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Immunoglobulin E (IgE) - mediated systemic fungal allergy and fungi in sinus eosinophilic

mucus are considered pathologically important in patients with eosinophilic mucus chronic

rhinosinusitis (EMCRS). They are used to subgroup thése patients into the following:

allergic fungal sinusitis (AFS), AFSJike, non-allergic fungal eosinophilic sinusitis (NAFES)

and non-allergic, non-fungal eosinophilic sinusitis (NANFES). The relevance of this

classification system was examined in this thesis according to the clinical characteristics,

systemic immune responses and the sinonasal lymphocyte populations in EMCRS patients.

In doing so, it was established that the EMCRS subgroups were not significantly different

from one another. However, as a single group, EMCRS patients had a more severe form of

sinus disease than patients with chronic rhinosinusitis without eosinophilic mucus (CRS).

The total IgE and fungal-specific IgE-mediated allergic parameters were not significantly

different between allergic EMCRS patients and disease-control grouP, allergic rhinitis with

fungal allergy (ARFA). This indicated that fungal allergy was not of central pathogenic

importance in EMCRS. Regardless of fungal allergy or of the detection of futtgr, EMCRS

patients had an elevated humoral and cellular immune response to Alternaria alternata and

Aspergillus fumigatus compared with healtþ volunteers. EMCRS patients were

distinguished from ARFA and CRS groups by elevated fungal-specific serum IgG3 levels.

Fungal-specific peripheral blood mononuclear cell proliferation was also increased in

EMCRS patients. While CD4+ and CD8+ T lymphocytes proliferated in a proportion of

ARFA and CRS patients, CD8+ T lymphocytes did not proliferate in EMCRS. This implied

a dysregulated CD8+ T cell response to fungi. Compared with CRS, polyps from EMCRS

patients had a greater proportion of effector memory CD8+ T lymphocytes lacking the

clotoxic phenotype defined by intracellular perforin. These findings indicated that



ll

immunological mechanisms other than IgE-mediated fungal allergy were involved in

EMCRS. These mechanisms were characterised by terminally differentiated and antigen-

experienced CD8+ T lymphocytes in the mucosa.

The work presented here showed that eosinophilic mucus represented a distinct clinico-

pathological subset of chronic rhinosinusitis patients. The clinical subgrouping of EMCRS

was unfounded as IgE-mediated allergy was not the principal pathogenic mechanism, and all

the EMCRS subgroups had an elevated fungal-specific immune response. Although the

nature of the fungal involvement and disease mechanisms remain to be determined, this

thesis represents a major conceptual advance to determine the pathogenic processes in

eosinophilic mucus chronic rhinosinusitis.
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CHAPTER ONE: LITERATURE REVIEV/

1.1 INTRODUCTION

Chronic rhinosinusitis (CRS) is a clinical syndrome caused by mucosal inflammation of the

nose and paranasal sinuses that persists beyond twelve weeks (Benninger et aI.2003). The

aetiology, clinical manifestations and prognosis of chronic rhinosinusitis are heterogeneous.

The incidence of chronic rhinosinusitis and its aggressive clinical forms is increasing (Van

Cauwenberge and V/atelet 2000). Sinonasal polyps (Greek poly - many and pous - feet,

many feet) may be associated with severe and incurable disease, particularly in allergic

fungal sinusitis (AFS), a clinically aggressive form of chronic rhinosinusitis (Schwietz and

Gourley 1992). The term "allergic fungal sinusitis" encompasses a constellation of

pathological features. These include sinus eosinophilic mucus (EM), tlpe I hlrpersensitivity

to fungi, also known as fungal allergy, (Meltzer et al.2004) and fungi in the sinus mucus

(Bent and Kuhn 1994). The pathogenesis of allergic fungal sinusitis is poorly understood.

Currently there is no cure and treatment options are limited.

T1-pe I hypersensitivity to fungi is presumed to be important in the pathogenesis of allergic

fungal sinusitis. However, some patients with clinical features similar to allergic fungal

sinusitis, such as extensive pol¡ps and eosinophilic mucus, do not have fungal allergy or

fungus in the eosinophilic mucus (Katzenstein et al. 1983a; Ferguson 2000a; Collins et al.

2003). It is still unclear how these patients fit into the disease spectrum of allergic fungal

sinusitis and severe chronic rhinosinusitis. A comparative study of the clinical features and

fungal-specific immune responses of these patient groups will better characterise and define

the disease.
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Localised sinonasal inflammation where eosinophils and lymphocytes predominate is a

recognised feature in chronic rhinosinusitis, including allergic fungal sinusitis and pollpoid

chronic rhinosinusitis with eosinophilic mucus (Lara and Gomez 2001; Marple 2001;

Ferguson 2004). This is not unexpected, because eosinophils are the common granulocyte

involved in inflammation of those body areas exposed to the external environment,

including the skin, mucosal surfaces of the upper and lower airway, the gastrointestinal and

genitourinary tracts (Rothenberg 2004; Arora and Yamazaki 2004). Despite numerous

studies in this area, the precise role of eosinophils and l¡rmphocytes in the sinonasal

inflammatory process and the cellular and molecular mechanisms controlling them are

poorly defined.

This review will address the current knowledge of the pathogenic mechanisms in

eosinophilic mucosal inflammation in chronic rhinosinusitis. Special focus is directed to

allergic fungal sinusitis and other subgroups of eosinophilic mucus chronic rhinosinusitis

(EMCRS). Concepts are introduced from the view of the adaptive and innate mucosal

immune system. Understanding the reactions of the mucosal cells to stress and injury will

lead towards unravelling the mechanisms perpetuating and maintaining the chronic

inflammation. In the long term, this may enable the introduction of novel and effective

therapies thattarget strategic points in the inflammatory cascade.

2
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I.2 PARANASAL SINUSES

Paranasal sinuses, hereafter called sinuses, are air-filled cavities within the facial bones that

communicate with the nasal cavity via small, naffow openings in the nasal wall

(Stammberger 1991). The sinuses include the bilaterally paired maxillary, ethmoidal, frontal

and sphenoidal sinuses that are named according to the bones in which they are housed

(Figure 1.1) (Bannister et al. 1995). The anterior ethmoidal and maxillary sinuses

communicate via the hiatus semilunaris into the middle meatus. The drainage pathway of the

frontal sinuses into the middle meatus is variable (Wormald 2005). The posterior sinuses,

sphenoidal and posterior ethmoidal, communicate with the nasal cavity via small ostia into

the sphenoethmoidal recess and superior meatus respectively.

A B

Figure L.L Coronal computed tomogram sections of the nose and paranasal sinuses

from a healtþ individual. These scans show aerated maxillary (M) and anterior ethmoid

(AE) sinuses in (A) and posterior ethmoid sinuses (PE) in (B). The proximity of the

sinuses to the orbit (black arrows) and the brain (white arrows) is evident.

I
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The blood supply to the nose and sinuses derives from arterial branches of the internal and

external carotid arteries and venous drainage is via the corresponding veins. The trigeminal

nerve mediates somatic sensation and provides pathways for the autonomic supply.

Parasympathetic secretomotor supply is from preganglionic cells in the superior salivary

nucleus in the lower pons and the sympathetic supply from cells in the dorsal horn of the

first to third thoracic spinal segments. Lymphatic fluid drains to the neck and the

retropharyngeal lymph nodes.

The sinuses are separated from the orbit, brain, cranial nerves and major blood vessels

accessing the intracranial cavity by bony walls. These walls may be paper-thin and deficient

in places (Stammberger 1991). Consequently, sinus disease may readily extend into the orbit

and brain, resulting in organ and life-threatening sequelae.

1.3 CHRONIC RHINOSINUSITIS

The mucosa lining the nose arrd paranasal sinuses is continuous and therefore inflammation

of the sinuses invariably affects the nose. (Lanza and Kennedy 1997; Benninger et al. 2003).

Hence, the term rhinosinusitis is more appropriate than sinusitis. The clinical spectrum of

chronic rhinosinusitis spans non-troublesome symptoms to severe and recalcitrant disease

associated with serious extra-sinus complications. Synptoms resulting from sinus

involvement include nasal obstruction, nasal discharge, facial pain or a sensation of facial

pressure, headache, hlposmia and anosmia (Benninger et al. 2003). The macroscopic

mucosal pathology ranges from mucosal erythema and oedema to polyps. The clinical

parameters used to subclassiff chronic rhinosinusitis include: (a) the anatomical site of

involvement, þ) the type of microorganism cultured from sinus contents, (c/ presence of

extra-sinus disease, (d) associated predisposing factors or the clinical phenotype, (e) the type
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of mucosal pathology, including polyps and (fl the predominant inflammatory cell type in

the mucosa (Pinheiro et al. 2001).

Chronic rhinosinusitis is estimated to affect about l4o/o of the population (Kaliner 1997).

The exact prevalence is difficult to determine due to discrepancies in definition, missed or

over diagnosis and the clinical heterogeneity of the disease (Van Cauwenberge and Watelet

2000; Benninger et al. 2003). Chronic rhinosinusitis is one of the most common chronic

medical conditions that leads an individual to seek medical care; ensuing direct medical

costs include office visits, diagnostic tests, antibiotics, other pharmaceuticals and surgical

procedures. It also significantly impairs the quality of life by causing functional and

psychological impairment. Consequently, chronic rhinosinusitis is associated with a

substantial socioeconomic cost (Gliklich and Metson 1995; Benninger et al. 2003).

I.4 PATHOGENESIS OF CHRONIC RIIINOSINUSITIS

Several local and systemic conditions may be involved in the pathogenesis of chronic

rhinosinusitis (Table 1.1). Type I hypersensitivity has long been considered an important

aetiological factor. Type I hlpersensitivity refers to an immunoglobulin E (IgE) - mediated

allergic reaction, where "allergy'' refers to an exaggerated or inappropriate immune-

mediated reaction to an antigen at a dose tolerated by normal subjects (Johansson et al.

2001). However, in the literature, "allergy'' has become synonymous with type I

hypersensitivity. In this thesis, the term "allergt''also refers to type I hlpersensitivity. The

term "atopy'' describes the clinical presentations of type I hypersensitivity which include

asthma, eczem1hay fever, ufücanaand food allergy.

5

Type I hlpersensitivity depends on the permanent sensitisation of mast cells in the target
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Table 1.1 Aetiological factors associated with chronic rhinosinusitis

Chronic infection

Virus, bacteria, fungi

Factors predisposing to chronic infection

Immunodeficiency

Local, systemic

Innate, adaptive

Primary, secondary

Abnormal mucociliary function

Primary

Cystic fibrosis, Young' s syndrome, Kartagener' s syndrome

Secondary

Infection, chronic infl ammatory conditions

Structural abnormalities (septal deviation, Haller cells, concha bullosa)

Iatrogenic (nasal packs, nasal tubes, post surgical scarring)

Neoplasms, infl ammatory pollps

Idiopathic

Inflammatory conditions (immune and non-immune - mediøted)

Allergy

Aspirin sensitivity

Autoimmune disease

Granulomatous disease ('Wegener' s granulomatosis, sarcoidosis)

Neurogenic infl ammation

Physical and chemical irritants (barotrauma, topical medications, cigarette smoke)

Idiopathic

Modifred from Pinheiro et al. 2001 and Benninger et al. 2003.

organ where high affinity receptor for IgE, FceRI, is critical in mediating allergen-specific

IgE responses (Maurer et al. 1995; Gould et al. 2003). Type I hypersensitivity results from

"cross-linking" by a specific allergen of two or more IgE molecules engaged on the surface



of effector cells by FceRI (Gould et al. 2003). Subsequent effector cell activation causes

release of preformed and newly formed mediators that lead to local inflammation, and

recruitment of leucocytes, including basophils and eosinophils, thereby leading to the

clinical symptoms and signs (Sutton and Gould 1993). The diagnosis of tlpe I

hlpersensitivity requires the detection of allergen-specific IgE in peripheral blood or a

positive skin prick test to an allergen (Coombs and Gell 1968). Epidemiological studies

show that the prevalence of chronic rhinosinusitis with nasal pol1.ps is low in patients with

allergic rhinitis (Settipane and Chafee 7977), signiffing that tlpe I hypersensitivity is not

principally responsible for polypoid chronic rhinosinusitis (Slavin 1992). However, a worse

clinical outcome is often seen in association with tlpe I hypersensitivity than without,

supporting the notion that type I hlpersensitivity may aggtavate underlying mucosal

inflammation (reviewed by Settipane 1997).

The involvement of superantigens in chronic rhinosinusitis is also proposed (Bachert et al.

2003; Bernstein et al. 2003; Dennis 2003). Superantigens are peptides produced by many

pathogens including viruses, bacteria and fungi that may colonise the sinonasal mucosa.

Superantigens are so named because of their ability to activate and induce the proliferation

of a substantial proportion of CD4* and CD8* T lymphocytes (Herman et al. l99I;

McCormick et al. 2003; Proft and Fraser 2003; Nagashima et al. 2004). Ty-pically,

superantigens interact with the major histocompatibility complex (MHC) expressed on

antigen presenting cells as intact molecules outside the peptide binding groove, followed by

sequential binding to the T cell receptor (TCR) via the variable region of the TCR p chain

(Seth et al. 1994). The repertoire of the variable P (VB) region is limited to 24 major types.

Therefore, together with the mitogenic potency of the superantigen, up to 20Yo of T

lymphocytes may be activated followed by cell anergy or deletion (Attinger et al. 2000). The
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effector functions of superantigen activated T lymphocytes include cytotoxicity and cytokine

secretion (Huang et al. 2002). Although the precise mechanism and role remains to be

defined, superantigens may alter the repertoire and function of the mucosal lymphocyte

populations and consequently, the inflammatory response.

Other immunostimulatory factors from microorganisms including bacterial endotoxins, heat

shock proteins and CpG-deoxyribonucleic acid (CpG-DNA) motifs may be involved in the

inflammatory process either directly or by molecular mimicry (Tlaskalova-Hogenova et al.

2004). The microorganisms may also exist as biofilms (reviewed by Post et al. 2004).

Genetic factors, including those associated with the major clinical phenotypes, certain

human leucocyte antigen (HLA) types, isoforms of tollJike receptors (TLR), MHC

transporters and intracellular signalling mechanisms may be implicated in the chronic

inflammatory state in the right microenvironment and immunological insult. These disorders

may be common to the systemic immune system or limited to the mucosal system. This

may, in part, explain why some patients with inflammatory bowel disease also have upper

airway hyperresponsiveness (Mansi et al. 2000) and chronic rhinosinusitis (Book et al.

2003).

The pathogenesis of chronic rhinosinusitis appears to be a complex and multifactorial

process that may include initiating and maintaining events. In the absence of obvious

predisposing proinflammatory states, for example, selective immunodeficiency, cystic

fibrosis or obstruction of the sinus drainage pathways, the initiating or maintaining events

may not be apparent. Furthermore, factors that maintain the inflammation may obscure the

underlying initiating event. Several processes, including type I hlpersensitivity and

superantigens may either initiate or maintain the inflammation and deciding which factor fits

8
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into what category is probably impossible. Nevertheless, an explanation of why some

patients have self-limiting disease whereas others have severe, polypoid sinusitis refractory

to conventional treatment remains an important goal.

1.5 SINONASAL POLYPS

The term "pol¡p" refers to the macroscopic appearance of a pedicled tissue projection

arising from a mucosal surface (Figure 1.2). The first description of sinonasal pollps was in

ancient Indian and Egyptian texts dated more than 5000 years old (Brain 1997). In the

general sense, polyps may contain benign or neoplastic tissue. Ilr the context of chronic

rhinosinusitis, 'þolyp" refers to a benign mucosal projection with an epithelial lining.

Macroscopically, sinonasal polyps are usually soft, lobular and have a smooth, shiny surface

with a bluish-grey or pink translucent appearance (Hellquist 1997). A pseudostratified

columnar epithelium, known as the respiratory epithelium or the Schneiderian membrane,

typically lines the polyps. Squamous or cuboidal metaplasia of the epithelial cells, goblet

cell hlperplasia, altered glandular architecture and thickening of the basement membrane

may be present. Pol1ps are generally devoid of neural tissue and the stroma has varying

degrees of oedema and inflammatory cells.

Polyps are generally classified based on the cell type and degree of cellularity in the tissue.

Those with abundant inflammatory cells are the most common, of which eosinophilic polyps

predominate followed by neutrophilic and rarely, lymphocytic pollps (Hellquist 1997).

Other cells such as mast cells, basophils, macrophages and dendritic cells are also present;

fibrous or glandular polyps are uncofilmon.

9
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A

cB

Figure 1.2 Sinonasal pol1ps in a patient with allergic fungal sinusitis. Extensive

pollps (a:rows) are seen inside the right nostril (A). Haematoxylin and eosin stained

sections of a pollp showing respiratory epithelial lining and inflammatory cells (B) that

are composed of principally eosinophils and lymphocytes (C). Courtesy of Professor PJ

Wormald (A) and Dr J Pierides (B and C), Queen Elizabeth Hospital, South Australia.

Benign sinonasal pol1.ps may be found in association with a number of systemic diseases

(Table 1.2). The pathogenesis of pol1ps is unknown. The different histological tlpes may

represent a heterogeneous pathogenesis or alternatively "snap-shots" during the natural

history of a pol¡p. Regardless, it is the inflammation and not pollpsper se that is of primary



pathological focus. Sinonasal polps offer a spectrum of clinical consequences ranging from

asymptomatic to extensive mucosal involvement that may result in facial deformities. The

latter are a recognised feature of allergic fungal sinusitis.

Table 1.2 Medical conditions associated with sinonasal pol¡rps

Adult asthma

Intrinsic

Extrinsic

Allergic fungal sinusitis

Aspirin intolerance

Childhood asthma/rhinitis

Churg-Strauss syndrome (asthma, fever, eosinophilia)

Cystic fibrosis

Kartagener' s syndrome (bronchiectasis, sinusitis, situs inversus)

Young' s syndrome (sino -pulmonary diseas e, azoo spermia)

Modified from Settipane 1997 .

L.6 ALLERGIC FUNGAL SINUSITIS OR ALLERGY, FUNGI AND

SINUSITIS?

Allergic fungal sinusitis is a descriptive term f'or an important subset of chronic

rhinosinusitis patients with nasal polyps (Figure 1.3).

1.6.1 Historical background

The clinical features of nasal obstruction, hard and blood-tinged nasal casts, positive

Aspergillus fumigatus cultures of sinus contents and nasal pollps were first described and
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published as a case report in a patient suspected to be suffering from allergic

bronchopulmonary aspergillosis (ABPA) (Safirstein 1976). Although chronic rhinitis

(Katzenstein et al. 1975) and "nasal plugs" (McCarthy and Pepys l97l) in association with

allergic bronchopulmonary aspergillosis were documented earlier, s¡rmptomatic sinonasal

disease had not. It wasn't until 1981 when the first analogy of the sinus contents to the

mucus plugs found in the lungs of patients with allergic bronchopulmonary aspergillosis was

made (Lamb et al. 1981). These authors described the classical histopathological appearance

of the sinus "inspissated debris" from five patients with allergic bronchopulmonary

aspergillosis that comprised of mucus, proteins, cellular debri, eosinophils, Charcot-Leyden

crystals and variable amounts fungal h1-phae. Aspergillus fumigatus was cultured in one

patient and the authors proposed that these cases represented "allergic aspergillosis" of the

paranasal sinuses.

In 1983, a retrospective review of surgical specimens from the sinuses of patients with

chronic rhinosinusitis demonstrated histological features indistinguishable from mucoid

impaction found in the lungs of patients with allergic bronchopulmonary aspergillosis

(Katzenstein et al. 1983a). This mucoid material was then termed "allergic mucin". Fungal

hlphae resembling those of Aspergillus species was present within the mucus and there was

no evidence of invasion in the mucosa. This sinus disease was defined as a distinct

pathological entity from allergic bronchopulmonary aspergillosis and the term "allergic

Aspergillus sinusitis" (AAS) was introduced in the literature. Further studies established that

fungal culture of the sinus mucus specimens yielded fungi other than from the Aspergillus

species and hence, the term "allergic fungal sinusitis" (Robson et al. 1989).
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Figure 1.3 Sinus computed tomography (CT) and eosinophilic mucus histology

from an allergic fungal sinusitis patient. Extensive maxillary and ethmoid sinus mucosal

thickening and double densities (A) with bone erosion and pseudo-invasion of sinus

contents into the orbit and brain (B) arc apparent on coronal CT sections. Eosinophil

clusters (C) and Charcot-Leyden crystals (D) are seen in the mucus sections stained with

haematoxylin and eosin. Fungal hyphae are evident with methenamine silver stain (E and

F). Courtesy of Professor PJ Wormald (A and B) and Dr J Pierides (C, D, E and F).
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That allergic fungal sinusitis only existed since first recognised in the late 1970s is unlikely.

"Granulomatous fungal sinusitis" caused by Aspergil/øs species (Wright 1927) and "chronic

invasive fungal sinusitis in an immune-competent host" (Stringer and Ryan 2000) had been

described, followed by numerous reports from North Afüca, India and the Middle East.

These patients were reported to have nasal pollps, thick, coloured mucus and fungi within

mucus and tissue. Eosinophils often surrounded the fungi in the tissue and this was

described as a granulomatous reaction (deShazo et al. 1997; Stringer and Ryan 2000).

Therefore, it is a distinct possibility that allergic fungal sinusitis may have been diagnosed as

chronic invasive fungal disease (Ferguson 2000b; Stringer and Ryan 2000).

1.6.2 Eosinophilic mucus

Eosinophilic mucus is a histopathological diagnosis made following examination of

paraffin-embedded mucus specimens stained with haematoxylin and eosin. Eosinophilic

mucus is also known as "allergic" or "fungal-like" mucin. "Mucin" is a misnomer as it refers

to "any group of protein containing glyco-conjugates with high sialic acid or sulfated

polysaccharide content that compose the chief constituent of mucus" (Anderson et al.1994).

Eosinophils are the predominant and a consistent cellular component that defines

eosinophilic mucus. Eosinophil breakdown products known as Charcot-Leyden crystals,

sloughed respiratory epithelial cells and debris are also present (Katzenstein et al. 1983b).

Macroscopically, eosinophilic mucus is typically thick, viscous to almost solid and coloured

and it is often described as being of "axle grease", 'þeanut butter" or "cottage cheese" - like

consistency (Marple 2001).



Chapter I revrcw 15

1.6.3 Diagnostic criteria for allergic fungal sinusitis

There is still controversy regarding the diagnostic criteria for allergic fungal sinusitis. The

generally accepted definition is that put forward by Bent and Kuhn and encompasses: (ø)

eosinophilic mucus, @) positive fungal stain of sinus contents, without fungal invasion into

sinus tissue, (c) nasal pollposis, (d) characteristic radiological signs and (e) type I

hypersensitivity to fungi (Bent and Kuhn 1994).

However, there have been several variations to this definition. ln some, the macroscopic

appearance of eosinophilic mucus is sufficient for diagnosis (deShazo and Swain 1995;

Collins et al. 2003) while other definitions consider positive fungal cultures from either

nasal (Ponikau et al. 1999) or sinus (Collins et al. 2003) mucus in the absence of fungal

elements adequate. Some definitions dispute the need to demonstrate type I hlpersensitivity

to fungi (deshazo and Swain 1995; Ponikau et al. 1999). Recently, a multidisciplinary

international panel re-defined allergic fungal sinusitis as "histological confirmation of

eosinophilic mucus and the presence of t1.pe I hlpersensitivity to fungi in patients with

chronic rhinosinusitis" (Meltzer et al. 2004).

The differences in definitions have arisen because the pathogenic importance of fungi and

type I h1-persensitivity to fungi in allergic fungal sinusitis is uncertain. The plethora of

definitions of "allergic fungal sinusitis" makes it difficult to make direct comparisons

between published studies and has hindered progress in understanding this disease.
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I.7 CLINICAL CHARACTERISTICS OF ALLERGIC FUNGAL

SINUSITIS

1.7.1 Demographics

Allergic fungal sinusitis, defined by the presence of "allergic mucin with fungal forms noted

histologically or by allergic mucin with positive fungal cultures" (deShazo and Swain 1995;

Ponikau et aI. 1999) affects adolescents and young adults, with a mean age at diagnosis of

approximately22 years (Manning and Holman 1993) or 31 years (Ferguson 2000a). Men

and women are equally affected. As definitive diagnosis can only be made by examination

of surgical specimens, the true prevalence of allergic fungal sinusitis is unknown. However,

based on the criteria of Bent and Kuhn, studies show that allergic fungal sinusitis affects 4-

l0o/o of patients undergoing sinus surgery (Collins et al. 2003).

1.7.2 Clinical profìle

Allergic fungal sinusitis typically affects immune-competent individuals, as obvious

immune disease is absent (Pratt and Burnett 1988). As reviewed by Marple 2001, the

clinical presentation is of a long history of nasal obstruction, hlposmia or anosmia and of

blowing out nasal casts. Nasal polyps are present in up to 100% and extra-sinus

complications may be observed in a proportion of patients. The inflammatory cell

component of the mucosal inflammation is characterised by eosinophils (Feger et al. 1997;

Khan et al. 2000).

By definition, type I hypersensitivity to fungi is present, although not necessarily to the

same fungal species identified in the eosinophilic mucus. In many cases, fungal allergy to

more than one genera and species is present (Mabry et al. 1999), a common feature for

fungal allergies in humans (Horst et al. 1990). Allergy to non-fungal allergens is also
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common (Mabry et al. 7997; Folker et al. 1998; Collins et aL.2004). Depending on the study

and definition of "allergic fungal sinusitis", total serum IgE levels, peripheral blood

eosinophil count, serum eosinophil cationic protein, erythrocyte sedimentation rate and C

reactive protein may be elevated (Ferguson 2000a), but none of these changes are consistent.

As reviewed by Marple 2007, serum Aspergillus precþitins have been reported, but are

more often negative. Other conditions that may coexist include asthma and aspirin

sensitivity. Coexisting allergic fungal sinusitis and allergic bronchopulmonary aspergillosis

is uncommon (Bhagat et al. 1993; Shah et al. 2001). However, many patients with allergic

fungal sinusitis also have significant lower respiratory tract symptoms but do not fulfil the

diagnostic criteria for allergic bronchopulmonary aspergillosis, including IgE levels greater

than 1000 kUlL and bronchiectasis. Whether the lower respiratory tract disease in allergic

fungal sinusitis patients represents a different disease process from allergic

bronchopulmonary aspergillosis, is speculative.

The common fungi identified in the eosinophilic mucus are from the dematiaceous family

and Aspergillus species (Marple 2001). Dematiaceous fungi include organisms from the

generaAlternaria, Bipolaris, Cladosporium, Curvularia, Drechslera andHelminthosporium.

These fungi are darkly pigmented due to dihydroxynapthalene melanin in the cell walls of

the h¡phae or conidia (Dixon and Polak-Wyss 1991). Tlpically, fungal invasion of the sinus

mucosal tissue is not observed, however fungi in the sinus mucosa and bone have been

documented recently (Thakar et al. 2004). Radiological examination of the sinuses with

computed tomography (CT) characteristically shows areas of heterogeneous signal intensity

within the affected sinuses, known as double density appearance (Mukherji et al. 1998).

Double densities are due to accumulations of heavy metals including iron, manganese and

calcium salt precipitation, typically associated with fungi. Expansion of the sinus cavity with



I

thinning of the sinus walls and bone erosion with extension of sinus disease into adjacent

sites may also be observed (Nussenbaum et al. 2001). However, these computed tomography

appearances are not specific for allergic fungal sinusitis.

1.7.3 Treatment and prognosis

At present, there is no long-term successful treatment for allergic fungal sinusitis. As

reviewed by Marple and Mabry 1998, Schubert 2000 and Marple 2001, combinations of

surgical and medical treatments are used to manage complications, provide symptomatic

relief from extensive nasal poll.ps and to delay recuffences. Corticosteroids are the most

effective agent in preventing recurences and in selected cases used as first line treatment.

Topical antifungal treatment and immunotherapy are also used although their clinical

efficacy remains to be proven.

These treatments are associated with significant adverse effects. Extensive disease, sinonasal

bone remodelling and bleeding increase the risk of surgical complications. Similarly,

corticosteroid treatment is associated with serious adverse effects that may occur in a dose-

dependent or an idiosyncratic manner (Haynes 1991).

Not withstanding the treatments, the recuffence rate of nasal polyps and eosinophilic mucus

is extremely high (Schubert and Goetz l99S). Hence, there is a cleat need for a better

understanding of this disease and for the development of alternative therapies.
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1.8 ALLERGIC FUNGAL SINUSITIS AND ALLERGIC BRONCHO.

PULMONARY ASPERGILLOSIS: STRIKING SIMILARITIES AND

OBVIOUS DIFFERENCES

Allergic bronchopulmonary aspergillosis was described in 1952 by Hinson et al. as a

condition of the airways characterised by a prominent eosinophil and lymphocle population

in the tissue, increased levels of serum IgE and precipitating antibodies to Aspergillus

antigens. As for allergic fungal sinusitis, the prevalence of allergic bronchopulmonary

aspergillosis remains highly speculative. Depending on the study, the prevalence of allergic

bronchopulmonary aspergillosis varies between 2-35% for asthmatic patients and between

35-81% for cystic fibrosis patients (Crameri 2002).

Eosinophilic mucus, eosinophils and lymphocytes in the mucosa together with fungal

elements and type I hypersensitivity are present in allergic bronchopulmonary aspergillosis

and allergic fungal sinusitis. Similar to allergic bronchopulmonary aspergillosis (Riley et al.

1975; Slavin et al. 1988), fu.rgr in the tissues have been observed in allergic fungal sinusitis

patients (Thakar et al. 2004). Corticosteroids are also the mainstay of medical therapy

(Safirstein eI al. 1973; Marple 2001). However, in allergic fungal sinusitis, fungi other than

Aspergillus appear to be coÍtmon, Aspergillus precipitins are not usually present and the

total IgE level is often normal or only slightly elevated.

Allergic bronchopulmonary aspergillosis is thought to result from a hlpersensitivity immune

response to Aspergillus fumigatus antigens and is associated with Aspergillus hyphae in the

lower respiratory tract (Greenberger 2002).It is typically seen in patients with cystic fibrosis

and asthma. It is unclear from the literature whether other fungal species are isolated from



the lungs of these patients. lndeed, sputum samples from patients with cystic fibrosis yielded

moulds other than I spergillus fumigatus (Bakare et al. 2003).

Cystic fibrosis is a genetic disorder caused by mutations in the cystic fibrosis

transmembrane conductance regulator (CFTR) gene that encodes the amino acid sequence

for an integral membrane protein in epithelia (Knowles et al. 1983). Cystic fibrosis

transmembrane conductance regulator protein functions as a cyclic adenosine

monophosphate (cAMP) regulated chloride ion channel (Stutts et al. 1995). Abnormal

function of this ion channel in the respiratory system results in abnormal mucus production,

thickened secretions and predisposes to recurrent infections. More than 1000 mutations of

the CFTR gene are identified. Together with environmental factors and polymorphisms or

non-CFTR genetic modifiers, may in part explain the intra-genotype variation in the clinical

phenotype of cystic fibrosis (Wang et al. 2000; Noone and Knowles 2001; V/allace et al.

2003). Allergic bronchopulmonary aspergillosis in these patients, with fungal growth in the

respiratory tract could be a consequence of mucosal immune-compromise.

Total IgE levels and Aspergillus-specific IgE, IgG and IgA are elevated in patients with

allergic bronchopulmonary aspergillosis (Brummund et al. 1987). Although type I

hypersensitivity to fungi is proposed to be the main immunopathological mechanism in

allergic bronchopulmonary aspergillosis and allergic fungal sinusitis, it remains to be

explained why not all patients with fungal allergy develop these severe clinical phenotlpes.

Similar to allergic fungal sinusitis, there is no direct evidence that fungal allergy is a central

patho genic factor in allergic bronchopulmonary aspergillo si s.
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Examination of Aspergillus-specific peripheral blood mononuclear cells from allergic

bronchopulmonary aspergillosis patients has shown enhanced CD4* T cell proliferation.

Cytokine studies have shown either a "t¡pe 1" or "type 2" profrle (section 1.15) depending

on the fungal antigen extract used (Kurup et al. t996). These studies show an enhanced

systemic immune response to fungi in allergic bronchopulmonary aspergillosis. This fungal-

specific immune response may be aggravating and maintaining the underlying pathological

process, be it either cystic fibrosis or asthma.

I.9 EOSINOPHILICMUCUSCHRONICRHINOSINUSITIS

Patients with chronic polypoid rhinosinusitis and sinus eosinophilic mucus who do not have

fungal elements in the sinus mucus or type I hypersensitivity to fungi have been recognised

since the first description of "allergic Aspergillus sinusitis" (Katzenstein et al. 1983a and b).

Ferguson in 2000a reviewed several patient groups and concluded that allergic fungal

sinusitis patients were clinically and pathologically distinct from other patients with

eosinophilic mucus, termed "eosinophilic mucin rhinosinusitis" (EMRS). However, this

review was based on a retrospective analysis of studies in which the definitions of allergic

fungal sinusitis were inconsistent. Currently, it is unclear whether chronic rhinosinusitis

patients with eosinophilic mucus but no fungal elements or fungal allergy represent a

different clinical and pathological entity from allergic fungal sinusitis.

Reviewing the allergic fungal sinusitis literature, it appears that eosinophilic mucus is the

only consistent feature correlating with severe sinus disease. However, fungal allergy and

fungr may be demonstrated in patients with non-pollrpoid sinus disease, patients with

allergic rhinitis without sinusitis and in healtþ individuals. The pathological and clinical

significance of fungal allergy and of fungi in allergic fungal sinusitis is presently unknown.

'a
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Therefore, in this project, all patients with chronic rhinosinusitis and eosinophilic mucus

have been included under one term, eosinophilic mucus chronic rhinosinusitis (EMCRS).

The EMCRS patients fulfiI the following clinical subclassifications documented in the

literature:

Allergic fungal sinusitis, where fungal allergy is present and fungi are detected in

eosinophilic mucus (Bent and Kuhn 1994; Ferguson 2000a).

Allergic fungal sinusitis-like, where fungal allergy is present but fungi are not

detected in eosinophilic mucus (Collins eI aL.2004).

Non-allergic, fungal eosinophilic sinusitis (NAFES) (Ferguson 2004) or chronic

fungal sinusitis (CFS) (Collins et al.2004), where fungal allergy is absent and fungi

are detected in eosinophilic mucus.

Non-allergic, non-fungal, eosinophilic sinusitis (NANFES) or chronic eosinophilic

sinusitis (CES) (Collins et al.2O04), where fungal allergy is absent and fungi are not

detected in eosinophilic mucus.

-a

1

2

-1

4.

1.10 ROLE OF FUNGI IN THE MUCOSAL INFLAMMATION IN

EOSINOPHILIC MUCUS CHRONIC RIIINOSINUSITIS

Pathologically, fungl may affect humans in at least three ways: (a) by causing

hlpersensitivity, (å) bV their toxic effects or (c) by invasive infection (Hawranek 2002).

Except invasive fungal infections, it is often diffrcult to attribute fungi as a cause of a

disease. This is partly due to the ubiquitous nature of fungi, its variable morphology,

antigenic cross-reactivity between species and the heterogeneous and changing antigenic
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profile within a single fungal species (Homer et al. 1995; Kurup et al. 2002; Bisht et al.

2002; Gupta et al. 2002).

1.10.1 Fungal allergy

Tlpe I hypersensitivity to fungi has been linked to the pathogenesis of allergic fungal

sinusitis. In reviewing the literature, depending upon the definition of allergic fungal

sinusitis, up to 100% of patients have fungal allergy (Manning et al. 1993; Manning and

Holman 1998). However, it is well established that fungal allergy is not present in every

chronic rhinosinusitis patient with sinus eosinophilic mucus and, fungal allergy may be

present in healtþ volunteers who have no evidence of sinonasal disease (deShazo and

Swain 7995; Ponikau et al. 1999; Braun et al. 2003). kr addition, when present, fungal

allergy may not be to the same fungal species identified in the sinus eosinophilic mucus.

Furthermore, as reviewed by Slavin 1997, epidemiological studies show a poor correlation

between the prevalence of allergy and nasal polyps. Fungal allergy is estimated to affect 3-

l0o/o of adults and children world-wide (Horner et al. 1995). Accordingly, fungal allergy in

allergic fungal sinusitis patients may represent the prevalence of fungal allergy in the

general population.

In the absence of systemic fungal allergy, local mucosal allergy to fungi is suggested to

mediate the inflammation in allergic fungal sinusitis (Collins et aL.2004). As reviewed by

Smurthwaite and Durham 2002, there is good evidence of local sinonasal and lung mucosal

IgE synthesis. However, mucosal studies from chronic rhinosinusitis have generated

inconsistent results. Sanchez-Segura et al. 2000 showed that most nasal polyps do not

contain IgE secreting plasma cells. By contrast, previous reports have demonstrated IgE in

the nasal and polyp tissue; while a study showed good correlation between IgE in nasal

o
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tissue and serum IgE levels in allergic patients (Whiteside et al. 1975), another showed that

speciflc IgE was not present in the mucosa of every fungal-allergic patient tested (Collins et

al. 2004). A comparison between allergic and non-allergic chronic rhinosinusitis patients

have shown no significant differences in total IgE or antigen-specific IgE in the mucosa

(Drake-Lee and Barker 1984; Liu et al. 1994). However, mucosal studies in allergic and

non-allergic rhinitis patients showed that IgE-positive cells and mast cells are increased

compared with asyrnptomatic controls (Pawankar et al. 1996; Powe et al. 2001).

Interestingly, cell-bound IgE is also present in the upper airway and gut mucosa in

asynrptomatic individuals (Stallman et al. 1977; O'Donoghue et al. 1979). These

inconsistent findings may be due, in part, to the functional diversity of mast cells and

antigen-specific IgE, as they also mediate non-allergic antigen-specific and non-specific

homeostatic and defense functions in the mucosa. Mast cells can be activated directly by

pathogens via toll-like receptors (Marshall et al. 2003a). Mast cells and IgE are also

implicated in viral and bacterial infections (Alho et al. 2003; Marshall et al. 2003b) and in

autoimmune diseases including multiple sclerosis and rheumatoid arthritis (reviewed in

Robbie-Ryan and Brown 2002). Monomeric IgE may bind to FceRI without resulting in

degranulation and increase mast cell survival (reviewed in Saini and MacGlashan 2002).In

addition, several subsets of mast cells may be involved in allergic and non-allergic

inflammatory responses (Beil et al. 2002). Thus, in the absence of systemically detectable

allergen-specific IgE or a positive skin prick test, the pathogenic importance of local IgE in

allergen-specific hypersensitivity responses is yet to be proven.

1.10.2 Invasive and toxic fungal disease

The demonstration of fungi in the sinuses by histology or culture is considered

pathologically important in allergic fungal sinusitis (Bent and Kuhn 1994). However, given
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the ubiquitous nature of fungi (Miller 1992), it is clear that using a sensitive enough

technique, fungi may be detected in all sinonasal mucus samples from patients and controls,

which makes detection of non-invasive fungi per se of limited pathological value (Ponikau

et al. 1999; Catten et al. 2001; Taylor et al.2002; Braun et aI. 2003; Buzina et al. 2003).

Fungal involvement in allergic fungal sinusitis is typically described as noninvasive,

although fungal elements in the pol)p tissue have been documented (Thakar et aI.2004).

Except for their detection in the sinuses, the effect of fungi on the sinonasal mucosa and

fungal-specific immune responses have not been examined thoroughly in allergic fungal

sinusitis patients. Hence, the role of fungi in this disease is speculative.

Innate and adaptive immune responses are involved in providing defense against fungal

organisms in the respiratory tract (Crameri and Blaser 2002). The first line of defense is the

mucociliary clearance system, which can be modulated by secondary metabolites from fungi

and other microorganisms (Amitani et al. 1995). Spores and mycelia are ingested and killed

by mononuclear and polymorphonuclear phagocytes (Schaffner et al. 1982). Each line of

defense is able to protect the host against large conidial inoculums over a long period of

time. Studies with Aspergillus species have identified several virulence factors (Tomee and

Kauffrnan 2000), but only if all host defense lines are overcome, can Aspergillus cause

invasive disease (Schneemann and Schaffüer 1999). Thus, "fungal invasion" might be a

consequence of ongoing inflammation and mucosal immune-compromise in allergic fungal

sinusitis rather than a different disease altogether.
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1,.11 THE APPROACH TO EXAMINING THE MUCOSAL

INFLAMMATION IN CHRONIC RIIINOSINUSITIS

Chronic rhinosinusitis is a complex clinical problem that is likely to be a consequence of

numerous proinflammatory factors where the immunopathological process may continue

even after the elimination of the triggering agent. Whereas a continued search for a

particular organism or antigen that causes mucosal inflammation is an important goal, the

advent of models of mucosal inflammation that collectively show that mucosal inflammation

is associated with inherent immune defects in the face of an unaltered flora, indicates that

this goal may prove futile (Strober et aI.20O2).

Following a review of the allergic fungal sinusitis literature, several possibilities exist

regarding the role of fungi and fungal allergy in this disease. These include: a primary fungal

cause, an exacerbation of an underlying mucosal disease by coexisting fungal allergy or

fungal toxins and fungal colonisation of already diseased sinuses. In order to understand the

pathogenesis of allergic fungal sinusitis, a systematic examination of the basic inflammatory

processes and of the key regulatory cells in the sinonasal mucosa is necessary.

I.I2 SINONASAL MUCOSAL IMMUNE SYSTEM

The mucosal system is composed of a complex cellular and molecular network that is

involved in organ-specific functions including respiration, absorption and immune functions

(Macdonald 2003). This system is a unique environment that is constantly challenged by

immunogenic and physical insults. The sinonasal immune system is functionally and

phenot¡rpically distinct from the peripheral immune system. The cellular components

include the resident stromal cell populations and dynamic populations of cells from the

myeloid and lymphoid lineage. Together, these constitute the physicochemical barrier and
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are involved in cellular responses to immunogens and pathogens. The immune system needs

to provide regulated active immune protection that is rapid and potent, while being

compatible with commensal organisms and maintaining the integrity of the mucosal barrier

(Yeazey and Lackner 2003). Little is known about the sinonasal mucosal system. Although

it may seem reasonable to extrapolate from one mucosal system to another, distinct

differences in organogenesis of the various mucosal associated lymphoid tissues (MALT)

(Harmsen et al. 2002) and differential expression of ligands for leucocyte homing receptors

(Csencsits et aI. 1999) from murine and human studies emphasise the "organ-specific" and

"species-specific" nature of these interactions and that immune responses may be

independently regulated and compartmentalised.

1.12.1 Physicochemical barrier

The respiratory epithelium lines most of the non-olfactory regions of the nose and the

sinuses and is continuous with the lower respiratory tract (Bannister et al. 1995)' The

respiratory epithelium consists of four major cell types: ciliated columnar or cuboidal

epithelial cells interspersed with goblet cells, non-ciliated columnar cells with microvilli and

basal cells. The "normal" respiratory epithelium often shows scattered areas of metaplastic

squamous or cuboidal epithelium. The cells contain tight junctions and rest on a basement

membrane composed principally of collagen fibres (types I, III, IV, V, VI and VII) and other

constituents that include heparan sulfate proteoglycan, laminin and nidogen (Agha-Mir-

Salim et al. 1993). Beneath the basement membrane, the submucosa overlying the cartilage

and bony sinonasal framework contains seromucinous glands, blood vessels, nerves, stromal

and lymphoid tissue. Compared with the nasal cavity, the paranasal sinuses have a thinner,

less specialised surface epithelium and lamina propria (Tos and Morgensen 1984). These

differences in the structural and cellular components between the sinus and nasal mucosa
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may reflect their different embryological origins and functional differences (Ali et aL.2002),

although the physiological implications are not clearly understood (Matthias et al. 1997).

The epithelial surface is covered by mucus produced by goblet cells, submucous glands and

ciliated cel|s. Goblet cells are stimulated by direct contact with physical and chemical

stimuli whereas the submucous and seromucinous glands are typically stimulated by

muscarinic (M) 1 and M3 receptor activation (Mullol 1992;'Wanner 1997). Mucus is

primarily composed of mucus glycoproteins, known as mucins, which are responsible for its

gel-like property. The type of mucin gene expression differs between areas of the nasal

cavity, the sinuses (Ali et al. 2002) and in inflammatory states (Kim et al. 2004). On the

epithelial surface, mucus forms two main phases, inner sol and outer gel phase. A fine layer

composed of surfactant proteins may also be present. The outer mucus layer is exposed to

the external environment and traps airborne particles whereas the inner layer assists in

clliary function. Cell-bound mucins may provide attachment sites for microbes and are

subsequentty shed into the mucus layer. Mucus is actively propelled by the cilia towards the

openings of the sinuses, enabling its drainage into the nasal cavity.

Other components of mucus that provide defense against pathogens include enzymes

(lysozymes, lactoferrin), antimicrobial peptides (defensins, cathelicidins), complement

proteins, C-reactive protein, immunoglobulins (IgG, IgA, IgM and IgE) and cells including

leucocytes and epithelial cells (Quraishi et al. 1998). As reviewed by Fagarasan and Honjo

2004, the regulation of mucosal immunoglobulin production and function is distinct from

elsewhere in the body. For example, B lymphocyte development and class switching occurs

independently of T cell help and those that are T lymphocyte dependent, require different

molecular interactions from systemic immunoglobulin production.
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1.12.2 Lymphoid compartments

The mucosa-associated lymphoid tissue (MALT) (nasopharyngeal, palatine, tubal and

lingual tonsils) surrounding the openings into the aero-digestive tracts that constitute the

'Waldeyer's ring, the lymph nodes in the neck and retropharyngeal areas are well described

(Bannister et al. 1995). The lymphoid compartment in the sinonasal mucosa is comprised of

single lymphocytes scattered among the epithelial cells and lamina propria, and the nasal-

associated lymphoid tissue (NALT) (Debertin et al. 2003). The NALT are discrete un-

encapsulated aggregates of lynphoid cells, akin to that in the mucosa-associated lymphoid

tissue in the gut known as Peyer's patches (Bannister et al. 1995).

1..13 CHARACTERISATION OF THE MUCOSAL IMMUNE CELLS

The mucosal immune cells include lymphoid, myeloid and stromal cells. These cells may be

defined by the nature of the immune response that they are typically involved in. An

immune response of a specific nature is also known as an adaptive immune response and

that of a non-specific nature is known as an innate immune response. The adaptive immune

response is distinguished from the innate response by the following characteristics:

specificity of antigen recognition, diversity of the antigen receptor repertoire, rapid clonal

expansion, adaptation to the changing microenvironment and immunological memory (Roitt

1996). The lymphocyte population is composed of T cells, B cells, natural killer (NK) cells

and natural killer T (NKT) cells. These cells form an integral component in the adaptive and

innate immune responses. Monocytes, macrophages, dendritic cells, granulocytes, mast

cells, epithelial and stromal cells tpically mediate non-specific responses but may also

modulate antigen-specifi c immune responses.
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Antigen specificity is conferred by antigen-specific receptors and is the hallmark of an

adaptive immune response (Sallusto et al. 2004). T1pically, T and B lymphocytes are

involved in adaptive immune responses by virtue of the T cell receptor and the membrane-

bound immunoglobulin, the B cell receptor (BCR), respectively. The T cell receptor is a

dimer of two disulphide-linked polypeptides. There are two well-defined types of T cell

receptors, crB and yô subunits. In the peripheral blood, approximately 9oo/o of the T cell

receptors are of the aB configuration and the remainder, yõ. In the peripheral tissues,

including the gut mucosa and skin, up to 30% of the T cell receptors express the yô subunit

(Carding and Egan 2002). The T cell receptor is linked to the CD3 molecule to form the T

cell receptor complex.

T lymphocytes are divided into two major subsets based on their ability to bind antigenic

peptides presented by antigen presenting cells in association with the MHC molecule. The

CD4 coreceptor on T lymphocytes specifically binds the MHC class II molecule and the

CD8 coreceptor binds the MHC class I molecule. The CD4 molecule is a monomeric protein

with four immunoglobulinlike domains and the CD8 molecule is composed of crc and p

subunits (CDScrB). In the gut mucosa , alarge proportion of CD8* T cells coexpress CDScx,cr

(Gangadharan and Cheroutre 2004). The expression and upregulation of CD8ücx, phenotype

may occur on any activated T cell. The CDScrcr coreceptor is thought to modulate specific T

cell receptor activation signals that facilitate T cell survival and differentiation into various

specialised subsets.

Natural killer cells and natural killer T cells are lyrnphocyte populations of the innate

immune response (Yokoyama et aL.2004). Natural killer cells are capable of lysing target

cells without prior sensitisation. They are distinguished from T or B cells by an absence of T
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cell receptor or B cell receptor, respectively, and by the expression of the NK molecules.

Natural killer T cells express a semi-invanant T cell receptor, where the cr chain

configuration is highly conserved (Va24-Jø18) and is coexpressed with the VB1l TCR P

chain (Godfrey eI al. 2004). Natural killer T cells may be CD4+, CD8* or negative for CD4

and CD8 molecules (double negative). Natural killer T cells express a phenotype of effector

or memory lymphocytes before encounter with any foreign antigen and may express the NK

molecule. These features suggest that NKT cells may respond to conserved endogenous as

well as the foreign antigens (Bendelac et al. 2001). They are restricted to CDld-dependent

antigen recognition and are primarily potent cytokine secretors including interleukin (IL) - 4

and y-Interferon. CDI molecules (CDl a-e genes) are non-polymorphic evolutionary

conserved antigen presenting molecules that appear capable of presenting lipid and

glycolipid antigens (Brigl and Brenner 2004). Recently, CDld-independent NKT cells called

NKT-like cells have also been described in humans (Godfrey et al' 2004).

I.I4 MUCOSAL IMMUNE RESPONSES

In the sinonasal mucosa, exogenous antigens are sampled by dendritic cells across the

pseudostratified epithelium and by specialised membranous (M) cells overlying NALT

across the simple epithelium (Karchev and Kabakchiev 1984; Neutra et al. 1996) (Figure

1.4). Pathogen recognition by the mucosal cells generally occurs by toll-like receptors that

recognise conserved molecular signatures of pathogens commonly known as pathogen-

associated molecular patterns (PAMP) (reviewed in Takeda el aL.2003; Akira and Takeda

2004; Mazzoni and Segal 2004). Antigen recognition by dendritic cells, macrophages,

epithelial cells, B cells, T cells and eosinophils may occur in a non-specific manner via toll-
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like receptors (reviewed in Armant and Fenton 2002) and in an antigen-specific manner via

immunoglobulin Fc receptors.

In the NALT system, there is close association with the M cell by phagocytes, antigen

presenting cells and lymphocytes. Immature dendritic cells phagocytose antigen and

undergo activation-maturation, interact with mucosal lymphocytes and gain the ability to

migrate to and interact with lymphocytes in the draining lymph nodes (Vermaelen et al.

2001). Mature dendritic cells typically present exogenously derived peptide antigen to CD4*

T lymphocytes in association with the MHC class II molecules. Endogenously produced

proteins, such as self-proteins and intracellular pathogens, are combined with the MHC class

I molecule whereas lipids and lipid derivatives are combined with CDI molecules and

presented to CD8+ T lymphocytes (Rosat et al. 1999).

Depending on the antigen, the microenvironment and the nature of the immune response,

CD4* and CD8+ T lymphocytes mediate and modulate adaptive and innate immune

responses by direct cell-cell contact and by producing cytokines which provide molecular

signals to other cells. Typically, CD4* T lyrnphocytes differentiate into predominantly

cytokine secreting cells that mediate help to B cells for antibody production and modulate

other immune responses whereas CD8* T lymphocytes differentiate into cytotoxic cells

(Roitt 1996). Both T tymphocyte populations are capable of modulating the innate immune

system by recruiting and modifuing the function of granulocytes including eosinophils and

neutrophils, mast cells, monocytes, basophils, antigen presenting cells, stromal cells,

epithelial cells, endothelial cells, nerve cells and mucus producing cells'
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Figure 1.4 Schematic representation of antigen uptake in the sinonasal mucosa. M

cells and epithelial cells mediate active uptake of antigen and present processed antigen

bound to major histocompatibility complex (MHC) class I or class II molecules to

mucosal dendritic cells, intraepithelial lymphocytes (IEL) and lamina propria lyrnphocytes

(LPL). The mucosal dendritic cells can also directly sample antigen. NALT, nasal-

associated lymphoid tissue. Adapted from Cheroutre and Madakamutll20}4.
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Regulation of the antigen-activated immune response is critical to prevent damage to

normal, uninvolved or uninfected cells in the vicinity of the immune attack (reviewed in

Jiang and Chess 2004). Therefore, in addition to generating antigen-specific immune

responses, immune regulation is a vital function of lymphocytes. The mechanisms involved

in immune regulation include those intrinsic to antigen activation and differentiation and

those mediated by suppressor, also known as regulatory, subsets of lymphocles (Rouse and

Suvas 2004).

The intrinsic immune regulatory mechanisms are mediated by changes in the T cell receptor

affinity, apoptosis, antigen-induced cell death and differentiation of antigen-specific T

lymphocytes into subsets expressing different arays of cytokines (reviewed in Jiang and

Chess 2004). These cells are typically described as "type 1" cells defined by the secretion of

y-Interferon, "t¡pe 2" cells defined by the secretion of IL-4, IL-5 and IL-10 and "t¡pe 3" or

Trl cells defined by the secretion of IL-l0 or transforming growth factor-B (TGF-P). These

subsets of antigen-specific T lymphocytes are postulated to regulate the differentiation and

function of each other.

Distinct regulatory subsets of CD4+ (V/alker 2004; Fehervari and Sakaguchi 2004) and

CD8* T lymphocytes (Sarantopoulos eL al.2004) and NKT cells (Godfrey et a1.2004) ate

also recognised as important regulators of mucosal immune responses. Immune suppression

by CD4* T cells is shown to be a function of a subset of CD4+CD25+ T cell population,

termed CD4+CD25+ T regulatory cells (Tregs). The CD4* Tregs represent a lineage-specific

suppressor population arising from the thymus and are called naturally occurring

CD4+CDZ5* Tregs. However, CD4+CD25* T cells with suppressor activity are also induced

in inflammatory states, and are known as peripherally-derived or inducible or adaptive
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CD4+CD25* Tregs. The Tregs are currently differentiated from conventionally activated

CD4* T lymphocytes by the expression of Foxp3. Foxp3 encodes a fork head or winged-

helix transcription factor known as scurfin that is expressed by naturally occurring

CD4+CD25* Tregs and in some situations, by peripherally-derived CD4+CD25* Tregs (Jiang

and Chess 2004).

1.15 MUCOSAL INFLAMMATION IN CHRONIC RIIINOSINUSITIS

Eosinophils and lymphocytes are abundant in the mucosal inflammation in eosinophilic

chronic rhinosinusitis (reviewed in Ferguson 2004), yet there are only few mucosal studies

that have examined these cells. Eosinophils are a heterogeneous population of granulocytes

with diverse phenotypes, pharmacology and effector functions (reviewed in Giembycz and

Lindsay lggg). Eosinophils are coÍtmon to inflammation of the mucosa and the skin in

allergic (IgE and non-IgE-mediated) asthma, dermatitis and rhinosinusitis and in non-

allergic inflammation including asthma, dermatitis, rhinosinusitis, oesophagitis (Arora and

Yamazaki 2004), inflammatory bowel disease (Carvalho et al. 2003), and infections due to

viruses (Gleich 2000), bacteria (Persson et al. 2001) and parasites (Klion and Nutmen 2004).

As reviewed by Alam and Busse 2004 and demonstrated in murine models (Mehlhop et al.

lggT), immunological mechanisms other than IgE-mediated allergy may recruit eosinophils

into sites of inflammation. The role of eosinophils extend beyond their primarily phagocytic,

anti-microbial effector functions to tissue remodelling and immunomodulation via antigen

presentation and cytokine release, and more recently, postulated in anti-tumour activity

(Weller et al. 1993; Shi et al. 2000; reviewed by Adamko et al. 2005). Differential

eosinophil phenotypes (Lacy eI al. 2001; Teixeira et al. 2001) and pattern of degranulation

(Erjefalt et al. 2001) depending on the type of inflammatory response is also proposed.

However, defining the nature of an inflammatory response by analysis of eosinophils alone



is currently limited, inpart, due to technical reasons, as cell function and cell surface antigen

expression may alter depending on isolation and identification strategies (Blom et al. 1995;

Sedgwick et al.1996; Lavigne et aI.1997; Casale et al. 1999)'

T lymphocytes are integral to an immune response. Hence, their functional phenotypes

including clonality, antigen specificity, level of cellular differentiation and effector functions

can provide insight into the tlpe of an immune response. To date, May 2005, there are no

published studies examining the lymphocyte populations in allergic fungal sinusitis.

Mucosal studies in patients with rhinitis and chronic rhinosinusitis show that regardless of

clinical phenotpe, including allergy or aspirin sensitivity, either more CD4* cells (Larocca

et al. 1989; Linder et al. 1993) or more CD8* cells (Nishimoto et al. 1988; Stoop et al' 1989;

Hameleers et al. 1989; Liu et al. 1994; Driscoll et al. 1996) are present compared with

controls. In contrast, a study by van Rijswijk et al.2003 showed no significant difference in

these mucosal cell populations between rhinitis and healthy controls. The dynamism of the T

cell populations was illustrated by a study showing either more CD4* or CD8* cells during

various clinical stages of sinonasal inflammation (Stoop et al. 1992) and with treatment

(Mastruzzo et al. 2003). Together, these findings emphasise the heterogeneous nature of the

inflammatory response that may be uniform across the sinonasal mucosa. This uniformity

was established by studies that showed no significant differences in the lymphocyte subsets

in pollp and non-polyp sinonasal mucosa (Morinaka and Nakamura 2000) and that

unilateral administration of topical corticosteroids also affected inflammatory cell

populations on the contralateral sinonasal mucosa (Kondo et al. 1999).

Consistent with the general proinflammatory state, upregulation of molecules associated

with leucocyte recruitment, angiogenesis and remodelling have been documented in



pollpoid chronic rhinosinusitis mucosa (reviewed by Bachert et al. 1998; Bachert et al.

1999; Mygind et al. 2000). As reviewed by Bachert et al. 2002, cytokines, including the

..t¡pe 1" and "t5pe 2" ptoftle, have shown no consistent phenotype in the sinonasal mucosa.

CD4* and CD8+ T lymphocytes, other lymphoid and nonJymphoid cells are capable of

secreting "type 1" and "type 2" profrle of cytokines. When these cytokines are produced by

CD4+ T lymphocytes or T helper (TH) cells, they are called Tul or Tn2 type cytokines, and

when produced by CD8* T lymphocytes or cytotoxic T (Tc) cells, they are called Tcl or Tc2

type cytokines (Mosmann et al. 1997; V/oodland and Dutton 2003). However, in some

systems, T cell clones may show expression of cytokine patterns that fit a random

distribution, consistent with a model of a continuum of different combinations of cytokine

secretion rather than discrete subsets (Kelso 1995). Consequently, the T cell pattern of

cytokine production could also represent a transient stage along a differentiation pathway or

a change in the microenvironment rather than a cytokine profile associated with a particular

type of inflammatory response. Therefore, by only examining non-specific products

including cytokines or chemokines in the inflammatory tissue, it is not possible to determine

the cell type that produced it and what the end result would be. Furthermore, it is difficult to

predict in vivo compensatory mechanisms, for example, other cells producing these

cytokines, modifications in receptor expression and intracellular signalling pathways.

Although tlpe I cytokines are considered pro-allergic and pro-eosinophilic, eosinophilic

inflammation is common to the inflammatory bowel diseases, Crohn's disease which is

typically associated with "type 1", aîd ulcerative colitis which is typically associated with

"type 2" inflammation (reviewed by De Winter et al. 1999). The "t)pe 1" and "type 2"

paradigm may be a useful framework to predict the host response to certain infections and to

investigate fundamental immunologic pathways (Romagnani 1998). However, the
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discrimination is an artificial one that does not apply universally (Allen and Maizels 1997).

As our understanding of immunologic phenomena becomes increasingly sophisticated, this

duality may become less useful as a construct for understanding the immune system.

To dissect the nature of the immune response in chronic inflammation, an analysis of

lymphocyte function is required. Several specialised functional subsets within the CD4+ and

CD8* T lymphocyte populations are described from studies in human immunodeficiency

virus-l (HIV-1) and other viral and non-viral disease models (reviewed in Seder and Ahmed

2003; Sallusto et al. 2004). A description of the T lymphocyte subsets in tissues may not

provide an absolute indication of what the cells do but gives a starting point of what they can

do. Furthermore, recent findings exemplifli diseases that are often accompanied by changes

in the numbers and function of "re .ned or discriminating" lymphocyte subsets, even when

changes in the "bulk" lymphocyte populations are not evident (Giorgi et al. 1999; De Rosa

et al. 2001). In certain cases, such alterations in lymphocyte subpopulations may provide

powerful pro gno stic or diagno stic information.

1.16 A¡IALYSIS OF T LYMPHOCYTE FUNCTION

Simplistically, the functional status of T lymphocytes is linked to the level of cell

differentiation and tlpe of effector properties. Exposure of naive CD4* and CD8+ T

lymphocytes to cognate antigen induces proliferation and functional differentiation that is

linked with specific migratory and effector properties (reviewed in Seder and Ahmed 2003).

The level of cell differentiation can be determined by phenotypic analysis of the following

properties: antigen-experience or memory status, homing capabilities, costimulatory

molecules and acquisition of effector mechanisms. Hence, evaluation of T cell function
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requires an explanation of their complex phenotypes and not just the presence of effector

properties.

Naive T lymphocytes are tlpically restricted to re-circulation between blood and secondary

lymphoid organs. However, in some conditions they can accumulate in chronically inflamed

tissue (V/eninger et al. 2002). Following antigen encounter, the antigen-specific cells

differentiate into short-lived effector cells, lose the ability to re-circulate into lymph nodes,

but gain the ability to access peripheral tissues and sites of inflammation. The longJived

memory cells migrate throughout the body to where cognate antigen may be encountered

and confer immediate defense in peripheral tissues by mounting recall responses to antigens

in secondary lymphoid organs (reviewed by Woodland and Randall 2004; Sallusto et al.

2004). Long-lived memory cells exist in at least two different functional states: (a) central

memory cells that migrate to lymphoid organs and peripheral inflammation sites and (b)

effector memory cells that localise to non-lymphoid tissues. Lr the B lymphocyte responses,

protective memory is mediated by plasma cells whereas reactive memory is mediated by

memory B cells that proliferate and differentiate into plasma cells in response to secondary

antigenic stimulation. In the T lymphocyte system, protective memory is mediated by

effector memory T lymphocytes that migrate to inflamed peripheral tissues and display

immediate effector function. Reactive memory is mediated by central memory T

lymphocytes that home to T cell areas of lymphoid organs, have little or no effector function

but readily proliferate and differentiate into effector cells in response to antigenic

stimulation. Hence, the memory pool of lymphocytes is not homogeneous, but contains

subpopulations with distinct phenotypes and functional capabilities that reflect each cell's

history of exposure to antigenic, costimulatory and inhibitory signals.
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t.t1 MOLECULAR MARI(ERS FOR T LYMPHOCYTE MEMORY,

MIGRATION AND DIFFERENTIATION

l.l7.L Memory

Immunological memory results from the clonal expansion and differentiation of antigen-

specific lymphocytes following a primary immune response that may persist for variable

periods of time. The well known and widely used cell surface marker to determine whether a

lymphocyte has undergone recent activation are changes in the isoform of the CD45

molecule (McNeill et al. 2004). CD45 phosphotyrosine phosphatase (T200 or leucocyte

common antigen (LCA) is an abundant transmembrane glycoprotein, comprising up to 10%

of cell surface molecules of all nucleated haematopoietic cells (Thomas 1989; McNeill et al.

2004).Its main role is to regulate the signalling thresholds of receptors present on immune

cells. CD45 is expressed as multiple isoforms resulting from alternative ribonucleic acid

(RNA) splicing of exons 4-6 (Hermiston et al. 2003). The isoform nomenclature is

CD45RABC, where the letter "R" denotes "restricted to" and the letters that follow refer to

exon products included in that particular isoform. "CD45RO" refers to the isoform in which

all three exon products have been excised. In the mature T cell repertoire CD45RO is a

marker for previously activated cells. Therefore, naive T lymphocytes may be recognised by

their CD45RA expression or lack of CD45RO expression. However, the loss of A, B and C

exons is reversible, thus CD45RO expression or lack of CD45RA expression may also

si$ify relatively recent stimulation (Yang and Bell 1999)'

1.17.2 Migration

T cell migration is mediated by highly regulated, multi-step cascades of molecular

interactions between adhesion receptors on T lymphocytes and their ligands expressed on

vascular endothelium and stromal tissues in an organ-specific manner, a process known as
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lymphocyte homing (Picker 1994; Butcher and Picker 1996; Campbell et al. 2003). The

nasal capillary endothelial cells express peripheral node addressin (PNAd) and mucosal

addressin cell adhesion molecule-l (MAdCAM-1) which are ligands for L-selectin (CD62L)

or CCRT and oapT integrin molecules present on lyrnphocytes respectively (Csencsits et al.

lggg). T¡rpically, MAdCAM-1 is expressed in the Peyer's patches, mesenteric lymph nodes

and gut lamina propria (Briskin et al. 1997), PNAd is tlpically expressed in peripheral

lymph nodes, and E-selectin which binds to cutaneous leucocyte antigen (CLA) is typically

expressed in skin capillary high endothelial venules (reviewed in Picker 1994). The

intestinal epithelial cells express E-cadherin whose ligand is aEpT (CD103) expressed on

lymphocytes (Cepek et a!. 1994). The pattem of expression of homing markers may not be

significantly different in disease and non-disease states, although their level of expression

may vary (Campbell et al. 2001).

1.17.3 Differentiation

The expression of the costimulatory molecules, CD27 and CD28, is used to assess the level

of cell differentiation (Azuma et al. 1993:; Hamann et al. 1997; Weekes et al. 1999;

Tomiyama et al. 2002). These costimulatory molecules provide signals needed for the

correct activation of antigen-specific T lymphocytes after T cell receptor ligation. CD27

interacts with its ligand CD70, and CD28 interacts with CD80 (B7-1) and CD86 (87-2)

expressed on antigen presenting cells. Following the interaction of CD27 and CD28 with

their ligands, T l¡rmphocytes undergo clonal expansion and develop into effector cells with

the ability to respond directly to pathogens. As these T lymphocytes have "functionally

matured" following antigen encounter, the costimulatory molecules are down regulated.

Compared with CD28, down regulation of CD27 is irreversible and relates to end-stage

differentiation status of antigen-specific T lymphocytes (Hintzen et al. 1993).

'a



Chanter l: revlew 42

1.18 PHENOTYPIC IDENTIFICATION OF NAÏVE AND MEMORY T

LYMPHOCYTE POPULATIONS

The phenotypically distinct and sequential stages of T lymphocyte differentiation is

proposed based on the expression of CD45RA , CD62L, CD27 and an analysis of replicative

history and clonality of the T lymphocyte populations (van Baarle eL al.2002; Weninger et

aL.2002) (Figure 1.5).

1.18.1 Naive T lymphocytes

Naive T lymphocytes express CD45RA, as they have yet to encounter cognate antigen. In

peripheral blood, naive T cells have the ability to home to lymph nodes and peripheral

lymphoid organs and thus express the ligand for PNAd, CD62L, or the ligand for

MA¿CAM. They also express CD27. tn the peripheral tissues, the CD45RA and CD27

positive phenotype may be accompanied by loss of CD62L as the cells are sequestered in the

periphery. Naive T cells do not express effector functions (section 1.19).

1.18.2 Central memory and effector memory T lymphocytes

In humans, central memory and effector memory T lymphocytes are defined based on two

distinct criteria: (a) the absence or presence of immediate effector function and þ) Ihe

expression of homing receptors that allow cells to migrate to secondary lymphoid organs

versus non-l¡rmphoid tissues (Hamann et a!. 1997; reviewed by Sallusto et al. 1999; Seder

and Ahmed 2003;Tough 2003; Sallusto et al. 2004). Human central memory T lymphocytes

are antigen-experienced CD45RA negative cells that constitutively express CD62L- Human

effector memory T lymphocytes are antigen-experienced CD45RA negative cells that have

lost the constitutive expression of CD62L. The effector memory T cells may also display

characteristic sets of chemokine receptors and adhesion molecules that are required for
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homing to inflamed tissues. The "effector" T lymphocytes do not need another signal from

CD27, as they have already functionally matured. Therefore, effector memory T

lymphocles are cells that have lost the expression of CD27. Homing molecules, including

CD6ZL may be re-induced. Therefore reactivation may result in T lymphocytes with a

central memory phenotype but with functional characteristics of full-blown effector cells

corresponding to the CD27 negative phenotype.

CD45RA-
cD62L*
cD27*

v
A

I

'^
CD45RA-
cD62L-
cÐ27-
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Figure 1.5 Proposed lineage differentiation model of T lymphocytes. Modified

from Weninger et a1.2002.
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1.19 EFFECTOR FUNCTIONS OF T LYMPHOCYTES

Activated T lymphocytes mediate effector functions through direct cell-cell clotoxic

activity and by cytokine secretion (Harty et al. 2003; Betts et al. 2004). The effector

implications of cytokines are typically not clearly defined. By contrast, the basic concepts

regarding cytotoxic effector cell function aÍe essentially unchanged. However, the

conception of the mechanisms mediating cytotoxic function and the role of the cytotoxic

molecules in inflammatory conditions is expanding and evolving rapidly. Natural killer

lymphocytes, CD8+ and CD4+ T lymphocytes have cytotoxic capability. The method by

which lyrnphocytes mediate cytotoxicity include granule exocytosis, FasÆas ligand

interaction, toll-like receptors and tumour necrosis factor (TNFyTNF receptor pathways

(Trapani and Smyth 2002; Lieberman 2003). The mechanism of cytotoxicity important for

defense against intracellular pathogens and responses to tumor cells involves the granule

exocytosis pathway (Grossman et aI.2004a). The cytotoxic granules are complex organelles

that contain cytotoxic proteins that are restricted to expression in lymphocytes, and other

ubiquitously expressed lysosomal proteins (Table 1.3) (Smfh et al. 2001). Recognition and

cell interaction between lynphocytes and target cells leads to exocytosis of specific

cytoplasmic granules. While the exact mechanism of granule-target cell interaction is still

not clear, this interaction leads to target cell death tlpified by cytosolic and nuclear-

apoptotic changes.

1.19.1 Perforin and granulysin

Perforin is a pore-forming protein with some homology to complement (C) component 9

(C9) (Smyth et al. 2001). At present, the mechanism of action of perforin is incompletely

understood. Recent models indicate that perforin may assist in releasing the contents of the

endocytosed granule contents into the target cellby endosomolytic activity rather than target
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cell membrane petmeability as originally described (Raja et al. 2003; Catalfamo and

Henkart 2003).

Table 1.3 Contents of lymphocyte cytotoxic granules

Contents of dense core Specialised function

Granzymes (4, B, H, K, M)

Perforin

Granulysin

Calreticulin

Cathepsin C

Chondroitin sulfate proteoglycans
(Serglycin)

Pore formation, disruption of endosomal

traffrcking

Microbicidal agent

Calcium and perforin binding

Activation of granzymes

Complexes to granz¡rmes

Resident lysosomal proteins (in the periphery of granule)

Mannose 6-phosphate receptor, H*-adenosine triphosphatase, Cathepsin D, Cathepsin L,

Arylsufatase, p-Hexosamidase, B-Glucuronidase, CD63, Lysosome-associated membrane

protein (LAMP) | and2

Adapted from Smyth et al. 2001

Granulysin is a member of the saposin family of lipid-binding proteins (Lieberman 2003).

Although functionally related to other antimicrobial peptides, including defensins and

magainins, granulysin is structurally distinct. Granulysin is active against a broad range of

microbes, including bacteria, fungi and parasites. Mitochondria arc the major targets and

several pathways contribute to granulysin-mediated mitochondrial damage and subsequent

cell death (Okada et al. 2003).



1.L9.2 Granzymes

Granzymes (granule enzymes) A and B are differentially expressed in CD4+ and CD8* T'

NK and NKT lymphocytes in normal donors, in resting cells and upon cell stimulation

(Grossman et a...2004b). Granzymes are a family of related serine proteases belonging to the

chymotrypsin superfamily that have restricted expression within cells of the lymphoid

system and are absent from macrophages, neutrophils and B cells (Smyth et al. 2001).

Granzyme A, B, H, K and M have been identified in humans and are inducers of apoptosis

of target cells by different intracellular mechanisms. Granzymes A and B are the most

abundantly expressed granzymes in humans and mice (Lieberman 2003). Murine studies

suggest that gtanzymes A and B induce target cell death by cleaving non-overlapping sets of

substrates (Bredemeyer et al. 2004). Granzyme A-mediated cell death appears independent

of caspase pathways. Granzyme B can mediate apoptosis by caspase-dependent and caspase-

independent pathways by disrupting mitochondrial integrity (Regner and Mullbacher 2004)'

The mechanisms underpinning the synergy between granzymes and perforin remain elusive.

Cytotoxic lymphocyte expression of various granzylnes, perforin and other granule

constituents may depend of the tlpe of immune response, the nature of antigen or target cell

and the level of functional differentiation of the lymphocyte.
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2.

I.2O RESEARCH PLAN

Based upon a review of the literature up to and including March 2002, the following

problems were identified and research plan proposed.

Problems

The classification of EMCRS is heterogeneous.

Fungal allergy is considered pathogenically important in allergic EMCRS but there is

no critical study to determine this.

It is unclear whether allergic fungal sinusitis is pathophysiologically distinct from the

other "non-allergic fungal sinusitis" subgroups of EMCRS patients.

It is unknown whether EMCRS is different from other pollpoid chronic rhinosinusitis,

CRS, in terms of its pathogenesis.

Hypothesis

Eosinophilic mucus chronic rhinosinusitis is a distinct and severe form of sinus

inflammatory disease that is associated with fungi. Hence, EMCRS patients have a different

tlpe of fungal-specilic humoral and cellular immune response and mucosal inflammation

compared with chronic rhinosinusitis patients without eosinophilic mucus (CRS).

4
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1

AIMS

The aims of this thesis were to:

Determine the clinical and pathogenic relevance of subclassifuing EMCRS patients

based on the detection of fungal-specific tlpe I hlpersensitivity and fungi in sinus

eosinophilic mucus.

2. Investigate fungal-specific systemic immune responses in EMCRS patients.

3. Examine the nature of the sinonasal inflammatory response in EMCRS patients.

These were achieved by:

1 Defining the clinical characteristics of the EMCRS patient subgroups (Chapter 3).

Examining fungal-specific IgE and non-IgE humoral responses in the EMCRS

patient subgroups using a fungal antibody ELISA (Chapter 4).

Investigating fungal-specific cellular responses in the EMCRS patient subgroups

using an in vitro cell proliferation assay (Chapter 5).

Characterising the T lymphocyte populations in the sinonasal mucosa of the

EMCRS patient subgroups (Chapter 6).

2.

-1

4.



CHAPTER TWO: MATERIALS AND METHODS

2.I A}ITIBODIES

2.1.1 Antibodies for ELISA experiments

Antí-human isotype-speciJìc secondary antíbodíes

Antigenic
determinant

Antibody Isotype
clone

Supplierl (reference2)Working
dilution

IgG

IgA

IgM

IgE

IgGl

IgG2

IgG3

IgG4

HB6O

HB63

HB57

H8121

HP6001

HP6002

SJ-33

SK-44

IgG2b

IgGl

IgGl

lgG2a

rsG2b

IgGl

IgGl

IgGl

U2

Neat

Neat

Neat

Neat

1/3000

y2000

ATCC (Kuritani and Cooper 1982)

ATCC (Sobel et al. 1998)

ATCC (Maruyama et al. 1985)

ATCC (Mansur et al. 1999)

ATCC (Reimer et al. 1984)

Sigma

Miles Yeda

Miles YedaU2000

tA list of antibody suppliers and their addresses is provided in Table 2.I.2Complete references are

listed in the "References" section.

Coatíng antíbodies

Antigenic determinant Working dilution Source

Anti-human IgE

Anti-human IgGAM

Anti-mouse immuno globulin

l/1000

1/1000

1/1000

Sigma

Chemicon

Chemicon

Alkalìne phosphatase coniugate d antíbodíes

Antigenic determinant \üorking dilution Source

Anti-human IgE

Anti-mouse immuno globulin

l/500 Sigma

Sigma1/1000



Chanter 2. and methods 50

2.1.2 Antibodies for flow cytometry experiments

Unlabelled øntìbodìes

Antigenic determinant Antibody clone Isotype Supplier (reference)

CD3

CD4

CD8

CD14

CDl9

CD45RA

CD62L

MHC II

OKT3

OKT4

OKTS

FMC33

FMC63

FMC71

FMC46

FMC52

lgG2a

rgG2b

IgG2a

IgGl

IgG2a

IgGl

IsG2b

IgGl

ATCC (Hoffrnan et al. 1980)

ATCC (Hoffrnan et al. 1980)

ATCC (Hoffrnan et al. 1980)

FMC (Brooks et al. 1983)

FMC (Zola et al. 1991)

FMC (Liu et al. 2001)

FMC (Pilarski et al. 1991)

FMC (Hart et al. 1996)

Labelled øntibodìes

Antigenic
determinant

Label Antibody clone Isotype Supplier (reference or
catalogue number)

CDz5

CD27

CD107a

cD107b

Granzyme A

Granzyme B

Perforin

Tô TCR

CD3

CD4

FITC 7G7IB6

FITC M-T271

FITC H4A3

FITC H4B4

FITC CBg

FITC GBll

FITC ôG9

FITC 81

R-PE UCHT1

ATCC (Rubin et al. 1985)

BD (55s440)

BD (ss580o)

BD (sss804)

BD (ss8eOs)

BD (558132)

BD (s56s77)

BD (347e03)

Dako (R0810)

Dako (R0805)

lgG2a

IgGl

IgGl

IgGl

IgGl

IgGl

lgG2b

IgGl

IgGl

IgGlR-PE MT31O
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Labelled antibodìes

Antigenic
determinant

Label Antibody clone Isotype Supplier (reference or
catalogue number)

CD8

CDI9

CD3

CD4

CD8

IgGl

IgGl

IgGl

IgGl

IgGl

R-PE

R-PE

R-PECy5

Biotin

Biotin

DK25

}lD37

UCHTI

Leu-3a

Lev-2a

Dako (R0806)

Dako (R0808)

Dako (C7067)

BD (732r)

BD (7311)

Trí-colour (TrìTES T n) antíbod'ìes

Antigenic determinant and label Clone Supplier

CD3 FITC I CD4 R-PE i CD45 PerCP SK7/SK3/2DI

CD3 FITC / CD8 R-PE / CD45 PerCP SK7/SKl/2D1

CD3 FITC / CDlg R-PE / CD45 PerCP SK7/SJ25CI/2DT

CD3 FITC I CDI6 + CD56 PE ICD45 PErCP SK7/873.1+NCAN\I6.2I2DI

BD

BD

BD

BD

2.1.3 Antibodies for immunohistochemistry experiments

Antigenic
determinant

Working Antibody clone Isotype Supplier
dilution

Eosinophil
cationic protein

CD3

CD4

1120 EGz

1/300 PSI

U20 4B12

IgGl Pharmacia

lgG2a

IgGl

rgG2b

NeoMarkers

Novocastra

CD8 U20 145 Novocastra
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Isotype control for unlabelled monoclonal antibodies included X63 (IgGl, mouse myeloma

antibody), and Sa14 (IgG2b) and Sa15 (IgG2a) (anti-Salmonella antibodies) (Clark et al.

lggg). Antibody clones MOPC-2I and 27-35 conjugated to FITC (BD) were used as

negative controls for FITC conjugated IgGl and IgG2b monoclonal antibodies respectively.

Table 2.1 List of suPPliers

Antibody Supplier AbbrevÍation Country

American Type Culture Collection ATCC

Becton Dickinson Biosciences

Chemicon Australia PtY. Ltd.

DakoCytomation Dako

Flinders Medical Centre FMC

Miles Yeda

NeoMarkers

Novocastra Laboratories

Pharmacia Diagnostics AB

Sigma Sigma

Zymed Laboratories Inc

Manassas, VA, USA

BD Biosciences San Jose, CA, USA

Chemicon Victoria, Australia

Glostrup, Denmark

South Australia, Australia

Miles Yeda Rehovot, Israel

NeoMarkers Frernont, CA, USA

Novocastra Newcastle upon Tyne, UK

Pharmacia Uppsala, Sweden

St Louis, MO, USA

San Francisco, CA, USAZymed
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2.2 GENERAL

All reagents used were of analytical purity and all solutions were prepared with double-glass

distilled water

2.3 FUNGAL ANTIGENS

The precise epitopes of fungal antigens that may be involved in EMCRS are unknown.

Therefore, a crude fungal antigen preparation in common use for desensitisation therapy and

diagnosis was selected. Antigen preparations of the fungi, Alternaria tenuis (alternata)

(catalogue number - 5009JF10) and Aspergillus fumigatu.s (catalogue number - 5021JF10),

were obtained from Hollister-Stier Laboratories LLC (Spokane, V/4, USA). Vials of the

antigen preparation were pooled so that a single mix was available throughout the project

without antigenic variability between experiments (Vailes et al. 2001). Fot Alternaria

alternata, three vials of lot number F52I9664 and one vial of lot number 041G1564 and for

Aspergillus fumigatus,two vials of lot number C52G8451, one vial of lot number C5287735

and one vial of lot number L4201710 antigen preparations were pooled and stored in a

sterile vessel at 4"C until required.

2.4 PATIENTS AND CONTROLS

2.4.1 Recruitment of patients and healthy volunteers

patients with chronic rhinosinusitis and allergic rhinitis with fungal allergy were recruited

from rhinology, immunology-allergy clinics and at the time of surgery. Healtþ volunteers

were recruited from laboratory and medical staff. Patients and healtþ volunteers completed

a questionnaire consisting of questions for sinonasal symptoms and past and current medical

conditions (Appendix I). Results of sinus computed tomography, skin prick tests and

5
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serology performed as part of routine patient management were available for stratification

into study groups.

2.4.2 Selection of study groups

2.4.2.1 Eosinophilic mucus chronic rhinosinusitis (EMCRS) patients

The EMCRS patients were defined as chronic rhinosinusitis patients (Benninger et al. 2003)

who had thick, tenacious and coloured mucus at surgery, confirmed to be eosinophilic

mucus by histology as described in section2.6.l.2. The EMCRS patients were divided into

well-defined subgroups depending on the detection of (a) fungi in eosinophilic mucus by

histology or culture, described in sections 2.6.1.2 and2.6.7.3, and (b) tWe I hlpersensitivity

to any fungr, determined by elevated levels of mould mix-specific serum IgE or by positive

skin prick tests, described in sections 2.6.3 and2.6.4.

The term allergic fungal sinusitis (AFS) was defined as EMCRS patients who had fungi in

eosinophilic mucus and had fungal allergy (Bent and Kuhn 1994). The term AFSJike was

defined as EMCRS patients who did not have fungi in eosinophilic mucus and had fungal

allergy (Collins et al. 2004). Non-allergic, fungal eosinophilic sinusitis (NAFES) was

defined as EMCRS patients who had fungi in eosinophilic mucus and did not have fungal

allergy (Ferguson 2004). Non-allergic, non-fungal eosinophilic sinusitis (NANFES) was

defined as EMCRS patients who did not have fungi in eosinophilic mucus and did not have

tungal allergy (Collins et al.2004)'

2.4.2.2 Chronic rhinosinusitis (CRS) patients

They were defined as chronic rhinosinusitis patients who had undergone endoscopic sinus

surgery and were found not to have the characteristic macroscopic appearance of
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eosinophilic mgcus in their sinuses. This group included patients with polypoid mucosal

inflammation.

2.4.2.3 Allergic rhinitis with fungal allergy (ARFA) patients

They were defined as patients with rhinitis and no evidence of sinus involvement determined

by medical history, examination and sinus computed tomography scans. They had type I

hlpersensitivity to fungi determined by elevated levels of mould mix-specific serum IgE or

by positive skin prick tests.

2.4.2.4 Healthy volunteers (IIÐ

They had no evidence of rhinitis, acute or chronic rhinosinusitis determined by a sinonasal

objective test score of I or less and no evidence of mucopus in the nasal cavities. They had

no evidence of type I h¡rpersensitivity to mould mix determined by absent mould mix-

specific serum IgE. In order for this group to represent a typical immune-control population,

individuals with type I hypersensitivity to non-fungal allergens were included.

2.4.3 Study groups in the result chapters

The number of individuals in each study group varied depending on the particular study. The

clinical, pathological and laboratory characteristics of the groups are presented in the result

section ofthe relevant chapters.

2.4.4 Exclusion criteria

Except for the study described in section 3.2.2 (Chapter 3), individuals with other significant

medical problems, including allergic bronchopulmonary aspergillosis, Churg-Strauss



2

syndrome and those treated with systemic corticosteroids (Graham and Ballas 1998) or other

immunosuppressive therapy were excluded.

For the mucosal studies (Chapters 5 and 6), additional exclusion criteria were: (ø,) smoking

for at least six weeks prior to surgery (Saetta 1999; Vachier et aI. 2004), (å) history of an

upper respiratory tract infection (Flynn et al. 1998; Ramadan et aL.2002; Alho et al. 2003)

and (c) use of topical medications including corticosteroids (Kanai et al. 1994; Kondo et al.

1g9g), anti-histamines, anti-cholinergic or homeopathic preparations in the preceding four

weeks. As most patients in the study gloups were using topical nasal saline solutions'

including Narium (Hamilton Laboratories, SA, Australia), FESS nasal spray (Paedpharm,

NSW, Australia) and homemade saline solutions, they were not excluded.

2.5 COLLECTION OF BIOLOGICAL SPECIMENS

2.5.1-. Peripheral venous blood samples

peripheral blood samples were obtained by direct puncture of the antecubital vein. Blood

was collected in sterile vials containing Z serum clot activator (Vacuette, Greiner-bio-one,

Austria) to obtain sera or lithium-heparin (Vacuette) to obtain whole blood samples'

2.5.2 Sinonasal samples

2.5.2.1 Tissue

Nasal pol)p tissue samples were obtained from EMCRS and CRS patients during routine

endoscopic or open sinus surgery. Adjacent non-polyp sinus or nasal mucosal tissue was

also obtained in some cases. Samples for routine pathology tests and immunohistochemistry

experiments on fixed tissue were placed in a 10% formalin solution and those for tissue

culture and flow cytometry experiments placed in transport medium, Roswell Park
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Memorial Institute (RPMI) 1640 (Gibco BRL, Grand Island, NY, USA). Samples were

processed within three hours of harvest.

2.5.2.2 Mucus

Mucus from the affected sinuses was collected for routine pathological diagnosis in a 10%

formalin solution for histology (section 2.6.I.2) and a non-fixed, fresh sample for

mycological studies (section 2.6.1 .3).

2.6 ROUTINE DIAGNOSTIC TESTS

The following investigations were performed as part of routine patient management to

determine the clinical diagnosis of the EMCRS subgroups: (a) examination of sinonasal

tissue and mucus samples, (b) sinus computed tomography and (c) fungal-specific serum

IgE levels or skin prick tests.

2.6.1 Sinonasal samples

The tissue specimens were processed by the following South Australian diagnostic

laboratories, Institute of Medical and Veterinary Science (IMVS), SouthPath and Adelaide

Pathology Partners, as previously described (Collins et al. 2003).

2.6.1.1 Polyp and non-poþ¡l mucosal tissue

Serial sections of paraffin-embedded tissue samples from EMCRS and CRS patients were

stained with haematoxylin and eosin (Lillie and Fullmer 1976) to examine tissue architecture

and inflammatory cell populations.
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2.6.1.2 Sinonasal mucus histology

Serial sections of paraffin-ernbedded mucus sample from every EMCRS patient were

stained with (a) haematoxylin and eosin to examine for histological evidence of eosinophilic

mucus and (ó) silver using Grocott's methenamine silver staining method (Grocott 1955) for

evidence of fungal elements. Eosinophilic mucus was confirmed when clusters of

eosinophils were observed within the amorphous mucus matrix. The presence of Charcot-

Leyden crystals was not essential for this diagnosis.

2.6.I.3 Sinonasal mucus mYcologY

A sample of sinus mucus from every EMCRS patient was processed for fungal culture in

two different culture media (ø) Sabouraud agar with chloramphenicol (240 mglL) and

gentamicin (28 mglL) slope (Oxoid, Hampshire, UK) and (ó) potato-dextrose agar with

chloramphenicol (250 mglL) and gentamycin (26 melL) (Oxoid) according to the

manufacturer's instructions. The fungi were identified according to the macroscopic

characteristics and the final results reported after four weeks of culture.

2.6.2 Radiology

The parameters for the unenhanced helical computed tomography scanning of the sinuses

included: (ø) prone patient position, (á) angulation perpendicular to the hard palate, (c) 14

cm field of view and (d) 3 mm, contiguous section thickness (Zinreich 1997). Images were

examined in parasaggital and coronal reconstructions with bone and soft tissue algorithms

by a radiologist and a senior otolaryngologist.

The pre-operative scans were evaluated for (ø) extent of sinus involvement using the Lund-

Mackay staging system (Lund and Mackay 1993; Oluwole et al. 1996), (å) double density
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appearance (Mukherji et al. 1998) (c) expansion of the sinus cavity, (d) bone erosion and

bone sclerosis and (e) extra-sinus involvement. The scans were performed by the radiology

service at the Queen Elizabeth Hospital, Royal Adelaide Hospital and Perrett Medical

Imaging in South Australia.

2.6.3 Peripheral blood allergen-specific IgE

Specific-IgE to fungi (mould mix) and other inhaled allergens (mixes of tree pollen, grass

pollen, house dust, mite and animal epithelia) in sera was measured by the ImmunoCAP

system (UniCAP@ 100, Pharmacia Diagnostics AB, Uppsala, Sweden) (Appendix II A).

Specific-Igq to Aspergillus fumigatus and Alternaria alternata antigens (ImmunoCAP

system) was measured where indicated. Specific-IgE greater than 0.35 klJxlL, where "4" in

subscript denotes allergen-specific, was taken as a positive result (UniCAP@ 100 procedure

reference, Pharmacia).

2.6.4 Skin prick tests

A positive skin prick test to fungal and non-fungal allergen preparations (Hollister-Stier

Laboratories LLC) (Appendix II B) was defined as a wheal equal to or greater than 3 mm in

diameter

2,6.5 Peripheral blood total immunoglobulin levels, differential leucocyte counts and

Aspergíllus fumigøtus precipitin levels

Sera were tested for total serum IgE using the ImmunoCAP system (Pharmacia). The units

for total IgE levels are in kilo units per litre (kU/L) where one kU/L is equivalent to one IU

of IgE, that is, 2.44 nglml of IgE (Pharmacia). Levels of serum IgG, IgA IgM and IgG

subclasses, IgGl, IgG2, IgG3 and lgG4, were measured in glL using the "Immage"



nephelometer (Beckman Coulter, Fullerton, CA, USA). Serum IgG precipitins to Aspergillus

fumigatus antigens (FSKI) (Microgen Bioproducts Ltd., Surrey, UK) were measured by

enzymeJinked immunosorbent assay (ELISA). The peripheral blood differential leucocyte

(eosinophils, lymphocytes, monocytes and basophils) counts were measured using a

Coulter@ MAXM haemocytometer (Beckman Coulter). These tests were performed by the

IMVS and SouthPath laboratories'

2.7 DEMOGRAPHICS

Demographic data, including age, sex and geographic location in the form of postal area

code was obtained at the time of patient recruitment. The number of EMCRS patients per

postal area code was plotted in the Adelaide metropolitan area using the AToGIS 9.1

software (ESRI products, Redlands, CA, USA). The geographical location of the EMCRS

patients were compared between (a) the subgroups: AFS, AFS-like' NAFES and NANFES

and þ) those who were fungus negative (AFS-like and NANFES) and those who were

tungus positive (AFS and NAFES).

2.8 SYMPTOM SCORES

2.8.1 Chronicrhinosinusitis

patients filled out a scale for the following pre-operative and pre-treatment syrrptoms: nasal

obstruction, postnasal discharge, rhinorrhoea, headache, facial pain, sneeze or itch and loss

of sense of smell (Appendix I). A score of zero (0) was given when as¡rmptomatic, one (1)

for mild symptoms, two (2) for moderate symptoms and three (3) for severe symptoms'

(Meltzer et al. 1993). Mild symptoms were determined when patients were seldom

s¡rmptomatic, moderate, when symptomatic on most days and severe, when almost-always

symptomatic. The total score for the symptoms pertaining to chronic rhinosinusitis, nasal

'a
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obstruction, postnasal discharge, headache and facial pain (Meltzer et al. 2004) was

determined and compared among the study groups.

2.8.2 Asthma

In this thesis, the severity of asthma was classified according to a modified method by the

National Asthma Campaign 1998, in Australia (Table 2.2), where the forced expiratory

volume in one second (FEVr) and peak expiratory flow (PEF) were not evaluated. The worst

individual categorisation determined the overall asthma severity. A score of one (l) was

given for mild symptoms, two (2) for moderate symptoms and three (3) for severe

symptoms. The asthma severity score was compared among the study groups.



Table2.2 Classification of asthma severity

Severity \Mheeze,
tightness, cough,
dyspnoea

Night-time
symptoms

Symptoms
on waking

Admission or
emergency
visits

Previous life-
threatening attack

Short acting FEV1 PEF
beta agonist
use

Severe Everyday >l/week >l/week Usually May have a history >3 to 4lday <600/0 <80%

Moderate Most daYs <l/week <l/week Usually not Usually not Most days 60-80% 60-80%

Mild Occasional Absent Absent Absent Absent <2lweek >80% >80%

FEVr, forced expiratory volume in one second; PEF, peak expiratory flow'

Adapted from the National Asthma Campaign, Asthma Management Handbook 1998

ð



2.9 ENZYME.LINKED IMMUNOSORBENT ASSAY

2.9.1 General ELISA method

Maxisorp, flat-bottom ed,96 well microtitre plates (Nalge Nunc International, Naperville, IL,

USA) were coated with saturating concentrations of antigen or antibody in 0.03 M

carbonate-sodium bicarbonate buffer (pH 9.6) for 16 hours at 4"C and subsequently blocked

with 1% bovine serum albumin (BSA) (Fraction V, Sigma) for two hours. All other

incubations were carried out for one hour at37"C. Bound antibody was detected with either

an anti-mouse or anti-human alkaline phosphatase conjugated antibody following the

addition of substrate, p-nitrophenyl phosphate disodium (1 mg/ml, Sigma) in diethanolamine

buffer (90 mM diethanolamine, 5 mM MgClz (pH 9.6)). The amount of bound antibody was

proportional to the optical density (OD) value read al" 405 nm (OD¿os"-) on a

spectrophotometer (BioRAD, Hercules, CA, USA). Samples were assayed in duplicate and

results expressed as the mean of duplicate OD¿os'o value.

Between each ELISA step, the microtitre plates were washed four times with phosphate

buffered saline/O.05% Tween-20 þolyoxyethylene-sorbitan monolaurate) (Signa)

(PBS/Tween). All ELISA experiments were conducted with negative and positive controls

relevant to the particular assay. Other internal controls included wells that did not have the

following ELISA constituents: (ø) microtitre plate-bound antigen or antibody, (å) primary

antibodies (c) secondary antibodies and (d) lr.lfüary antibodies. These ELISA constituents

were replaced with equal volumes of 1o/o BSA/PBS in their respective wells.

2.9.2 Measurement of antibody concentration in culture supernatants

Microtitre plates (Nalge Nunc International) were coated with 1.4 WÙml of affinity purified

sheep anti-mouse immunoglobulin (Chemicon). Doubling dilutions of standard mouse



immunoglobulins (Sigma) from a concentration of 10 pglml to 0.0005 pdml and of the test

supernatant (neat, diluted lll} - 1/10000) were assayed in duplicate. Bound antibody was

detected with a sheep anti-mouse alkaline phosphatase conjugated antibody (Chemicon)

followed by substrate. The mean OD¿0s,,- value against the standard mouse immunoglobulin

concentration was plotted to construct a standard curve on Log 4 gtaph paper' The mean

OD¿osn- value of the test supernatant was plotted along the standard cufve' The

concentration (pg/ml) of the test supernatant was estimated by reading the OD¿0s,o,' value on

the linear portion of the standard curve and multþlying by the dilution factor.

2.TO DEVELOPMENT OF THE FUNGAL ANTIBODY ELISA

The structure of the fungal antibody ELISA is shown in Figure 2.7. The optimum

concentrations of reactants were determined in preliminary experiments and control steps

described in section 2.9.1were included in all experiments.

anti-human signal antibody (tertiary antibody)

anti-isotype antibody (secondary antibody)

serum (primary antibodY)

coating fungal antigen
solid Plastic substrate

Figure 2.1 Components of the fungal antibody enzyme-linked immunosorbent

assay used to detect fungal-specific IgG, IgA, IgM and IgG subclasses. Signal antibody

refers to alkaline phosphatase conjugated antibody'
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2.10.1 optimisation of the coa :ng fungal antigen concentration

Known concentrations (0.625 - 10 pglml) of Alternaria alternata or Aspergillus fumigatus

antigen (Hollister-Stier LLC) were coated onto microtitre plates (Nalge Nunc International).

Dilutions of serum (115, lll}, 1120, 1150, 1/100, 11200 and 1/500) were added to their

respective wells in duplicate. The amount of bound fungal antigen-specific antibody isotlpe

was detected with predetermined concentrations of isotype-specific secondary antibodies

(section 2.1) followed by aî anti-mouse alkaline phosphatase conjugated antibody

(Chemicon) with substrate. The curve of the OD¿osn- value against the concentration of

fungal antigen was plotted for each serum dilution. The optimum fungal antigen

concentration was determined from optical density readings in the linear portion of the

curve. This was determined tobe2.5 pglml at a 1/80 dilution.

2,10,2 Optimisation of primary antibody dilution for each fungal-specific antibody

isotype

Dilutions of sera (7/5, 7110, ll25 and 1i50) were tested for each fungal-specific antibody

isotlpe and the dilution that gave the highest OD¿oso- value for the particular isotype was

selected.

The optimum serum dilution used to compare fungal-specific antibody levels between the

study groups was determined as follows: l/5 dilution for IgE, IgG3 and lgG4,1/10 dilution

for IgA, IgGl and IgG2, and ll25 dilution for IgM and IgG.

2.10.3 Optimisation of secondary antibody concentration

Secondary antibodies (anti-human IgG, IgA, IgM and IgG subclasses) were titrated against

known concentrations of primary antibody (total serum IgG, IgA, IgM, IgGl,lgG2,IgG3
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and IgG4) in gL ("Immage" nephelometer). Microtitre plates (Nalge Nunc lntemational)

were coated with 2.5 þglml of goat-anti-human IgGAM (Chemicon). Two-fold dilutions of

sera and secondary antibodies were added to their respective wells and bound antibody

detected with an anti-mouse alkaline phosphatase conjugated antibody with substrate. The

curve of OD¿osro value against the secondary antibody dilution was plotted for every

primary antibody concentration tested. The optimum concentration of secondary antibody

was determined by the OD¿os-,, value in the linear portion of the curve.

2.II ESTABLISHMENT OF THE FUNGAL ANTIGEN-SPECIFIC

IMMUNOGLOBULIN E ELISA

Microtitre plates (Nalge Nunc International) were coated with 2.5 þÙmI of goat-anti-human

IgE (Sigma). Serial two-fold dilutions of serum of known total IgE concentration (49,966 -

20.75 kIJlL, diluted ll24}8), determined by ImmunoCAP system, were added to the

respective wells. The amount of bound antibody was detected by: (ø) indirect ELISA, with

anti-human IgE monoclonal antibody supernatant (H8121) followed by anti-mouse alkaline

phosphatase conjugated antibody (Chemicon) or (ó) direct ELISA, with sheep-anti-human

IgE conjugated to alkaline phosphatase (Sigma) (Figure 2.2). The OD¿oso. values obtained

from each method were compared against the known concentration of serum IgE in kUlL.

2.ll.l Sensitivity and specificity of the IgE ELISA

The sensitivity of the direct IgE ELISA was determined by measuring the OD¿osn',' values

for dilutions of sera containing known concentrations total IgE levels from 1000 kU/L to

0.19 kUiL (Pharmacia). To determine the cut-off value for a positive result by the IgE



ELISA, sera from 50 individuals who were negative for fungal-specifrc IgE by the

ImmunoCAP system were screened.

To validate the fungal-specific IgE ELISA, sera from ten patients that were IgE positive and

sera from five healtþ volunteers and five patients that were IgE negative to Alternaria

alternata and Aspergillus fumigatus by ImmunoCAP system were assayed by ELISA. The

concentration of fungal-specific IgE measured by the ImmunoCAP system (Pharmacia) was

compared against the OD¿osoo' value determined by ELISA.

anti-mouse
signal antibody anti-human IgE

-signal antibody

anti-human IgE
antibody

serum IgE 

-anti-human IgE 

-
antibody

Figure 2.2 Constituents of the indirect (A) and direct (B) anti-human IgE enzpe-

linked immunosorbent assay. Signal antibody refers to alkaline phosphatase conjugated

antibody.

2.I2 BRADFORD ASSAY

Protein concentration was estimated using the Bradford Protein Microassay (Bradford 1976)

that is based on the shift in absorbance maximum of Coomassie Brilliant Blue G, from 465

to 595 nm, upon binding protein. The microassay allows accurate determination of protein

BA



concentration between 0 to 200 pdml. A standard curve was constructed by the addition of

0, 5, 10, 15 and 20 ttg of bovine serum albumin (Fraction V, Sigma) to Bradford reagent.

Bradford reagent was prepared by dissolving 50 mg of Coomassie Brilliant Blue G-250

(BioRad Laboratories, Richmond, CA, USA) in 25 ml of 95o/o ethanol' 50 ml of 85% (w/v)

phosphoric acid and 425 ml distilled water. Protein of unknown concentration was added to

Bradford reagent and after a 5 minute incubation at room temperature the absorbance at 595

nm was measured on a spectrophotometer. A standard curve was constructed and the

concentration of unknown calculated.

2.I3 CELL CULTURE MEDIA AND CULTURE CONDITIONS

All tissue culture experiments were conducted in a sterile field in alaminar flow hood. Cells

were grown in RPMI 1640 medium (Gibco BRL) supplemented with 5 x 10-5 M 2-

mercaptoethanol,2mM L-glutamine (Gibco BRL), 100IU/ml penicillin (Sigma), 100 pglml

streptomycin sulphate (Sigma) and heat inactivated foetal calf serum (Gibco BRL) al37oC

in 5Yo COz I 95o/o humidified air. The culture medium was known as RF5 and RF10

following the additionof 5%o and l0o/o v/v foetal calf serum respectively.

2.I4 CELL PROLIFERATION

2.14.1 Preparation of mononuclear cells from peripheral blood and nasal polyps

An equal volume of phosphate buffered saline was added to heparinized peripheral blood or

nasal pol1p single cell suspension (section 2.18.1) under sterile conditions. Twenty

millilitres of the diluted sample was underlayed with 12ml of Lymphoprep (densíly 1.077 +

0.001 g/ml, osmolality 280 + 15 mOsm) (Axis-Sheild ProC AS, Oslo, Norway) in a V-

bottomed tube and centrifuged for 20 minutes at 800 g at room temperature. Mononuclear
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cells that formed a distinct band at the sample/medium interphase were collected, pelleted

twice prior to resuspension at aviable cell concentration, by trypan blue exclusion, at 107

cells/ml in phosphate buffered saline.

2.L4.2 Labelling peripheral blood mononuclear cells with 5-(6)-carboxyfluorescein

succinimidyl ester (CFSE)

Sufficient stock solution of precursor molecule, 5-(6)-carboxyfluorescein diacetate

succinimidyl ester (CFDA-SE) (M.557) (Molecular Probes, Eugene, OR, USA), was added

to 107 mononuclear cells suspended in 1 ml of phosphate buffered saline to make a final

concentration of 10 pM. The suspension was mixed immediately to ensure uniform labelling

of cells and allowed to incubate at 37"C for 15 minutes. The labelling process was

terminated by quenching the cells in a five-fold volume of ice-cold RF5 and by incubating

the cell suspension on ice for five minutes. Cells were washed three times in a five-fold

volume of RF5 to ensure removal of extracellular CFDA-SE in the suspension, thereby

preventing subsequent uptake into other bystander cells.

2.14.3 Assessment of cell proliferation using tritiated thymidine incorporation

method

proliferation was assessed by measuring radioactive (tritiated t6-3H]) thymidine (Amersham

Biosciences, Buckinghamshire, UK) incorporation into newly syrthesised DNA of the

dividing cells at the end of the culture period. After pulsing cells with tritiated thymidine

(2.96x 10a Bqs/ml, final concentration) for 16 hours, cells wereharvested onto glass-fibre

filter mats (Wallac, Turku, Finland) with a 96 well plate harvester (Tomtec MACH IIIM

Harvester 96, ACC Emerging Technologies, Sydney, Australia). The filter mats were

allowed to dry and the incorporated radioactivity counted on a betaplate counter (Wallac



1450 Microbeta Counter, PerkinElmer Lifesciences, Turku, Finland) following the addition

of liquid scintillation (Betaplate Scint, Fisons Chemicals, Loughborough, UK). Results were

expressed as either mean counts per minute (cpm) from trþlicate wells or as a stimulation

index (SI) (Rathore et al. 2001). The stimulation index is used to standardise and report cell

proliferation results, and was calculated by dividing the mean counts per minute with

stimulant by the mean counts per minute without stimulant (Froebel et al. 1999).

2.14.4 Assessment of cell division using CFSE-cytometry

Peripheral blood mononuclear cells (PBMC) were labelled with CFSE prior to setting up the

fungal-specific proliferation assay. Labelling cells with CFSE allows their subsequent

division history to be determined by flow cytometry (Parish 1999). The precursor, CFDA-

SE, is a lipophilic molecule that is minimally fluorescent until it is transported into the

intracellular compartment (Figure 2.3). Here, esterases cleave the two acetate groups from

CFDA-SE to yield fluorescent CFSE. Carboxyfluorescein succinimidyl ester binds

covalently to proteins and is retained in the intracellular compartment. Upon cell division,

the amount of intracellular CFSE is divided equally in daughter cells. Therefore, cell

division can be tracked by measuring their fluorescence intensity (Figure 2.4). Towatds the

end of the culture period, cells were collected and their fluorescence intensity detected on a

FACScan (BD) in the fluorescence channel (FL) I parameter (section 2.21).

The internal controls for these experiments included (ø) CFSE labelled cells that were

incubated for the same duration without mitogen thereby allowing the position of the

undivided peak to be determined and (å) unlabelled cells that were stimulated under the

same culture conditions thereby allowing the position of the autofluorescence intensity to be

determined (Fígwe 2.4).
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At the end of the culture period, cells were colabelled with three-colour combinations of

antibodies to CD3, CD4, CD8, CDl4, CD19 and CD25 molecules to determine the

phenotlpe of the dividing cells (section2.20).

CFDA-SE

o
il

CHrC Cell exterior

Gell membrane

Rl-NH2

R1-NH

CFDA-SE R2-NH2 CFR2

Cytosol
R2.NH

Figure 2.3 Schematic representation of the mechanism involved in the fluorescent

labelling of cells using carboxyfluorescein diacetate succinimidyl ester (CFDA-SE). The

CFDA-SE molecule is readily transported into the cytosol. In the intracellular

compartment, fluorescent carboxyfluorescein succinimidyl ester (CFSE) is generated. The

succinimidyl moiety of CFSE covalently couples carboxyfluorescein (CF) to intracellular

molecules (R1-NH2 or R2-NHz) to form conjugates that are either short-lived (CFRI) or

long-lived (cFR2). Modified from Parish 1999 andwang et al. 2005.
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Figure 2.4 Basic features of carboxyfluorescein succinimidyl ester (CFSE)-

cytometry tracking experiment for in vitro cell division. The histogram is gated on CD3+

blast cells after four days of culture. The green line to the right illustrates the CFSE

fluorescence intensity of T lymphocytes cultured unstimulated for the same period. The

red line to the left portrays the autofluorescence intensity of cells that were not labelled

with CFSE. The black line shows the dividing T cell population in response to

phytohaemagglutinin, depicting the typical asynchronous profile. Progressive cell

divisions are apparent by the two-fold dilutions of the mean fluorescence intensity.

Adapted from Hasbold 1999.
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2.I5 ESTABLISHMENT OF THE FUNGAL'SPECIFIC MONONUCLEAR

CELL PROLIFERATION ASSAY

The first method used to assess cell proliferation was that of Rathore et al. 2001 (Figure 2.5

A). peripheral blood mononuclear cells suspended in RF5 at 10s cells per well were added in

triplicate to sterile, flat-bottom ed, 96 well, tissue culture plates (Cell Star, Greiner bio-one'

Germany) in a final volume of 200 pl per well. Cells were stimulated with known

concentrations of fungal antigens (diluted lll0 - l/160) or 12.5 Wdml final concentration of

phytohaemagglutinin (PHA) (Sigma) as a positive control and culture medium alone as a

negative control. Cell proliferation was assessed by measuring cellular incorporation of

tritiated thymidine after three, four, five and six days of culture.

The method above was modified to determine whether cell proliferation to fungal antigens

could be enhanced (Figure 2.5 B). The PBMC were stimulated with a known concentration

of fungal antigen in 96 well tissue culture plates. The remaining PBMC were kept in culture

medium at 2xI06 cells per ml without fungal antigen in a sterile tissue culture flask (Cell

Star) at 37oC until required. Following the first incubation time course þreincubation) of

one half to two days, the contents of the 96 well plates were discarded. The method of

discarding the well contents was compared as follows: "flicking" the contents of the tissue

culture plates compared with aspirating each well, with or without a washing step. The wells

were washed by adding 185 pl of culture medium to each well followed by either "flicking"

the plate or re-aspirating the culture medium from each well. The non-adherent PBMC from

the tissue culture flasks (kept in culture medium without fungal antigens) were collected,

pelleted twice and added at lOs cells per well to the washed tissue culture plates. Following

a second incubation time course of three, four, five, six and seven days, cell proliferation

was determined by measuring cellular incorporation of tritiated thymidine.
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A

PBMC incubated
with fungal

antigens in 96
well plates

PBMC
incubated with

fungal
antigens in 96

well plates

single incubation
Cell proliferation

measured

B

first incubation

12, 24, 36, 48 h

0.5, 1, 1.5, 2 days

72,96,120, 144 h

3, 4, 5, 6 days

Well contents
discarded

Wells washed
second incubation

72,96, 120, 144, 168 h

3, 4, 5, 6,7 days

Cell
proliferation
measured

PBMC kept in
culture, added

Figure 2.5 Schematic representations of the cell culture methods. Fungal-specific

cell proliferation was assessed first, following a single incubation process (A) and second,

by a modified method requiring two-step incubation (B). Using the two-step incubation

method, the duration of the proliferation assay in which the peripheral blood mononuclear

cells (PBMC) underwent a first incubation (preincubation) period of 36 hours (h) and a

second incubation period of 144 hours or six days, was seven and ahalf days.
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2.16 FUNGAL-SPECIFIC MONONUCLEAR CELL PROLIFERATION IN

THE STUDY GROUPS

Cell incorporation of tritiated thymidine or CFSE-cytometry was used to measure fungal-

specific proliferation using the two-step incubation method at the end of the culture period.

Before setting up the proliferation assays, the proportions of CD4* and CD8+ T

lymphocytes, B lymphocytes and CD14+ ce[s in each mononuclear cell sample was

assessed using immunofluorescence (section 2.20). Except for the variables being tested, all

fungal-specific cell proliferation assays were conducted under similar conditions. Peripheral

blood mononuclear cells from two individuals that served as a negative and a positive

control for fungal-specific proliferation were examined along with the test samples. The

intemal controls for cell proliferation included (a) a negative control where PBMC were

incubated with tissue culture medium alone and (ó) a positive control where PBMC were

incubated with phytohaemagglutinin at a final concentration of 12.5 pglml.

In some experiment s IL-2 was added to their respective wells at a final concentration of 25

units/ml.

2.17 MONOCLONAL ANTIBODY PRODUCTION, PURIFICATION AND

CONJUGATION

2.17.1 Monoclonal antibody production from hybridomas

Hybridomas were purchased from the American T)pe Culture Collection (ATCC).

Hybridomas were grown in RF10 media with the addition of 0.014 pdml hypoxanthine

(Gibco BRL) and 0.004 pdml thymidine (Gibco BRL). Hybridoma supernatants were

collected from actively growing cultures when the pH indicator of the culture medium
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showed acidity; about every forty-eight hours. Cells were removed by centrifugation and

supernatants were stored at -20"C in sterile aliquots until required. The monoclonal

antibody concentration r'vas determined by ELISA as described in section 2.9.2.

2.17.2 Antibody purification

Monoclonal antibodies were purified from tissue culture supernatants by affinity separation

on protein G Sepharose columns (Pharmacia). Protein G columns (5 ml) were equilibrated

according to the manufacturer's instructions with 20 mM phosphate buffer GrH 7.0)

containing 0.02% sodium azide. The column was attached to an LKB Uvicord II

chromatography system and, to detect protein, the absorbance at 280 nm (A2se) of the eluate

measured. Tissue culture supernatant containing the monoclonal antibody was passed

through a 0.22 pm filter just prior to loading onto the column for each run at a flow rate of

about 30 ml per hour. The column was washed with phosphate buffer until the baseline was

re-established and bound antibody eluted with 0.1 M glycine in 0.15 M sodium chloride (pH

2.0) containing 0.01% sodium azide. On elution, purified antibody was neutralised

immediately with tris buffered saline (8 g NaCl, 3 g Tris base dissolved in I L water, pH

7.0) and dialysed at 4"C for 48 hours against four changes of phosphate buffered saline. The

protein concentration ì,vas estimated using the Bradford Assay (section 2.I2) and the

antibody stored in aliquots at -80oC until required.

2.17.3 Fluorescein labelling of proteins

The fluorescein conjugation method was modified from that of Goding 1986. Proteins to be

conjugated with fluorescein were dialysed against 0.1 M sodium bicarbonate (pH 8.0) and

the protein concentration estimated using the Bradford Assay. Fluorescein isothyiocyanate

isomer I (FITC) (Sigrna) was dissolved at I mglml in dimethylsuphoxide (Signa). As the



protein concentration was greater than I mg/ml, FITC was added at a concentration of one-

tenth of that of the protein concentration. The protein and FITC solution were incubated

protected from light, for two hours at room temperature on a moving platform. Conjugated

protein was separated from unconjugated FITC on a Sephadex G25 (PD10) column

(pharmacia) according to the manufacturer's instructions. The molar ratio of FITC to protein

was calculated using the formula:

2.87 x A+gs

Molar Ratio

Azso-0.35xA¿qs

Using this labelling method, all FlTC/protein ratios were between two and four. Fluorescein

isothyiocyanate-labelled proteins were stored in sterile aliquots at 4"C until required.

2.I8 PREPARATION OF SINONASAL TISSUE FOR THE

EXPERIMENTAL PROCEDURES

2.18.1 Preparation of single cell suspensions

polyp and non-pol1.p sinonasal tissue were processed separately in a sterile field. Sinonasal

tissue was placed in petri dishes containing cold RPMI 1640. The overlying blood vessels

were dissected off the tissue and adherent mucus removed by washing the whole tissue

thoroughly in RpMI 1640. The tissue was passed through 80 gauge sieves and the single cell

suspension was washed twice with RPMI 1640 prior to suspending in newborn bovine

serum (NBS) buffer (1% NBS (Gibco BRL), O.0l% sodium azide in phosphate buffered

saline) for immunofluorescence studies only, or in sterile RF5 for tissue culture experiments.
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2.18.2 Preparation of paraffìn blocks

Sinonasal pol)p and non-polyp tissue samples were embedded in paraffin blocks.

Haematoxylin and eosin staining was used to examine the tissue architecture and indirect

immunoperoxidase was used to examine the tpe and localisation of the inflammatory cell

populations in these tissues (section 2.22).

2.Ig CYTOSPIN PREPARATIONS OF NASAL POLYP TISSUE

Duplicate samples of nasal pol)p single cell suspension (50 pl at 5x10t/ml¡ were loaded

onto cytospin cuvettes (Shandon Inc., Pittsburgh, PA, USA) that were mounted with

HistoGrip-coated slides (Zymed) and paper cards. The cytospin specimen chamber was

centrifuged at 800 g for two minutes to allow a monolayer of cells to deposit on the slides.

The slides were air-dried, counterstained with haematoxylin and eosin and the cell types

identified by their nuclear morphology and cytoplasmic staining. All cell counts were

performed using light microscopy and a haemocytometer.

2,20 IMMUNOFLUORESCENCE STAINING FOR FLOW CYTOMETRY

Flow cytometric examination of cell surface membrane and intracellular antigenic

determinants were performed on single cell suspensions of sinonasal tissue, peripheral blood

mononuclear cells and peripheral venous whole blood samples. Sinonasal cells and

peripheral blood mononuclear cells for immunofluorescence studies were washed three

times and resuspended at 106 to 10i cells per ml in NBS buffer.

Every batch of unlabelled and labelled antibodies (section 2.1) and reagents for these

experiments were tested for reactivity and the titre required for maximal specific staining
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determined in preliminary experiments against peripheral blood lymphocytes or cell lines.

For each experiment, isotype-matched monoclonal antibody controls (section 2.1) were

used. All incubations were performed at 4"C, protected from light, and all washing steps

were carried out with 2 ml cold NBS buffer followed by decanting the supematant unless

otherwise stated.

2.20.1 Detection of cell surface membrane molecules

For direct, single colour immunofluorescence, the labelled antibody (primary antibody) was

added to 50 pl of the cell suspension and incubated for 30 minutes. Following incubation,

cells were washed once and resuspended in 50 pl of fixative (10 g D-glucose, 13 ml

formaldehyde (37-40%),2.5 ml I M sodium azide dissolved in phosphate buffered saline

(p}l7.2-7.4)).

For indirect single colour immunofluorescence, the unlabelled antibody (primary antibody)

was added to 50 pl of the cell suspension and incubated for 30 minutes. Following the

incubation, cells were washed once and FITC or R-PE or biotin-labelled sheep anti-mouse

immunoglobulins (Chemicon) (secondary antibody) were added for a further 30 minutes.

For experiments using antibodies labelled with biotin, streptavidin-Quantum-Red (Sigma)

was added for a further 30 minutes. Following the final incubation step, cells were washed

once and resuspended in fixative.

Dual and three colour immunofluorescence was achieved by adding two and three antibodies

directly or indirectly conjugated to fluorochromes of different emission wavelengths to the

same cell sample.
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In experiments with peripheral whole blood samples, red blood cell lysis was performed

following immunofluorescence staining. Red blood cell lysis was accomplished by adding2

ml of either FACS lysing solution (BD) or ammonium chloride solution (8.26 gNHaCl, 1 g

NaHCO¡, 0.037 g EDTA dissolved in water G,H 7.2-7.a)) for 10 minutes at room

temperature. Cells were pelleted, washed once and resuspended in fixative. ln all indirect

immunofluorescence experiments, additional controls included the addition of FITC or R-PE

or streptavidin-Quantum Red in the absence of primary antibody'

2.20.2 Detection of intracellular molecules

Following cell surface staining with directly labelled antibodies, CD3 R-PECy5 and CD4 R-

pE or CD8 R-PE, cells were fixed and permealized with the Cytofix/CytopermrM (BD)

solution for 20 minutes at room temperature. Cells were pelleted, washed twice and

resuspended in Perm/V/ashrM (BD) buffer. A predetermined concentration of one of the

following FITC conjugated antibodies to: granzyme A, gtaruyme B, perforin and the

isotype-matched controls was added for 30 minutes at room temperature, protected from

light. Cells were washed once, resuspended in Perm/WashrM (BD) buffer and analysed

within eight hours.

2.2I FLOW CYTOMETRIC A¡IALYSIS

All the flow cytometry reported in this thesis was carried out on FACScan (BD). The

fluorochromes, FITC and R-PE, and the tandem dyes, Quantum Red and PE-Cy5, were

excited by a 488 nm argon laser. The emitted light was detected by long pass filters in the

FL-l parameter (530/30 nm) for FITC, the FL-2 parameter (585142 nm) for R-PE and the

FL-3 parameter (650 nm) for Quantum Red and PE-Cy5. Calibration of FACS analyser was

-a
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performed before use with "Calibrite" (BD) beads according to the manufacturer's

instructions. Computer analysis of the data was performed using CellQuest (BD) software.

For analysis of cell membrane surface and intracellular immunofluorescence, 10000 gated

events were acquired from each sample of whole peripheral blood and mononuclear cell

cells and 2500-5000 gated events from nasal tissue samples. Depending upon the

experiment, cell populations were selected using side scatter (SSC) properties and CD45hsh

or CD3 expression.

For cytometric analysis of CFSE labelled cells, gates were placed on the blast transformation

of lymphocytes represented by increased forward scatter (FSC) and orthogonal scatter (side

scatter) of light (Fulcher and 
'Wong 1999). Populations of CFSE*, CD4*, CD8* and CD25+

cells in this gate were examined. Routinely 50000 gated events were acquired from each

sample.

2.22 IMMUNOHISTOCHEMICAL LOCALISATION OF THE

INFLAMMATORY CELLS IN NASAL POLYPS

Indirect immunoperoxidase staining was used to examine the presence and distribution of

the inflammatory cells in the nasal polyp tissue. The first section of tissue series from every

individual was also stained with haematoxylin and eosin for histological comparison,

examination of tissue architecture and cell composition. Sections were washed three times in

tris buffered saline between incubation steps and all incubations were performed in a

humidified chamber at room temperature.

a
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Serial tissue sections of 4 pm thickness were cut and dried on a 37oC hoþlate for three

hours onto 2o/o HistoGrip-coated slides (Zymed). The sections were de-paraffinised in

xylene, rehydrated through descending grades of ethyl alcohol (95yo,75o/o and 50%) through

to tris buffered saline. Depending on the primary antibodies used, microwave antigen

retrieval method (Shi et al 1991) in a 0.01 M citrate buffer (pH 6.0) was used to unmask

epitopes on the tissue sections. Sections were cooled in water, then in citrate buffer, and

blocked for 20 minutes with neat protein block serum-free (PBS-F) solution (Dako) to

neutralise non-specific binding sites. Sections were incubated overnight with optimised

dilutions of primary antibody (8G2, CD3, CD4, CD8 and the negative isotpe control

antibodies). Slides were immersed for 20 minutes into a 3%o hy&ogen peroxidase-absolute

alcohol solution to quench endogenous peroxidases. Following washing, sections were

incubated with biotinylated goat anti-mouse IgG (Dako, diluted 11200) for 30 minutes,

washed and incubated for a further 30 minutes with avidin-biotin-horseradish peroxidase

(Dako, diluted 1/500). Sections were washed and incubated with 10 mg 3, 3'-

diaminobezidine dissolved in imidazole-hydrochloric acid buffer (pH 7.5) containing

hydrogen peroxidase as per specifications for Dako Liquid DAB solution (Dako) for five

minutes. After washing, sections were counter-stained with haematoxylin to define nuclear

morphology. The immunostained sections were viewed using a computer-assisted colour

video image analysis system using a Letca DMLB microscope and images were captured

using aLeicaDc200 digital camera (Leica, NSW, Australia). Digital images were processed

to match contrast and brightness and assembled into panels with Adobe Photoshop v 6'0

(Adobe Systems, Mountain View, CA, USA).

All the immunostaining was conducted in one sitting and in the presence of positive control

tissue. The specificity of the primary antibody was determined by replacing the primary

-a
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antibody with buffer and by a negative control antibody. Other intemal controls included

omission of the secondary antibody.

2.23 DATA ANALYSIS

Statistical analysis for independent groups of data was performed with the Mann-Whitney U

test for comparison between two groups and the Kruskal-Wallis test with Dunn's post-hoc

test for comparison between multiple groups using GraphPad Prism software, version 4.0a

for Macintosh (GraphPad, San Diego, CA, USA). For paired groups of data, the Wilcoxon

signed rank test was used to compare between two groups . Data is presented as a median

and the 25Th - 75th percentiles, the limits of the interquartile range (IQR). P values are

presented, together with the name of the analysis performed. A P value of less than 0.05 was

considered signifi cant.

A substantial number of measures were compared between the groups, which in itself, is a

form of multiple testing. This should be taken into account when interpreting the level of

statistical signifi cance.



CHAPTER THREE: DEMOGRAPHIC, CLINICAL AND

IMMUNOLOGICAL FEATURES OF EMCRS PATIENTS

3.1. INTRODUCTION

Allergic fungal sinusitis is viewed as a pathologically different disease from other subgroups

of eosinophilic mucus chronic rhinosinusitis (Ferguson 2000a). This view is supported by

studies thaf have reported significant differences in the demographic, clinical and

immunological parameters and in the natural history between allergic fungal sinusitis

patients and the other EMCRS subgroups (Ferguson 2000a; Marple 2001). However, studies

are hampered by retrospective clinical reports, inconsistent definitions of allergic fungal

sinusitis and a lack of disease-control groups. More important, the pathological significance

of the criteria used to subgroup EMCRS patients, including type I hl.persensitivity to fungi

and detection of fungi in eosinophilic mucus, is yet to be ascertained'

The purpose of this study was to determine whether allergic fungal sinusitis patients could

be distinguished from the other EMCRS subgroups: allergic fungal sinusitis-like, non-

allergic, fungal eosinophilic sinusitis and non-allergic, non-fungal eosinophilic sinusitis

(Chapter 2, section 2.4.2.7), by features other than the defining criteria. Therefore, the

demographics, clinical characteristics, immunological parameters and other laboratory

findings in the EMCRS patient subgroups were examined. To evaluate the pathogenic

significance of these results in EMCRS patients, comparisons were made with healthy

volunteers and two disease-control groups, chronic rhinosinusitis patients without

eosinophilic mucus and allergic rhinitis with fungal allergy patients who had no evidence of

rhinosinusitis.
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3.2 RESULTS

3.2.1 Demographics

Demographic details were available for 188 EMCRS patients. There were 55 AFS, 12 AFS-

like, 67 NAFES and 54 NANFES patients. The proportion of males to females in the

EMCRS subgroups was similar (Table 3.1). However, the median age between the EMCRS

subgroups was significantly different (P: 0.0046, Kruskal-V/allis test). Patients in the AFS

subgroup ìwere approximately 10 years younger than NAFES (P : 0.013) and NANFES (P

: 0.0009) (Mann-Whitney U test). By contrast, there was no statistically significant

difference between AFS and AFSlike subgroups (P : 0.46). Similarly, there was no

significant difference in the median age between NAFES and NANFES groups (P : 0.18).

Table 3.1 Demographic details of the EMCRS patient subgroups

AFS

n:55
AFSlike

n:12
NAFES

n:67
NANFES

n:54

Age in years 39 (31.5 - 53.0) 43 (33.5 - 5s.0) 50 (41.5 - 59.s) 48 (38'5 - 60'0)

Male/Female 28127 37130 28126s17

Age is presented as the median and the 25th-75'h percentiles in parentheses

A geographic variation in the prevalence of AFS has been documented previously

(Ferguson et al. 2000). To examine whether a geographic bias was present in the patient

cohort in South Australia, postal code addresses of patients were used to map their location

in the Adelaide metropolit an area. The count of EMCRS patients was expressed as a

proportion of the population in each postal code area. There did not appear to be a

geographic bias in the EMCRS patient population (Figure 3.1 A, B and C). lnterestingly, a

comparison between the EMCRS subgroups showed that patients who were fungus positive



Figure 3.1 The geographic location of the EMCRS patients in metropolitan South

Australia by postal code area.

A. The pie chart of the number of EMCRS patients who were fungus negative (shown in

blue) and fungus positive (shown in red) is presented as a proportion of the population in

each postal code area. The number of EMCRS cases is proportional to the size of the pie as

shown in the legend.

B. The geographic location of EMCRS patients who were fungus negative (AFS-like and

NANFES). The colour gradient illustrates the number of fungus negative EMCRS cases per

postal code address.

C. The geographic location of EMCRS patients who were fungus positive (AFS and

NAFES). The colour gradient demonstrates the number of fungus positive EMCRS cases per

postal code address.
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appeared to be located at the foothills and those who were fungus negative towards the

coastline. Because AFS patients were a subgroup of fungus positive EMCRS' their

geographic pattern was similar to that depicted in Figure 3'1 C'

3.2.2 Clinical history, symptoms and signs

Clinical data for 78 EMCRS patients were evaluated and compared with 23 ARFA and 26

cRS patients (Table 3.2). Because coexisting conditions were examined between the

EMCRS subgroups, patients with other significant comorbidities were included (Chaptet 2,

section 2.4.4).The prevalence of asthma was greater in EMCRS compared with ARFA and

CRS patients. A comparison of the asthma severity scores between the EMCRS subgroups

showed no significant difference (P : 0.9197,Kruskal-wallis test) (FigUre 3'2)' As a single

goup, EMCRS patients had a higher asthma severity score compared with ARFA (P :

0.0012) and CRS (P:0.0004) (Mann-WhitneyU test)'

I
oo
U'

'c
o
o
U'
(u

E
l-

U,

4

0 ARFA CRS AFS AFS-like NAFES NANFES

Figure 3.2 comparison of asthma severity scores between ARFA, CRS and the

EMCRS subgroups (AFS, AFSlike, NAFES and NANFES). Lower and upper limits of

boxes show the 25th and 75th percentiles respectively, vertical bars show the ranges and

horizontal bars the medians. The median was zero in ARFA and CRS and two in AFS'

3

2

1

P = 0.9197
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The most coÍtmon sinonasal s¡mptoms were nasal obstruction, facial pain or headaches,

blowing out "nasal casts" or nasal discharge and an altered sense of smell. Extra-sinus

s5rmptoms were present in seven patients (2 AFS, 3 NAFES and2 NANFES). These related

to ocular pain and diplopia. As expected, CRS and EMCRS patients had higher chronic

rhinosinusitis symptom scores than ARFA patients (Figure 3.3). There was no significant

difference in the total symptom score between the EMCRS subgroups (P : 0.24, Kruskal-

Wallis test). As a group, the EMCRS patients had a higher symptom score (median: 8, IQR

: 6 -9) compared with CRS (medíarr : 6,IQR : 5 - 7;P : 0.0008) and ARFA (median :

4, IQR :3 - 5;P < 0.0001) (Mann-Whitney U test).

14

ARFA CRS AFS AFS-like NAFES NANFES

Figure 3.3 Comparison of the chronic rhinosinusitis (CRS) symptom scores

between ARFA, CRS and the EMCRS subgroups (AFS, AFS-like, NAFES and

NANFES). Lower and upper limits of the boxes represent the 25th and 75th percentiles

respectively. The vertical bars show the ranges and horizontal bars the medians. *Kruskal-
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Table 3.2

Age in years (median (IQR)

Male/Fernale

Nasal polyps (%)

Previous sinus surgeryr (%)

Asthma (%)

ABPA

Bronchiectasis

Churg-Strauss sYndrome

Aspirin sensitive

Family history of Poll'Ps

Other coexisting medical
conditions

Comparison of the clinical features between ARFA, CRS and EMCRS patients

ARFA
n--23

CRS

n:26
AFS

n-34

42 (32 - s6)

t8lt6

100

65

68

2

J

I

5

I

AFS-like

40 (30 - 67)

514

100

33

67

1

0

0

1

0

RA (l),
Polyps - Bowel

(l)

NAFES

n:24

50 (46 - se)

t519

100

54

7l

NA

4

I

4

5

RA (s), DM (1),
rBD (4)

NANFES

n:ll

55 (45 - 60)

516

100

45

64

NA

2

0

2

2

RA (2), IBD (3),

Polyps - Bowel
(2)

n4

4r (34 - s2)

t}l13

NA

0

35

0

0

I

J

I

RA (1)

4e (41 - s6)

lyls
85

I9

27

0

1

0

J

4

RA (l) RA (4), DM (3),

Sarcoidosis (2), IBD
(l), Poll,ps-Gastric

(4), Bowel (5)

lpatients who had at least one sinus operation before enrolling in this study. ABPA, allergic bronchopulmonary aspergillosis; DM' Type 1 Diabetes

Mellitus; IBD, inflammatory bowel disease; IeR, interquartile range p5ú-:75ú percentiles); NA, not applicable; RA, rheumatoid arthritis'



3.2.3 Sinus computed tomography findings

In this study, 50 EMCRS and l0 CRS patients were examined for radiological

characteristics on sinus CT scans (Table 3.3). The total Lund-Mackay sinus CT scan score

was not significantly different between the five study groups (P:0'3271, Kruskal-Wallis

test). Bilateral sinus disease was common to CRS and the EMCRS subgroups. Contrary to

previous reports, unilateral sinus disease did not seglegate to AFS patients (Ferguson

2000a). Intra-sinus double densities were seen in a minority and were not confined to cases

with fungi in the sinuses. Bone erosion on CT scans was not limited to AFS patients. The

most common site of bone erosion was in the ethmoid, followed by maxillary, sphenoid and

frontal sinus. Bone sclerosis appeared to associate with a history of previous sinus surgery.

3.2.4 Sinus mucus and polyp histology

In this study, patients whose sinonasal mucus and pol1p paraffin-blocks were available for

further examination were included. Initially, sinus mucus and tissue sections stained with

haematoxylin and eosin from 91 patients were examined. The sinus mucus from the 91

patients was reported by the surgeon to have resembled the tlpical macroscopic appearance

of eosinophilic mucus. Of the 9l patients, 85 had eosinophil clusters in the mucus specimen

upon histology and thus, were determined to be EMCRS patients. Of the six mucus samples

that were not eosinophilic mucus, two had matted balls of fungal hyphae known as a fungal

ball (Ferguson 2000c). In the remaining four samples, the only identifiable leucocyte

population was the neutroPhil.



Table 3.3 ComParison

Age in years (median (IQR))

MaleÆemale

Previous sinus surgeryl

L-M CT s"ore'(median (IQR)

Unilateral sinus disease

Double densities

Bone erosion3

Previous sinus surgery

Bone sclerosis3

Previous sinus surgery

Extra- sinus involvement

of the clinical characteristics and sinus computed tomography findings between CRS and EMCRS patients

CRS

n:L0

44 (37 - ss)

sl5

I

t2 (e - re)

2

0

0

AFS

n:18

3e (32 - ss)

10/8

4

18 (1s - 2l)

2

7

5

ll5

6

3t6

2 - orbital

AFS-like
n:6

3s (2s - s5)

5t5

1

ts (7 -2r)
1

2

0

NAFES

n:17

s0 (48 - s8)

TII6

J

16 (rr -22)
aJ

8

4

114

5

3ls

1 - orbital

NANFES

n:9

53 (43 - se)

sl4

2

12 (t2-22)

0

J

1

0

2

212

1 - orbital

1

1

0

0

0

rNumber of patients who had at least one sinus operation before enrolling in this study. ? : 0.327r, Kruskal-wallis test' 'Number of patients with bone

erosion or sclerosis is shown in the top row and the proportion of these patients that had previous surgery is provided in the bottom row' cr' computed

tomography; IQR, interquartile range (25ü-75ú percentiles); L-M, Lund and Mackay.



In two out of the 85 EMCRS patients, fungal elements were demonstrated in the polyp

tissue. Therefore, they were examined separately (details described below and in Table 3.4).

of the remaining g3 EMCRS patients, 23 were determined to be AFS, 8 AFS-like' 32

NAFES and 20 NANFES. Charcot-Leyden crystals were identified in 610/o, 50o/o,75Yo and

600/o ofeosinophilic mucus samples respectively, and therefore, called typical eosinophilic

mucus. While most of the inflammatory cell population identified in the mucus samples was

eosinophils, other leucocytes including lymphocytes and plasma cells were also present.

Examination of the nasal pollp tissue from the 33 EMCRS patients showed that eosinophils

were coÍìmon to all. However, lymphocytes, plasma cells and neutrophils were also present

in most polyps. In the four patients with neutrophilic mucus samples, their polyp tissue

showed a mixture of eosinophils and neutrophils. In the two patients with fungal balls, there

was only a sparse infiltrate of eosinophils and lymphocytes'

Interestingly, pol1ps from two patients with eosinophilic mucus had fungal hyphae in the

tissue. The fungal elements were confirmed to be in the plane of the tissue by phase-contrast

microscopy. The leucocyte populations in the pollps from these two patients were

eosinophils, lymphocytes and plasma cells. A review of these two patients' clinico-

pathological characteristics showed that they were otherwise consistent with the EMCRS

patient groups, AFS and NAFES (Table 3.4).



Table 3.4 Clinical characteristics of the patients who had fungal hyphae in polyp

tissue

Patient I Patient 2

Age

Sex

Asthma

Eosinophilic mucus

Fungal culture

Polyp histology

Total immunoglobulin
isotypes

Differential leucocyte
counts

Asp er gillus precipitins

Fungal allergy

Non-fungal allergy

Sinus CT scan

Lund-Mackay score

Double densities

Bone erosion

CRS symptom score

PBMC stimulation index

Outcome

44

Male

Yes

Yes

Alternaria alternata

Eo sinophils, lynphocytes,
plasma cells

Normal

Normal

Negative

Alternaria, Cladosporium sPP.

Yes

22124

Yes

No

212

37

Female

Yes

Yes

Aspergillus, Drechs lera sPP.

Eosinophils, lyrnphocytes,
plasma cells

Normal

Normal

Positive

Negative

Yes

20124

No

No

193

56

As per allergic fungal sinusitis As per non-allergic, non-
fungal eosinophilic sinusitis

CT, computed tomography; CRS, chronic rhinosinusitis, PBMC, peripheral blood mononuclear cells;

spp., specles
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3.2.5 Mucus mycology

Fungi were detected in sinus eosinophilic mucus in 55 out of 83 (66%) EMCRS patients by

microscopy and fungal culture. Of these, fungi were demonstrated by microscopy in l0%o,

by culture in 5g% and both microscopy and culture were positive in 32o/o. There was no

significant difference between AFS and NAFES subgroups in the range of genera and

species of fungi identified in the eosinophilic mucus samples (Table 3'5)'

Fungi were also identified in three of the four patients who had neutrophilic sinus mucus. Of

these three, budding yeasts \¡/ere seen upon microscopy in one patient, although fungal

culture was negative. In the other two patients, no fungi were demonstrated upon

microscopy but fungal cultures were positive for Penicíllium species in one patient and

Aspergillus species in the other.

3.2.6 peripheral btood total immunoglobulin levels, differential leucocyte counts and

Aspergìllus fumígatus precipitin levels

pre-operative peripheral blood total immunoglobulin isotype levels and differential

leucocyte counts from CRS and EMCRS patients were measured and compared with those

from ARFA patients. The immunoglobulin levels from healtþ volunteers were also

available for comparison. There was no significant difference in the amounts of total IgG,

IgA, IgM, IgE, IgGl, IgG2,IgG3 and IgG4 isotypes between the groups (Figure 3'4)'

Likewise, there was no significant difference in the total eosinophil, lymphocyte, monocyte

and basophils counts between the groups (Figure 3.5). Precipitins to Aspergillus fumigatus

were present in the serum of four EMCRS patients (2 AFS, I NAFES and I NANFES).
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Table 3.5 Mycological findings in eosinophilic mucus of EMCRS patients

Fungi identified
AFS

n:23
N,4.FES

n:32

Number of general

Most common genus

Alternaríø

Aspergillus

oth#

Single fungal genus

Aspergillus

Alternaria

Drechslera

Fusarium

Penicillium

Scedosporium

Ulocladium

Single fungal species

Aspergillus fumigatus

Aspergillus niveus

Aspergillus niger

Aspergillus flavus

2(t-4)

10

8

71

s2%

6

2

1

2

1

0

0

t3%

2

I

0

0

2(1-6)

11

I2

2l

s9%

8

J

J

0

1

1

1

r4%

2

0

1

1

rNumber of genera is presented as the median and the 25th-7 5'h percentile, limits of the interquartile

raîge) in parenthesis.2Acremonium, Candida, Chaetomium, Cladosporium, Curvularia, Drechslera,

Epicoccum Fusarium, Mucor, Penicillium, Phialophora, Scedosporium, Trichothecium Ulocladium,

and non-sporulating fungal species.
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Figure 3.5 Total peripheral blood differential leucocyte counts in ARFA, CRS and

the EMCRS subgroups (AFS, AFSJike, NAFES and NANFES). The shaded areas

indicate the reference ranges (Appendix III) for healthy adults. The bars represent the

median values and comparison of values between the groups was performed using the

Kruskal-Wallis test. P < 0.05 was considered significant.
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3.2.7 Peripheral blood mononuclear cell proliferation

The in vitro penpheral blood mononuclear cell proliferative response to antigen-specific or

non-specific stimulants is a widely used technique to assess specific immunological memory

and general immune function (Froebel et aI.1999). In this study, the magnitude of peripheral

blood mononuclear cell proliferation in response to a non-specific mitogen,

phytohaemagglutinin, was determined in 27 EMCRS patients (12 AFS, 3 AFS-like, 7

NAFES and 5 NANFES), 15 healtþ volunteers, 15 ARFA and 15 CRS patients by

measuring the cellular uptake of tritiated thymidine. Cell proliferation was expressed as a

stimulation index (SI) (Chapter 2, section 2.14.3) (Figure 3.6). The proliferative response

was not significantly different between the EMCRS subgroups (P : 0'25, Kruskal-Wallis

test). As a single gfoup, EMCRS patients had significantly greater proliferation compared

with healtþ volunteers (P < 0.001), ARFA (P < 0.01) and cRS (P < 0.001) (Mann-Whitney

U test).

3.2.8 Fungal and non-fungal allergy

The prevalence of type I hypersensitivity to Alternaria alternata ot Aspergillus fumigatus in

AFS and AFSlike patients was similar to that observed in ARFA patients (Table 3.6)' There

was no obvious clustering of the allergic phenotype to AFS or other subgroups of EMCRS

patients, as allergy to non-fungal aeroallergens was also cofilmon in the disease-control

groups.
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Figure 3.6 Peripheral blood mononuclear cell proliferative response to

phytohaemagglutinin expressed as a stimulation index (SI). The bars indicate the median

values in each gfoup. There was no significant difference in the SI between the EMCRS
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Table 3.6 Comparison of fungal and non-fungal allergy between ARFA, CRS and EMCRS patients

ARFA
n:26

Age in years (median (IQR))

MaleÆemale

Fungal allergyr

Alternaria alternata

Aspergillus fumigatus

Both

Other fi;rrrdiz

Non-firngal allergf

rpositive fungal-specific serum IgE or skin prick test.2Helrninthosporium, Penicillium, Candida, Epicoccum and' Cladosporium species' 'Mixes of tree pollen,

grass pollen, house dust and mite and animal dander. IQR, interquartile range (25ú-75ú percentiles)'

38 (2s - 42)

t2lt4

rc}%

l3

2

11

23

85%

CRS

n:26

31 (26 - s3)

lyrs

3s%

2

I

2

7

23%

AFS

n:34

43 (32 - s6)

18lt6

100%

8

4

6

27

88%

AFS-like
n:6

40 (30 - 67)

412

100%

1

1

2

5

33%

NAFES

n:24

50 (46 - se)

1s19

0%

s4%

NANFES
n:ll

ss (4s - 60)

sl6

o%

46%



3.3 DISCUSSION

Work from this study determined that other than the defining criteria and the difference in

the age of the patient groups, the clinical characteristics were not significantly different

between the EMCRS subgroups. As a single gouP, a gteater proportion of EMCRS patients

had fungal allergy, lower respiratory tract disease and a more severe sinus disease compared

with CRS patients. Together, these findings question the relevance of subgrouping EMCRS

patients. Hence, eosinophilic mucus may be a marker for a pathologically distinct form of

chronic rhinosinusitis, regardless of type I hlpersensitivity to fungi or the detection of fungi

in eosinophilic mucus.

Type I hlpersensitivity to fungi was present in a larger proportion of EMCRS patients

compared with cRS. However, IgE-mediated allergy to fungal and non-fungal aeroallergens

was similar between EMCRS, CRS and ARFA patients. As noted previously, among the

EMCRS goup, the age of clinical presentation in patients with fungal allergy (AFS and

AFSJike) was significantly younger compared with those without fungal allergy (NAFES

and NANFES) (Ferguson 2000a). Although the duration of disease in each goup could not

be taken into account, the present data supported the hypothesis that coexisting allergy may

exacerbate or prolong underlying inflammation, thereby resulting in an earlier clinical

presentation.

A geographical bias in the prevalence of allergic fungal sinusitis has been reported in studies

mainly from the United States of America, where a higher prevalence was documented in

the southern states (Ferguson et al. 2000). This study did not show differences in geographic

localisation of allergic fungal sinusitis patients compared with other fungus-positive

EMCRS subgroups within South Australia. Significantly, there was no focus of patient

groups to suggest ethnic clustering. However, there appeared to be more fungus negative



cases towards the coastal areas and fungus positive cases toward the foothills of Adelaide.

This finding is of interest because most of the agricultural areas are located along the face of

the Adelaide Hills. Therefore, the difference in fungal culture results may reflect a variation

in the amount and type of fungal spores in the atmosphere colonising already diseased

sinuses. These preliminary findings form a basis for further population-based studies, where

sample size, relocation and tertiary centre referral bias are to be taken into account.

Allergic fungal sinusitis patients could not be distinguished from other subgroups of

EMCRS patients based on the severity of rhinosinusitis synrptoms, macroscopic and

microscopic appearance of the mucosal inflammation, extra-sinus complications, CT scan

findings, peripheral blood leucocyte levels and immunological studies. However, as a group'

EMCRS patients had worse symptom scores and a higher prevalence of bone erosion on

sinus CT scans compared with the disease-control, CRS patients. Bone erosion in EMCRS

patients was not limited to allergic subjects or in patients that were fungus culture positive,

and extra-sinus complications were not isolated to AFS patients' This finding, together with

a history of multþle sinus operations, supported the hypothesis that EMCRS patients had a

more severe disease compared with CRS patients without eosinophilic mucus.

There was no obvious association between EMCRS with autoiÍlmune diseases, a family

history of nasal polyps or with aspirin sensitivity. As noted in previous studies, coexisting

diagnosis of allergic bronchopulmonary aspergillosis was not common in AFS or AFS-like

patients (Shah et al. 2001). This may be explained by the inability to fulfil the stringent

diagnostic criteria for allergic bronchopulmonary aspergillosis (Chapter 1, section I'7'2)'

Interestingly, a higher prevalence of significant lower respiratory tract symptoms was

present in EMCRS compared with CRS and ARFA patients. As in other chronic lung

diseases, it is unknown whether severe lung disease with fungus in the bronchi may occur in



NAFES and NANFES patients, where an absence of allergic parameters precludes the

diagnosis of allergic bronchopulmonary aspergillosis. It is also unknown whether an

"allergic bronchopulmonary aspergillosis -like" condition of the lower airways occurs in the

absence of allergy to fungi. Furthermore, EMCRS patients with a coexisting diagnosis of

asthma had worse symptom scores than CRS and ARFA patients with asthma' Although

objective measures for lung function was not performed, the present data indicates that

EMCRS patients have significant upper and lower respiratory tract mucosal disease (Colice

2004). This finding is consistent with the "one-airway''hlpothesis (Togias 2003) and forms

a basis for future studies to determine the nature of this relationship.

Intriguingly, some EMCRS patients had previously diagnosed inflammatory bowel disease

and others reported symptoms of lower bowel disease. This observation is significant as it

could be marker for a predisposition to mucosal disease. This predisposition is unlikely to be

due to an overt and generalised systemic immune deficiency because examination of the

peripheral blood immune system in EMCRS patients showed no evidence of immune-

compromise. Interestingly, measures of peripheral blood cellular response showed an

enhanced activity compared with CRS, ARFA and healthy volunteers, indicating that

EMCRS patients had a primed population of lymphocytes. This could reflect an ongoing

underlying chronic immune stimulation, as elevated peripheral blood mononuclear

proliferation to phytohaemagglutinin was not restricted to patients with fungal allergy or

those with fungi in their sinuses. The presence of fungal elements in the mucosa of two

EMCRS patients, also noted previously in AFS patients (Thakar et aI.2004), could be a

consequence of local mucosal immune-compromise ensuing from chronic inflammation.

Because the host is generally immune-competent, fulminant fungal infection is not observed.



In conclusion, work in this chapter established that most of the clinical characteristics of

allergic fungal sinusitis patients were not significantly different from the other EMCRS

subgroups, thereby walranting an investigation of the pathogenic significance of fungal

allergy in these patients. Given the association of eosinophilic mucus with fungi, an

examination of fungal-specific immunological mechanisms in EMCRS might enable a better

understanding of the role of fungi in this disease. These will be the subject of further studies

in Chapters 4 and 5.



CHAPTER FOUR: FUNGAL.SPECIFIC HUMORAL RESPONSE

IN EMCRS PATIENTS

4.I INTRODUCTION

Fungi in the sinus eosinophilic mucus and type I hypersensitivity to fungi are present in a

proportion of EMCRS patients (Collins et al. 2003). Because of their ubiquitous nature it is

not possible to attribute fungal pathogenicity simply based on their detection in eosinophilic

mucus (ponikau et al. 1999; Buzina et al. 2003). Similarly, it is not possible to attribute

pathogenic importance to fungal-specific IgE-mediated hypersensitivity in EMCRS, as this

is also present in patients without significant sinus disease. A critical review of the literature

indicates that the role of fungi and fungal allergy in this disease is yet to be defined, as

fungal-specific immune responses in EMCRS patients have not been thoroughly

investigated.

The aim of this study was to determine whether EMCRS patients had a humoral response to

fungi commonly isolated from their sinus eosinophilic mucus. An enzymeJinked

immunosorbent assay was designed to measure fungal-specific antibody isotypes in sera. To

determine the pathogenic significance of fungal-specific humoral response in EMCRS

patients, comparisons with healthy volunteers and with disease-control patient groups were

essential. For this pulpose, sera were also examined from patients with the following

diagnoses: allergic rhinitis with fungal allergy and no sinusitis, chronic rhinosinusitis

without eosinophilic mucus, and from healtþ volunteers'
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4.2 RESULTS

4.2.1 Validation of the fungal antibody ELISA

The direct ELISA was more sensitive than the indirect ELISA (Figure 4.1). To establish the

sensitivity of the IgE ELISA, the amount of IgE in a serum sample measured by ELISA was

compared with the IgE levels measured by the ImmunoCAP system (Pharmacia). As shown

in Figure 4.2,thedirect ELISA measured IgE down to a level of 0.19 kU/L.

Ec
rooso
o

2.5

2.0

1.5

1.0

0.5

0.0
0 0.06 0.13 0 0.51 1.02 2.05 4.10 I 20 1 32.8 65.6

lgE x10-3 kU/L

Figure 4.1 Measurement of IgE in a serum sample using a direct (I) and an indirect

(E) enzymelinked immunosorbent assay (ELISA). Serum IgE levels measured by ELISA

are expressed as optical density values at 405 nm (OD¿oso-) on the Y-axis and compared

with IgE measured by the ImmunoCAP system (Pharmacia) in kU/L on the X-axis.

Results are expressed as the mean OD¿oso- values * standard effors of the means of

duplicate samples. Y intersects X-axis at X: 0.024. The X-axis is plotted on a log 2 scale.
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lsE (kU/L)

Figure 4.2 Sensitivity of the IgE enz¡rme-linked immunosorbent assay (ELISA).

The ELISA results are expressed as the mean optical density values at 405 nm (OD¿os*n)

of three experiments conducted in duplicate * standard errors of the means against the IgE

concentration in kU/L measured by the ImmunoCAP system (Pharmacia). The OD¿0s."

values that lie above the dotted line represent positive results. As shown, the OD¿0s."

value of 0.05 corresponded to an IgE concentration of 0.19kulL.

Sera from 50 individuals who were negative for Alternaria and Aspergillus-specifrc IgE by

the ImmunoCAP system were screened with the ELISA. The highest ODas5-,' value obtained

by ELISA in these subjects was 0.043. Therefore, a value of 0.05 or greater was defined as a

positive result.

To determine the specificity of the fungal antibody ELISA, Alternaria alternata and

Aspergillus fumigatus-specific IgE levels measured by ELISA were compared with those

E
E
tf)ostoo
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measured by the ImmunoCAp system (Pharmacia). There was a positive correlation between

the fungal-specific IgE results using ELISA and the ImmunoCAP system for both fungal

species (Figure 4.3). However, there were some differences in the levels of IgE that were

measured using the two methods. For example, two patients reported to have less than 0.35

kU¡,/L of Alternaria alternafø-specific IgE by the ImmunoCAP system gave low-positive

results by ELISA, thereby indicating that the ELISA was more sensitive'

In all except for one case, sera that showed a low positive or a negative IgE result for one

fungal species and high positive for the other fungal species by the ImmunoCAP method

gave a similar pattern to the ELISA method. This patient who had Alternaria and

Aspergillus-specific IgE of 11 kUn/L each by the ImmunoCAP method had optical density

readings of 0.258 for Alternaria and 0.544 for Aspergillus by ELISA. The difference in the

measurement of fungal-specific IgE levels between the two methods, ELISA and

ImmunoCAp ,maybe due to variations in fungal antigens in the preparations from Hollister-

Stier and pharmacia respectively (Vailes et al. 2001). As Hollister-Stier or Pharmacia would

not reveal the protein profile of the fungal antigen mix, this could not be taken any further'
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4.2.2 profile of Alternaria ølternata and Aspergillus fumigatus - specific antibodies in

sera of EMCRS Patients

In this study, 30 EMCRS patients, 15 healthy volunteers, 26 ARFA patients and 15 CRS

patients were examined. Their clinical characteristics are shown in Table 4.1. The profile of

Alternaria alternata and Aspergillus fumigaføs humoral response were similar. Therefore,

the results presented in this section are for Alternaria alternata unless otherwise specified.

4.2.2.1 Total and fungal-specific IgE

The pathogenic significance of IgE-mediated systemic fungal allergy in EMCRS patients

was examined by comparing total IgE levels in kU/L, and fungal-specific IgE levels in

kU/L, between fungal-allergic EMCRS (AFS and AFS-like) and ARFA patients. There

were no statistically significant differences in the total IgE levels (P : 0.8) and mould mix-

specific IgE levels (P = 0.6) between fungal-allergic EMCRS and ARFA patients (Mann-

Whitney U test) (Figure 4.4 A). Similarly, there was no significant difference in the ratio of

mould mix-specific IgE to total IgE levels between the two fungal-allergic groups (P:0.9,

Mann-Whitney U test) (Figure 4.48).

To determine the pathogenic importance of allergy to specific fungi in EMCRS, the levels of

IgE to Alternaría alternata and Aspergillus fumigatus were measured by the fungal antibody

ELISA and compared with control groups. ARFA patients had higher fungal-specific IgE

levels compared with healthy volunteers (P < 0.0001, Mann-Whitney U test) (Figure 4.4 C).

Similarly, AFS (p: 0.0036) and AFS-like (P: 0.0016) patients had higher fungal-specific

IgE levels compared with healthy volunteers. By contrast, there \ryere no significant

differences in fungal-specific IgE levels between fungal-allergic EMCRS and ARFA (P:

0.8839, Kruskal-Wallis test). Interestingly, only 42% of AFS patients had type I

hlpersensitivity to the same fungal species identified in their eosinophilic mucus.



Table 4.1, Clinical characteristics of the fungal-specific humoral study groups

HV
n:15

2e (27 -33)

916

se (7 -334)

NA

ARr.A
n=26

38 (2s - 42)

ru15

63s (322 - 9e7)

NA

CRS

n=15

43 (2e -s7)

817

87 (34-r70)

NA

AFS

n:12

3r (2r -3e)

715

209 (40 - 1036)

r00%

6

5

1

5

rc}%

1

2

5

8

66

t7

75

NAFES

36 (34 - s6)

414

46 (10 - 170)

t00%

4

2

2

2

0%

AFS-like
n=5

40 (23 - 4r)

312

r97 (1,t9-762)

0%

NAT\FES

n=5

33 (26-s0)

4lr

72 (48 - t77)

0%

n=8

Age in years (median (IQR)

Male/Female

Total IgE (kUiL) (median (IQR)

Fungus in eosinophilic mucusl

Alternaria alternata

Aspergillus fumigatus

Both

Other ñrngr'

Fungal allergf

Alternaria alternata

Aspergillus fumigatus

Both

Other fi.rngia

Non-tungal allergf (%)

Aspirin sensitive (%)

Asthma (%)

lBy histology or fungal culture. zBipolarß, Drechslera, Trichothecium,

species. 
3By positive fungal-specific serum IgE or skin prick test.4Helminthosporium, Penicillium, Cqndida, Epicoccum

grass pollen, house dust mite and animal dander. IQR, interquartile range (25ú-75ú percentiles); NA, not applicable'
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15
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2

3

60

0

8050

1

0

J

2

35

27

20

7340

0

27

38

0

and Cladosporium species. 
sMixes of tree pollen,

Cladosporiumcandida, Penicillium, scedosporium, Acrernonium, Devriessi, Phialaphora and
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Figure 4.4 Total and fungal-specific serum IgE levels in EMCRS patients and

control groups. (A) shows the comparison of total IgE (kU/L) and mould mix-specific IgE

(kUA/L) levels in ARFA (n:26) and tungal-allergic EMCRS patients (AFS and AFS-like)

(n:11).The columns depict the median values and bars, the interquartile ranges. In (B), the

ratio of mould mix-specific lgE:total IgE are expressed as percentage values in ARFA and

fungal-allergic EMCRS patients. Lower and upper limits of boxes represent the 25th and

75th percentiles respectively, the vertical bars show the ranges and horizontal bars the

medians. In (C), Alternaria alternata-specific IgE levels in control groups (HV, CRS and

ARFA) and the EMCRS subgroups (AFS, AFSlike, NAFES and NANFES) assayed by

ELISA is depicted. Results are expressed as the mean optical density (OD¿0s,,-) readings of

duplicate serum samples. The bars indicate the median OD¿os'- values. *Kruskal-Wallis

test. The results for Aspergillus fumigaføs-specific IgE were similar.



4.2.2.2 Fungal-specific IgG' IgA and IgM

Sera were tested for fungal-specific total IgG, IgA and IgM levels using the fungal antibody

ELISA (Figure 4.5). The results for the EMCRS patients were exprossed as a single goup

because the levels of fungal-specific IgG, IgA and IgM were not significantly different

between the EMCRS subgroups (P: 0.5457, P:0.2441 and P:0.8358 respectively,

Kruskal-Wallis test).

1.25

1.00

0.25

0.00
HV CRS ARFA EMCRS

Figure 4.5 Alternaria alternata-specific IgG, IgM and IgA levels measured by

fungal antibody ELISA in HV, CRS, ARFA and EMCRS patients. The columns represent

the median optical density values at 405 nm (ODas5o-) in each group, and bars show the

interquartile ranges. The results for Aspergillus fumigatus-specific IgG, IgM and IgA

were similar.

Fungal-specific IgM levels were not significantly different between healthy volunteers,

CRS, ARFA and EMCRS patients (P : 0.07, Kruskal-'Wallis test). However, fungal-specific

IgG (p < 0.0001) and IgA (P: 0.0007) levels were significantly different between the study

groups. Fungal-specific IgG levels were higher in EMCRS patients compared with healtþ

Ec
l.r)osoo

0.75

0.50
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volunteers (P: 0.0002) andwith CRS patients (P: 0.0052),butnot with ARFA patients (P

: 0.2438) (Mann-Whitney U test). Similar to the IgG data, fungal-specific IgA levels were

significantly higher in EMCRS patients compared with healthy volunteers (P : 0.0016'

Mann-Whitney U test). However, there was no significant difference between EMCRS and

CRS (P: 0.0916) and between EMCRS and ARFA (P: 0.8855) (Mann-Whitney U test).

Similar to the IgE results, no significant difference in the levels of fungal-specific IgG and

IgA were observed between the EMCRS and ARFA patients.

4.2.2.3 Fungal-specific IgG subclasses

Levels of fungal-specific IgGl, lgG2, IgG3 and IgG4 isotlpes \ryere not significantly

different among the four EMCRS subgroups (P:0.6969, P: 0.6256, P: 0.6019 and P:

0.3135 respectively, Kruskal-V/allis test). Therefore, similar to the IgG, IgA and IgM data,

the results for fungal-specific IgG subclasses were expressed as a single group for EMCRS

patients.

Comparison of fungal-specific IgG subclasses between healthy volunteers, CRS, ARFA and

EMCRS showed thatlgG2levels were higher across the study groups compared with IgGl,

IgG3 and IgG4 isotypes (Figure 4.6). Specific IgG subclasses were significantly lower in

healtþ volunteers compared with CRS, ARFA and EMCRS patients (P < 0.05, Kruskal-

Wallis test). Levels of IgG2 and lgG4 were not significantly different between EMCRS and

CRS patients (P : 0.0550 and P : 0.4325 respectively) or between EMCRS and ARFA

patients (P:0.9280 and P :0.2059 respectively) (Mann-Whitney U test). Higher levels of

fungal-specific IgGl were present in EMCRS compared with CRS (P : 0.0089), but not

with ARFA (P:0.0527) patients. However, IgG3 distinguished EMCRS patients from all

the control groups, including CRS (P :0.0022) and ARFA (P: 0.0013) (Mann-Whitney U
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test). Specific IgG3 levels in EMCRS patients were independent of the detection of fungi in

eosinophilic mucus or fungal allergy. Interestingly, high IgGl levels in EMCRS patients

approached statistical significance compared with ARFA patients.
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Figure 4.6 Levels of Alternaria alternata-specific IgG subclasses: IgGl , lgG2,

IgG3 and IgG4 measured by fungal antibody ELISA in HV, CRS, ARFA and EMCRS

patients. The columns indicate the median optical density values at 405 nm (ODa¡5n-) in

each group, and bars show the interquartile ranges. The data for Aspergillus fumigatus-

specific IgG subclasses were similar.

4.2.2.4 Relationship between fungal-specific immunoglobulin levels and the detection

of fungus in eosinoPhilic mucus

To ascertain whether the detection of fungus in eosinophilic mucus affected fungal-specific

serum antibody levels, results from EMCRS patients who had fungus positive eosinophilic

mucus were compared with those who had fungus negative eosinophilic mucus. In parallel
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with the fungal-specific IgE data, levels of specific IgG, IgA, IgM and IgG subclasses for

either fungal antigen, did not differ significantly between the two groups Qable 4.2).

Table 4.2 Comparison of Alternaria alternata-specific serum antibody levels in
EMCRS patients who had fungus positive and fungus negative sinus

eosinophilic mucus

Antibody Isotype Fungus Positive

(AFS and NAFES, n:20)
Fungus Negative

(AFS-like and NAIIFES, n:10)

IgE

IgG

IgA

IgM

0.04 (0.02 - 0.17)

0.88 (0.62 -r.4s)

0.14 (0.04 - 0.3e)

0.33 (0.22 - 0.67)

0.07 (0.02 - 0.33)

0.72 (0.21- 1.65)

o.0e (0.07 - o.e7)

0.47 (0.20 - 0.70)

Results are expressed as the median optical density values and the 25ú_75th percentiles, limits of the

interquartile range, in parentheses. These were not significantly different between the two EMCRS

subgroups (Mann-Whitney U test). Aspergillus fumigatus-specific results were similar.
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4.3 DISCUSSION

Tlpe I h¡persensitivity to fungi is argued to be the driving pathological process in allergic

fungal sinusitis (Manning and Holman 1998; Meltzer et al. 2004). However, this study

determined that most parameters of fungal-specific humoral immunity in fungal-allergic

EMCRS did not differ significantly from fungal-allergic controls. Interestingly, fungal-

specific humoral response was elevated in all the EMCRS subgroups regardless of type I

hypersensitivity to fungi or the detection of fungi in eosinophilic mucus. Furthermore, high

levels of fungal-specific serum IgG3 distinguished EMCRS patients from any other study

goup. These findings indicated that immunologic mechanisms other than allergy accounted

for the elevated fungal-specific immune response in EMCRS patients. Accordingly, this

raises several possibilities regarding the role of fungi in EMCRS.

Type I hypersensitivity to fungi was not pathogenically important in all the EMCRS

subgroups as it was not detected in NAFES and NANFES. What then is the role of specific

IgE in fungal-allergic EMCRS patients? Significantly higher levels of IgE to specific fungi

was detected in allergic fungal sinusitis and AFS-like subgroups compared with healtþ

volunteers (Manning and Holman 1998). However, the levels of total IgE, ratio of mould

mix-specific IgE to total IgE, and absolute levels of IgE to specific fungi did not differ

significantly between fungal-allergic EMCRS and ARFA patients. Moreover, there was a

poor coffelation between the fungal species detected in eosinophilic mucus and fungal

allergy. Consequently, a central pathogenic importance of fungal allergy was not supported

in allergic fungal sinusitis and AFS-like patients. The data from this study was consistent

with the notion that elevated fungal-specific IgE in EMCRS patients represented concurrent

rhinosinusitis and fungal allergy. Coexisting allergy, fungal (Corey et al. 1997) and non-

fungal, may exacerbate an underlying mucosal disease in EMCRS. This, in part, may
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explain a reduction in the total IgE levels and alleviation of clinical s)¿mptoms following

immunotherapy in allergic fungal sinusitis patients (Schubert and Goetz 1993). This could

also explain why EMCRS subgroups with fungal allergy were younger than EMCRS

subgroups without fungal allergy (Chapter 3).

In contrast with IgE, fungal-specific IgG, IgA and IgM were demonstrated in all EMCRS

patients and controls, including healthy volunteers. This is consistent with mucosal exposure

to common environmental fungi. Results from this study agree with previous reports of

higher fungal-specific IgG levels in allergic fungal sinusitis compared with healthy

volunteers (Manning and Holman 1998; Stewart and Hunsaker 2002). More important, this

study demonstrated high levels of fungal-specific IgG, IgA and IgM in all the EMCRS

subgroups, signifying that eosinophilic mucus marked the presence of enhanced fungal

immunity. Therefore, in the absence of fungal-specific IgE in NAFES and NANFES,

elevated levels of fungal-specific isotlpes represented a non-allergic immune response.

High levels of fungal-specific IgGl and IgG3 characterised the IgG subclass response in

EMCRS patients compared with healtþ volunteers. However, only IgG3 distinguished

EMCRS from ARFA and CRS patients, thereby indicating a distinct form of fungal

immunity. However, other than as a biological marker for EMCRS, the pathogenic

significance of fungal-specific IgG3 was not determined in this study. To further evaluate its

significance in EMCRS, fungal-specific IgG3 levels need to be compared with those from

other fungal diseases of the sinuses, for example, fungal ball and invasive fungal disease.

IgG subclass response to infecting agents has been associated with severity of clinical

s¡rmptoms and inflammatory responses (Hussain et al. 1995; Ashbee et al. 1997;
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Dzierzanowska-Fangrat et al. 2003). This effect may be related to the distinct functional

properties of the IgG subclasses. For example, IgG3 is the most effective subclass in

activating complement and is capable of binding to all known IgG Fc receptors: FcyI, FcflI

and FcyIII (Roitt, 1996). These receptors are differentially expressed among leucocytes,

including eosinophils and the antigen presenting cells (Ravetch and Bolland 2001). In

EMCRS, fungal-specific IgG3 may provide a mechanism for antibody-dependent cell

(eosinophil)-mediated cytotoxicity (Kaneko et al. 1995) to fungi, noted in the form of

"eosinophil granulomas" in sinonasal and cutaneous fungal diseases (Romano and Miracco

2003). IgG3 and IgGl are the predominant antibody isotypes formed in response to protein

antigens. As the half-life of IgG3 is one-third that of other IgG subclasses, it may denote

ongoing stimulation by specific protein fungal antigens (Roitt 1996). The absence of fungal

elements in eosinophilic mucus in AFS-like and NANFES patients could be due to

insensitive fungal detection methods or due to an intense anti-fungal immune response. The

latter was suggested in this study by significantly higher levels of IgG and IgA in EMCRS

compared with healthy volunteers and CRS patients.

This study is the first to present evidence for non-allergic fungal immunity in EMCRS

patients regardless of fungal allergy or of fungi in the eosinophilic mucus. The present data

did not support the paradigm that fungal-specific IgE was a critical pathogenic marker for

allergic fungal sinusitis, thus casting doubt that fungal allergy plays a unique pathogenic role

in this disease. Fungal-specific IgG3 was the only marker that differentiated'the EMCRS

patients from those with chronic rhinosinusitis and from allergic rhinitis with fungal allergy.

Collectively, these results indicate that immune mechanisms other than fungal allergy may

be involved in the mucosal inflammation in EMCRS patients, including allergic fungal

sinusitis. This will be examined in a further study in Chapter 5.



CHAPTER FIVE: FUNGAL.SPECIFIC PERIPHERAL BLOOD T

LYMPHOCYTE PROLIFERATION IN EMCRS PATIENTS

5.1 INTRODUCTION

Direct identification and analysis of antigen-specific T lymphocytes requires knowledge of

the antigen epitopes in the context of MHC-multimeres (Altman et al.1996). Other methods

independent of defined peptides and HlA-alleles include enz5rme-linked immunospot

(ELISPOT) assays, the cytometric cytokine secretion assays and cytotoxic assays. These

studies are based on an analysis of specific T lymphocyte effector molecules after

provocation of the cells with antigen invitro (Kabilan et al. 1990; Assenmacher et al. 1998).

However, these methods of identi$ring antigen-specific T lymphocytes are strictly

dependent on the specific effector functions. In EMCRS, the nature of the immunodominant

peptides of the fungal antigen, the fungal-specific T lymphocyte phenotype and the specific

effector functions are unknown. Hence, studies were designed to examine the presence of

fungal antigen-specific T lymphocytes using cell proliferation-based methods.

Clonal expansion resulting from cell proliferation is characteristic of T lymphocytes upon

stimulation by cognate antigen. Proliferative responses provide an overall view of a complex

cellular response that depends on a number of factors, including absolute numbers of T

lymphocytes, responding cell frequency and proliferative ability, antigen presenting cell

function and assay culture conditions. Therefore, measurement of T lymphocle

proliferation is an estimate of the presence of antigen-specific T lymphocytes. 'When

interpreting these results, one should be aware that these measures do not exclude non-

specific T lymphocyte activation, including bystander activation (Thiel et al. 2004),

particularly when the antigen source is poorly characterised.

a



Measurement of cell incorporation of tritiated thymidine into DNA was used initially to

determine the extent of mononuclear cell proliferation. As tritiated thymidine is added to the

cultures in the last 6 to 24 hottrs of the cell culture, cells that underwent proliferation earlier

cannot be detected. Furthermore, a more detailed analysis of the responding cell population

is not possible. Cytometry was used to overcome these problems using a method to directly

examine cells that underwent division (Weston and Parish 1990) (Chapter 2, section 2.14.4).

In this method, the intracellular compartment is uniformly labelled with a fluorescent dye,

carboxyfluorescein succinimidyl ester, before stimulating with mitogen. Cells lose fifty

percent of their fluorescent label upon each division cycle. Accordingly, measurement of

cellular fluorescence allows accurate identification of the divided cells and provides

information of the proliferative cell history (Lyons and Parish 1994; Fazekas de St Groth et

al. 1999). The CFSE-cytometry method has been used to examine cellular responses to

Candida fungal antigens (Angulo and Fulcher 1993). In this study, it was envisaged that this

technique would enable phenotlpic analysis of fungal-specific T lymphocytes among the

EMCRS patient groups.

The concept in this study was to compare T lymphocyte fungal antigen-specific proliferative

responses in polyp and peripheral blood. However, in the main, responses of the peripheral

blood lymphocytes to fungal antigens were examined because there were generally too few

cells in the polyp tissue obtained during routine sinus surgery. The aim of this chapter was to

determine whether the cellular response to fungi, measured by examining the magnitude and

phenotype of fungal-specific mononuclear cell proliferation, was different in EMCRS

patients compared with healtþ volunteers, chronic rhinosinusitis patients and allergic

rhinitis with fungal allergy patients.



5.2 RESULTS

5.2.1 Establishment of the fungal-specific cell proliferation assay

A patient who was allergic to Alternaria alternata (skin prick test wheal diameter of 4 mm)

and Aspergillus fumigatus (wheal diameter of 7 mm) was selected for this study. Peripheral

blood mononuclear cells were stimulated with either Alternaria alternata or Aspergillus

fumigatus antigens, with or without the first incubation step (preincubation) and with or

without a washing step (Chapter 2, section2.l5). There was a significant increase in the cell

incorporation of tritiated thymidine, expressed as counts per minute, in PBMC that were

preincubated with fungal antigens compared with no preincubation. With preincubation,

there was a greater proliferative response when the wells were washed with media compared

with no washing (Figure 5.1 A and B).

Maximum counts were obtained by (a) using fungal antigens at ll20 and ll40 dilution of

stock solution (Figure 5.1 A and B), þ) preincubating PBMC for 36 to 48 hours (Figure 5.2

/x), (") washing wells by decanting each well compared with flicking-out the well contents

(data not shown) and (d) harvesting four days after the washing step, called Day 4, of the

second incubation period (Figure 5.2 B). As expected, the maximum cell division

determined by CFSE-cytometry was observed on Day 6, which follows DNA synthesis

measured by tritiated thymidine incorporation on Day 4 (data not shown).

Subsequent proliferation assays were standardised to a 36 hour preincubation of PBMC with

1/30 dilution of fungal antigen, washing the tissue culture wells by decanting the culture

plate contents followed by adding unstimulated PBMC from day zero. Cells were harvested

on Day 4 for cellular tritiated thymidine incorporation measurements and on Day 6 for

determining cell division using CFSE-cytometry.
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Figure 5.1 Proliferative responses of peripheral blood mononuclear cells (PBMC)

from a fungal-allergic individual to fungal antigens in three different assay conditions. In

the first method, cells were stimulated wíth Aspergillus fumigatus (1+) and Alternaria

alternata (B) antigens (diluted lll0, 1120, 1140, ll80 and 1/160) without preincubation

(A). In the second and third methods, cells were preincubated with fungal antigens

without a washing step (O) and with a washing step (!) respectively. The preincubation

was performed for 36 hours and cells were harvested after four days of the second

incubation period. The results are expressed as the mean counts per minute (cpm) t

standard error of the mean of three experiments.
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Figure 5.2 Time course experiments to determine the optimum period for

preincubation (first incubation period) (A) and cell harvest (second incubation period) (B)

in order to obtain maximum fungal-specific cell proliferation. Peripheral blood

mononuclear cells from a fungal-allergic individual were stimulated with ll20 dilution of

Alternaria alternata (f) and Aspergillus fumigatus Q antigens. Cells incubated without

fungal antigens were used as negative control (O). The results are expressed as the mean

counts per minute (cpm) * standard error of the mean of three experiments.
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5.2.2 Magnitude of fungal-specific mononuclear cell proliferation

5.2.2.1 Peripheral blood

Tritiated thymidine incorporation into peripheral blood mononuclear cells in response to

fungal antigens was measured in 27 EMCRS patients, 12 healthy volunteers, 15 ARFA

patients and 15 CRS patients. The clinical characteristics of the study groups aÍe

summarised in Table 5.1. The reported value for the fungal-specific proliferative response in

an individual corresponds to the highest value obtained for either Alternaria alternata ot

Asper gillus fumigatu.s-specifi c proliferation'

The magnitude of T lymphocyte proliferation may be proportional to the number of antigen-

specific T lymphocytes and antigen presenting cells in a sample. Therefore, the percentage

of T cells and antigen presenting cells in each sample was determined before setting up the

proliferation assays. For each assay, peripheral blood mononuclear cells at lOs cells per

sample were stained by indirect immunofluorescence for CD3 and either CD4 or CD8,

CDl4 and CD19. CDl4 is expressed on monocytes, macrophages and mature dendritic cells

and CD19 on B lymphocytes. The median percentage of peripheral blood CD3*CD4*,

CD3*CD8*, CDl4* and CDl9+ cells was not significantly different among the study groups

(p :0.24, P:0.413,P: 0.885 and P:0.928 respectively, Kruskal-wallis test).

The extent of fungal-specific PBMC proliferation was not significantly different between the

EMCRS subgroups (P : 0.453, Kruskal-Wallis test) (Figure 5.3 A), regardless of fungal

allergy or of the detection of fungi in eosinophilic mucus. As a single group, EMCRS

patients had a greater proliferative response compared with healthy volunteers (P < 0.0001)

but not when compared with ARFA (P : 0.3315) or CRS (P : 0.2937) patients (Mann-

WhitneyU test).



Table 5.1 Clinical characteristics of the tritiated thymidine cell proliferation study groups

HV
n:12

37 (24 -33)

7ls

NA

0%

ARFA
n:15

4r (3s - s2)

817

NA

CRS

n:15

s0 (32 - s6)

817

NA

47%

27

AFS-like
n--3

52 (3s - 4e)

2lr

0%

r00%

1

2

100

NAFES

n--7

NANFES
n:5

ss (32 - s3)

213

0%

0%

AFS

n:12

Age in years (median (IQR))

MaleÆemale

Fungus in EMl

Alternaria alternata

Aspergillus fumigatus

Both

Other fungi2

Fungal allergf

Alternaria alternata

Aspergillus fumigatus

Both

Other firngia

Non-frnrgal allergys (%;o)

Aspirin sensitive (%)

Asthma (%)

00%I

42 (2s - 46)

715

r00%

4

1

5

6

r00%

2

1

4

5

83

8

58

44 (23 - sr)

413

rc0%

5

0

4

4

0%

42

5

1

8

11

80

7

53

1

1

2

J

40

20

40

71.

0

57

0

33

60

70

0

tBy hirtology or fungal culture. 2Bipolaris, Drechslera, Trichothecium, Candida, Penicillium, Scedosporium, Acremonium, Devriessi, Phialøphora and Cladosporium

species. 3By positive fungal-specifrc serum IgE or skin prick test.4Helminthosporium, Penicillium, Candida, Epicoccum arñ Cladosporium species. 
tMi"es of tree pollen,

grass pollen, house dust mite and animal dander. EM, eosinophilic mucus; IQR, interquartile range (25ù-75ú percentiles); NA, not applicable.
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Figure 5.3 Fungal-specific peripheral blood mononuclear cell proliferation

expressed as stimulation index (SI) in HV, ARFA, CRS and the EMCRS patients. The

maximum proliferative response to either Alternaria alternata or Aspergillus fumigatus is

plotted for every individual. The horizontal bars illustrate the median SI values.

Comparison of SI between HY (n:12), ARFA (n:15), CRS (n:15) and a single group of

EMCRS (n:27) patients, and between the EMCRS subgroups (AFS (n:12), AFSJike

(n:3), NAFES (n:7) and NANFES (n:5)) is shown in (A). Comparison of SI between

non-fungal-allergic (n) and fungal-allerglc (f) CRS and EMCRS patients is depicted in

(B). *Kruskal-Wallis test.
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In contrast to EMCRS patients, fungal-specific PBMC proliferation was higher in fungal-

allergic CRS compared with non-fungal-allergic CRS patients (P: 0.014, Mann-rWhitney U

test) (Figure 5.3 B). There was no significant difference in the stimulation index between

allergic CRS patients, non-allergic EMCRS and allergic EMCRS patients (P : 0.3381,

Kruskal-Wallis test).

5.2.2.2 Nasal polyp

Nasal pol)p mononuclear cells (NPMC) from one EMCRS and from one CRS patient were

stimulated with Alternaria alternata antigens, Aspergillus fumigatus antigens or

phytohaemagglutinin. Matched PBMC from each patient were also examined accordingly.

Fungal-specific proliferation was not observed in NPMC for either individual (Figure 5.4

A). In contrast, PBMC proliferation to either fungal antigen was observed in both

individuals. This indicated that the lack of NPMC proliferation was unlikely to be due to the

assay culture conditions. The number of mononuclear cells determined by cell count, and

antigen presenting cells determined by the percentage of CD19* and CD14* cells, per

sample were similar between NPMC and PBMC. However, the percentage of CD3*CD4+

cells and CD3*CD8* cells appeared different (Table 5.2).Interestingly, NPMC from both

individuals did not proliferate in response to PHA either (Figure 5.4 B).

Table 5.2 Percentage of CD4+ and CD8+ T lymphocytes in the peripheral blood and

nasal polyp mononuclear cell samples from an EMCRS and a CRS patient

Peripheral Blood Nasal Polyp

EMCRS (CD3+CD4*)

EMCRS (CD3*CD8*)

cRS (CD3*CD4*;

cRS (CD3*CD8*¡

48

52

22

49

24

I7

74

33
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Figure 5.4 Comparison of the magnitude of nasal pol)p (NP) and peripheral blood

(PB) mononuclear cell (MC) proliferation measured by thymidine incorporation in a CRS

and an EMCRS patient. Responses to fungal antigens, Alternqria alternata and

Aspergillus fumigatus, (A) and to phytohaemagglutinin (PHA) (B) are expressed as the

mean counts per minute (cpm) of triplicate values in linear and logarithmic scale

respectively. The columns show the mean values and bars, the standard errors of the
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5.2.3 Phenofype of the fungal-specifïc mononuclear cells

To determine the phenotlpe of the antigen-specific proliferating cell population, a CFSE

based proliferation assay was used. In this study, 16 EMCRS patients, 5 healthy volunteers,

ó ARFA patients and 10 CRS patients were examined. Their clinical characteristics are

shown in Table 5.3. Peripheral blood mononuclear cells were labelled with CFSE and

stimulated with fungal antigens or with PHA as described in Chapter 2, section 2.16.

Unstimulated and PHA-stimulated CFSEJabelled PBMC were used as negative and positive

controls respectively. Other internal controls included unlabelled cells activated under the

same culture conditions. At the end of the culture period, the PBMC were harvested and

stained with directly conjugated monoclonal antibodies to CD3 and either CD4 or CD8 to

examine the phenotlpe of the responding cell population. The PBMC were then analysed for

the CFSE profiles in different culture conditions. A representative three-colour gating

strategy used in this study is shown in Figure 5.5 and a summary of the proliferation results

is presented in Table 5.4.



Table 5.3 Clinical characteristics of the CFSE-cytometry study groups

HV
n:5

34 (27 - 44)

2t3

NA

0%

CRS

n:10

47 (32-st)

416

NA

40%

10

AFS-like
n:2

33 and 51

Ur

t00%

100

NAFES
n4

NANFES

n:4

47 (38-54)

212

0%

0%

50

50

AFS

n:6

Age in years (median (IQR))

MaleÆemale

Fungus in EMI

Alternaria altemata

Aspergillus fumigatus

Both

Other fungi2

Fungal allergf

Alternaria alternata

Aspergillus fumigatus

Both

Other fungia

Non-tungal allergf (%)

Aspirin sensitive (%)

Asthma (%)

s3 (24 - s4)

313

NA

t00%

t7

33

s4 (2r - s3)

313

rc0%

2

1

2

4

r00%

0

0

4

5

67

0

50

46 (3e - 58)

3lt

r00%

1

0

1

4

0%

0%

0

0

1

2

0

1

2

4

1

0

5

4

0

75

25

50

100

0

50

30

10060

0

20

lBy hirtology or fungal culture. 2Bipolarß, Drechslera, Trichothecium, Candida, Penicillium, Scedosporium, Acremonium, Devriessi, Phialaphora and Cladosporium

species. 3By positive fungal-specific serum IgE or skin prick test.4Helminthosporium, Penicillium, Candida, Epicoccum and Cladosporium species. 
tMixes of tree pollen,

grass pollen, house dust mite and animal dander. EM, eosinophilic mucus; IQR, interquartile range (25ú_75ú percentile); NA, not applicable.
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Figure 5.5 Standard three-colour gating strategy for determining carboxyfluorescein

succinimidyl ester (CFSE) profiles in peripheral blood mononuclear cells (PBMC) treated

with phytohaemagglutinin (PHA). The cells represented by dot plots (A) and (B) are gated

for forward scatter (FSC) and side scatter (SSC) parameters. Gate (G) 1 is placed on resting

PBMC in the unstimulated sample and gate 2 on blasts in the stimulated sample. The

histogram is gated (G3) on CD3 positive cells in Gl and G2 (C). Depending on the

experiment, cells are then analysed for cell surface expression of CD4 (D) or CD8 (E). Up to

seven cell divisions, D1-D7, of CD3+CD4* andCD3*CD8* cells canbe seen.
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Table 5.4 Summary of fungal-specific peripheral blood CD4* and CD8+ T cell
division

Number of patients whose PBMC
underwent fungal-specific cell division

Phenotype of divided T lymphocytes

cD4+ cDg+

HV (0/s)

ARFA (s/6)

cRS (8/10)

AFS (si6)

AFSJike (2/2)

NAFES (4/4)

NANFES (4/4)

0

4t5

618

0

0

0

0

0

5

8

5

2

4

4

PBMC, peripheral blood mononuclear cells.

In all the patients whose PBMC underwent fungal-specific cell division, the predominant

dividing T cell phenotype was CD4*. Both CD4+ and CD8* T lynphocytes underwent cell

division in response to fungal antigens in ARFA and CRS patients. Strikingly, CD8* T cell

division was not detected in any of the EMCRS patients tested. However, both CD4* and

CD8* T cells divided in response to PHA in all the individuals examined. A representative

experiment from a CRS and an EMCRS patient is shown in Figure 5.6. Up to seven

generations of cell division was determined in the dividingCD4+ or CD8* T cell populations

in response to fungal antigens or to PHA.

An absence of the CD8+ T cell proliferation in EMCRS could be explained by an anergic

response. To examine whether this was the case, in some experiments, exogenous IL-2 was

added to the cell culture, as IL-2 reverses classical T cell anergy (Essery et al. 1998).

However, there was no significant increase in the percentage of CD8+ T lymphocyte



proliferation with fungal antigens andIL-2 (median : 5.8, IQR : 3.3 - 6.5) compared with

IL-2 alone (median:5.0, IQR:3.0 - 7.1) (n:8, P:0.2184, Wilcoxon matched paired

test). A representative experiment is shown in Figure 5.7.

To examine whether antigen-specific CD8+ T lymphocyte activation could be detected in the

absence of a blastogenic response, cell surface expression of activation markers were

examined in some experiments. Expression of CD69 and CD25 (IL-2 u chain receptor) is

upregulated in activated lymphocytes (Biselli et al. 1992). Because CD69 is expressed soon

after cell activation, peaking at 24 hours, its expression could be missed in the assay used in

this study. By contrast, CD25 expression is maximal after several days of stimulation.

Therefore, in the present study, the expression of CD25 was examined on CD8* T

lymphocytes. The controls included unstimulated and PHA stimulated CD8* T cells, and

CD4+ T cells stimulated under similar conditions. There was no significant difference

between the median percentage of CD25 expression on CD8* T cells in unstimulated control

samples (median :3.6,IQR : 3.2 - 4.2) and fungal antigen stimulated samples (median :

3.4, IQR :3.1 - 5.5) (n:6, P: 0.1875, Wilcoxon matched paired test). In contrast, most of

the CD8* T cells stimulated with PHA expressed CD25 (median : 68.7,IQR: 54.0 - 89.3).
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Figure 5.7 Eftect of lL-2 on fungal-specific peripheral blood mononuclear cell proliferation in an EMCRS patient. A representative

experiment, using carboxyfluorescein succinimidyl ester-labelled cells showing no significant increase in fungal-specific proliferation with IL-2

in the culture conditions. Cells were harvested after six days of culture in the second incubation period. Dot plots are gated on CD3* blast cells

following stimulation by IL-2 alone (B), phytohaemagglutinin (PHA) (C), Atternaria alternatø arfügerts (D) and IL-2 plus Alternaria alternata

antigens (E). The unstimulated cell sample is shown in (A). The percentages refer to the proliferating CD8* T lymphocyte populations.
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5.3 DISCUSSION

This study confirms and extends the observations from Chapter 4lhat EMCRS patients had

an elevated immune response to fungal antigens irrespective of fungal allergy or detection of

fungus in eosinophilic mucus. Fungal-specific peripheral blood cell proliferation was

significantly higher in EMCRS patients compared with healthy volunteers. However, the

elevated cellular response observed in EMCRS patients was not significantly greater than

that observed in ARFA or CRS patients. Interestingly, the nature of the cellular response

was markedly different in EMCRS patients, where a lack of peripheral blood CD8+ T

lymphocyte proliferation to fungal antigens distinguished EMCRS from ARFA and CRS

patients.

A significantly higher mononuclear cell proliferation to fungal antigens in ARFA, CRS and

the EMCRS subgroups compared with healtþ volunteers indicated that the number of

fungal-specific T lymphocytes in the peripheral blood was greater in those patients. While

the increased cell proliferation was limited to fungal-allergic subjects in the CRS group, both

fungal-allergic and non-allergic EMCRS patients had an elevated fungal-specific

proliferation. This finding demonstrated a separation of the cellular immune response from

fungal allergy, supporting the h1-pothesis that mechanisms other than lgE-mediated allergy

accounts for the elevated fungal-specific immune lesponse in EMCRS patients.

In this study, CD4+ T lymphocyte proliferation to fungal antigens was a coÍlmon feature in

ARFA, CRS and the EMCRS patients. The CD4* T lymphocyte proliferation was likely to

be an antigen-specific rather than a non-specific mitogenic response to fungal antigens

(Graybill and Alford 1974; Mody et al. 7999; Syme et al. 2000) because reduced cell

proliferation segregated to healthy volunteers. That CD8+ T lymphocytes failed to proliferate



in response to both Alternaria alternata and Aspergillus fumigatus antigens in all the

EMCRS patients is a significant and novel finding. Although an absence of fungal-specific

peripheral blood CD8* T lymphocytes has been reported in allergic bronchopulmonary

aspergillosis, this was based on the ability to generate CD4* T cell clones only (Knutsen et

al. 1994; Kurup et al. 1996; Chauhan et al. 1996; Chauhan et al. 1997; Kurup et al. 1998;

Murali et al. 1998). As the methods used to generate clones may miss antigen-specific CD8+

T lymphocytes, the absence of CD8* T cell clones may be due to the methodology not

expanding antigen-specific CD8* T cells, thereby causing a skew of the results. In this

thesis, CD8+ T lymphocyte proliferation to fungal antigens in ARFA and CRS patients, and

in response to phytohaemagglutinin in all the individuals tested argues against technical

problems with the methodology or variations in the assay conditions.

Murine studies have shown that memory CD8+T lymphocytes are mobile and are distributed

throughout the body including in peripheral blood (Klonowski et aL.2004). The magnitude

of antigen-specific peripheral blood CD8* T lymphocyte proliferation correlates with active

peripheral infections with Cqndida albicans and in active immune conditions including

atopic contact dermatitis (Cavani et al. 1998). Therefore, if fungal-specific CD8* T

lymphocytes were present in EMCRS patients, one would expect to detect them in the

peripheral blood. A lack of fungal-specific CD8* T lymphocyte proliferation in EMCRS

patients could be explained by T cell aîergy following interaction with cognate antigen.

However, T lymphocyte anergy may be abrogated by the addition of IL-2 in the culture

medium (Essery et al. 1998; Chen et aL.2004). This was shown not to be the case in this

study. Furthermore, the CD8+ T lymphocytes from EMCRS patients proliferated to

phytohaemagglutinin, making T cell anergy an unlikely explanation for a lack of fungal-

specific CD8+ T cell proliferation (Brenchley et al. 2003).



That fungal-specific CD8* T cells were terminally differentiated in the peripheral blood

could account their lack of proliferation, as terminally differentiated lymphocytes are

tl.pically associated with limited proliferative activity (Brenchley et aL.2003; Papagno et al.

2004).If this were the case, antigen-specific activation of terminally differentiated cells may

be determined by upregulation of activation markers or acquisition of effector functions such

as cytotoxicity or cytokine secretion (Heintel et al. 2003). However, in this study,

measurement of the expression of CD25, an activation marker, on CD8+ T lymphocytes in a

proportion of EMCRS patients did not show upregulation. By contrast, terminal

differentiation could explain the lack of fungal-specific proliferation in nasal polyp

mononuclear cells because reduced proliferative activity was also observed in response to

phytohaemagglutinin.

Human and murine studies support the involvement of CD4* and CD8* T lymphocytes in

immunity to fungi (Mody et al. 199{ Ashman 1998; Santoni et aL.2002; Heintel et aL.2003;

Wüthrich et al. 2003). That CD8* T lymphocytes are important in fungal immunity is

supported by murine studies demonstrating CD8* T cells either suppressing (Beno et al.

1995) or enhancing fungal infections (Yuan et al. 1997). These immune responses can be

mediated by an MHC-restricted or non-MHC-restricted antifungal activity (Levitz et al.

1994). Furthermore, involvement of differential T cell subsets has been shown in immunity

to hyphal and non-h¡1phal forms of the same fungal species (Heintel et al. 2003). This

illustrates the complex nature of the T lymphocyte responses to fungi. Hence, a lack of

CD8+ T cell proliferation to fungal antigens in the present study may reflect a fundamental

defect in the CD8+ T cell-mediated immune response to fungal antigens. In predisposed

chronic rhinosinusitis patients, a dysregulated anti-fungal cellular response may manifest as

EMCRS. The defect in the CD8+ T cell-mediated response to fungi may be in the antigen-



presentation process (antigen presenting cells, toll-like receptors, costimulatory process),

cell differentiation process or due to an absence of fungal-specific CD8+ T cells. The latter

argument appoars unlikely because fungal antigen-specific CD4* T cells were present in

EMCRS, hence the ability to present fungal antigens and T cell receptor availability for

fungal antigens. Therefore, it appears doubtful that the present data implied that fungal-

specific CD8+ T lymphocytes were simply absent from the peripheral blood of EMCRS

patients.

The inability to demonstrate peripheral blood CD8+ T lymphocle proliferation to fungal

antigens in EMCRS patients was remarkable, as preliminary examination of the T cell

phenotypes from EMCRS nasal polyps (Chapter 6) and published literature on pollps

showed a dominance of the CD8* T lymphocle population (Sanchez-Segura et al. 1998).

Therefore, in the following chapter, comparison of a detailed phenotlpe of the T lymphocyte

subpopulations in the polyps and matched peripheral blood samples was performed.



CHAPTER SIX: CHARACTERISATION OF LYMPHOCYTE

POPULATIONS IN SINONASAL POLYPS

6.I INTRODUCTION

The striking observation that the CD8* T lymphocyte population in the peripheral blood of

EMCRS patients did not proliferate to fungal antigens (Chapter 5) raised several questions

and possible explanations. The latter included fungal-specific CD8* T cells that were

anergic, terminally differentiated and non-proliferative or an as yet undefined population of

CD8* T lymphocytes. Alternatively, a lack of CD8+ T cell proliferation in EMCRS may

signify a defective CD8* T cell immune response to fungal antigens. To clarifli the nature of

the T lymphocyte population and to obtain a more comprehensive understanding of the cell

infiltrate in the sinonasal mucosa, matched peripheral blood and sinonasal pollp samples

from each patient obtained at the time of surgery were phenotyped. Where possible, the

corresponding non-pollp sinonasal tissue from the ipsilateral sinus was also examined.

The tissue architecture was examined by immunohistochemical analysis and correlated with

the phenotypic analysis of the T cell populations. Lymphocytes activated by interaction with

cognate antigen undergo phenotypic changes that correspond to their differentiation status.

The composite model of human T lymphocyte differentiation based on changes in cell

membrane expression of CD45RA, CD62L and CD27 is described in Chapter 1, section

1.18 and depicted in Figure 1.5. This model is largely compatible with the results reported in

the literature and provides a background for the development of the current argument. The

expression pattem of CD27 in combinations with CD45RA and CD62L reflects distinct

stages of a gradual linear differentiation (van Baarle et al.20O2; Seder and Ahmed 2003).

The functional development of memory T cells is paralleled by changes inCD27 expression.



For example, a typÅcal memory T cell expressing CD27 has high proliferative capacity and

low cytolytic activity compared to a highly differentiated CD27 negative T cell with strong

effector functions (van Baarle et al. 2002; Zhang et al. 2003). While T lymphocyte

phenotyping would not give direct evidence for the functionality of the T cell populations, it

would allow one to begin a comparison of the cell populations that were present in the

mucosal inflammation in EMCRS and CRS patients.

The aim of this chapter was to determine whether the nature of the sinonasal mucosal

immune response in EMCRS was different to that in CRS patients by examining the

phenotype of the lymphocyte populations in nasal pol1ps and matched peripheral blood

samples.
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6.2 RESULTS

6.2.1 Immunohistochemical localisation of the inflammatory cells in nasal polyps

Paraffin-embedded serial sections of nasal pol1ps from EMCRS and CRS patients were

stained with haematoxylin and eosin and examined for tissue architecture and inflammatory

cell composition. The epithelial layer of the nasal polyps \ilas better preserved in CRS than

in EMCRS and glandular destruction was more prominent in polyps from EMCRS patients.

A predominant eosinophil population was present in the nasal pol¡ps from both patient

groups, EMCRS and CRS. The eosinophils were found throughout the lamina propria and

could be seen in the intraepithelial layer and in the mucus.

The distribution of the CD4* and CD8* cell populations were examined in EMCRS and CRS

pol1ps by immunohistochemistry. There appeared to be more CD8+ ceils in EMCRS than in

CRS pollps. There were no significant differences in the distribution of the lymphocyte

populations between the polyps from EMCRS and CRS patients. In both patient groups,

mainly CD3* cells were present in the intraepithelial region. The CD8* cells were also

abundant in the intraepithelial region. In the lamina propria and periglandular areas both

CD4+ and CD8* cells were detected. Images from a representative experiment from a CRS

and an EMCRS patient are shown in Figure 6.1.



1

Figure 6.1. Immunohistochernical localisation of eosinophils, CD3*, CD4+ and CD8+

cells in nasal pollps. These images show the typical tissue architecture in sections stained

with haematoxylin and eosin (A and F) and the characteristic distribution of the

inflammatory cells in sections stained with immunoperoxidase in a CRS and an EMCRS

patient. Cells that stained brown were positive for one of the following: eosinophil cationic

protein (EG2) (B and G), CD3 (C and H), CD4 (D and I) and CD8 (E and J).
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6.2.2 Flow cytometry - direct and indirect immunofluorescence

Matched nasal polyp and peripheral blood samples from 22 EMCRS and 11 CRS patients

were examined and their clinical profiles are presented in Table 6.1. None of these patients

reported topical steroid use for at least four weeks and systemic steroid use or upper

respiratory tract infection for at least two months before surgery. Two EMCRS and three

CRS patients were cigarette smokers. However, they had ceased smoking for at least six

weeks prior to surgory.

Table 6.L Clinical characteristics of the CRS and EMCRS patients

CRS

n:ll
AFS

n:3
AFS-like

n:l
NAFES

n:7
NANF'ES

n:ll

Age in yearsl

Male/Female

Previous operations

Fungi in EM2

Neutrophils3

Fungal allergya

Non-fungal allergy

Aspirin sensitive

53 (31 - 5e)

714

2

NA

J

5

7

2

2e (28 - 42)

211

2

1

0

J

J

0

s0 (30 - 64)

4t3

4

J

0

0

J

0

40 (31 - s8)

6ls

4

0

0

0

4

1

42

F

I

0

0

1

I

0

lAge is presented as the median and the 25h_75'h percentiles, limits of the interquartile range, in

parenthesis. 'By histology. 3where definite clusters of neutrophils were observed in tissue sections.

Neutrophils, at l-2 cells per section were present in most samples. aBy positive fungal-specific IgE

or skin prick test. EM, eosinophilic mucus; NA, not applicable.

6.2.2.1 Cellular profile of nasal polyps from EMCRS and CRS patients

The cell viability following single cell preparation from pol)p tissue was greater than 97o/o.

Comparison of the cellular material was examined from cytospin preparations (Table 6.2).



The morphological appearance of cells designated "small mononuclear cells" resembled that

of lymphocytes. The lymphocytes constituted more than 20o/o of the inflammatory cell

population in the pol1ps. They were characterised further with flow cfometry.

Table 6.2 Cellular profile of CRS and EMCRS pol1,ps by light microscopy

7o Inflammatory cell type CRS

n:8
EMCRS

n:10
P valuel

Eosinophils

Small mononuclear cells

Lar ge mononuclear cell s

Neutrophils

Basophil/Mast cell

s6 (4r - s8)2

23 (20 -2s)

17 (16 - 1e)

3(0-16)

3(2-4)

50 (41 - s6)

30 (23 - 32)

20 (13 -28)

o(0-1)

0(o-2)

0.7

0.02

0.4

0.05

0.03

lMann-Whitney U test. 2Median values are presented with the 25th_75ú percentiles, limits of the

interquartile ranges, in parentheses.

6.2.2.2 Lymphocyte populations in polyps and peripheral blood of EMCRS and CRS

patients

Cells were stained with three-colour direct immunofluorescence (TriTESTrt, BD) (Chapter

2, section 2.I) to examine the lymphocyte populations. The major lymphocyte subsets were

distinguished by membrane expression of CD3 (T cells), CDl9 (B cells) and CD561CD16

(Natural Killer or NK cells). The percentage of CD3, CDl9, CD56|CD16 positive cells in

polyps and peripheral blood was not significantly different between the EMCRS subgroups

(P : O.2ll3, P: 0.987 and P : 0.2817 respectively, Kruskal-V/allis test). Therefore, the

results from the EMCRS subgroups were combined into a single EMCRS goup (n:22) and

compared with those from CRS patients (n:ll) (Figure 6.2). The Mann-Whitney U test was

used to examine statistically significant differences between the two groups.
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The percentage of T (CD3) ce[s in peripheral blood was not significantly different between

CRS (median:'79.0,IQR: 69.0- 81.3) andEMCRS patients (median:7'7.7,IQR:69.2-

S0.8) (P : 0.98) (Figure 6.28).In contrast, the percentage of T cells in the nasal pollps was

significantly greater in EMCRS (median: 86.6, IQR: 83.3 - 92.3) compared with CRS

(median :76.0,IQR : 66.4 - 81.0) (P : 0.0018).

The percentage of B cells and NK cells (Figure 6.2 C and D respectively) in the peripheral

blood of CRS and EMCRS was not significantly different. However, CRS polyps had a

significantly higher percentage of NK cells (median: 10.6, IQR: 6.92 - 18.1) compared

with EMCRS (median :4.9,IQR: 2.7 -9.0) (P : 0'0061).

6.2.3 CD4+ and CD8* T lymphocyte populations in polyps and peripheral blood

The proportion of CD4* and CD8* T cell subsets in the nasal pol1ps and peripheral blood

was examined in CRS and EMCRS patients. There was no statistically significant difference

in the percentage of peripheral blood CD4+ (CRS: median : 46.0, IQR : 43.9 - 56.8;

EMCRS: median : 44.6,IeR : 41.2 - 53.9) (P: 0.4208) and CD8+ (CRS: median : 23.7,

IQR : t7 .2 - 28.8; EMCRS: median : 29.3,IQR : 21.6 - 32.8) (P : 0.2394) T cell subsets

between CRS and EMCRS patients (Figure 6.3).

However, the percentage of CD8* T cells was strikingly higher in EMCRS polyps (median :

61.0, IQR :50.2 - 67.3) compared with CRS (median:4l.l,IQR:30.1 - 44.0) (P :

0.0002) and the percentage of CD4+ T cells was significantly lower in EMCRS polps

(median :25.l,IQR: 21.3 -26.7) compared with CRS (mediart:32.9,IQR: 29.0 - 44.8)

(P : 0.0041). Interestingly, there did not appear to be a correlation with the percentage of

CD4* or CD8* T cells with detection of fungus in eosinophilic mucus or with fungal allergy.
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Figure 6.3 Comparison of CD8* and CD4+ T lymphocytes between nasal pollp and

peripheral blood in 11 CRS and 22 EMCRS patients. The lines connect the percentage

values of lymphocytes between matched samples of pollp and peripheral blood (PB) for

each individual. The shaded areas indicate the normal reference ranges (Appendix III) for

CD8+ and CD4* T lymphocytes in the peripheral blood.
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T lymphocytes may express either crp or Tô TCR (Roitt 1996). To determine the phenotype

of the TCR in the nasal pol)p lymphocytes, T cells were examined for their expression of yô

TCR in a group of patients. The percentage of yô TCR in CD4* and CD8* T lymphocytes

was significantly greater in the polyps than in the peripheral blood of CRS and EMCRS

patients (Figure 6.4). However, a larger proportion of T cells in nasal polyps and in

peripheral blood were likely to bear a crB TCR in both CRS and EMCRS patients because

most of the T lymphocytes were negative for yô TCR.

15.0

7.5

5.0

2.5

0.0
PB Polyp PB Polyp

cD4 cD8

Figure 6.4 Percentage of CD4* and CD8+ T lymphocytes expressing gamma delta

(yô) T cell receptor (TCR) in peripheral blood (PB) and polyps of CRS (n) and EMCRS

(l) patients. The columns represent the median values and bars, the interquartile ranges.

There was no significant difference in the percentage of CD4* or CD8* T cells expressing yô

TCR between CRS and EMCRS. In CRS pol¡ps, 2.7% (IQR - 2 - 6) of CD4* and 6.3%o

(IQR: 4.8 - 11.2) of CD8* T cells were Tõ TCR positive and in EMCRS polyps, 2.9% (IQR

: 0.9 - 3.7) of CD4* and 5.3o/o (IQR : 2.6 - 11.6) of CD8* T cells were Yô TCR positive.
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There were more CD8* T lymphocytes expressing yô TCR than CD4+ T lymphocytes (CRS,

p : 0.0142; EMCRS, P : 0.022) (Mann-Whitney U test) in the pol¡,ps in both CRS and

EMCRS groups. Although this trend was also seen with the peripheral blood T cells, the

difference was not statistically significant (CRS, P : 0.053; EMCRS, P:0.072).

6.2.4 Phenotype of T lymphocytes with respect to their expression of CD45RA'

CD62L and CD27 molecules

To examine the functional subpopulations of T lymphocytes in pol1ps and peripheral blood,

the CD4+ and CD8+ T cells were subtlped based on their membrane expression of CD45RA,

CD62L and CD27 molecules. A representative experiment is shown in Figure 6.5 and a

summary of the experimental findings is presented in Figure 6.6 and Table 6.3.

There was no significant difference in the expression profile of CD45RA, CD62L and CD27

on the peripheral blood CD4* and CD8+ T lymphocytes in CRS and EMCRS patients

(Figure 6.6 D, E and F). However, the expression of these molecules on the nasal polyp T

lymphocytes was significantly different between CRS and EMCRS (Figure 6.6 A, B and C).

The percentage of CD4+ and CD8* T lymphocytes expressing CD45RA was significantly

higher in polyps from CRS compared with EMCRS patients, indicating a lower proportion

of an antigen-experienced T cell population in CRS than in EMCRS polyps. The percentage

of CD8* T cells expressing CD62L and CD27 was significantly higher in pollps from CRS

compared with EMCRS patients. By contrast, the profile of expression of these molecules

on CD4+ T cells was similar between CRS and EMCRS. Taken together, these results

showed that a significant difference in the phenotype of nasal pol)p T lymphocytes between

EMCRS and CRS was in the CD8+, and not in the CD4+ subset.
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upper left quadrants).

64.4%

77.1%

83.4o/o
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Figure 6.6 Expression of CD45RA, CD62L and CD27 molecules on CD3*CD8*,

CD3+CD4+ and CD3* cells in nasal polyps and peripheral blood of CRS (clear boxes) and

EMCRS (shaded boxes) patients. Lower and upper limits of the boxes indicate the 25th

and 75ft percentiles respectively, the vertical bars show the ranges and horizontal bars the

medians. The data and statistical analysis for each graph is provided in Table 6.3.
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Table 6.3 Percentage of T lymphocytes expressing CD45RA, CD62L andCD2T

CRS EMCRS P valuel

(r) cD4sRA

Nasal Polyp

CD3

CD4

CD8

Peripheral Blood

CD3

CD4

CD8

30.9 (23.2 -34.4)
18.6 (1s.7 -33.2)
34.3 (2e.0 -39.4)

s6.4 (st.2 - se.7)

47.4 (38.e - 50.7)

72.2 (6s.9 - 82.3)

22.4 (1s.9 -27 .t)

14.s (r1.7 -19.s)
2s.3 (rs.6 -27.8)

s9.0 (50.9 - 62.9)

47.4 (41.0 - s2.9)

73.2 (6s.e - 80.4)

0.0347

0.0347

0.0044

0.6906

0.646r

0.7829

(rD cD62L

Nasal Polyp

CD3

CD4

CD8

Peripheral Blood

CD3

CD4

CD8

2e.8 (22.t -33.2)
38.1 (33.1 -44.0)
19.s (14.9 -22.3)

71.9 (63.3 -78.9)
7e.8 (13.1- 86.8)

63.8 (sl .s -7r.6)

rs.7 (14.6 - 17.3)

3r.e (27.7 - 3s.r)

8.e(7.s-11.3)

80.e (70.e - 85.6)

87.6 (81.8 - 90.e)

66.4 (s2.1-74.2)

0.0111

0.1336

0.0016

0.1683

0.2325

0.6461

(rrr) cD27

Nasal Polyp

CD3

CD4

CD8

Peripheral Blood

CD3

CD4

CD8

s2.9 (43.e - 62.6)

ss.6 (4e.2 - 63.6)

44.s (33.8 - sz.s)

76.3 (66.0 - 81.8)

84.8 (78.2 - 88.7)

65.6 (42.6 -7s.6)

36.9 (28.s - 46.8)

s4.o (42.7 - s8.8)

19.7 (18.5 - 31.5)

87.7 (77.7 - eo.5)

e2.5 (82.s -e4.3)
17 .1 (63.1- 8s.5)

0.0132

0.2325

0.0030

0.1502

0.1336

0.2839

The percentages are expressed as the median values and the 25th and 75ú percentiles in

parentheses. tMar¡r-Whitney U test.
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Most T lymphocytes in EMCRS polyps \¡/ere negative for CD45RA, CD62L and CD27

(CD45RA- CD62L- CD27-), a phenotype that corresponds to an effector memory T cell

subset. Using stoichiometric analysis, a median of 74.7Yo (IQR : 72.2 - 84.4) of EMCRS

pol)p CD8* T lymphocytes were negative for CD45RA, CD62Land CD27 compared with a

median of 55.5o/o (IQR : 47.5 - 66.2) of CD8* T lymphocytes from CRS polyps. By

contrast, this phenotype was present in a median of 40.2o/o (IQR : 41.2 - 57.3) and 44.4%

(IQR: 36.4 - 50.8) of CD4* t lymphocytes in EMCRS and CRS pollps respectively.

In the peripheral blood, 22.9% (IQR : 14.5 - 36.9) of CD8* T lymphocytes and 7.5% (IQR

: 5.7 - 17.5) of CD4* T lymphocytes from EMCRS patients were of an effector memory

phenotype compared with27.8o/o (IQR : 17 .9 - 34.1) CD8+ T lymphocytes and 15.1% (IQR

: 11.3 - 21.8) of CD4+ T lymphocytes from CRS patients. Hence, the proportions of

peripheral blood effector memory CD4+ and CD8* T lymphocytes were not significantly

different between EMCRS and CRS patients.

The lymphocyte populations in the adjacent sinus mucosa were similar to that in the polyps,

implying a generalised sinonasal mucosal inflammation. The greatest difference in the

phenotype of nasal polyp T lymphocytes between EMCRS and CRS patients corresponded

to that of an end-stage differentiation of CD8+ T lymphocytes, indicated by the reduced

expression of the CD27 molecule (Hintzen et al. lgg3). This suggested that CD8* T

lymphocles might play an important role in the mucosal immune response in EMCRS

patients. Therefore, the effector phenotype of the CD8+ T lymphocytes was next examined.

a



6.2.5 Cytotoxic phenotype of the T lymphocytes

Intracellular expression of perforin, granzpes A and B correlate with cell-mediated

cytotoxicity, a major effector function of CD8+ T tymphocytes. These markers for granule-

mediated cytotoxicity were examined in the T lymphocytes from the peripheral blood from

five healthy volunteers and pollp and peripheral blood from seven CRS and seven EMCRS

patients. Intracellular grat:zqeA and ganzqe B was detected in both CD8+ and CD4* T

lymphocytes in all subjects (Table 6.4).

Tabte 6.4 Percentage of T lymphocytes expressing intracellular grar,zpe A and B

cDg+ cD4+

(I) Granzyme A

Nasal Polyp

CRS

EMCRS

Peripheral blood

HV

CRS

EMCRS

8s.6 (80.2 - 88.8)

86.4 (78.9 - 88.8)

2e.3 (22.3 - 40.6)

61.7 (5e.8 -72.3)
s9.e (47.s -7s.2)

11.9 (10.4 - 26.s)

41.6 (29.6 - s2.l)

3.s (o.s - 4.8)

1e.0 (1 r.t - 2s.6)

15.s (10.s - 27 .8)

(II) Granzyme B

Nasal Polyp

CRS

EMCRS

Peripheral blood

HV

CRS

EMCRS

l7 .r (13.3 - 31.3)

32.3 (26.6 - 4t.t)

13.1 (8.0 -16.7)
31.2 (34.4 - 43.e)

38.8 (30.6 - 40.e)

e.7 (8.8 - 11.3)

14.s (11.1 - 18.8)

1.02 (0.6 - r.4)

e.7 (7.2 - 11.7)

t6.e (r3.4 - 2s.t)

The percentages are expressed as the median values and the 25th and 75û percentiles in parentheses.
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As expected, granzyme A and B were expressed by a significantly higher percentage of

CD8* than CD4+ T lymphocytes. There was no significant difference in the percentage of T

lymphocytes from CRS and EMCRS polyps expressing either grarrzqe A (CD8+, P : 1.0;

CD4*, P : 0.2) or gtanz:'¡nrre B (CD8*, P : 0.2; CD4+, P : 0.4) (Mann-Whitney U test).

Similarly, there was no significant difference in the percentage of T lymphocytes in

peripheral blood expressing granzyme A (CD8+, P:0.6; CD4*, P: 1.0) and granzyrne B

(CD8*, P : 0.9; CD4+, P : 0.2).

In contrast to granzyme A and granzpe B, the profile of intracellular perforin expression in

T lymphocytes was significantly different between EMCRS and CRS patients. ln the

peripheral blood, the percentage of perforin positive CD8+ T lymphocytes was significantly

higher in EMCRS (median : 47.5,IQR : 39.4 - 60.5) compared with CRS (median:28.3,

IQR: 19.4 - 43.4) (P: 0.043) and with healtþ volunteers (median : 15.3, IQR : 10.5 -

24.8) (P : 0.004) (Mann-Whitney U test) (Figure 6.7). The percentage of perforin positive

peripheral blood CD4* T lymphocytes in EMCRS (median:8.6, IQR:3.3 - 11.7) was not

significantly different compared with those in CRS (median : 2.1, IQR : 0.8 - 6.2) (P :

0.08). Strikingly, the percentage of perforin positive CD8* (P : 0.0022) and CD4* (P <

0.0001) T lymphocytes was significantly lower in the nasal pollps of EMCRS patients

compared with matched peripheral blood samples.

In the pol)p mucosa, the proportion of perforin positive CD8* T lymphocytes was

significantly lower in EMCRS (median :7.3, IQR: 1.6 - 11.2) compared with CRS

(median :221,IQR: 10.7 - 30.9) (P : 0.02). The percentage of perforin positive CD4* T

lymphocytes was also significantly lower in EMCRS (median : 3.0, IQR : l.I - 6.2)

compared with CRS (median: 8.3, IQR: 6.2 - 10.7) (P : 0.017).

6
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Figure 6.7 The profile of intracellular perforin expression in T lymphocytes.

Peripheral blood samples (clear boxes) from five healtþ volunteers (HV) and peripheral

blood and nasal polyp samples (shaded boxes) from seven CRS and seven EMCRS

patients were examined. Lower and upper limits of the boxes represent the 25th andT5rh

percentiles respectively. The vertical bars show the ranges and horizontal bars the

medians. There was a significant difference in the expression of perforin among the study

groups (CD8, P : 0.009; CD4,P: 0.0485, Kruskal-Wallis test). P : 0.02 and P: 0.017;

*P : 0.0022 and+P < 0.0001 (Mann-Whitney U test).



6.2.6 MIIC II and CD25 expression on T lymphocytes

To determine the proportion of activated T lymphocles in peripheral blood and nasal

polyps from CRS and EMCRS patients, cells were examined for surface expression of MHC

II and CD25 molecules. If CD25 and MHC II were present on nasal pol)p CD4+ and CD8*

T lymphocytes, then this would be evidence for in situ activation, compared to a lack of

expression in peripheral blood lymphocytes. In the case for CD4+ T lymphocfes,

CD4+CD25* phenotpe may correspond to a population of regulatory T cells (Tregs)

(Chapter 1, section l.l4).

The proportion of T lymphocytes expressing MHC II was not significantly different between

CRS and EMCRS patients (Figure 6.3 A). The percentage of CD4+ T lymphocytes

expressing MHC II was significantly higher in polyps (CRS: median : 4l.5,IQR: 35 - 50;

EMCRS: median :38.4,IQR: 26 - 57.1) than in peripheral blood (CRS: median : 7, IQR

:4.25 - 13.11; EMCRS: median:4.8,IQR:3.9 -9.3) inboth CRS and EMCRS patients

(P : 0.0079, Mann-'Whitney U test). Similarly, the percentage of CD8+ T lymphocytes

expressing MHC II was significantly higher in the polyp (CRS: median : 4l.7,IQR : 37 .6 -

56.9; EMCRS median : 63.3,IQR : 26.5 - 75.7) than in peripheral blood (CRS: median:

15.8, IQR: 11.9 - 18; EMCRS: median :4.7,IQR: 4 - 14.3) in both CRS and EMCRS

patients (P: 0.0079).

The fraction of T lymphocytes expressing CD25 was not significantly different between

CRS and EMCRS patients (Figure 6.8 B). The percentage of CD4* T cells expressing CD25

was higher in polyp (CRS: median : 33.7,IQR : 23.5 - 47.3;EildCRS: median : 24.8, IQR

: 20.9 - 37.8) than in peripheral blood (CRS: median : 4.4,IQR : 2.7 - 8'7; EMCRS:

median : 4, IQR :2.8 - 7.3) of CRS (P: 0.0022) and EMCRS (P: 0.0079) patients.
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Figure 6.8 The profile of MHC II (A) and CD25 (B) expression on T lymphocytes.

The CD4+ and CD8+ T lymphocytes from the peripheral blood and nasal polyps of five

CRS (!) and five EMCRS (t) patients were examined. The columns represent the

medians and bars, the interquartile ranges.



Likewise, the percentage of CD8* T lymphocytes expressing CD25 was significantly higher

in polyp (CRS: median :20.6,IQR: 11.3 - 31.6; EMCRS: median : l2.9,IQR: 6'9 -22)

than in peripheral blood (CRS: median: 0.8, IQR: 0.3 - 2.2; EMCRS: median: 0.6, IQR:

0.4 - L 6) of CRS (P : 0.0022) and EMCRS (P : 0.0159) patients.

6.2.7 Evidence for T lymphocyte degranulation

As a means of determining whether the T lymphocyte populations had been functionally

active, cell surface expression of lysosomal associated membrane proteins (LAMPs),

CD107a and CD107b, was examined (Betts et al. 2003). The LAMPs are transiently

incorporated into the plasma membrane following release of perforin and granzymes from

the intracellular pool. Expression of cell surface CD107 can be detected as early as 30

minutes to one hour following stimulation and peaks between four and five hours (Betts et

al. 2003). Consequently, CDl07a and CDl07b on the cell surface membrane provide aread

out of recent cell degranulation. In this study, the cell surface expression of CD107a and

CD107b were examined in peripheral blood and nasal pollrps from five CRS and five

EMCRS patients (Figure 6.9).

There was no statistically significant difference in the percentage of LAMP positive CD4*

and CD8* T lymphocytes between EMCRS and CRS patients. The fraction of T

lymphocytes expressingCDT}Ta I CDl}7b was significantly higher in the nasal polyps than

in peripheral blood (CD4*: CRS and EMCRS, P:0.0079; CD8+: CRS P :0.0022, EMCRS

P : 0.0079) (Mann-Whitney U test). Thus, based on the LAMP expression profile, both

CD4+ and CD8+ T lymphocytes from nasal pol¡ps showed evidence of lysosome exocytosis.

However, a gteater proportion of CD8* T lymphocytes expressed LAMPs than CD4+ T

lymphocytes (CRS, P : 0.028; EMCRS, P: 0.034).
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Figure 6.9 The profile of CD107a and CD107b expression on T lymphocytes. The

CD4* and CD8* T lymphocytes from the peripheral blood and nasal polyps of five CRS

(D and five EMCRS (f) patients were examined. The columns depict the medians and

bars, the interquartile ranges.



6.3 DISCUSSION

Despite several reports demonstrating lymphocytes in nasal pollps, their function and

differentiation status have not been explored. In this study, the inflammatory cell population

in polyps from EMCRS and CRS patients was characterised by eosinophils and

lymphocytes. The majority of T lymphocytes in the sinonasal mucosa expressed üP TCR

(Graeme-Cook et al. 1993). Although the CD4* and CD8* T lymphocyte populations had a

similar histological distribution, the proportions were markedly different between EMCRS

and CRS pol1ps. A significantly higher percentage of CD8* T lymphocytes was present in

EMCRS polyps whereas a higher percentage of CD4* T lymphocytes was demonstrated in

CRS polyps. A greater proportion of the mucosal T lymphocytes in EMCRS and CRS

polyps expressed surface markers consistent with the phenotype of an effector memory

subset compared to that found in matched peripheral blood samples. While the percentage of

CD4+ effector memory T lymphocyte population (Geginat et al. 2003; Danke and Kwok

2003; Balla-Jhagjhoorsingh et aI.2004) was not significantly different between EMCRS and

CRS, a greater proportion of CD8+ effector memory T lyrnphocytes was found in EMCRS

patients. Despite the phenotype coffesponding to a differentiated T lymphocyte population,

the CD8+ T lymphocytes from EMCRS polyps lacked the cytotoxic phenotype, defined by

the expression of perforin, compared with matched peripheral blood samples and with

polyps from CRS patients. These studies could not take into account the phenotlpe of the

lymphocle populations in the sinonasal mucosa of healthy volunteers. Nevertheless, when

compared with pol5ps from disease-control and matched peripheral blood samples, profound

differences in the functional phenotype of the CD8* T cell subpopulations suggests a unique

subset of CD8+ T lymphocytes and a unique role for CD8+ T lymphocytes in the sinonasal

mucosal inflammation in EMCRS.
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A greater proportion of CD8+ T lymphocytes from the EMCRS mucosa expressed the CD27

negative phenotlpe, indicative of a highly differentiated cell population. Cell membrane

expression of MHC II and CD25 and of LAMP 1 and 2 molecules indicated that the T

lymphocytes were activated and had undergone recent degranulation (Betts et al. 2003).

However, the cytolytic effector potential of the T cells, defined by intracellular granzymes

and perforin, was significantly different in mucosal CD8* T lymphocytes from EMCRS

compared with CRS and with matched peripheral blood samples. 
'Whereas alarger fraction

of the peripheral blood CD8* T lymphocytes from EMCRS patients expressed granzyrnes

and perforin, the mucosal CD8+ T lymphocytes expressed granz¡rmes only and had an

almost complete lack of perforin.

Perforin expression is reported as the defining feature of terminally differentiated antigen-

specific cytolytic CD8* T lymphocytes (Hamann and al. 1997; Zhang et al. 2003). Given

that a lack of CD27 expression on T lymphocytes closely correlates with end-point

differentiation, the selective absence of perforin in the mucosal CD8+ T lymphocytes from

EMCRS and not from CRS patients was intriguing. If the EMCRS mucosal CD8+ T

lymphocytes utilised perforin-mediated cytotoxicity, perforin may be expressed at a laler

stage compared with gran4rmes, just prior to granule release (Kelso et al.2002). However,

the present study showed that a proportion of CD8* T lymphocytes had undergone

degranulation. The absence of perforin was unlikely to be due to degranulation alone, as one

would then expect both perforin and E:anzpe to be depleted. Therefore, it is possible that

molecules other than perforin, such as granulysin, ffiây be utilised in granule-mediated

cytotoxic activity in the EMCRS mucosa (Stenger et al. 1998; Ma et al. 2002; Ma et al.

2004). That graruymes were identified in most of the CD8* T cells in the EMCRS polyps

indicated that granule-mediated cytotoxic mechanisms were of importance. Hence, an



alternative explanation, that the mucosal CD8+ T lymphocytes in EMCRS patients were

from the non-cytolytic subpopulation was unlikely (Harty et al. 2000) (Figure 6.10).

The antigen-specificity of the EMCRS mucosal CD8* T lymphocytes is unknown. Antigen-

specific, ap TCR CD8+ T lymphocytes in peripheral sites mediate protective effects from a

variety of infectious agents including viruses, bacteria, mycobacteria, fungi and protozoa

(Beck and Harmsen 1998; Pope et al.200l; Leavey and Tarleton2003; Myers et aI.2003;

Wong and Pamer 2003; Badauy et al. 2005). A large population of CD8* T lymphocytes are

also demonstrated in the mucosa in inflammatory bowel disease (Kappeler and Mueller

2000). Murine studies show that antigen-specific and non-antigen related CD8* T

lymphocyte subpopulations mediate clearance of pathogens, cause damage to surrounding

"normal" microenvironment and perform immunoregulatory or immunosuppressive

functions (Scott et aL.2004; Jiang and Chess 2004; McAllister et al.2O04). Perforin is also

implicated in the homeostasis of CD8+ T lymphocytes (Harty et al. 2000) and a deficiency

may result in an abnormal regulation of the extent of CD8* T lymphocyte clonal expansion

in chronic inflammatory states (reviewed by Trapani and Smyth 2002).

If the majority of the CD8* T lymphocytes in the EMCRS mucosa were fungal-specific, a

lack of perforin could indicate a defect in anti-fungal immune response. A dysregulated

response to fungi was also suggested by a lack of proliferative activity in the peripheral

blood CD8* T lymphocytes in Chapter 5. However, the antigen-specificity of the

lymphocytes could not be determined in this study. Therefore, based on the functional

phenotype of the mucosal CD8* T lymphocytes, one may speculate that the mucosal

inflammation in EMCRS patients could be a consequence of failure of immune control

resulting from deficient perforin (Shacklett et aL.2004; Tomiyama et al.2004) rather than an
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impairment of maturation of the CD8* T cells (van Baarle et al. 2002), as most of the

EMCRS mucosal CD8* T lyrnphocytes were CD27 negative, showed evidence of

degranulation but had selective absence ofperforin.

Alternatively, reduced CD8* T lymphocyte cytotoxicity (Fuller et al. 2004) associated with a

lack of perfonn (Zhang et al. 2003) may have a beneficial effect on the host, as shown in the

setting of chronic exposure to viral and non-viral antigens (Th. Den Boer et aI. 2004).

Because most CD8* T lymphocles that have seen the antigen repeatedly are not directly

cytotoxic, it protects the host from damage due to cytotoxic T cell recognition and

destruction of uninfected cells that may be displaying weakly reacting self-peptides. If this

were the case, the CD8+ T lymphocytes in EMCRS mucosa may be incidental and not

directly involved in causing the inflammation.

Chronic inflammation in the EMCRS mucosa could also be a consequence of a lack of

mucosal CD4* T lymphocytes. The CD4* T lymphocytes may be required for the generation

and maintenance of cytol¡ic CD8* T lymphocytes (Carbone et al. 1998; }y';aruo et al. 2004)

and in the regulation of the overall immune response (Jiang and Chess 2004). A large

proportion of mucosal CD4* T lymphocytes in EMCRS and CRS were CD25*. These cells

may represent a population of activated conventional CD4* T lymphocytes or CD4*CD25*

regulatory T cells (Taams et al. 2001). Activated conventional CD4* T lymphocytes may be

involved in anti-pathogen activity by cytokine secretion or by mediating cytotoxicity via

perforin and FasÆas-ligand interaction (Tazume et al. 2004). Perforin positive CD4+ T

lymphocytes are also described in certain autoimmune disorders (Xanthou et al. 1999;

Weyland et al. 2000) and in B cell chronic lymphocytic lymphoma (Porakishvili et al. 2004).



Regulatory CD4+CD25* T cells are increased in sites of chronic inflammation (Makita et al.

2004). Recently, these cells have been shown to express and use perforin and granzyme A

(natural Tregs) or gtanzpe B (adaptive Tregs) for immune regulation in healtþ humans

(Grossman eI aI.2004) and in murine models of autoimmune encephalomyelitis (Malpiero et

al. 1997). It is generally accepted that Tregs influence responses to self-antigens, some

tumor antigens and in an extending number of exogenous antigens. Tregs may protect the

host from "collateral" tissue damage caused by protective immune response against

pathogens or, may suppress anti-pathogen protective effect of the CD8+ T lymphocytes

(reviewed in Rouse and Suvas 2004). Further analysis of the CD4*CD25* T cells in the

EMCRS and CRS mucosa with respect to their expression of Foxp3 may enable this cell

population to be better defined.

In conclusion, the presence of T lymphocytes with a phenotype corresponding to a

functional, effector memory cell population in the mucosa of EMCRS and CRS patients

suggests involvement of the adaptive immune system in the inflammatory response.

However, to determine the cytotoxic ability, functional studies are required (Zhang et al.

2003). To date, the bulk of evidence describing the effector mernory CD8+ T lymphocytes

have been reported in models of infectious diseases where infections have completely

resolved (Martin and Tarleton 2005). The dynamics and role of the CD8* T lymphocytes in

the chronic non-infectious human diseases are being defined, where the nature of the

immune response is likely to be largely regulatory, non-specific and polyclonal rather than

pathogen-specific. Examination of other parameters of CD8+ T lymphocyte-mediated

immune responses including patterns of epitope recognition, clonotypic complexity,

phenotype and function will be required to determine their role in the overall immune

response. Nevertheless, it was remarkable that in this study, eosinophilic mucus marked a
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population of functional CD8+ T lymphocytes whose phenotype coffesponded with that of a

highly differentiated cell population. Future work to further phenotlpe these cells, determine

their antigen-specificity and functional analysis could provide clues to their effector function

and ultimately to the nature of the inflammatory response in the sinonasal mucosa.



Figure 6.10 Putative subpopulations of CD8* T lymphocytes in the sinonasal mucosa

of EMCRS and CRS patients. The CD8* (and CD4+, not shown) T lymphocyte populations

may be defined by a combination of the following: their antigen specificity conferred by

their T cell receptor (TCR), their role in the immune response or function, effector

properties and the presence of effector molecules. The effector molecules include proteins

that mediate cytotoxicity including grat:zpe (Gzm) and perforin (P), and chemokines (not

shown). The sizes of the boxes do not bear any relationship to the sizes of the cell

populations shown.
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CIIAPTER SEVEN: GENERAL DISCUSSION AND

CONCLUDING REMARKS

Chronic rhinosinusitis is a heterogeneous disease and because it is influenced by numerous

environmental and genetic factors, its pathogenesis remains largely unexplained. This study

began with a review of the literature that suggested allergic fungal sinusitis was a separate

disease from the other subgroups of EMCRS patients (Ferguson 2000a) and was argued to

be an IgE-mediated hl,persensitivity reaction to fungi (Manning and Holman 1998).

However, as eosinophilic mucosal inflammation and eosinophilic mucus was also present in

non-allergic chronic rhinosinusitis patients, I hypothesised that allergic fungal sinusitis may

not be pathogenically different from the other subgroups of EMCRS patients. Accordingly,

immune mechanisms other than fungal allergy may have a major role in the eosinophilic

mucosal inflammation. Indeed, there are many precedents in the development of non-IgE-

mediated eosinophilic inflammation (Chapter 1, section 1.15).

Several lines of evidence presented in this thesis showed that IgE-mediated fungal allergy

was not the major pathological insult in fungal-allergic EMCRS patients. In Chapter 4, an

examination of total IgE and fungal-specific IgE levels showed no significant difference

between the fungal-allergic EMCRS patients, allergic fungal sinusitis and allergic fungal

sinusitis-like, and the fungal-allergic disease-control, ARFA patients (Pant et al. 2005). As

expected, the magnitude of fungal-specific humoral responses in the fungal-allergic EMCRS

patients and ARFA patients was significantly higher than from healthy volunteers. However,

the nature of the fungal-specific responses in allergic EMCRS patients was different from

that in ARFA patients. Both EMCRS and ARFA patients had a greater IgG and IgA

antibody response to fungi compared with healtþ volunteers, but the EMCRS patients were
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distinguished from ARFA patients by significantly higher levels of fungal-specific IgG3

antibodies.

Similarly in Chapter 5, fungal-allergic EMCRS and ARFA patients demonstrated a

significantly greater peripheral blood mononuclear cell proliferation to fungal antigens

compared with healtþ volunteers. Whereas both CD4+ and CD8+ T lymphocytes from

ARFA patients proliferated in response to the fungr, CD8* T lymphocytes did not proliferate

in EMCRS patients. Hence, the profile of the fungal-specific lymphocyte populations

defined by their proliferative activity was markedly different between ARFA patients and

fungal-allergic EMCRS patients.

IgE-mediated allergic responses are typically associated with CD4+ T lymphocytes

(Lambrecht 20Ol; Gould et al. 2003; Cohn et al.2O04) and with high levels of granzyme B

positive T lymphocytes (Bratke et al. 2004).In Chapter 6, grarzyme A positive CD8* T

lymphocytes were abundant in the sinonasal mucosa of the fungal-allergic EMCRS patients.

Finally, because a similar profile of systemic and mucosal immune responses was also

present in non-allergic (fungal and non-fungal) patients, the development of allergic fungal

sinusitis and the other EMCRS subgroups could not be solely attributed to a systemic IgE-

mediated allergic process.

Except for the age of the patients and the defining criteria of fungal allergy and fungi in

sinus eosinophilic mucus, there were no significant differences between the EMCRS

subgroups with regard to the clinical parameters (Chapter 3), fungal-specific humoral

(Chapter 4) and cellular (Chapter 5) immune characteristics and the phenotlpe of the

sinonasal mucosal T lymphocytes (Chapter 6). As fungal allergy was not of central



pathogenic importance (Chapter 4), these results implied that similar immunopathological

processes? other than allergy, were contmon to all the EMCRS patients. The finding that

allergic fungal sinusitis and allergic fungal sinusitis-like patients were significantly younger

than NAFES and NANFES patients could represent an accentuated underlying eosinophilic

mucosal inflammation due to coexisting fungal and non-fungal allergy, thereby resulting in

an earlier clinical presentation. In those patients with coexisting allergy, in addition to the

IgE-mediated allergic mechanisms, the CD8* T lymphocytes in the mucosa may enhance the

inflammatory responses by as yet undefined pathways (Sawicka et aL.2004; Stock et al.

2004; Rowe et al. 2004). Taken together, this thesis suggests that the fundamental

immunopathological process driving the inflammatory response in EMCRS patients may not

be different between the subgroups. Hence, dividing the patients into subgroups based on

fungal allergy and fungi in eosinophilic mucus is not of central pathological relevance.

Although the treatment of allergy, when present, may provide symptomatic improvement it

would not alter the course of the underlying disease.

The results from this thesis supported the hypothesis that eosinophilic mucus marked a

distinct form of chronic rhinosinusitis. A more aggressive inflammatory disease in EMCRS

patients was indicated by their clinical, histopathological and immunological characteristics.

EMCRS patients had severe sinus disease, were more likely to have extra-sinus

complications at clinical presentation and lower respiratory tract disease than CRS patients.

Histological examination of the polyps showed more inflammatory cells and loss of tissue

architecture in EMCRS compared with CRS patients. A heightened inflammatory condition

was also suggested by an elevated peripheral blood mononuclear cell proliferation to

phytohaemagglutinin in EMCRS patients than in CRS (and ARFA) patients. The elevated

cell proliferation was observed using similar proportions of peripheral blood T lymphocytes
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in the samples examined, so the enhanced proliferation was not due to more T cells in

EMCRS. An intense proliferative response to mitogenic stimulus indicates lymphocytes in a

pre-activated state and may therefore si$iry a greater magnitude or duration of

inflammatory stimulus in EMCRS patients.

Fungal-specific immune responses \ryere significantly greater in EMCRS patients than in

CRS patients, irrespective of fungal allergy or the detection of fungi. This supported the

hlpothesis that mechanisms other than fungal allergy accounted for the fungal-specific

immune response in EMCRS patients. An elevated humoral and cellular response to fungi

indicated ongoing exposure to fungal antigens in EMCRS patients. Elevated fungal-specific

IgG and IgA from the humoral studies (Chapter 4) suggested that a mucosa-derived antigen

was involved in EMCRS and CRS patients. However, the nature of the IgG subclass

response was different in EMCRS compared with CRS. Similarly, an increased cellular

response to the fungi was observed in EMCRS and some CRS patients (Chapter 5). In

contrast to CRS (and ARFA) patients, the CD8+ T cells failed to proliferate in EMCRS. In

addition, the magnitude and pattern of fungal-specific immune responses in allergic CRS

patients were not significantly different to ARFA patients whereas those from non-allergic

CRS patients were not significantly different from healtþ volunteers. This separation of

fungal-specific immunity indicated that there was a unique association of fungal-specific

immune response with EMCRS patients, regardless of fungal allergy or of the detection of

fungi. That fungi were not detected in some EMCRS patients may reflect insensitive

detection methods, hence limiting their practical or clinical value. Alternatively, molecular

mimicry to fungal antigens could also rationalise the immune response in EMCRS patients,

where the immunological stimulus persists in the absence of fungi (discussed below).



It is still unclear why there was a relative lack of fungal-specific CD8+ T cell proliferation in

EMCRS patients (Chapter 5). This was a novel and important finding that raised an

intriguing possibility of a dysregulated CD8+ T lymphocyte response to fungi in EMCRS

patients, especially where a lack of cell proliferation was demonstrated to both fungal

antigens. That fungal-specific CD8* T lymphocytes were completely absent from the

peripheral blood of the EMCRS patients is an unlikely possibility. It would be interesting to

determine whether the CD8* T lymphocyte population in the peripheral blood of the

EMCRS patients was fungal-specific and terminally differentiated, thereby providing an

explanation for their limited proliferative activity. Hence, it is apparent from this study that

an in-depth analysis of the T lymphocyte response to fungal antigens is warranted.

The nature of the mucosal inflammation defined by mucosal T lymphocyte populations in

EMCRS patients was strikingly different to that in CRS patients (Chapter 6). An antigen-

driven and terminally differentiated CD8+ T cell population that lacked perforin

characterised most of the EMCRS mucosal lymphocytes. This significant finding may

provide insight into the nature and regulation of the inflammatory response. Because the

phenotype of these CD8* T lymphocytes corresponded to that associated with antigen-

specific lymphocytes, it was likely that the adaptive immune system was involved in the

mucosal inflammation. The inflammation could be mediated by immune mechanisms that

directly stimulate the adaptive system or indirectly via the innate system (for example,

antigen presentation or toll-like receptor polymorphisms) that subsequently affects adaptive

responses. The immune stimulation may occur in the presence or absence of a pathogen. A

selective loss of mucosal CD4* T lymphocytes from the sinonasal mucosa could also explain

the preponderance of CD8+ T lymphocytes. This situation is seen especially where mucosal

immune-compromise and resulting opporhrnistic infections or a breakdown in immune
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tolerance may occur (Veazey and Lackner 2003;; Liu and Lefrançois 2004). Future studies

will be directed at an examination into the function of the T lymphocyte populations

described in this thesis. One approach may involve a functional evaluation of the cytotoxic

ability of the mucosal CD8* T lymphocytes and an examination for other mechanisms of

cytotoxicity. Another approach may involve an examination of the CD4* T lymphocyte

population.

It was apparent from this study that EMCRS patients were different to CRS patients in terms

of the clinical characteristics, fungal-specific immune responses and the mucosal T

lymphocyte populations. However, it still remains to be elucidated whether EMCRS is a

pathogenically different disease from CRS altogether, or a severe form of the chronic

rhinosinusitis spectrum. It was evident that an elevated fungal-specific immune response

was associated with EMCRS patients. If not fungal allergy, what other mechanisms could be

responsible for the elevated fungal-specific immune response? One possibility is that in

genetically susceptible individuals, fungal antigens were the major aetiological factors

principally causing and maintaining the mucosal inflammation, leading to a fungal-specific

mucosal immune response that was detected in the humoral and cellular components of the

peripheral blood (Figure 7.1 A).

Alternatively, fungal colonisation in immune-compromised mucosa due to an underlying

inflammatory process accounted for the elevated fungal-specific peripheral blood immune

responses (Figure 7.1 B). If this were the case, why would the nature of the fungal-specific

immune response be any different between EMCRS patients and controls, as individuals in

the control groups were also exposed to fungi? EMCRS patients may be genetically

susceptible or they may be exposed to a different array of immunodominant fungal antigens.
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The latter may be a reflection of the environmental exposure to fungi, as suggested by the

demographic datain Chapter 3. The different antigenic milieu could arise as a consequence

of fungal colonisation and growth in the nose and paranasal sinuses in EMCRS patients but

not in healtþ volunteers or disease-controls. Future work with population-genetic tlping

including HLA typing between the subgroups and to define the peptides recognised by the

fungal-specific immunoglobulins may determine genetic susceptibility and identiff antigenic

peptides associated with EMCRS (Crameri et al. 1998; Kurup et al. 2000; Knutsen et al.

2004).

A direct causal relationship between fungi and EMCRS was not established in this study.

However, there are several mechanisms by which fungi may be involved in the EMCRS

mucosal inflammation. Fungi have been reported in inflammation associated with CD8* T

lymphocytes. A recent study by Badauy et al. 2005 demonstrated a large proportion of CD8+

T lymphocytes in the mucosa of immune-competent individuals with Candida albicans

infection. Fungi may recruit the mucosal CD8+ T lymphocytes in a non-specific manner

either directly due to their toxic effects (Ashman et al. 1995; Yekeler et al. 2001) or

indirectly by fungal-specific CD4+ T lymphocytes. In addition, it has been shown that

granulysin has antifungal activity and may therefore explain the relative absence of perforin

in the EMCRS mucosa. Fungi may also recruit eosinophils directly via toll-like receptors or

indirectly via immunoglobulin Fc receptors and by inducing pro-eosinophilic clokine

secretion by other cells. Fungal proteins are also toxic to cilia, epithelial cells and enhance

mucus production and consequently exacerbate mucosal inflammation in EMCRS patients.

Although fungi are demonstrated in the sinuses in a proportion of EMCRS patients, it is

unlikely that the presence of fungi is the primary cause of EMCRS because the eradication

of fungi does not cure the disease. This implies an underlying inflammatory process.



The nature of the underlying inflammatory response in CRS and EMCRS patients is as yet

unknown. From review of the literature and the work presented in this thesis, it is proposed

that an "appropriate" immune response to common environmental antigens including

viruses, bacteria or fungi, may lead to ongoing inflammation in susceptible patients (Figure

7.2). Ensuing damage from an "appropriate" immune response may result in the recognition

by the mucosal immune system of an otherwise innocuous secondary antigen that persists

and potentiates chronic inflammation. The secondary antigen may result from molecular

mimicry or as a consequence of exposure of autoreactive CD4* T lymphocytes to excessive

amounts of cryptic self-determinants, thereby resulting in an autoimmune disease in

genetically susceptible individuals (Kohm et al. 2003). The latter mechanism may occur in

chronic viral infections or diseases where an appropriate CD8+ T lymphocyte mediated

cytotoxicity results in cleavage of potentially cryptic peptides. It has been shown that many

auto-antigens are cleaved by granzpe B (Casciola-Rosen et al.1999), which was expressed

in the mucosal CD8+ T lymphocytes in EMCRS patients. As the mucosa is a unique system

with potentially "self' reactive T cells, in the form of NKT cells, the mucosal cells could

recognise the cryptic peptides and cause ongoing immune stimulation. Thus, the

immunopathological process can continue after the triggering agent is eliminated. Hence, if

there was molecular mimicry to fungal antigens (Crameri et al. 1996), it could explain

enhanced fungal-specific immune responses in the absence of fungi in the sinuses.

The subpopulations of CD8* T lymphocytes may be implicated in mediating the damage

(Shinbori et al. 2004) and in immune regulation by a perforin-independent mechanism.

Alternatively, a lack of perforin may result in failure of protective effect or of immune

control (discussed in Chapter 6). Ultimately, ongoing chronic inflammation is predicted to

culminate in mucosal immune-compromise and colonisation by viruses, bacteria and fungi,
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also known as a biofilm. Mucosal immune-compromise may account for fungi in the

mucosa of EMCRS (Chapter 3; Thakar et al. 2004) and allergic bronchopulmonary

aspergillosis patients (Riley et aI. 1975; Slavin et al. 1988). Because the host is generally

immune-competent, fulminant infection is not observed. The biofilm of pathogens may

accentuate the underlying inflammation by several mechanisms. Superantigen responses

(Bernstein 2003), molecular mimicry and innate responses are such examples. Hence, this

may also explain the enhanced pro-inflammatory immune responses to cofiìmon

environmental organisms in chronic rhinosinusitis patients compared with healtþ

volunteers (Shin et al.2004).

An inadequate host immune response to common environmental organisms or pathogens

that constitute the biofilm would further exacerbate the inflammation. In EMCRS patients,

there may be a defect in the immune response to fungal antigens as suggested by an absent

fungal-specific CD8+ T cell proliferation (Chapter 5). Accordingly, a dysregulated and

inadequate host immune response to fungi may promote fungal growth, cause further

mucosal damage, increase the inflammatory cell infiltrate and hence, eosinophilic mucus.

Eosinophilic mucus may also impair the normal mucus drainage pathways in the sinuses and

have proinflammatory properties while providing a nidus for more microorganisms. Because

the mucosal immune system of the sinonasal and lower respiratory tract are continuous, this

may explain the features of severe inflammation in the lower airways in EMCRS patients.

Coexisting inflammatory conditions including allergy, aspirin sensitivity and cystic fibrosis,

would also accentuate the mucosal inflammation and determine the overall clinical

phenotype and severity of chronic rhinosinusitis. Therefore, treatment of one or all of the

peripheral factors including anatomical problems, allergy, bacteria and fungi in the sinuses

will not alleviate the underlying disease, but only alleviate the s¡rmptoms.



A B

fungalantigen

I +
immunological
mechanisms

I
mucosaldamage

I
mediator release

leucocyte recruitment

+
inflammation

I <-

predisposing
factors

predisposing
factors

u nderlying inflammatory
process

l<-
mucosal damage

I
mediator release

leucocyte recruitment

+
inflammation

I
chronic polypoid inflammation

eosinophilic mucus

+

predisposing
factors

predisposing
factors

chronic polypoid inflammation
eosinophilic mucus fungal colonisation

Figure 7.1 Proposed models of the putative mechanisms leading to the elevated fungal-specific immune response in EMCRS patiørts.
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Figure 7.2 Proposed model for the development of eosinophilic mucus chronic

rhinosinusitis. In susceptible individuals, inflammation is initiated by recognition of

secondary antigen by the host immune cells by as yet unknown mechanism following an

appropriate anti-pathogen response. Ongoing inflammation in the right microenvironment

is predicted to result in mucosal immune dysfunction, culminating in mucosal immune-

compromise. Subsequent colonization by microflora constitutes a biofilm, which

accentuates the underlying inflammation by several mechanisms. The type of host

immune responses, environment and coexisting pathology ultimately determines the

clinical phenotype and severity of chronic rhinosinusitis.
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APPENDIX

APPENDIX I: PATIENT DATA SHEET

Date:

Name:

EXAMINATION:

Nasal mucosa:

Nasal mucus:

Nasal polyps Grade:

SIGNIFICANT MEDICAL IIISTORY:

Treating Physician/Surgeon:

DOB: URN

Address:

SYMPTOMS:

Nil (0+), Occasional/Mild (1+), IntermittenlModerate (2+), Constant/Severe (3+)

Rhinorrhoea Post nasal discharge Sneeze/Itch

Anosmia/Hlposmia Nasal obstruction Facial pain/Headaches 

-

Normal, Oedematous, Inflamed and Oedematous

Clear,'White, Stringy, ThicVglue-like, Peanut butter/solid

7a,b; 2a,b; 3a,b; 4aþ

Asthma

Other

Aspirin sensitive Family history

INVESTIGATIONS:

1. CT Scan Sinuses: Y / N Date: Doubledensities:Y/N

Lund and MacKay score: Normal (0), Partial opacification (1), Total opacification (2)

Disease Site Right Left

Maxillary sinus

Anterior ethmoid sinus

Posterior ethmoid sinus

Sphenoid sinus

Frontal sinus

Osteo-meatal unit

TOTAL SCORE 
-ll2 

ll2
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2. Sinus mucus microbiologY:

Repeat Cultures:

3. Sinus mucus histopathology: Eosinophilic Mucus Y / N FungalElementsY/N

Other Cells e.g. PolymorPhs

4. Total serum IgE kU/L Fungal-specific IgE

Specific IgE to other aeroallergens

kU¡'/L

kUn/L

6. Total I1GIL) IgG 

- 

IgA 

- 

IgM 

- 

IgG subclasses:

Non-Fungal:

7. Eosinophil count:

5. Positive skin pick test: Fungi

8. Aspergillus fumigarøs precipitins:

9. Other:

DIAGNOSIS:

Allergic fungal sinusitis

Allergic fungal sinusitis-like

Non-atopic tr

Atopic, no fungalallergy tr

Allergic rhinitis, fungal allergY tr
"Simple" Pol¡ps tr

NAFES

NANFES

Comments:

tr
tr
tr
tr

TREATMENT

Topical: Y/N Drug(s)&Duration

Systemic: Y/N Drugs(s)&Duration:

Sinus surgery: Y / N No. of procedures: 

-T)pe 

of surgery:

"Thick" mucus in sinuses: Y i N

Immunotherapy:Y A.l Date Commenced:

Allergens:
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APPENDIX II: ALLERGEN EXTRACTS

A: Allergen-specific Immunoglobulin E (ImmunoCAP System, Pharmacia)

Mould mix-2

Alternaria alternata (m6), Aspergillus fumigatus (m3), Candida albicans (m5),

Cladosporium herbarum (m2), Helminthosporium halodes (m6) and Penicíllium notatum

(ml).

Grass pollen mix

Bahia (Paspalum notatum, g17), Johnson (Sorghum halepense, gl0), Kentucky blue (Poa

pratensis, g8), rye (Lolium perenne) 95) and Timothy (Phleum pretense, 96).

Tree pollen mix -tx7
Eucalyptus (Eucalyptus spp., t18), melaleuca (Melaleuca leucadentron, t2l), olive (Olea

europea, t9), wattle (Acacia longiþlia, t19), white píne (Pinus strobes, t16) and willow

(Salix caprea,ll2).

House dust and mite-mix

House dust mite (Dermatophagoides pteronyssinus, dl; D. farinae, d2; D. microceras, d3),

house dust and Blatella germanica.

Animal epidermals and protein mix-exl

Cat epithelium and dander (Fetß domesticus, el), cow dander (Bos taurus, e4), dog dander

(Canis familiaris, e5) and horse dander (Equus caballus, e3).

B: Skin Prick Test (Hollister-Stier Laboratories LLC)

Moulds

Alternaria alternata, Aspergillus mix (A. fumigatus, A. nidulans, A. niger), Candida

albicans, Cladosporium mix (C. normodendrum, C. herbarum, C. cladosporoides),

Epicoccum nigrum, Fusarium vasinsectum, Helminthosporium spp., Mucor racemoslts,

penicillium mix (P. digitatum, P. expansum, P. notatum), Rhizopus nigricans, Pullularia

pullulans and Trichophytonmix (2. mentogrophytes, T. rubrum, T. tonsuranis)'



Grass Pollen

Bahia, brome (Bromus díandrus), couch (Agropyron repens), Johnson, Kentucky blue,

meadow fescue (Festuca elatior), redtop bent (Agrostis alba), fYa, sweet vernal

(Anthoxantum o doratum) and Timothy.

Tree Pollen

Ash (Fraxinus excelsior),birch (Betula alba), bottle brush (Callistemon spp.), swamp she-

oak (Casuarina glauca), Chinese elm (Ulmus parciola), eucallptus, maple (Acer

pseudoplatanus),melaleuca, olive, plane (Platanus vulgaris), sycamore American (Platanus

occidentalis), wattle, white pine and willow.

Weed Pollen

plantain (Plantago spp.), sorrel (Rumex acetosa), fat hen (Chenopodium album), ragweed

(Ambrosia elatior),pellitory (Parietaria judaica) and sagebrush(Artemisia douglasiana).

House Dust Group

Dermatophagoides pteronyssinus, D. farinae, cockroach mix-6585 and house dust.

Animal

Cat pelt, dog dander, feathers (chicken (Gallus domesticus), duck (Anas platyrhynca), goose

(Anser anser)) and horse dander.
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APPENDIX III: LABORATORY REFERENCE RANGES

A

Serum Protein Panel Normal Reference Rangel

Total IgG

Total IgA

Total IgM

Total IgE

Total IgGl

Total IgG2

Total IgG3

Total IgG4

6.5 - 16 glL

0.6 - 4 glL

0.5 -3 glL

0 - 140 kulL

3.2-9.2 slL

1.6-6.9 slL

0.2 - 1.2 glL

Less than 1.5 glL

B

Differential White Cell Count Normal Reference Rangel

Eosinophils

Lymphocytes

Monocytes

Basophils

0.02 -0.5 x 10e /L

1-3.5 xloe lL

0.2 - 0.8 xl}e lL

0-0.1 xl}e lL

c

CD45hich Llmrphocytes Normal Reference Range2

CD3*

CD3+CD4+

CD3+CD8+

CD3-CD19+

60 -90%

28 - 60%

ts - 46%

2-26%

tlnstitote of Medical and Veterinary Science Laboratory, Adelaide South Australia. 2SouthPath and

Cellular Immunology Laboratory, Flinders Medical Centre, Adelaide, South Australia.
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