to each treatment group, analysed using a mouse anti-S aureus
monoclonal antibody in GMA embedded tissue sections. The combination of

live S aureus with SEB significantly increased the number of S aureus*e

epithelial host cells within the epithelial layer compared to all other groups.

Results are pooled data from 4 independent experiments (h=4). Error bars

represent the means +/- 1SD. **p < 0.001, ***p <0.0001.

EPITHELIAL LAYER

Number of S aureus™ host cells (cells mm?)

Treatment Groups Mean 95% confidence Interval p-value
Untreated 3.80 0.9788,3.206 0.0037
Control 1.25 -

1L-4 2.86 0.1528,2.137 0.0302
SEB 1.03 -1.693, 0.538 0.2520
S aureus (live) 4.19 1.718,4.212 0.0011
S aureus (live) & SEB 23.25 20.16, 24.74 0.0001

Table 6.4 Number of S aureus epithelial cells (n=4).
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Figure 6.3 Effect of different treatments on the uptake of S aureus into sub-
epithelial host cells. Number of S aureus* host cells within the sub-epithelial
layer following 24-hour exposure to each treatment group, analysed using a
mouse anti-S aureus monoclonal antibody in GMA embedded tissue sections.
The combination of live S aureus with SEB significantly increased the number
of sub-epithelial S aureus*< host cells compared to all other groups. Results
are pooled data from 4 independent experiments (n=4). Error bars represent
the means +/- 1SD. **p<0.001, ***p<0.0001.

SUB-EPITHELIAL LAYER Number of S aureus™ host cells (cells mm)
Treatment Groups Mean 95% confidence interval p-value
Untreated 3.91 -3.75, 0.87 0.1770
Control 5.34

IL-4 8.67 -0.57,7.22 0.0816
SEB 4.82 -3.18, 2.13 0.6441
S aureus (live) 13.06 -7.80, 16.21 0.0680
S aureus (live) & SEB 38.17 26.01, 39.64 0.0001

Table 6.5 Number of S aureus* sub-epithelial cells (n=4).
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Figure 6.4 Effect of different treatments on the recruitment of mast cells into
the epithelial layer. The number of mast cells (cells mm™) within the epithelial
layer identified following 24-hour exposure to each treatment group, analysed
using the AA1 anti-mast cell tryptase monoclonal antibody in GMA embedded
tissue sections. The combination of live S aureus with SEB significantly
increased the number of mast cells within the epithelial layer compared to all
other groups. Results are pooled data from 4 independent experiments (n=4).

Error bars represent the means +/- 1SD. **p < 0.001, ***p <0.0001.

EPITHELIAL LAYER Number of mast cells (cells mm™)
Treatment Groups Mean 95% confidence interval p-value
Untreated 4.77 -1.121,7.326 0.1223
Control 1.67

1L-4 5.785 1.346, 6.884 0.0109
SEB 2.795 -1.450, 3.700 0.3262
S aureus (live) 3.71 0.1505, 3.923 0.0382
S aureus (live) & SEB 10.89 6.820, 11.62 0.0001

Table 6.6 Number of epithelial mast cell (h=4).
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Figure 6.5 Effect of different treatments on the recruitment of mast cells into
the sub-epithelial layer. Number of mast cells within the sub-epithelial layer
following 24-hour exposure to each treatment group, analysed using an AA1
anti-mast cell tryptase monoclonal antibody in GMA embedded tissue sections.
The combination of live S aureus with SEB significantly increased the number
of mast cells within the sub-epithelial layer compared to all other groups.
Results are pooled data from 4 independent experiments (n=4). Error bars

represent the means +/- 1SD. *p<0.05, ***p<0.0001.

SUB-EPITHELIAL LAYER Number of mast cells (cells mm?)

Treatment Groups Mean 95% confidence interval p-value
Untreated 57.96 0.91, 0.05 0.0467
Control 13.08

IL-4 33.81 -15.02, 56.49 0.2057
SEB 9.06 -14.29,6.24 0.3747
S aureus (live) 26.85 -3.87, 31.40 0.1047
S aureus (live) & SEB 107.50 78.21,110.50 0.0001

Table 6.7 Number of sub-epithelial mast cells (n=4).
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Figure 6.6 Immunostaining of S aureus invasion of the epithelial and sub-

epithelial layers. Photomicrographs of GMA embedded inferior turbinate tissue
stained with mouse anti-S aureus monoclonal antibody and AEC substrate
(n=7). (A & B) are tissue sections treated with S aureus and SEB. (C) Control
sample treated with culture medium only. (D) TBS non-primary antibody
control sample. Image (A) demonstrates S aureus bacterial biofilm (yellow
arrow) invading the epithelial cells (black arrow). Image (B) demonstrates
intracellular S aureus within a mast cell in the sub-epithelial layer. (C & D)

Demonstrate no intracellular S aureus.
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Figure 6.7 Mast cell accumulation after treatment with S aureus &
Staphylococcus enterotoxin B (n=7). Photomicrographs of GMA embedded
inferior turbinate tissue stained with AAT anti-mast cell tryptase monoclonal
antibody with AEC substrate. (A & B) Demonstrates mast cell recruitment (black
arrow) below the epithelial basement membrane (yellow arrow) stimulated by
the combination of a surface-related S aureus biofilm (red arrow) and SEB. (C)
Shows the TSB control.
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6.3.3 Effect of the Staphylococcus aureus viability in the

explant tissue model

The initial findings from the explant tissue model demonstrate that the
addition of SEB to S aureus stimulates mast cell recruitment and intracellular
localisation of S aureus within host cells in both the epithelial and sub-
epithelial layers. Little or no effect was observed using IL-4. To investigate how
the viability of S aureus influences these effects, additional experiments were

carried out using non-viable S aureus (See Chapter 2, Section 2.18.2).

6.3.3.1 Epithelial layer

Within the epithelial layer, in both the S aureus (live) and S aureus (live) with
SEB groups, a significant increase was demonstrated in the number of S
aureus™ host cells (p=0.0314 & p=0.0065, respectively, Figure 6.8, Table 6.8).
However, only S aureus (live) with SEB showed a significant increase in the mast
cell rate (p=0.0422, Figure 6.10, Table 6.10). S aureus (live) demonstrated
significantly higher numbers of S aureus™ host cells and mast cell rates within
the epithelial layer, compared to S aureus (dead) (p=0.0255 & p=0.0237
respectively, Figures 6.8 & 6.10, Tables 6.8 & 6.10). Significantly higher
numbers of S aureus™® host cells and mast cell rates were also demonstrated
when the S aureus (live) with SEB group was directly compared to S aureus
(dead) with SEB group (p=0.0068 & p=0.0568 respectively, Figures 6.8 & 6.10,
Tables 6.8 & 6.10). These results indicate that in the epithelial layer, S aureus
must be viable to initiate and exert any effect on intracellular localisation

and/or mast cell recruitment.

6.3.3.2 Sub-epithelial layer

Within the sub-epithelial layer, the findings were similar to those seen within
the epithelial layer (Figures 6.9 & 6.11, Tables 6.9 & 6.11. These results
indicate the essential need for S aureus to be viable in order to exert any effect
on both intracellular invasion and mast cell recruitment in the sub-epithelial

layer.
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Figure 6.8 Effect of live & dead S aureus on intracellular invasion of S aureus
in the epithelial layer. Both the S aureus (live) and S aureus (live) with SEB
groups demonstrated significantly increased numbers of S aureus™ host cells
compared to their respective groups containing non-viable S aureus (dead).
The addition of SEB to S aureus (live) demonstrated significantly more S
aureus™ host cells compared to S aureus (live) alone. Results are pooled data
from three independent experiments (n=3). Error bars represent the means +/-
1SD. *p<0.05, ***p<0.0001.

EPITHELIAL LAYER Number of S aureus host cells (cells mm™)
Treatment Groups Mean 95% confidence interval p-value
Culture (control) 1.19 - -

S aureus (live) 7.58 0.93, 11.85 0.0314
S aureus (dead) 1.06 -4.23, 3.96 0.9323
SEB 1.36 -4.72,5.05 0.9291
S aureus (live) & SEB 22.55 9.95, 32.77 0.0065
S aureus (dead) & SEB 4.84 -8.98, 16.28 0.4672

Table 6.8 Numbers of S aureus* host cells within the epithelial layer
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Figure 6.9 Effect of live & dead S aureus on the uptake of S aureus within host
cells within the sub-epithelial layer. The number of S aureus*¢ host cells within
the sub-epithelial layer after 24-hour exposure to each treatment group,
analysed using a mouse anti-S aureus monoclonal antibody on GMA embedded
tissue sections. The S aureus (live) and S aureus (live) with SEB group
demonstrated significantly increased numbers of S aureus*s host cells
compared to controls, groups containing non-viable S aureus (dead) and the
SEB only group. The addition of SEB to S aureus (live) significantly increased
the rate of S aureus™ host cells compared to S aureus (live) alone. Results are
pooled data from three independent experiments (n=3). Error bars represent
the means +/- 1SD. *p<0.05, **p<0.001.

SUB-EPITHELIAL LAYER Number of S aureus™ host cells (cells mm?)
Treatment Groups Mean 95% confidence intervals p-value
Control 2.08

S aureus (live) 11.91 0.76, 18.89 0.0396
S aureus (dead) 1.14 -2.50, 0.60 0.1647
SEB 0.33 -0.36, 3.15 0.0651
S aureus (live) & SEB 29.57 20.90, 34.07 0.0003
S aureus (dead) & SEB 0.86 -3.54,1.09 0.2165

Table 6.9 Number of sub-epithelial S aureus*¢ host cell
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Figure 6.10 Effect of live & dead S aureus on mast cells within the epithelial
layer. The rate of mast cells within the epithelial layer following 24-hour
exposure to each treatment group, analysed using an AA1 anti-mast cell
tryptase monoclonal antibody on GMA embedded tissue sections. The S aureus
(live) with SEB group demonstrated significantly increased numbers of mast
cells compared to controls, groups containing non-viable S aureus (dead) and
the SEB only group. Results are pooled data from three independent

experiments (n=3). Error bars represent the means +/- 1SD. *p<0.05, NS not

significant.

EPITHELIAL LAYER Number of mast cells (cells mm™)
Treatment Groups Mean 95% confidence interval p-value
Culture (control) 4.71

S aureus (live) 2.93 -0.70, 3.80 0.1285
S aureus (dead) 0.40 -0.99-10.58 0.1617
SEB 0.60 -0.78, 0.58 0.2485
S aureus (live) & SEB 8.49 0.40, 13.80 0.0422
S aureus (dead) & SEB 1.57 -3.17, 3.54 0.8868

Table 6.10 Number of epithelial mast cells
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Figure 6.11 Effect of live & dead S aureus on mast cells. The number of mast
cells within the sub-epithelial layer following 24-hour exposure to each
treatment group, analysed using an AAT anti-mast cell tryptase monoclonal
antibody in GMA embedded tissue sections. The S aureus (live) and S aureus
(live) with SEB group demonstrated significantly increased numbers of S
aureus*® host cells compared to controls, groups containing non-viable S
aureus (dead) and the SEB only group. The addition of SEB to S aureus (live)
significantly increased the rate of S aureus™ host cells compared to S aureus
(live) alone. Results are pooled data from three independent experiments

(n=3). Error bars represent the means +/- 1SD. *p<0.05, **p<0.001.

SUB-EPITHELIAL LAYER Number of mast cells (cells mm?)
Treatment Groups Mean 95% confidence intervals p-value
Control 33.38

S aureus (live) 60.87 4.96, 50.03 0.0276
S aureus (dead) 33.43 -9.07,9.18 0.9878
SEB 28.92 -13.23,4.30 0.2305
S aureus (live) & SEB 97.96 45.97, 83.20 0.0006
S aureus (dead) & SEB 36.65 -5.10, 11.63 0.3391

Table 6.11 Sub-epithelial S aureus™ host cells
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6.3.4 Epithelial proliferation

The Ki67 monoclonal antibody was used to investigate epithelial proliferation
in different treatment groups (Figure 6.12). Live S aureus appears to have little
effect on epithelial proliferation, but this is significantly increased when
combined with SEB (p=0.0001, Figure 6.13). S aureus (live) combined with SEB
demonstrated a significant increase in epithelial cell proliferation compared to
S aureus (dead) with SEB and SEB alone (p=0.0001 & p=0.0001 respectively,
Figure 6.13).

6.3.5 Mast cell degranulation

Mast cell degranulation was assessed on IHC sections, stained with AAT anti-
mast cell tryptase monoclonal antibody. Degranulating mast cells were
identified as mast cell tryptase ‘blushes’ and granule dissemination. The
different stages in mast cell degranulation are shown in Figure 6.14. S aureus
(live) alone showed no significant increase in mast cell degranulation
compared to the control group. However, in combination with exogenous SEB,
S aureus (live) induced a significant increase in mast cell degranulation
compared to control, S aureus (live) alone, SEB and S aureus (dead) with SEB
(p=0.0002, p=0.0050, p=0.0003, p=0.0025 respectively, Figure 6.15).
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Figure 6.12 Investigating epithelial proliferation using immunohistochemical
staining. Photomicrographs of GMA embedded inferior turbinate tissue
stained with Ki67. A) Photomicrograph shows epithelial proliferation (yellow
arrows) in tissue treated with S aureus & SEB. A S aureus biofilm can be seen

attached to the epithelial surface (red arrow). B) Shows the TSB control.
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Figure 6.13 Epithelial cell proliferation in various treatment groups (n=7). The
S aureus (live) with SEB group demonstrated a significant increase in epithelial
proliferation compared to other groups. Error bars represent the means +/-
1SD. *p<0.05, ***p<0.0001.
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Figure 6.14 Stages of mast cell degranulation. Photomicrographs of GMA

embedded inferior turbinate after 24-hour exposure to S aureus (live) and SEB

and stained with

AAT

anti-mast cell tryptase with AEC substrate.

(A)

Demonstrates a normal mast cell with intact granules (red) surrounding the

cell nucleus (blue). (B) Demonstrates early mast cell degranulation with a mild

mast cell tryptase ‘blush’ and disseminating granules (yellow arrow). (C & D)

Demonstrate complete mast cell degranulation with a strong mast cell tryptase

blush and fully disseminated granules (yellow arrows).
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Figure 6.15 Mast cell degranulation rates in various treatment groups (n=7).
The rate of mast cell degranulation following 24-hour exposure to each
treatment. The S aureus (live) with SEB group demonstrated a significant
increase in mast cell degranulation rates compared to other groups. Error bars

represent the means +/- 1SD. *p<0.05, **p<0.001.
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6.4 Discussion

The Staphylococcal superantigen (SAg) theory proposes that the exotoxins
released from S aureus manipulate the local immunity within the sinonasal
mucosa, leading to increased tissue damage and remodelling with the
downstream result of NP formation (3, 100, 140, 333). SAgs have been
demonstrated to exert effects on both host cells and the cytokines associated
with local innate immunity (97). Host cells stimulated by the secretion of SAgs
include epithelial cells, B and T cells, eosinophils, fibroblasts and mast cells
(99-100). SAgs also cause up-regulation of IL-4 and IL-5 and down-regulation
of TGF-B and IL-10 (101-102). Other effects reported include manipulation of
eicosanoid metabolism (104-105), granulocyte augmentation (106), and the
induction of glucocorticoid insufficiency (107). The net effect results in the
conversion of a T,1 cytokine profile in sinonasal mucosa into a T,2 skewed
cytokine profile, as seen in NP. This manipulation of the local innate immune

system appears to be the result of a S aureus survival strategy.

The results presented here provide further evidence of the crucial role that
SAgs play in the pathogenesis of NP formation. The explant tissue models
provided a CRS mucosal template to analyse changes at the host-environment
interface when different exogenous agents were applied. SEB has been shown
to be associated with CRS and as such this was used in our experiment as the
exogenous agent (3). The addition of SEB appeared to amplify the effects that
S aureus had on the host innate immune system. S aureus with SEB
demonstrated a significant increase in epithelial proliferation compared to
other treatment groups. Epithelial cells play a crucial role in host defence,
inflammation and mediation of the innate immune response as well as
representing the first barrier for S aureus (83, 159). The epithelial cells are
capable of neutralising microorganisms through the production of
antimicrobial agents, including enzymes, permeabilising peptides, collectins
and protease inhibitors (83). Epithelial cells express membrane bound and
cytoplasmic pattern recognition receptors (PRRs) that recognise pathogen
associated molecular patters (PAMPs) found in viruses and bacteria (3).
Recognition through PRRs by the epithelial cells results in the release of
chemokines and cytokines which recruit innate cellular defences (3). This

results in upregulation of antigen-specific T and B cells through the release of
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cell subtype-specific chemokines and the expression of soluble and cell
surface-expressed molecules (83). Manipulation of these proteins by S aureus
and SEB could alter the innate immune reaction leading to a change in the

cytokine pathway.

Epithelial cells also express proteins called damage-associated molecular
patterns (DAMPs), which allow detection of epithelial damage (161, 165). It is
possible that these proteins are also manipulated by S aureus and SEB, leading
to the proliferation of epithelial cells and a state of disordered repair of the
epithelial barrier. Epithelial cells can survive for up to 10 days, but this will be
significantly reduced in an aggressive bacterial invasion. Increased epithelial
cell death will lead to increased proliferation of the remaining healthy epithelial

cells.

In this study, SEB combined with S aureus resulted in a significant increase in
epithelial cell proliferation. This proliferation most likely represented epithelial
remodelling resulting from excessive release of cytokines, enzymes and
mediators from damaged epithelial cells, rather than as a result of tissue
preparation errors. A damaged epithelial layer leads to weakness in the tight-
junction proteins and instability of the epithelial layer, allowing more bacteria
to invade the sub-epithelial layer. In this study, the addition of SEB to S aureus
significantly increased the recruitment of mast cells into the epithelial layer.
This is a novel finding. Mast cells are often described as sentinel cells in the
defence against pathogenic agents. With the intention of neutralising
pathogens infiltrating the epithelial layer, mast cells appear to be unwittingly
recruited into the epithelium, either directly or indirectly by S aureus in
combination with SEB. Once within the epithelial layer, some of the mast cells
appear to be infiltrated by the S aureus, followed by migration into the sub-
epithelial layer laden with intracellular S aureus and potentially forming

reservoirs which can constantly seed bacteria.

SEB combined with S aureus demonstrated a significant increase in the number
of sub-epithelial S aureus*c mast cells. S aureus was shown to be resident
within up to 35.5% of sub-epithelial mast cells within this group. Initially, the
S aureus*c mast cells may be migrating into the sub-epithelial layer with
seeding into the stroma through induction of mast cell degranulation, and

uptake into newly recruited mast cells. A significant increase in mast cell
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degranulation within the sub-epithelial layer was observed within the S aureus
with SEB treatment group, adding strength to this proposed mechanism.
Previous studies have demonstrated a significantly higher number of
degranulating mast cells in nasal polyps, compared to inferior turbinate
mucosa and non-CRS mucosa (339). Having reproduced these findings in our
explant tissue model, it is likely that this synergistic effect of combined SEB

and S aureus is important in NP pathogenesis.

A limitation of the study was the small sample number. Despite this, the results
were reproducible. A further factor was the limited number of exogenous
agents tested. However, the selection of these exogenous agents was

evidence-based and in keeping with similar research carried out in this area.
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6.5 Conclusion

Evidence has been provided of the ability of SEB to significantly enhance the
ability of S aureus to influence the local innate immune response. The resultant
internalisation of the bacteria into the mast cell could represent an immune-
evasion strategy as well as a mechanism of ongoing seeding of the bacteria,
contributing to the persistence of the inflammatory reaction and development
of chronicity. In order to further investigate the mechanistic processes

responsible for these observations, a cell culture model was used.
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7 Investigation of Staphylococcus
aureus internalisation using a co-

culture model
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7.1 Introduction

Mast cells are multifunctional sentinels that lie within the epithelial and sub-
epithelial layers and form key elements of the innate immune surveillance and
are active at the host-environmental interface where exogenous antigens are
most often encountered (203, 340). The role of mast cells in allergic reactions,
mediated by their high-affinity IgE receptors, is well documented (341).
However, their role as host defence cells against invading pathogens is less
well known. It is currently recognised that mast cells have the ability to
recognise specific pathogens, due to antibody-dependent activation and can
secrete a selective range of cytokines and inflammatory mediators specific to
the invading organism, resulting in enhanced effector cell recruitment (342).
They are also able to interact directly with pathogens, exerting a range of
antimicrobial activities (343). These include secretion of extracellular
antimicrobial compounds, such as antimicrobial peptides and reactive oxygen
species (344), opsonin-mediated phagocytosis (345) and through the use of
extracellular DNA traps (346).

Our analysis of bacterial profiles in nasal polyps (NP) has shown that S aureus
is able to internalise within mast cells potentially compromising their
antimicrobial activity (338). Furthermore, investigation of the host-
environment interface using an inferior turbinate explant tissue model found
that Staphylococcus Enterotoxin B (SEB) appeared to play a crucial role in this
process, with significant enhancement of both local mast cell recruitment and
intracellular residency of S aureus. The end result was an increase in mast cell
degranulation, either as a mechanism of the mast cell to eradicate the
intracellular microbes or as a bacterial survival strategy. Importantly though,
mast cell degranulation also leads to increased levels of cytokines,
chemokines, lipid mediators, histamine, leukotrienes proteases and TNF
release or synthesis within the extracellular compartment, resulting in
localised oedema and increased vascular permeability. This in turn may drive
the formation of NP (342).

In order to further understand the mechanisms involved, interactions between
S aureus and a human mast cell line (HMC-1) were studied using a co-culture

assay model.
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7.2 Methods

7.2.1 Bacterial strain

The S aureus strain used in this study was previously isolated from a patient
with chronic rhinosinusitis with NP (CRSwWNP) and was the same strain used in
previous experiments. The isolation technique is described in Section 2.6. The

preparation of live and dead S aureus is described in Section 2.18.1 and 2.18.2.

7.2.2 Human mast cell line co-culture conditions

The human mast cell line HMC-1 was harvested and prepared for the co-culture

assay as described in Chapter 2, Section 2.19.

7.2.3 Co-culture assay

The co-culture assay experiments are described in full in Section 2.19.2

7.2.4 Mast cell proliferation

Mast cell proliferation, measurements and calculations are described in
Sections 2.19.2.1 to 2.19.2.4
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7.3 Results

7.3.1 Staphylococcus aureus™® mast cells

The Click-iT® EdU Edu kit assay, combined with DAPI and imaged with CLSM,
demonstrated intracellular S aureus* within mast cells (S aureus*¢ mast cells)
at 24 hours, within both the S aureus (live) and S aureus & SEB treatment
groups (Figure 7.1). Within the mast cells, S aureus was shown to be
proliferating, confirming viability (Figure 7.1D). No intracellular S aureus was

demonstrated in any of the other 5 treatment groups.

7.3.2 Mast cell proliferation

The proliferation rates are shown in Figure 7.2. Within the control group, 52%
of mast cells proliferated over 24 hours. There was no significant difference in
proliferation rates between the control group and the SEB, S aureus (dead), S
aureus (dead) with SEB, or lysostaphin treatment groups. The exogenous
agents within these groups appeared to have no effect on mast cell
proliferation. However, proliferation of mast cells was significantly reduced to
5% (p=0.0045) and 3% (p=0.0021, Figure 7.2), within the S aureus (live) and S
aureus (live) with SEB treatment groups, respectively. It appeared that SEB had
little effect on mast cell proliferation when combined with S aureus (live)

compared with S aureus (live) alone (p=0.6349).

7.3.3 Mast cell size

Mast cell size appeared to vary between different treatment groups (Figure
7.3). The diameter of each mast cell in each treatment group was measured.
When directly comparing the mean diameters of each treatment group, both
the S aureus (live) and the S aureus (live) with SEB groups contained
significantly larger mast cells than the control group (p=0.0001 and p=0.0001,
respectively, Figure 7.3 & Table 7.2). The mean diameter of mast cells within

the control group was 10.95um compared to 15.28um in the S aureus (live)
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group and 15.37uym in the S aureus with SEB group. Initially, no statistical
significance was observed between the two treatment groups containing live S
aureus. (p=0.8459, Figure 7.4). Within both these groups, S aureus*¢ mast
cells were separated from those without any intracellular S aureus and these
cell diameters were directly compared (Figure 7.5). Within both the S aureus
(live) and S aureus (live) with SEB treatment groups, S aureus* mast cells were
significantly larger than those without intracellular bacteria (p=0.0001 and
p=0.0001, respectively, Figure 7.5). When the mean diameters of the S
aureus™ mast cells were compared between the two groups, S aureus with SEB
demonstrated significantly larger mast cells than the S aureus (live) group
alone (p=0.0018, Figure 7.6).
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Figure 7.1 S aureus™ HMC-1 mast cells. Representative CLSM images of mast
cells (HMC-1) co-cultured with a CRS S aureus isolate combined with SEB and
stained with a combination of the Click-iT® Edu proliferation kit and DAPI.
Images (A & C) demonstrate intracellular residency of S aureus within the mast
cell’s cytosol (yellow arrows). (B) One of only a few proliferating mast cells
(green nucleus) containing intracellular S aureus (yellow arrow) (D)
Proliferating intracellular bacteria (green) within the cytosol of multiple mast

cells (blue arrows).
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Figure 7.2 Proportion of proliferating mast cells for each treatment group.
Percentage of HMC-1 cells proliferating after 24-hour exposure to each
treatment group, analysed with the Click-iT® Edu proliferation kit and imaged
with CLSM. Treatment groups containing live S aureus significantly reduced
the proliferation of HMC-1 cells compared to controls. Results are pooled data
from two independent experiments. Error bars represent the means +/- 1SD.
*p < 0.05, **p <0.001.
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S.aureus (live)

S.aureus (dead) S.aureus (live) & SEB S.aureus (dead) & SEB

L] »
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Figure 7.3 Morphological characteristics of mast cells within treatment groups.
Representative CLSM images of mast cells (HMC-1 cell line) from each
treatment group, after staining with Click-iT® EdU proliferation assay and DAPI.
Red nuclei indicate non-proliferating cells and yellow/green nuclei represent
proliferating cells. Treatment groups containing live S aureus had significantly

larger mast cells than treatment groups without live S aureus.
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Figure 7.4 Comparison of mast cell size within the treatment groups. Mean
diameter (um) of HMC-1 cells after 24-hour exposure to each treatment group,
stained with DAPI and measured using the CLSM LAS AF software. Treatment
groups with live S aureus contained significantly larger HMC-1 cells compared
to controls. Results are pooled data from two independent experiments. Error
bars represent the means +/- 1SD. ***p<0.0001. NS, Not significant.

Mast cell diameter

Treatment Group Mean (um) 95% ClI p value
Control 10.95

S aureus (live) 15.28 3.5, 5.1 0.0001
S aureus (dead) 10.27 -1.40, 0.06 0.0715
SEB 10.99 -0.67, 0.75 0.9080
S aureus (live) & SEB 15.37 3.30, 5.55 0.0001
S aureus (dead) & SEB 10.08 -1.53, 0.20 0.1170
Lysostaphin 10.56 -0.98, 0.22 0.2076

Table 7.1 Mast cell size in each treatment group compared to the control size.
P values of 0.05 or smaller are considered significant and are shown in
boldface
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Figure 7.5 Mast cell size in HMC-1 cells with and without intracellular S aureus.
Mean diameter (um) of HMC-1 cells after 24-hour exposure to live S aureus
with and without SEB, stained with DAPI and measured using the CLSM LAS AF
software. Treatment groups were further subdivided into HMC-1 cells
containing intracellular S aureus (ICSA) and HMC-1 cells not containing ICSA.
HMC-1 cells with ICSA were significantly larger than HMC-1 cells without ICSA.
Results are pooled data from two independent experiments. Error bars

represent the means +/- 1SD. ***p<0.0001.
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Figure 7.6 Comparison of mast cell sizes in S aureus** mast cells (n=2). Mean
diameter (um) of HMC-1 cells containing ICSA after 24-hour exposure to live S
aureus with and without SEB, stained with DAPI and measured using the CLSM
LAS AF software. The presence of SEB significantly increased the size of HMC-
1 cells with ICSA. Error bars represent the means +/- 1SD. *p<0.05.

7.3.4 Staphylococcus aureus** mast cells

Intracellular residency of S aureus within mast cells was assessed using CLSM
with the DAPI stain and TEM. CLSM with the DAPI stain identified 64% of HMC-
1 cells containing bacteria within the S aureus (live) group (Figure 7.5) and 61%
within the S aureus (live) with SEB group after 24 hours. Using TEM, 16% of
HMC-1 were identified containing intracellular bacteria in the S aureus (live)
group and 15% in the S aureus (live) with SEB group after two hours. The
number of S aureus™ mast cells in both groups increased significantly after
24 hours to 76% (p<0.0001) and 66% (p<0.0001), respectively.

7.3.5 Staphylococcus aureus internalisation within mast cells

To investigate the internalisation mechanisms of S aureus into mast cells, S
aureus, SEB, and HMC-1 (MOI 1:1) were co-cultured and fixed for TEM at 2, 4
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and 24 hours. TEM images demonstrating the internalisation of S aureus into
mast cells are shown in Figure 7.7. S aureus appears to initially adhere to the
mast cells surface, before being engulfed in a phagocytic manner within 4
hours. Once within the mast cell, S aureus continues to proliferate and by 24
hours the bacteria have divided multiple times within the cell. At 24 hours, the
mast cells were filled with viable S aureus and had increased in size with

evidence of degranulation and damage to the nuclei.

7.3.6 Extracellular traps

Another antimicrobial property of mast cells is the use of extracellular traps to
catch and internalise extracellular pathogens in order to degrade them. Using
TEM, mast cell extracellular traps were demonstrated pulling lines of
extracellular S aureus into their intracellular cytosol (Figure 7.8A-B). This was
also demonstrated using the Click-iT® Edu proliferation kit with CLSM (Figure
7.8D) and also on IHC staining of GMA-embedded NP samples (Figure 7.8D).

7.3.7 Mast cell degranulation and cell destruction

The intracellular residency of viable S aureus appears to cause mast cell
degranulation. However, it was also demonstrated that mast cells appear to
eventually rupture, seeding viable S aureus into the extracellular environment
with potential for further invasion of newly recruited mast cells (Figure 7.9).
This observation was supported by the fact that despite initial treatment of the
extracellular S aureus with antimicrobial therapy at two hours to eliminate
these bacteria, at 24 hours the extracellular compartment contained an
abundance of viable S aureus. This suggests an ongoing process of bacterial
seeding into the extracellular compartment due to mast cell degradation and

rupture.
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Figure 7.7 S aureus internalisation within mast cells. TEM images showing S
aureus internalising within HMC-1. (A) By two hours S aureus (red arrows) had
adhered to the mast cell wall. (B) Higher magnification image of S aureus
attaching to the mast cell wall and demonstrating expression of surface
proteins. (C) By 4 hours, S aureus (red arrows) were engulfed and internalised.
(D) Higher magnification image demonstrating proliferating (viable)

internalised S aureus. (E) & (F) By 24 hours, S aureus were well established

within the HMC-1.
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Figure 7.8 Mast cell extracellular traps. (A) Representative TEM image showing
clusters of S aureus attached to an HMC-1 DNA extracellular trap (blue arrow).
(B) Higher magnification of HMC-1 extracellular trap. (C) SEM image of S aureus
caught in an HMC-1 extracellular trap (Image from Abel et al, 2011 (194)). (D)
Representative CLSM image of co-culture HMC-1 with S aureus (live) and
stained with the Click-iT® EdU proliferation kit and DAPI. S aureus (yellow
arrows) are shown within extracellular traps entering the mast cell cytosol. (E)
Photomicrographs of GMA-embedded NP showing S aureus (yellow arrow)
entering a mast cell attached to an extracellular trap, within the NP loose

stroma.
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Figure 7.9 Rupture of mast cell with seeding of intracellular S aureus into the
extracellular space. Representative CLSM image of co-culture HMC-1 with S
aureus and SEB after 24 hours. CLSM image demonstrates rupture of a mast
cell leading to seeding of the intracellular S aureus (yellow arrows) and release
of mast cell granules into the extracellular compartment. Mast cell nucleus

(blue arrow). The same effect was also observed in the S aureus without SEB

group.
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7.4 Discussion

In addition to their well-established role in allergic inflammation, it is
becoming more evident that mast cells play a crucial role in the innate
response to pathogenic infections. Described as sentinel cells, mast cells
appear to play an important role in the initial defence against pathogenic
invasion. Following invasion by environmental pathogens, mast cells initially
respond by secreting a range of pro-inflammatory mediators, including
histamine, IgE, IL-6, chemokines and TNF-a, resulting in the recruitment of
further inflammatory cells, such as neutrophils, dendritic cells and additional
mast cells to the site of infection. Furthermore, mast cells also appear to exert
a direct effect on pathogens, through the secretion of preformed and de novo
synthesised mediators, secretion of extracellular antimicrobial compounds,
phagocytosis and through the use of DNA extracellular traps. The degree of
mast cell reaction appears to be microbial-specific, probably through the
recognition of PAMPs by the cells PRRs, facilitating a tailored innate response

based on stored information from previous encounters (3).

Through the activation of CD8* T cells, mast cells have the ability to regulate
both the T,1 and T,2 cytokine pathways and can therefore adopt both
immunosuppressive and immunostimulatory properties (201). Exposure to
viable S aureus appears to cause mast cells to terminally differentiate and stop
proliferating. This would suggest that within sinonasal mucosa, the presence
of S aureus together with SEB increases mast cell numbers through recruitment

from distant sites, rather than from local proliferation.

Direct interaction of mast cells with bacteria has been analysed through several
in vitro studies. It is well established that one of the antimicrobial mechanisms
of bacterial internalisation includes phagocytosis and this was demonstrated
clearly within this study. Within two hours of in vitro co-culture of S aureus
with HMC-1, bacteria began to bind and adhere to different surface-receptors
on the mast cells. By 4 hours, the mast cells had engulfed the S aureus within
nascent phagosomes derived from the cell membrane. At this stage, other in
vitro studies have described the eventual incorporation of this phagosome into
the mast cell endocytic pathway, fusing lysosomes with the net result of
bacterial digestion (343). In our study, this same observation was seen within

the first 4 hours of co-culture. However, alongside phagosomes digesting S
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aureus were also healthy, proliferating, viable bacteria. After 24 hours, the
numbers of individual viable S aureus*< mast cells, had significantly increased.
The intracellular bacteria were viable and there was no evidence of
phagosomes digesting bacteria. This suggests that the CRS S aureus isolate
used within this co-culture assay contained bacteria with several different
phenotypes. Within the co-culture assay, the S aureus phenotype with the
ability to internalise and thrive within mast cells, proliferated and gradually
replaced the other S aureus phenotypes being degraded which is a basic
natural selection survival mechanism. This may suggest that the ability of S
aureus to survive within mast cells may be dependent on whether the invading
pathogen is of a specific phenotype and may help explain why intracellular

internalisation is not a feature in all S aureus-related infections.

These findings are consistent with another in vitro study that demonstrated S
aureus within HMC-1 cells, which remained viable for up to 5 days (203). After
two hours, 20% of mast cells contained viable intracellular S aureus (203). At
two hours, our co-culture model demonstrated similar proportions of
intracellular S aureus in HMC-1 cells and this increased significantly to 76% at
24 hours.

Despite eradicating all extracellular bacteria at 2 hours with antibacterial
therapy, by 24 hours the extracellular space was full of viable S aureus.
Furthermore, the mast cells containing live, viable S aureus at this time point
were significantly larger than cells with no intracellular bacteria and the
addition of SEB further increased cell size significantly. This may represent
expansion of the mast cells secondary to the exponential growth of the
proliferating intracellular bacteria. As the mast cells reach maximal capacity,
the cell wall appears to rupture with expulsion of its contents into the
extracellular space. Through this mechanism, viable S aureus can leave the
mast cells and enter into the extracellular space with further internalisation

into newly recruited mast cells.

Extracellular traps have been previously described as an antimicrobial
mechanism adopted by mast cells to trap and ensnare extracellular bacteria
(203, 344). These traps are composed of DNA and granule proteins and have
been demonstrated in vitro to trap S aureus, before reeling the bacteria into

the cell for degradation (203). Our study clearly demonstrated mast cell
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extracellular traps using TEM, CLSM and IHC. Described as an antimicrobial
mechanism, it is an active route into the mast cell cytosol and manipulation of
this mechanism by S aureus could lead to a “Trojan Horse’ invasion of the mast

cell.

Another anti-pathogenic mast cell defence mechanism includes the initial
release of extracellular antimicrobial compounds, such as cathelicidin-related
antimicrobial peptide, stored within the cell granules (345). These granules are
released through degranulation on exposure to certain pathogens. Studies,
including ours, have demonstrated mast cell degranulation on exposure to S
aureus (346). The internalisation of S aureus within mast cells may be a
survival strategy to escape these extracellular compounds. The type of
degranulation occurring on exposure to S aureus is a slow process and differs
from the rapid secretory events seen in anaphylactic reactions (346). As well
as antimicrobial compounds, mast cells granules released into the
extracellular space also contain tryptase, chymase, lysozymes, histamine,
heparin, proteases, pB-hexosamines and positives charged proteins, such as
TNF-a (203, 343). Slow mast cell degranulation, together with cell rupture due
to proliferating intracellular S aureus, could result in a localised increase in the
levels of extracellular pro-inflammatory cytokines and mediators, manifesting
as oedema within the lamina propria and potentially contributing to the

formation of NP.

A potential limitation of this study was the use of a mast cell line rather than
primary mast cells. The HMC-1 cell line is derived from a patient suffering with
mast cell leukaemia (347). These mast cells are therefore malignant mast cells
and are found in approximately 1 in 20 million humans and therefore do not
accurately represent the true tissue mast cells present at the host-
environmental interface in the sinuses of patients suffering with CRSwNP.
Despite this, the HMC-1 cell line is the only established continually growing
human mast cell line exhibiting a phenotype similar to that of human tissue
mast cells. They are widely used to research mast cell biology due to their
similarities to human tissue mast cells, such as the expression of histamine,
tryptase, heparin and cell surface antigens. Malignant mast cells can increase
in size in vitro due to maturation or delayed mitosis. However, within this study
only HMC-1 cells that contained intracellular bacteria significantly increased in

size. The HMC-1 cells containing no intracellular bacteria did not enlarge. This

221



Stephen M A Hayes S aureus-mast cell interaction

suggests that the increase in mast cell size was a result of the intracellular S
aureus rather than from using a malignant mast cell line. A primary mast cell
line would of course be the gold standard, but unfortunately the isolation of
the mast cells from NP proved challenging and as such the use of the HMC-1
cell line was the only viable alternative. For future work, we plan to re-attempt
the isolation of mast cells from NP and will repeat the same studies using a

primary cell line to validate our results.
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7.5 Conclusion

Through successfully developing a working co-culture model to investigate the
S aureus-mast cell interactions, valuable information was gained regarding the
underlying mechanisms responsible for the internalisation of S aureus within
mast cells. It is evident that S aureus and its associated toxins, have developed
the ability to manipulate the host’s innate immune system to ensure survival.
S aureus actively internalises within the mast cell cytosol through phagocytosis
and via extracellular traps. Specific S aureus phenotypes appear to be immune
to the mast cell degradation methods. These bacterial phenotypes thrive and
increase the cell size leading eventually to cell rupture, seeding the
intracellular S aureus into the extracellular space and repeat of this cycle. The
end result of this process is a build-up of pro-inflammatory cytokines and
mediators within the lamina propria leading to localised stromal oedema

potentially contributing to the formation of NP.
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8 Summary
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8.1 Summary of findings

Chronic rhinosinusitis (CRS) is a complex condition with as yet unclear
pathophysiology, thus making the development of novel therapies challenging
(9). Many aetiological factors have been proposed as playing a role in the
ongoing inflammatory process, but strong evidence for a single responsible
aetiological agent is lacking. In fact, it is becoming more evident that the
pathogenesis of CRS is multifactorial, involving interactions between the

environment and genetic profile (3).

Bacteria were previously considered to merely play a role in acute infective
rhinosinusitis with little relevance to development of CRS. However, with the
advancement of molecular detection techniques, such as scanning electron
microscopy (SEM) fluorescent in situ hybridisation (FISH), and confocal laser
microscopy (CLSM), a clearer understanding of the role and importance of

bacteria in CRS is starting to emerge (9).

8.1.1 Bacterial biofilms in chronic rhinosinusitis

The existence of bacteria as biofilms in CRS appears to be a survival strategy
to resist antibacterial therapy and evade host immune defences. Their
presence appears to be clinically significant, suggesting a possible role in the
pathogenesis of CRS. These biofilms appear to be resistant to conventional
antibiotics used in the medical treatment of CRS (3). Therefore, improved
understanding of the role of these biofilms in mediating the disease process
is needed in order deliver novel biofilm-targeted therapies for this chronic and

expensive condition.

8.1.2 Dispersal of surface-related bacterial biofilms

A novel biofilm-targeted therapy, used successfully within our Research Group
on P aeruginosa biofilms in the lungs of patients with cystic fibrosis (CF) is the

nitric oxide (NO) donor, sodium nitroprusside (SNP). Through the interaction
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with phosphodiesterases, SNP reduces intracellular cyclic di-GMP levels,
causing the biofilm to disperse into the more vulnerable planktonic bacteria
(297). SNP used as an adjuvant treatment to antibacterial therapy was used on
ex vivo tissue samples. Although a small trend in biofilm reduction was seen
in P aeruginosa biofilms, no effect was demonstrated in the dominant S aureus
biofilms. This small reduction in P aeruginosa biofilms may become
statistically significant with an increased sample size. This may be relevant in
CF-related CRS and will be the subject of future studies. However, as S aureus
was repeatedly demonstrated to be the most common biofilm-forming microbe
in CRS, it was concluded that SNP was not as effective a biofilm-dispersing

agent in non-CF related CRS.

8.1.3 Intracellular Staphylococcus aureus in nasal polyps

The recent classification of CRS with and without nasal polyps (CRSWNP and
CRSsNP) into two distinct pathological entities based primarily on differences
in the inflammatory cytokine profiles (3), poses the question of whether these
variations could be the result of differences in bacterial profiles. Surface-
related bacterial biofilms were identified on the CRS sinonasal mucosa of
patients with both CRSWNP and CRSsNP and no observed difference was
detected between them. However, in the initial study, bacterial profiles were
not characterised specifically in NP tissue. Therefore, using the same advanced
molecular detection methods, bacterial profiles were analysed in NP tissue and
directly compared to adjacent non-polypoidal mucosa from the same patients
with CRSWNP.

Surface-related biofilms were detected on non-polypoidal CRS sinonasal
mucosa samples, but not on the epithelial surface of NP. However, sub-
epithelial and intracellular bacteria were observed in the cytoplasm of host
cells in all NP samples. S aureus was again the dominant pathogen detected.
These findings were confirmed using immunohistochemistry (IHC) and TEM.
IHC co-localisation identified the S aureus™ host cells as mast cells and the
development of a novel intracellular viability assay demonstrated the

intracellular S aureus to be viable.
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8.1.4 Host cell profiling

Immunohistochemistry profiling of inflammatory cells in NP and CRS sinonasal
mucosa demonstrated an eosinophilic T,2 profile in NP tissue and a
neutrophilic Ty1 profile in CRS sinonasal mucosa from the same patients with
CRSwWNP. This is an interesting finding as it challenges the classification of
CRSWNP and CRSsNP based purely on cytokine profiles (3). These findings
suggest that the difference in cytokine profiles may exist within different parts
of the sinonasal cavity in the same patient resulting in different pathological
manifestations or progression from one disease state to another. These

differing profiles could be a manifestation of bacteria-related effects.

8.1.5 Role of Staphylococcus enterotoxin B

An explant tissue model was successfully developed and validated to
investigate the effects of S aureus at the host-environment interface. The
addition of SEB to viable S aureus enhanced mast cell recruitment and
increased numbers of S aureus™ mast cells within both the epithelial and sub-
epithelial layers. The addition of SEB to viable S aureus also demonstrated
increased epithelial proliferation and mast cell degranulation. These findings

suggest that SEB is a pre-requisite for the intracellular localisation of S aureus.

8.1.6 The Staphylococcus aureus-mast cell interaction

Using the human mast cell-1 line (HMC-1), the interaction between S aureus
and mast cells was studied. In the presence of S aureus, terminally-
differentiated mast cells appear to stop proliferating. This suggests that, in the
explant tissue model, mast cells are recruited from distant sites by S aureus
and SEB, rather than through local proliferation. S aureus is internalised into
the mast cell through phagocytosis and extracellular traps. Some S aureus
appear to survive and proliferate within the mast cell, whereas others were
denatured, suggesting that some bacteria possess the ability to reside and

multiply within mast cells. The number of viable intracellular S aureus appears
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to significantly increase over time, swelling the mast cell to approximately
twice its normal size, before rupturing and releasing both the granules and
viable bacteria into the extracellular space. Bacteria can then internalise into
newly recruited mast cells, thus repeating the cycle. This intracellular reservoir
of S aureus can continuously seed bacteria resulting in the persistence of the
inflammatory reaction and development of chronicity and disease
recalcitrance. Targeting surface bacteria may literally be ‘scratching the
surface’ as these bacteria are merely the tip of the iceberg and the real problem
lies within the intracellular compartment. This concept has important
implications in relation to development of future therapies for CRS as these
will need to target the intracellular bacterial reservoir rather than just the

surface bacteria.
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8.2 Proposed mechanism for the pathogenesis of

nasal polyps

The pathogenesis of NP is undoubtedly complex and cannot be explained by
a single aetiological factor or simple pathway. Nevertheless, we have used the
findings from this study alongside well-established evidence, including the
superantigen and immune barrier hypotheses, to propose a potential

mechanism for the pathogenesis of NP.

Mast cells are recruited into the epithelial layer by SEB, where non-motile S
aureus are internalised within these mast cells through phagocytosis and
extracellular traps and to the sub-epithelial layer for degrading. Some of the
intracellular S aureus appear to possess the ability to remain viable and
multiply within the mast cells. The combined effect of SEB and viable
intracellular S aureus stimulates mast cell degranulation, releasing pro-
inflammatory mediators and cytokines into the extracellular space. This
process of degranulation empties the mast cell granules, creating more space

for proliferating S aureus which fill the cell cytosol.

Intracellular S aureus proliferates within the mast cells, significantly increasing
the cell size. Eventually, the mast cells rupture, emptying their pro-
inflammatory cytokines, mediators and viable S aureus into the extracellular
space. SEB released from S aureus causes damage to the epithelial cells,
leading to epithelial proliferation and remodelling, resulting in a disorganised

and defective epithelial barrier.

The end result of these processes is a build-up of pro-inflammatory cytokines
and mediators within the lamina propria on a background of a defective
epithelial barrier, leading to localised stromal oedema and downstream
promoting the formation and growth of NP. This proposed mechanism is

illustrated in Figure 8.1.

Evidently, substantiation of this proposed mechanism will require further

research which is discussed in the ‘Future Work’ section on page 241.

231



Summary

Stephen M A Hayes

uolyew.oj dAjod |eseu 1oy wisiueydaw pasodoud |'g a4nbi4

(a3s) e * 4
uIx03031ua snadodojAyders g
saupjoiho Asojewwepyui-oad ° Yioap jj3) o
30 |In} sa|nueis |22 1sepy ° oo ROy
bwapao o /4 o0 -~ g
[¢]
1192 1SBW 5,,5N3ND § pwols .umee.; .eoo o 00 /__ p A
AP l oo uonpjnupibap
A N - uonpiafijord o 1122 1D pwouys
. I K St snainp s 4 o wawnIzaL as00| / 15Ap|
U W “ )/ sauo1ho .I? O o 1182 1SN [p13yada-qns
’ Aioypwwpifuy | —mm=a o O o =
| , ! L B Q - :o o o e
S||@2 snainp § | \\ ¥ -o4d pasasouj / l ¥ aubiquiaw
S ) \  uawasng
S Sl J L bl e 0l ] o 8 L 0 b R ) Rt ) b b L) bl ) ) ) ) R o R ) . ) ) 0 R ) ) b)) ) ] bt i) b)) o) ] b ] |
si192 [eyayuda Ao 1aApj
Sy 1oyayd3
\\ ’
4 /
\\ \\
’ ’
\\ \\
\\ /
7 ’
’ 4 T
’ /i Sso ~
’ e Ly VO] r
’ /% ! \ L g N _—

||||||||||||||| 4 4 P,
saupj0lh) y K “\ Mo
saupjoway) y 4103p |j3D J _ , I 2y
splouesodig \ ._ [ \ 3
5 .
~

| v
: 4o
i 2 ' '
1 saseajoud auues |, " ! ! sdpuy aopnjj2o00x3°g |
1 1
' suedAjBos101d | ! (! \ [
H uuojoses |, 1 AJ/ b, e H

1
i suwelsIH 1\ uonpnunibag \ , L \\
fTTTTTTTmmmme e ' 2 /z ,0 v

. . o \ N siso1hr06pyd ._\\\ , ~. _abowop [oyjayyd3
bwapao [pwouls bujsnp saupyolfr S]]22 3sbw uryIm g3s 03 asuodsai g3s aspaja swiyifoiq
pup siopjpaw Aioypwiwipifui-oid Jo aspajay snainp § fo uonpsiipuiajuj uJ JuawInIdal [[32 ISDN Pa1Ip|a1-2I0LINs SNAIND § @

232



Stephen M A Hayes Summary

8.3 Limitations of Study

Every biofilm detection method used in this project had its own individual
limitations. This was partly overcome by the use of as many techniques as
possible in order to validate the findings. This included the gold standard CRS
biofilm detection method of FISH combined with CLSM, as described within the
literature (214).

Sample numbers were relatively small for some parts of the study due to the
inconsistent availability of control tissue, the extensive time for processing
and the constrained use of expensive imaging equipment due to limited funds.
Larger sample sizes would have allowed for more accurate statistical analysis.
Despite this, most of the observed trends were shown to be statistically

significant.

All patients within these studies were selected from the same geographical
region of the United Kingdom. It is therefore, not possible to assess the effects
of geography, ethnicity or genetics on these findings. For example, the
pathogenesis and pathophysiology of NP have been shown to differ between
Western and Far Eastern populations. The findings from this study may

therefore not be universally applicable.

Due to the difficulty in culturing primary mast cells from NP, the HMC-1 line
was used. The behaviour of the HMC-1 line will differ from primary mast cells.
As such, we plan to re-attempt the isolating of mast cells from NP with the aim

of repeating this study to validate our findings.
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8.4 Future Work

Potential future work is summarised and illustrated in Figure 8.2. The
proposed mechanism of NP formation, based on findings from this project,
centres around increasing levels of pro-inflammatory cytokines and mediators
within the sub-epithelial layer released from degranulating and ruptured mast
cells as a result of S aureus internalisation. The next stage of this project would
be to investigate intracellular S aureus survival mechanisms and the effects of

mast cell degranulation on the sub-epithelial layer.

Phenotyping and the genetic profiling of isolated intracellular S aureus could
help explain why some of the bacteria are able to compromise the
antimicrobial defences of the mast cell, whilst others are phagocytosed and
degraded. Proteomics may help to identify surface proteins responsible for
intracellular survival and shed light on the underlying mechanisms. Isolation
of a primary NP mast cell line would allow a more valid assessment of the true
S aureus-mast cell interaction. It would also enable evaluation of the contents
and nature of the mast cell-related granules and validation of the HMC-1 cell

line findings.

Assessment of pro-inflammatory cytokines and mediators released into the
extracellular space as a result of mast cell degranulation may clarify whether
mast cell degranulation is responsible for the switch from a T,1 to the T2

cytokine profile seen in NP tissue.

As oedema increases within the loose stroma, a point of weakness within the
epithelium is required for the mucosa to prolapse, forming a NP. Therefore,
further investigation of epithelial integrity is warranted. This would involve
evaluation of epithelial cytokines in response to SEB, which may help clarify

how S aureus survives by evading the host’s innate immune system.

Investigation into the association between epithelial integrity and surface-
related bacterial biofilms may help clarify the lack of surface biofilms on NP
tissue. It is feasible that a point may be reached whereby a surface-biofilm is
no longer a safe haven for bacteria resulting in a switch in survival strategy
with intracellular localisation of bacteria. Pre-empting or preventing this switch
could negate the downstream sequelae and may reduce the likelihood of NP

formation.
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The role that bacterial biofilms play in CRS may be explored further through
using simple regression analysis. An equation could be developed using
possible aetiological factors, which would build both error and uncertainty into

it.
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SURFACE-RELATED BIOFILMS

Direct & indirect effects of SEB & e
_ _ Response of surface biofilms
s onepithelialeelle a to reducing epithelial integrity
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Figure 8.2 Future work. A summary and illustration of possible future work.
Proposed questions requiring further investigation are displayed in the grey

boxes.
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PATIENT CONSENT FORM

Regulation of inflammation in the upper airways
Mr R Salib, Mr S Hayes, Mr S Nair, Dr P Howarth

Please initial box

1. | confirm that | have read and understand the information sheet dated
06/07/2010 (version 4) for the above study. | have had an
opportunity to consider the information, ask questions and have had
these questions answered satisfactorily.

2. |l understand that my participation is voluntary and that | am free to
withdraw at any time, without giving any reason, without my medical
care or legal rights being affected.

3. | agree to my nasal tissue, taken as part of my surgery, being stored
for the duration of this study for use in this research project into
inflammatory processes.

4. | agree to my nasal tissue, taken as part of my surgery, to be
transferred securely and anonymously to those centres to get the best
information possible with respect to the assessing the presence of
bacteria and fungi

5. | agree to genetic material being extracted from my nasal tissue to
investigate genes which may be involved in inflammation.

Name of Patient Date Signature

Name of Person taking consent Date Signature

(if different from researcher)

Name of Researcher Date Signature
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Appendix Il

PATIENT INFORMATION SHEET
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UNIVERSITY OF

Southampton southampton [

School of Medicine University Hospitals NHS Trust

Information sheet for adult patients undergoing ENT

procedures

Investigation of Mechanisms of Disease in Children and Adults with
Chronic Ear, Nose and Throat Disease

Adult Patient information sheet

We are conducting research into new ways of treating ear, nose and throat
(ENT) conditions. You are being invited to take part in a research study because
you have either been diagnosed with one of these conditions or are being cared
for by the ENT service. Before you decide it is important for you to understand
why the research is being done and what it will involve. Please take time to
read the following information carefully and discuss it with friends, relatives
and your GP if you wish. Ask us if there is anything that is not clear or if you
would like more information. Take time to decide whether or not you wish to
take part.

People who suffer with chronic ENT problems often require surgery to
effectively treat their condition. The research we are doing looks at new ways
of studying bacteria from tissue samples taken during surgery and possible
ways of enhancing antibiotic treatment of infection. By investigating these
things we hope to improve our understanding of the role of infection in causing
ENT disease. Finding out about the processes that cause ENT diseases, or make
them worse, is important for the development of new treatments. If you agree
we would like to use your tissue samples for this microbiological and
inflammation research.

It is up to you to decide whether or not to take part. If you decide to take part
you will be asked to sign a consent form and your GP will be notified of your
participation by letter. Even after you have decided to take part you are still
free to withdraw from the study at any time and without giving a reason. This
will not affect the standard of care you receive.

What will happen if | take part?

If you agree to take part we will retain samples of infectious material that would
normally be removed during your surgery. You will not undergo any additional
procedures as a result of your participation in this study. It is only the
processing of the samples once they get to the laboratory that will change.
Part of the specimen will be sent for routine processing and the rest will be
used for research purposes. Some of the sample will be frozen and stored for
analysis at a later date. All samples will be given a study number which cannot
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be directly traced back to you. A doctor involved in the study will check your
medical notes to record certain details of symptoms, history and treatment
which will help in the analysis of these samples. A research study number will
also be given to any documentation so that it cannot be traced back to you.
Section B on the consent form asks you to give us permission to store the
sample for use in future studies. The official name for such permission is
linked anonymised, whereby results of future studies can be linked with your
medical details but will not have access to your identity.

What are the side effects of taking part?
None.

What are the possible disadvantages and risks of taking part?
None. The extra laboratory tests will not affect you in any way.

What are the possible benefits of taking part?

The information we get from this study may help us to treat people with ENT
diseases better. It will not directly benefit you now but may help you or people
with similar problems in the future.

Will my taking part in this study be kept confidential?
Yes. Any information about you that leaves the hospital will have your details
removed so that you cannot be identified.

What will happen to the results of the research?

The results may be published in a scientific or medical journal. They may also
be presented at a scientific conference. Your confidentiality will not be broken
by publication, as the information presented will not be related to named
individuals.

What if something goes wrong?

Any complaint about the way you have been dealt with during the study or any
possible harm you might suffer will be addressed. Please raise your concerns
in the first instance with the Principal Investigator (that is the lead researcher),
Dr Saul Faust - his contact details are at the end of this form. If you wish to
make a more formal complaint, please contact the Patient Advice and Liaison
Service (available from 9am-4.30pm Monday to Friday, out of hours there is an
answer phone), PALS, C level, Centre Block, Mailpoint 81, Southampton General
Hospital. Email PALS@suht.swest.nhs.uk Tel 02380 798498

What insurance provisions are in place?

In the event that something does go wrong and you are harmed during the
research and this is due to someone’s negligence then you may have grounds
for a legal action for compensation against the sponsor, Southampton
University Hospitals NHS Trust but you may have to pay your legal costs. The
former National Health Service complaints mechanism will still be available to
you. As the Principal Investigator is an employee of the University of
Southampton, additional professional indemnity and clinical investigation
insurance is in place.

Contact for further information:

If you have any questions relating to this research you will have the opportunity
to discuss them with a doctor either on the ward or when you come to clinic.
Otherwise you can contact Mr William Hellier or Mr Rami Salib, Consultant
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Otolaryngologists, Southampton University Hospitals NHS Trust, Tremona
Road, Southampton, SO16 6YD, Tel: 02380825526 / 5635

General information about participating in research in the NHS is
available on the National Patient Safety Agency website at

http://www.nres.npsa.nhs.uk/public/index.htm.

Thank you for reading this
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Appendix I

STAPHYLOCOCCUS AUREUS ISOLATION

249



Stephen M A Hayes Appendix Il

250



Stephen M A Hayes Appendix Il

S aureus isolation Protocol

S aureus is a facultatively anaerobic, Gram-positive coccus and has large,
round, golden-yellow colonies, often with hemolysis, when grown on blood
agar plates.

S aureus is catalase-positive (meaning that it can produce the enzyme
"catalase") and able to convert hydrogen peroxide (H.0;) to water and oxygen,
which makes the catalase test useful to distinguish staphylococci from
enterococci and streptococci.

A small percentage of S aureus can be differentiated from most other
staphylococci by the coagulase test: S aureus is primarily coagulase-positive
(meaning that it can produce the enzyme "coagulase") that causes clot
formation, whereas most other Staphylococcus species are coagulase-
negative. However, while the majority of S aureus are coagulase-positive, some
may be atypical in that they do not produce coagulase.

1.1. Equipment & Chemicals

Blood agar (Oxoid)

Baird-Parker agar (Sigma)

Egg yolk tellurite as supplement for Baird-Parker agar (Oxoid/Sigma)
Trypticase soy broth (Oxoid/Sigma)
Brain Heart Infusion (Oxoid)
Hydrogen Peroxide (Sigma)
Hydrochloric acid (Sigma)

DNase agar (Sigma)

Coagulase slide test (Sigma)
Toluidine blue (Sigma)

Incubator set at 37 °C

Glass slides

Bunsen burner & lighter

Inoculation loops

Universal tubes

c o0 o o o 0o o 0o o o o o o o o

1.2. Culture and Identification of S aureus
1.2.1. Primary isolation media
- Inoculate DNase agar and blood agar plates and grow at 37 °C for 18-
24 h.
- Examine for colonial morphology (cream or golden colour up to 3mm
in diameter)
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- Baird-Parker agar (Sigma), supplemented with egg yolk tellurite
(Sigma) can be used to identify S aureus as shown in the Table 1 when
incubated for 48 h at 37 °C.

Table 1.
Colonial morphology of S aureus on Baird-Parker agar.

Organisms Colour of colony/comments

S aureus Grey-black, shiny colony due to reduction of tellurite.
Surrounded by a zone of clearing

1.2.2. DNase production

This test is used to determine the ability of an organism to produce DNase.
The test is used primarily to distinguish pathogenic Staphylcocci which
produce large quantities of extracellular DNase. It reacts with medium
containing DNA with the resulting hydrolysis of the DNA. The oligonucleotides
liberated by the hydrolysis are soluble in acid and in a positive reaction, the
addition of HCL results in a clear zone around the inoculum. A hazy zone is
produced in a negative reaction, due the precipitation of DNA by HCL. In
contrast to HCL, toluidine blue produces much more delineated zones of
DNase activity.

Most strains of S aureus hydrolyse DNA and give positive reactions in this test.
However, some MRSA strains do not and some strains of coagulase-negative
staphylocci may give weak reactions.

- Flood a DNase agar plate containing plated organism with Toluidine
blue O solution (TBO/TBS @ 0.01-0.05 % [w/v] concentration) or 1M
HCL.

- After 2 min, discard excess reagent

-  TBO-positive reaction - TBO forms a complex with hydrolysed DNA to
produce colonies surrounded by pink zone against a blue background

- HCL-positive reaction - colonies demonstrate a defined zone of clearing

- A negative result for both solutions equates to no zone of clearing.

1.2.3. Coagulase Production

Members of the genus Staphylococcus are differentiated by the ability to clot
plasma by the action of the enzyme coagulase.

Coagulase exists in two forms: “bound coagulase” (or clumping factor) which
is bound to the cell wall and “free coagulase” which is liberated by the cell wall.
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Bound coagulase is detected by the slide coagulase test, whereas free
coagulase is detected by the tube coagulase test.

Bound coagulase adcorbs fibrinogen from the plasma and alters it so it
precipitates on the Staphylococci causing them to clump resulting in cell
agglutination. The tube coagulase test detects both bound and free coagulase.
Free coagulase reacts with a substance in plasma to form a fibrin clot.

1.2.3.1. Slide Coagulase test

Place a drop of distilled water on a slide

Emulsify the test strain to obtain and homogenous thick suspension.
False negative reactions will occur if the bacterial suspension is not
heavy enough

Observe for auto-agglutination

Dip a loop in the plasma and mix gently with the homogenous
suspension

A positive result, will produce clumping within 10 seconds. Conversely,
an negative control produces no visible clumping.

Ensure you perform an autoagglutination negative control test

1.2.3.2. Tube Coagulase Test

Place approx. 1 ml of commercially available plasma suitable for tube
coagulase in a sterile eppendorf

Emulsify test colonies in the plasma and incubate for 4 h at 37 °C
Examine for a clot which gels the whole contents of the tube or forms a
loose web of fibrin

If negative, incubate overnight at 22-25 °C and re examine at 24 h.

A positive result will produce a formation of a clot at 4 h following 37
°C incubation or following overnight incubation at 22-25 °C. A negative
result will produce no clot at either time point.

253



Stephen M A Hayes Appendix Il

Table 2.
Tube and Slide Coagulase test results for S aureus

Species Tube Coagulase | Slide Coagulase test
test

Staphylococcus aureus + +

Subspecies aureus

Staphylococcus aureus + -

Subspecies anerobius

(+) = delayed reaction

1.2.4. Catalase Test
This test is to detect the catalase enzyme present in most cytochrome-
containing aerobic and facultatively anaerobic bacteria. Streptococcus and
Enterococcus sp. are exceptions.
The catalase test is used to detect the presence of catalase enzymes by the
decomposition of hydrogen peroxide to release oxygen and water. Hydrogen
peroxide is formed by some bacteria as an oxidative end product of the aerobic
breakdown of sugars. If allowed to accumulate it is highly toxic to bacteria and
can result in cell death. Catalase either decomposes hydrogen peroxide or
oxidises secondary substrates, but it has no effect on other peroxides.
Media containing whole red blood cells will contain catalase and could give a
false positive. Colonies taken from chocolate agar may be tested. Hydrogen
peroxide is unstable and should be stored in a spark proof fridge. Avoid undue
exposure to light. Cultures of anaerobic bacteria should be exposed to air for
30 min prior to testing.

- Place approx. 0.2 ml of hydrogen peroxide solution in a test tube

- Carefully pick a colony and rub the colony on the inside wall of the test

tube above the surface of the hydrogen peroxide solution

- Cap the tube or bottle and tilt it to allow the hydrogen peroxide solution
to cover the colony.

- Look for vigorous bubbling occurring within 10 sec.
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Table 3.
FINAL S aureus CONFORMATION RESULTS

Test Result

Culture Grows on DNase and blood agar
plates to produce cream/golden
colonies

Baird-Parker agar produces grey-
black, shiny colonies surrounded by
zone of clearing

DNase test Positive reaction (identified by zone
of clearing)

Coagulase test Positive reaction (identified by
agglutination)

Catalase test Positive (identified by bubbling

around colony)

Further test suggested: PCR

1.3. S aureus Biofilm Growth

S aureus biofilms can be grown /n vitro using brain heart infusion, Mueller-

Hinton broth medium3 or Trypticase Soy broth for 24 h at 37 °C.
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LYSOZYME CONCENTRATION CALCULATIONS
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Lysozyme Concentration Calculations

10mg Lysozyme:

e Need a solution of 10mg/ml Lysozyme in 0.1M TrisHCL and 0.05M
EDTA

o Perform 1 in 5 dilution of TM TrisHCL to get 0.2M with dH,O

o Perform 1 in 5 dilution of 0.5M EDTA to get 0.1M with dH,O

o Dissolve 20mg Lysozyme powder in 1ml of 0.2M TrisHCL to give
20mg/ml Lysozyme

o Perform 1 in 2 dilution of Lysozyme / TrisHCL solution with 0.1M
EDTA and store in 1ml aliquots to give a final concentration of
10mg/ml Lysozyme in 0.1M TrisHCL and 0.05M EDTA

5mg Lysozyme:

e Need a solution of 5mg/ml Lysozyme in 0.1M TrisHCL and 0.05M
EDTA

o Perform 1 in 5 dilution of 1M TrisHCL to get 0.2M with dH,0

o Perform 1 in 5 dilution of 0.5M EDTA to get 0.1M with dH,O

o Dissolve 10mg Lysozyme powder in 1ml of 0.2M TrisHCL to give
10mg/ml Lysozyme

o Perform 1 in 2 dilution of Lysozyme / TrisHCL solution with 0.1M
EDTA and store in 1Tml aliquots to give a final concentration of
5mg/ml Lysozyme in 0.1M TrisHCL and 0.05M EDTA

2.5mg Lysozyme:

¢ Need a solution of 2.5mg/ml Lysozyme in 0.1M TrisHCL and 0.05M
EDTA

o Perform 1 in 5 dilution of 1M TrisHCL to get 0.2M with dH,O

o Perform 1 in 5 dilution of 0.5M EDTA to get 0.1M with dH,O

o Dissolve 5mg Lysozyme powder in Tml of 0.2M TrisHCL to give
5mg/ml Lysozyme

o Perform 1 in 2 dilution of Lysozyme / TrisHCL solution with 0.1M
EDTA and store in 1ml aliquots to give a final concentration of
2.5mg/ml Lysozyme in 0.1M TrisHCL and 0.05M EDTA
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Img Lysozyme:

e Need a solution of Img/ml Lysozyme in 0.1M TrisHCL and 0.05M
EDTA

o Perform 1 in 5 dilution of TM TrisHCL to get 0.2M with dH,O

o Perform 1 in 5 dilution of 0.5M EDTA to get 0.1M with dH,O

o Dissolve 2mg Lysozyme powder in 1ml of 0.2M TrisHCL to give
2mg/ml Lysozyme

o Perform 1 in 2 dilution of Lysozyme / TrisHCL solution with 0.1M
EDTA and store in 1Tml aliquots to give a final concentration of
1mg/ml Lysozyme in 0.1M TrisHCL and 0.05M EDTA

0.5mg Lysozyme:

¢ Need a solution of 0.5mg/ml Lysozyme in 0.1M TrisHCL and 0.05M
EDTA

o Perform 1 in 5 dilution of TM TrisHCL to get 0.2M with dH,O

o Perform 1 in 5 dilution of 0.5M EDTA to get 0.1M with dH,O

o Dissolve 1mg Lysozyme powder in 1ml of 0.2M TrisHCL to give
1mg/ml Lysozyme

o Perform 1 in 2 dilution of Lysozyme / TrisHCL solution with 0.1M
EDTA and store in 1ml aliquots to give a final concentration of
0.5mg/ml Lysozyme in 0.1M TrisHCL and 0.05M EDTA

0.25mg Lysozyme:

¢ Need a solution of 0.25mg/ml Lysozyme in 0.1M TrisHCL and
0.05M EDTA

o Perform 1 in 5 dilution of TM TrisHCL to get 0.2M with dH,O

o Perform 1 in 5 dilution of 0.5M EDTA to get 0.1M with dH,O

o Dissolve 0.5mg Lysozyme powder in Tml of 0.2M TrisHCL to
give 0.5mg/ml Lysozyme

o Perform 1 in 2 dilution of Lysozyme / TrisHCL solution with 0.1M
EDTA and store in 1Tml aliquots to give a final concentration of
0.25mg/ml Lysozyme in 0.1M TrisHCL and 0.05M EDTA
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Intracellular residency of Staphylococcus
aureus within mast cells in nasal polyps: A novel
observation

To the Editor:

Chronic rhinosinusitis (CRS) with or without nasal polyps (NPs)
(CRSWNP and CRSsNP, respectively) is one of the most
commonconditionsencounteredinmedicine.* CRS is a disease of
the mucosa lining the sinonasal cavity characterized by recurrent
episodes of inflammation resulting in chronic symptoms such as
nasal obstruction, facial pain, rhinorrhea, and reduction in sense
of smell.! CRS affects up to 15% of the general population in
Europe and the United States, ranking it second in prevalence
among chronic conditions, and significantly affecting quality of
life and health care resources.? Despite the massive expenditure
on medical and surgical therapies for this condition, a subset of
patients remains resistant to all established treatments.?
Identification of either a host or an environmental cause has been
unsuccessful. Proposed mechanisms of CRS pathophysiology
include the role of superantigens, abnormal cell-mediated
immune responses, changes in the inflammatory cytokine
cascade, epithelial defects, osteitis of the sinus walls, and viral,
bacterial, and fungal factors.® Recent guidelines propose the
classification of CRSwWNP and CRSsNP into 2 distinct
pathological entities primarily based on differences in
inflammatory cytokine profiles.® A CRSWNP Tp2-mediated
profile is characterized as eosinophilic with elevated IL-5, IgE,
RANTES, and eotaxin,' and a CRSsNP Tylmediated profile is
characterized as neutrophilic with elevated TNF-a, IL-8, and
IFN-g.!

Emerging evidence implicates bacterial biofilms as mediators
of the inflammatory reaction in CRS.* Several studies provide
strong evidence that bacterial biofilms perpetuate inflammation
in CRS and are associated with more severe preoperative disease,
persistence of ongoing mucosal inflammation, and poor
postsurgical outcomes.® Staphylococcus aureus has been
identified as the commonest biofilm-forming microbe in CRS
and colonizes the sinonasal cavities in 27% of the patients with
CRSsNP and in 60% of the patients with CRSWNP.*

Around 20% of the patients with CRS develop NPs,* and
although studies have clearly identified bacterial biofilms on the
sinonasal mucosa of patients with CRS, little data pertain to the
bacterial profiles specifically in NPs. We conducted a
preliminary study characterizing bacterial profiles in NPs,
comparing them with those on nonpolypoidal sinonasal mucosa
from the same patients and with non-CRS sinonasal mucosa as
control tissue.

A prospectivestudy with full ethical approval was conducted in
9 patients with CRSwWNP undergoing functional endoscopic sinus
surgery and 5 control patients undergoing transsphenoidal
pituitary surgery. Nonpolypoidal sinonasal mucosa and NPs were
collected from each patient with CRSWNP and sinonasal mucosa
from controls. The bacterial profiles were assessed using
fluorescence in situ hybridization with confocal laser scanning
microscopy (CLSM) and immunohistochemistry. Hybridization

Appendix V

conditions were optimized for CRS tissue using appropriate
controls (see the Methods section in this article’s Online
Repository at www.jacionline.org).
CLSM demonstrated surface-related bacterial biofilms on the
nonpolypoidal sinonasal mucosa of all 9 CRS samples (Fig 1,
A), but not on the epithelial surface of NPs. However,
subepithelial and intracellular bacteria were observed in the
cytoplasm of host cells in all 9 NP samples (Fig 1, B). The
CLSM Z-axis view indicated that intracellular bacteria were
subepithelial in all cases (Fig 1, C). Bacteria were confirmed
within host cells using 49,6-diamidino-2-phenylindole, a
nucleic acid stain that resolves the host cell nucleus, surrounded
by densely packed bacteria filling the cytoplasm (Fig 1, D).
Biofilms were not observed in any control samples. Species-
specific fluorescence in situ hybridization identified brightly
fluorescent bacteria in CRS samples including S aureus in 78%,
Haemophilus influenza in 33%, and Pseudomonas aeruginosa in
33% of the patients (see Table E1 in this article’s Online
Repository at www. jacionline.org). Immunohistochemistry
confirmed our finding of subepithelial intracellular S aureus,
using an S aureus mAb (Fig 1, E). Immunohistochemical
colocalization on sequential sections identified the S aureus—
harboring host cells as mast cells (MCs) (Fig 2, A-D).

Our study directly compared nonpolypoidal sinonasal mucosa
with NPs from the same patient (thus controlling for host
genetics) and is the first to observe both subepithelial bacteria in
ex vivo NP tissue and intracellular localization of S aureus within
MCs. This contrasts with recent studies that have shown
intracellular S aureus in nonpolypoidal CRS sinonasal mucosa.’

Sachse et al® demonstrated intracellular S aureus replication in
vitro in NP epithelial cells by introducing an S aureus strain to a
cell culture model. The mechanism of bacterial migration from
surface-related biofilms to intracellular reservoirs remains
unclear. However, growing evidence suggests that alterations in
the epithelial layer compromise its function as a defensive barrier
against environmental allergens and pathogens, as well as a
mediator and regulator of innate and adaptive immunity.” A
reduction in tight junction proteins and increased
proinflammatory cytokines IFN-g and IL-4 within NPs lead to a
disruption in epithelial integrity, induction of epithelial
remodeling, and the formation of surface defects.” A defective
epithelial layer may provide an opportunity for surface-related
bacterial biofilms, already present in CRS, to disperse and
penetrate into the tissue. This may explain the absence of surface-
related biofilms observed on NP tissue in our study compared
with those seen on sinonasal mucosa.

Initially, the bacteria-harboring host cells were presumed to be
mononuclear phagocytes, but our immunohistochemical findings

rather unexpectedly confirmed them to be MCs. This
constitutes a novel finding in NPs. MCs appear to play an
important role in promoting innate immunity against microbial
pathogens.® Through activation of CD8*T cells, MCs possess the
ability to regulate both the Tyl and T2 cytokine pathways, and
can therefore adopt both immunosuppressive and immune-
stimulatory properties.®
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FIG 1. Intracellular S aureus in ex vivo NPs. Representative CLSM images of sinus mucosa and NP tissue
following FISH showing Staphylococcus aureus (yellow), Staphylococcus genus biofilms (red), and bacteria
hybridized only with a eubacterial probe (green). A, Aggregated bacteria are widely distributed over the
epithelial surface of sinus mucosa. B, In contrast, bacterial reservoirs surround host cell nuclei in NP biopsies
(white arrows). C, XYZ view: staphylococcal aggregates (white arrow) clearly visible beneath the epithelial
surface (yellow arrow). D, Intracellular S aureus reservoirs (pink) colocalized with DAPI-stained host nuclei
(gray). E, Immunohistochemistry staining with mouse anti-S aureus (brown) in an NP biopsy section
demonstrating S aureus within the cytoplasm of host cells (black arrows) (340 magnification).

DAPI, 49-6-Diamidino-2-phenylindole, dihydrochloride; FISH, fluorescence in situ hybridization.
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FIG 2. Immunohistochemical colocalization. Photomicrographs of sequential 2-mm sections of NP tissue
stained with anti-AA1 MC tryptase (A) and mouse anti-S aureus (B) demonstrating subepithelial
intracellular S aureus within MCs (arrows) (320 magnification). Both images are shown at higher

magnification. (C and D 340 magnification).

Recently, MCs have been demonstrated to exert phagocytosis-
independent antimicrobial activity against S aureus, mediated
through extracellular traps and the release of antibacterial
enzymes.” S aureus has been shown in vitro to subvert these
extracellular antimicrobial mechanisms by internalizing within
MCs.? Once within the MCs, S aureus appears to access the
nutrient-rich cytosol and upregulate cell wall synthesis, allowing
persistent and viable intracellular SA reservoirs to be
established.’

The MC in the context of chronic S aureus infection may well
act as a double-edged sword.® Although promoting innate
immunity against microbial pathogens, the MC may be
providing a safe haven for S aureus by protecting it from
extracellular antimicrobial compounds. This not only avoids

clearance but also facilitates the establishment of an intracellular
microbial reservoir that could lead to persistence and chronic
carriage. This may explain the high levels of resistance to
systemic antibacterial therapies in chronic conditions such as
CRS. Crucially, these intracellular S aureus reservoirs may
constitute potential future therapeutic targets for the
development of novel bacterial eradication strategies, aimed at
reducing systemic antimicrobial usage, and in turn, the
associated risk of antimicrobial drug resistance. To clarify
mechanisms underlying survival of S aureus, mechanistic studies
using invitro MC culture models are currently being planned.

We are indebted to all the study participants. We are grateful for the
assistance received from staff of the Histochemistry Research and
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Biomedical Imaging Units. We also thank Nijaguna Mathad (Consultant [UHSNFT]) and Ashok Rokade (Consultant Rhinologist and Anterior Skull
Neurosurgeon, University Hospital Southampton NHS Foundation Trust Base Surgeon, UHSNFT) for providing us with the control tissue.
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