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“It is not the strongest of the species that survives, nor the most intelligent,
but the one most responsive to change”

- Charles Darwin



Abstract

Biofilm formation is one of several significant virulence factors associated with
life threatening pulmonary infections in immunocompromised individuals caused
by Aspergillus fumigatus. Previous studies have demonstrated phase dependant
antifungal activity against A. fumigatus biofilms. Antifungal resistance
associated with fungal biofilms is a complex multifactorial phenomenon, and it
remains unclear specifically how this manifests itself in A. fumigatus. This study
therefore aimed to investigate adaptive resistance mechanisms in A. fumigatus

biofilms.

Different phases of A. fumigatus biofilms were grown for 8, 12, 24 and 48h in
polystyrene plates in RPMI media. Functional efflux pump activity was
subsequently assessed using an Ala-Nap fluorescent uptake assay. Extracellular
material was extracted from each phase and the level of extracellular DNA
(eDNA) was quantifiedusing a microplate fluorescence assay. The minimum
inhibitory concentrations (MIC) of different classes of antifungals were assessed
in the presence and absence of different inhibitors using a checkerboard assay,
or with a fixed concentration, by the broth microdilution method to assess
synergism, antagonism, or otherwise. The presence of eDNA and phenotypic
changes in biofilm caused by antifungal agents and inhibitors were assessed by
confocal laser scanning microscopy (CLSM) and scanning electron microscopy
(SEM) techniques. The resultant biofilm biomass for different experiments was
evaluated using a crystal violet assay. SYBR green qRT-PCR was used to assess
the expression of different genes implicated in biofilm resistance (AfuMDR 1-4,
ChiA-E, HSP90 and Fks1) over the period of multicellular development, using a

diffusion chamber in a murine model and a Galleria mellonella infection model.

The results from this study demonstrated phase dependant expression of efflux
pumps in A. fumigatus biofilm populations, which actively contributes to azole
resistance. Moreover, voriconazole treatment induced efflux pump expression in
both in vitro and in vivo models.These data suggest that A. fumigatus efflux
pump proteins, which evolved to become integral to their natural physiological
function, have inadvertently induced resistance to azole drugs, albeit in the

early phases of biofilm development.



Assessment of A. fumigatus biofilm extracellular matrix (ECM), associated with
maturing biofilms, showed that eDNA is an important architectural component of
the biofilm, helping to maintain its stability. The antifungal sensitivity of
different phases of A. fumigatus growth decreased significantly in the presence
of DNase, indicating that decreased susceptibility to antifungals in the A.
fumigatus is mediated in part by eDNA.lts release was shown to correlate
withchitinase activity, a marker of autolysis, suggestive that autolysis was
associated with eDNA release. It was hypothesised that heat shock protein 90
(HSP90) was involved in this autolytic pathway. Therefore, when HSP90 was
pharmacologically inhibited this led to a decrease in matrix eDNA level,
providing a compelling mechanism through which HSP90 might regulate biofilm
antifungal resistance. To test whether these mechanisms of adaptive resistance
had any bearing clinically, a G. mellonella model was developed. It was shown
that each of the key genes were expressed during infection, both in control and
antifungal treated larvae. This validates the potential use of this insect model

for resistance and virulence studies.

Overall, this study establishes several novel adaptive resistance mechanisms
regulating biofilm drug resistance in A. fumigatus biofilms. Moreover, it
highlights the potential to target these mechanisms as a therapeutic strategy for

managing and improving clinical outcomes in these hard-to-treat infections.
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Chapter 1: Introduction

1.1 Aspergillus species

The genus Aspergillus is an Eurotiomycetes, which was first classified by Pier
Antonio Micheli, an Italian priest and biologist in 1729 (Bennett, 2010). The word
‘Aspergillus’ came from its structural resemblance in the shape of an
aspergillum (Figure 1.1), used to sprinkle holy water by Roman Catholic priests.
Aspergillus species are ubiquitous saprophytes in nature, being present in soil,
grain and decaying vegetation. The genus consists of more than 200 species and
variants, although only ten are pathogenic in humans (Bennett, 2010).
Aspergillus fumigatus is one of the leading pathogenic species that cause disease
in immunocompromised patients (Howard and Arendrup, 2011, Howard et al.,
2009). In addition, Aspergillus flavus, Aspergillus nidulans, Aspergillus niger and
Aspergillus terreus are other pathogenic species that have also been identified

as harmful pathogens (Denning, 1998).

1.1.1 Aspergillus fumigatus

Aspergillus fumigatus is an airborne saprotroph, which survives and grows on
organic debris. It plays an important role in carbon and nitrogen recycling in the
environment (Haines, 1995). The A. fumigatus conidiophore sporulates
thousands of grey green conidia at a size of 2-3 pym that are readily airborne
(Figure 1.1c). As a specie we inhale hundreds of conidia every day from the
atmosphere (Dagenais and Keller, 2009). Inhalation by healthy individuals does
not normally cause any adverse effects since the innate immune system
eliminates the conidia (Latge, 1999). However, a host with a compromised
immune system, such as acquired immune deficiency syndrome (AIDS), chronic
obstructive pulmonary disease (COPD), chemotherapy and transplant patients,
are vulnerable to A. fumigatus infections(Palousova et al., 2012, Greenberger,
2012, Bulpa et al., 2007, Mahfouz and Anaissie, 2003, Ruhnke, 2004). Not only
does it affect humans, but it also causes serious problems in birds and animals
(mallards and other ducks, penguins in zoos and old horses fed with poor-quality
hay) (Beernaert et al., 2010, Tell, 2005, Shannon, 1992).
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Figure 1.1 - Aspergillus fumigatus. (a) First A. fumigatus drawing by George
W. Fresenius in 1863 showing aspergillum structure (Schmidt and Schmidt, 1999)
(b) a micrograph displaying conidial heads of A. fumigatus(x920). (c) SEM picture
of A. fumigatus (Wellcome images, http://images.wellcome.ac.uk).

1.2 Aspergillosis

A. fumigatus causes a spectrum of disease in humans called aspergillosis. The
term aspergillosis includes infections and growth of fungus as well as allergic
reactions it causes in the host (Latge, 1999). Aspergillosis can occur in variety of
organs. It is often started with lungs (pulmonary aspergillosis) and spreads to
other sites (invasive aspergillosis [IA]) such as sinuses (Sambatakou et al.,
2006b), skin (Carvalho et al., 2008), nails (Mastella et al., 2000), heart (Montoya
et al., 2003), kidney (Singh and Husain, 2003), bones (Perfect et al., 2001) and
eyes (Vermes et al., 2000) via the bloodstream (Filler and Sheppard, 2006)
(Figure 1.2). The percentage incidence of aspergillosis varies with organs (Table
1.1) (Patterson et al., 2000). A. fumigatus primarily causes three main
syndromes which includes allergic bronchopulmonary aspergillosis (ABPA),
aspergilloma and IA.
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Figure 1.2 - Aspergillosis clinical images. a) ABPA, CT scan image of a patient
demonstrating bronchiectasis in the right lung. b) Aspergilloma, PM sample
showing fungal ball formation in lung of leukaemia child. c) Aspergilloma, Lung
tissue from tuberculosis patient showing cavitation (white arrow) and presence
of fungal ball (black arrow). d) Aspergillus keratitis, Aspergillus growth in eye of
a patient with corneal ulcer. e) Aspergillus onychomycosis, toenails showing
Aspergillus infection. f) Primary cutaneous aspergillosis, circular papules with
white eschars on the neonate back showing Aspergillus infection. Pictures were
taken from the Aspergillus website (www.Aspergillus.org.uk).
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Table 1.1 - Percentage incidence of aspergillosis with different organs
(Patterson et al, 2000).

Organ % incidence*
Pulmonary 56
Multiorgan dissemination 19
Skin 5
Paranasal sinuses 5
Central nervous system 6
Tracheobronchitis 1
Other 9

* n = 595 patients with invasive aspergillosis

Table 1.2 - Percentage incidence of aspergillosis in relation to underlying
patient conditions (Patterson et al, 2000).

Underlying condition % incidence*
Allogeneic stem cell transplantation 25
Haematological malignancy 28

Pulmonary disease

Solid organ transplantation

AIDS

Autologous stem cell transplantation
Immunosuppressive therapy

Other underlying conditions

N O O N 00 Vv O

Non-compromised hosts

* n = 595 patients with invasive aspergillosis
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1.2.1 Allergic bronchopulmonary aspergillosis

ABPA is a condition caused by allergic lung reaction to A. fumigatus spores. ABPA
primarily affects asthma and cystic fibrosis patients (Greenberger and Patterson,
1988). A. fumigatus growth in the trachea and bronchi invokes both type |
(formation of IgE) and type lll hypersensitivity response (formation of 1gG) in the
host (Kurup et al., 1994, Kurup, 2000). The type | response to A. fumigatus
causes mast cell degranulation with broncho constriction and increased capillary
permeability. The type Ill response together with deposits of inflammatory cells
within the airway mucous membrane causes necrosis (Zeaske et al., 1988). Some
of the common clinical symptoms of ABPA are increased sputum production,
wheezing, coughing up mucus with brown, black, or green elements, shortness

of breath and fever (Greenberger, 1986).

The standard diagnosis of ABPA are to fulfil the following criteria a) asthma, b)
immediate reactivity to A. fumigatus, c) high serum IgE level (> 1000ng/mL), d)
precipitating antibodies to A. fumigatus present in serum, e) eosinophilia and f)
central bronchiectasis on chest CT (Greenberger and Patterson, 1988). Treating
ABPA is quite difficult and there is no complete cure for ABPA. All treatments
are carried out to avoid any lung damage. There are two treatment aspects for
ABPA. One is to control inflammation and hypersensitivity reactions by using oral

corticosteroids and the other is to control fungal growth by antifungal drugs.
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Corticosteroid-induced immunosuppression:
PMN recruitment and tissue damage

T =

Basement = o W »
membrane @
d cell Q -

Sporulation Inhalation of airborne conidia Conidial germination in
absence of sufficient
pulmonary defenses

Neutropenia:
excessive hyphal growth and dissemination

Figure 1.3 - Infection process of A. fumigatus. A. fumigatus spores readily
become airborne. Inhalation of airborne conidia by immunocompromised
patients causes significant inflammation followed by conidium establishment in
the lungs, germination of conidia and PMN recruitment. With neutropenic
conditions excessive hyphal growth and dissemination is possible (Dagenais and
Keller, 2009).

1.2.1.1 Epidemiology

ABPA has a worldwide distribution, there are likely to be significant geographic
differences in its prevalence. There are different factors influencing the
occurrence of ABPA which includes environmental factors such as atmospheric
concentrations of conidia (Esposito et al., 2009, Young et al., 1970, Jayshree et
al., 2006), genetic factors such as CFTR gene mutation (Miller et al., 1996,
Marchand et al., 2001, Eaton et al., 2002), interleukins IL 4,13,15 polymorphisms
(Knutsen et al., 2006, Escande et al., 2011), tumour necrosis factor(TNF)-a
polymorphisms (Escande et al., 2011), TLR9 polymorphisms (Carvalho et al.,
2008), and patients underlying conditions such as asthma. The prevalence of
ABPA varies depending on treatment centre and diagnostic criteria used
(Mastella et al., 2000). The first ABPA case was reported in UK in 1952 by
Hinson(Hinson et al., 1952). In 1967 ABPA cases were reported in USA and
Australia, followed by India in 1971(Shah, 1971). The reported incidence of ABPA

29



Chapter 1: Introduction

in asthma patients varies from 13 to 45% in different parts of the world (Table
1.3). Previous studies have shown that asthma patients exposed to Aspergillus
had an increased risk of death (Taff et al., 2012). However, none of these

studies specifically evaluated ABPA in relation to severity of asthma.

The impaired mucus clearance and airway obstruction in CF patients are other
risk factors associated with ABPA. The association of CF and ABPA were reported
in 1965 in UK (Loussert et al., 2010). From surveys and epidemiology registries,
about 7.8 % of patients in Europe and 7% in United States with CF are estimated
to have ABPA. Table 1.4 shows the prevalence of ABPA in Europe (Mastella et
al., 2000). As like incidences with asthma, the incidence of ABPA in CF patients
also shows geographical variances. In European countries for example the
incidence varied from 2.1% in Sweden to 13.6 % in Belgium (Mastella et al.,
2000). In USA, the incidence varied from 0.9% in the South West region to 4% in
the West region (Geller et al., 1999).
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Table 1.3 - Prevalence of ABPA in asthma patients.

Country Number of Prevalence of Reference
Patients with ABPA (%)
asthma
(Ramage et al.,
UK 656 85 (13) 2009b)
(Huang and Kao,
USA 100 38 (38) 2012)
. (Martins et al.,
Australia 79 26 (33) 2010)
: (Ben-Ami and
South Africa 500 110 (22) Kontoyiannis, 2012)
. . (Walker et al.,
Saudi Arabia 53 12 (23) 2010)
India 755 294 (39) (Nett et al., 2010b)

Table 1.4 - Prevalence of ABPA in CF patients in Europe(Mastella et al., 2000).

Country Number of patients with CF Prevalence of ABPA (%)
Austria 169 9 (5.3)
Belgium 44 6 (13.6)
Denmark 320 11 (3.4)
France 2935 217 (7.4)
Germany 3070 353 (11.5)
Ireland 621 68 (11.0)
Netherlands 353 24 (6.8)
Sweden 424 9(2.1)
UK 4511 271 (6.0)
All 12447 971 (7.8)
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1.2.2 Invasive aspergillosis

IA is a serious Aspergillus infection and involves the initial colonisation and
consequential spread to other parts of the body by haematogenous and
angioinvasion (Figure 1.4). Some of the common risk factors associated with IA
are AIDS, solid organ transplantation, intensive chemotherapy regimens and
increased use of immunosuppressive regimens (Baddley, 2011, Herbrecht et al.,
2012, Segal and Walsh, 2006, Cornet et al., 2002). Patients with IA have
symptoms including fever, cough, chest pain, difficulty breathing and poor
response to standard antibiotics (Aleksenko and Gyasi, 2006, Latge, 1999). The
earlier the diagnosis the better the treatment but there is no single diagnostic
method that is either universally applicable or sensitive or specific enough to
establish |A. Radiological evaluation, microscopy and culture from sputum
sample, serological test for Aspergillus and molecular diagnostic methods are
generally used for diagnosis. Antifungal drugs include voriconazole, itraconazole,
caspofungin or amphotericin B are used for treatment of IA. The overall success
rate with these antifungals varies significantly between different patient groups.
Surgical excision and cytokine therapy are other treatment methods in practice
for IA (Rajbanshi et al., 2012, Lang et al., 1983, Safdar, 2010, Lehrnbecher et
al., 2012).

1.2.2.1 Epidemiology

The incidence of IA varies depending on the patients underlying conditions and
geographic location (Lang et al., 1983, Walker et al., 2010). A percentage of up
to 7% is reported in Europe to have IA (Table 1.5) composed of about 38% in
acute myelogenous leukaemia, 50-60% with organ transplant patients and 70-85%
in other immunocompromised patients (Rajbanshi et al., 2012, Lang et al., 1983,
Walker et al., 2010, Ghannoum et al., 1996, McCulloch et al., 2009). The onset
of |A also varies with underlying patient condition. About 72% of heart transplant
patients are diagnosed with IA in the first three months of post-surgery(Montoya
et al., 2003), with approximately 50% of liver and lung transplant patients
diagnosed within 3-5 months (Singh and Husain, 2003). The rate of mortality

associated with haematopoietic stem cell transplants ranged from 53.8 to 84.6%
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and with solid organ transplants 20 to 66.7% after 3 months. A multicentre study

(24 medical centres) from 2001 showed out of 1209 IA cases diagnosed

approximately 750 patients died within three months of diagnosis(Perfect et al.,

2001).

Table 1.5 - Prevalence of IA in Europe.

Country Year Patient Number of Prevalence Reference
group patients of 1A (%)
Austria 2000- HSCT* 104 23 (Adams,
2003 2004)
Belgium 2000- Critically 1850 6.9 (Walker et
2003 ill al., 2010)
Italy 1999- HSCT 1249 6.3 (Lang et al.,
2003 1983)
Spain 1996- HSCT 395 9.4 (Bowman
2000 and Free,
2006)
Finland 1990- HSCT 1188 0.8 (Selvaggini
2001 et al., 2004)
Poland 1990- liver 277 3.6 (Leach et
2006 transplant al., 2012)
recipients

* HSCT, haematopoietic stem cell transplant
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Figure 1.4 - Model of invasive aspergillosis. The process of IA involves three
steps alveolar infection, angioinvasion and dissemination. (a)Alveolar infection
includes adhesion of inhaled conidia (b) with pulmonary epithelial cells, (c)
endocytosis within the epithelial cells, (d) germination of conidia and hyphal
growth within the epithelial cells, and (e) hyphal extrusion from the epithelial
cells. Angioinvasion involves (f) penetration of abluminal surface by emergent
hyphae, (g) induced cell damage, and (h) spreading of hyphal fragments via
blood stream. Finally in dissemination process (i) the hyphal fragments adhere to
the cell surface, (j)cells invasion, (k)cell damage and (l)invasion of other deep
organs (Filler and Sheppard, 2006).
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1.2.3 Aspergilloma

An aspergilloma, also known as fungal ball, is a rounded mass of hyphal material
usually combined with mucus and cellular debris, existing within scarred lungs or
a pre-existing body cavity (Figure 1.5). The body cavities such as in the lungs
caused by cystic fibrosis, tuberculosis, lung cancer, lung abscess,
coccidiodomycosis, sarcoidosis and histoplasmosis are most susceptible to an
aspergilloma (Chatzimichalis et al., 1998, Kawamura et al., 2000, Massard et al.,
1992, Hadjiliadis et al., 2002, Greenberg et al., 2002, Kunst et al., 2006).
Typically, patients with aspergilloma are asymptomatic but a small percentage
of this Aspergillus growth invades into cavity walls and can result in
haemoptysis. The size of fungal ball formation can range from 3-7cm in diameter
and is commonly diagnosed by sputum culture, chest X-ray, chest CT,
bronchoscopy or serum precipitins for Aspergillus(Munoz, 2006). Often, no
treatment is necessary for aspergilloma but patients with haemoptysis need
medical attention (Chen et al., 1997). Angiography can be used to detect the
location of bleeding and surgery may be necessary to remove the fungal ball
formation and to prevent further bleeding. Antifungal drugs such as azoles are
also used for aspergilloma treatment but none has been shown to eradicate

Aspergillus growth.

Figure 1.5 - Model of aspergilloma. Aspergilloma, a rounded mass of hyphal
material exists within scarred lungs. (Adam images, 3434_72EWJ,
www.adamimages.com)
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1.2.3.1 Epidemiology

Currently, information about the incidence of aspergillomas is limited. Unlike
other types of aspergillosis the incidence of aspergilloma was reported in
patients with normal immunity but structurally abnormal lungs, with pre-existing
cavities. One of the common underlying pulmonary conditions reported to be
associated with development of aspergilloma was TB (Karas et al., 1976, Massard
et al., 1992, Regnard et al., 2000, Kawamura et al., 2000).About 25 - 80% of TB
cases were reported to have aspergilloma(Chen et al., 1997). A study from
France reported the incidence of aspergilloma from 1974-1991, where 57% of
patients were reported to be associated with TB (Massard et al., 1992). Later in
1992-1997 the association of TB was reported to be only 17% (Chatzimichalis et
al., 1998). Similar pattern of reduction in percentage of TB associated
aspergilloma of 82% in 1977-1987 and 60% in 1987-1997 reported by another
study from France indicates the epidemiologic shifts in TB associated
aspergilloma(Regnard et al., 2000). Pulmonary sarcoidosis, bronchiectasis from
any cause and other pulmonary cavities are the other conditions shown to be
associated with incidence of aspergilloma (Chen et al., 1997, Hadjiliadis et al.,
2002, Kawamura et al., 2000, Lee et al., 2004)

1.3 Treatment of Aspergillosis

Treatment options for aspergillosis are limited. Due to severity of aspergillosis in
immunocompromised patient prophylaxis treatment is quite common. The use of
pharmacological agents to control or treat aspergillosis is the first line of
treatment option by clinicians. According to a study from USA about 47% of IA
patients undergo monotherapy and 29% received combination therapy (Karas et
al., 1976). The monotherapy includes azole (60-70%), polyene (13-15%) and
echinocandin treatment (10%) (Karas et al., 1976, Kawamura et al., 2000). For
patients with an aspergilloma, surgery is the only effective option (Regnard et
al., 2000). The different treatment options and complications are now discussed

in the following sections.
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1.3.1 Prophylaxis

Aspergillosis morbidity and mortality is associated with the neutropenia resulting
from intensive cancer chemotherapy, stem cell transplantation, lung and liver
transplant recipients. Given the high risk associated with aspergillosis, it is not
surprising that prophylaxis against A. fumigatus is apparently a sensible
therapeutic approach. One of the common prophylaxis methods for aspergillosis
is by minimising the patient exposure to airborne spores by providing a filtered
air environment(Levenson et al., 1991). It is achieved by two means, laminar air-
flow and high efficient particulate air (HEPA) filter (Buckner et al., 1978, Navari
et al., 1984, Petersen et al., 1988, Berthelot et al., 2006). Control of Aspergillus
growth by pharmacologic agents is the next most common prophylaxis approach
by clinicians (Drew et al., 2004, Conneally et al., 1990). Initially, the polyene
drug amphotericin B was used to prevent aspergillosis. Later, due to drug
toxicities, amphotericin B was discontinued to use for prophylaxis. The triazole
drugs are the next improvement in prophylactic agents. In late 1980s,
fluconazole was introduced and has changed the epidemiology of aspergillosis
following stem cell transplantation. In the 1990s, itraconazole was tested for
prophylaxis(Grant and Clissold, 1990). Later another improved triazole drug
posaconazole was licensed for prophylaxis treatment with neutropenic patients
(Petraitiene et al., 2001). According to the recent reports an echinocandin drug
caspofungin may be an attractive option for prophylaxis treatment due to
comparatively less adverse effects than others (Massard et al., 1992, Hadjiliadis
et al., 2002). There are different pharmacological agents tested for controlling

fungal infections and the prophylaxis regimen is still not clear and standardised.

37



Chapter 1: Introduction

1.3.2 Antifungal drugs

Antifungal therapy is a method of eradicating fungi from host by using
pharmacological agents exploiting differences between human and fungal
cells(Dixon and Walsh, 1996). The formulation of antifungal agents are mainly
administered orally (54.2%) or by intravenous methods (Kawamura et al., 2000)
(Table 1.6). Unlike antibacterial drugs, to date relatively few antifungal targets
were exploited because fungal cells are closely related to humans. There are
only three antifungal targets, cell wall components, membrane sterols and DNA
synthesis that have been found with varying degrees of success(Kathiravan et
al., 2012, Dixon and Walsh, 1996) (Figure 1.6). Fungal membrane sterols are
different enough from humans so antifungal agents targeting this can kill fungi
but not mammalian cells(Ghannoum and Rice, 1999). Fungal cells synthesise B-
glucans, an important cell wall component, it is absent in human cells so drugs
targeting glucan biosynthesis display low side effects(Kathiravan et al., 2012).
Some of the main points of consideration with antifungal therapy is drug
specificity, broad spectrum of antifungal activity, fungicidal rather than fungi
static, drug interactions, and low cost. Currently, there are three principal
classes of antifungals azoles, polyenes and echinocandins used in antifungal
therapy(Dixon and Walsh, 1996).
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Figure 1.6 - Antifungal drug targets. 1) Azoles inhibit Erg11, affects ergosterol
biosynthesis, which cause fungal membrane stress. 2) Polyenes bind with
membrane sterol, thereby forming trans membrane pores, which cause cell
leakage 3) Echinocandins inhibit B-(1, 3) - glucan synthase, thus disrupt cell-wall
integrity 4) Flucytosine inhibits DNA and RNA synthesis, disturbs the translation
of certain crucial proteins (adapted from Doctor Fungus [http://www.
doctorfungus.org/thedrugs/antif_pharm.htm]).
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Table 1.6 - List of antifungal drugs and classes, formulation and year

introduced.
Class Generic name Formulation Year
Ketoconazole oral, topical 1981
Fluconazole gral, topical, 1990
intravenous

Azole Itraconazole oral, intravenous | 1992
Voriconazole oral, intravenous | 2002
Posaconazole oral, intravenous | 2006
Caspofungin intravenous 2002

Echinocandin Micafungin intravenous 2005
Anidulafungin intravenous 2006
Amphotericin B oral, intravenous | 1960
Amphotericin B .
. intravenous 1995

Polyene lipid complex
Amphotericin B
) intravenous 1997
Liposomal

Other Flucytosine oral 1964
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1.3.2.1 Azoles

Azole drugs are the mainstay of treatment for aspergillosis. They inhibit the
fungal cytochrome P450 dependent enzyme called lanosterol 14a-demethylase.
The inhibition of this enzyme depletes the ergosterol synthesis from lanosterol,
which affects the fungal membrane leading to fungal growth inhibition. Azole
drugs can be categorised into two main classes, imidazoles and triazoles. Both
classes share the same mechanism of action but are slightly different in
structure. Imidazole is a five membered synthetic ring (Figure 1.7 a) that confers
antifungal activity. It includes ketoconazole, miconazole and tioconazole. The
poor antifungal response and toxicity associated with imidazoles led to the
development of new azoles, namely triazoles (Maertens, 2004). Triazoles are
developed by a minor modification in imidazole ring (Figure 1.7 b), which gives
improved activity and less adverse effects. Triazoles include fluconazole,
itaconazole, voriconazole and posaconazole. According to a recent survey
fluconazole (60.5%) was one of the most used antifungal agents in European
hospitals and voriconazole (70%) in USA and Canada (Karas et al., 1976,

Kawamura et al., 2000).
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Figure 1.7 - Azoles. Structure of two different classes of azoles, (a) imidazole
and (b) triazole.
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1.3.2.2 Polyenes

The polyene class of antifungals remain an important antifungal option for life
threatening invasive aspergillosis. Polyenes are naturally-occurring  poly-
unsaturated compounds consist of seven conjugated carbon-carbon double
bonds, a carboxyl group, an ester and a primary amino group along the side
chain (Figure 1.8 b). Amphotericin B is one of the organic polyene compounds
first isolated in the mid-1950s from Streptomyces nodosus (Dixon and Walsh,
1996). Amphotericin B presents a broad spectrum of antifungal activity. It binds
with membrane sterols, forming a transmembrane channel causing cell leakage,
leads to cell death (Figure 1.8) (Ghannoum and Rice, 1999, Milhaud et al., 2002).
One of the problems with polyenes is their drug target, sterols. Both mammalian
(cholesterol) and fungal (ergosterol [Figure 1.8a]) cell membranes contain
sterols, they are similar in structure so polyenes can be cytotoxic to host cells by
forming pores within the cell membrane (Baginski and Czub, 2009, Ghannoum
and Rice, 1999). Later studies mixed amphotericin B with lipid emulsions and
demonstrated reduced toxicity, while having similar efficacy. Then a different
lipid formulation of Amphotericin B was developed and in 1990s three distinct
formulations were approved, ABCD, Amphotericin B lipid complex and

unilamellar vesicle liposomal formulation.
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Figure 1.8 - Polyenes. Amphotericin B binds with membrane sterol and alters
permeability of cell membrane. Chemical structure of (a) ergosterol and (b)
amphotericin B.
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1.3.2.3 Echinocandins

Previously mentioned antifungal classes, azoles and polyenes are associated with
drug toxicities, problem with drug interactions and nonlinear pharmacokinetics
(Sheehan et al., 1999, Worth et al., 2008, Lewis, 2011, Albengres et al., 1998).
The lipid formulations of amphotericin B were demonstrated to be less toxic but
their acquisition cost is high. Given these drawbacks, scientists were forced to
look for new drug targets. In 1970s, researchers found a new class of antifungals
to treat fungal infections called echinocandins. Echinocandins are non-
competitive inhibitors of 1, 3 - B glucan synthase, an enzyme necessary for the
synthesis of fungal cell wall glucan(Dixon and Walsh, 1996). Inhibition of glucan
synthesis disrupts the cell wall integrity leads to fungal growth inhibition or cell
death. The echinocandins display broad spectrum of antifungal activity. They are
fungicidal against some species including Candida and fungistatic to others such
as Aspergillus (Canton et al., 2010, Chen et al., 2011a). Caspofungin was the
first licensed echinocandin drug in the market then micafungin (Figure 1.9) and

anidulafungin were licensed and available for antifungal treatment.
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a) Caspofungin c) Micafungin

Figure 1.9 - Echinocandins. Chemical structure of (a) caspofungin and (b)
micafungin.
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1.3.2.4 Flucytosine

Flucytosine is a pyrimidine chemical compound (Figure 1.10). It is an
antimetabolite type of antifungal drug that inhibits translation of mRNA in fungal
cells by replacing uracil with 5-flurouracil in RNA. It also inhibits DNA synthesis
by obstructing thymidylate synthetase via 5-fluorodeoxy-uridine monophosphate
(Vermes et al., 2000). It is active against some strains of Candida, Aspergillus,
Cryptococcus and Cladosporium spp both in in vitro as well as in vivo conditions.
Resistance to flucytosine is quite common with its use alone in antifungal
treatment. Mutations in cytosine permease or cytosine deaminase enzymes are
shown to be associated with flucytosine resistance (Polak and Scholer, 1975). To
avoid resistance flucytosine is always administered with polyenes or azoles or
with both antifungals as combination therapy (Esposito et al., 2009). Flucytosine
is commercially available as oral capsules since 1972 however its intravenous

formulation is no longer available.

Figure 1.10 - Flucytosine. Chemical structure of flucytosine.
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1.4 Emergence of antifungal resistance

Resistance to antimicrobial drugs are well documented and remains a topic of
discussion by both the scientific and non-scientific community (Neu, 1992, Okeke
et al., 2005). Over the past decade antifungal resistance has emerged in
pathogenic fungi such as C. albicans and A. fumigatus (Helmerhorst et al., 1999,
Hsueh et al., 2005, Pfaller et al., 2011, Messer et al., 2006). Antifungal
resistance has been associated with treatment failure in patients with life
threatening fungal infections such as candidiasis and aspergillosis. The term
‘antifungal resistance’ can be described as a relative decrease in susceptibility
of fungus to an antifungal agent when compared to other isolates. Standardised
test protocols from the Clinical and Laboratory Standards Institute (CLSI, USA) or
the European committee on antimicrobial susceptibility testing (EUCAST,
Europe) is often used for in vitro susceptibility testing to detect
resistance(Pfaller et al., 2010, Arendrup et al., 2010, Arendrup et al., 2011,
2008, Arendrup et al., 2012, Canton et al., 2009). Results from these in vitro
tests are useful in calculating clinical breakpoints and epidemiological cut off
values (ECV) (Table 1.7). The cut off values are valuable data helpful to identify

the acquired resistance in fungi (Meletiadis et al., 2012).

Table 1.7 - MIC of azole drugs and ECVs for A. fumigatus (Lewis, 2007b).

MIC (pg/ml)

Antifungal agent No. of isolates tested
Range Mode ECV (%)°

Itraconazole 637 0.015-2 0.25 1(99.8)
Posaconazole 637 0.06-1 0.03 0.25(99.8)
Voriconazole 637 0.12-4 0.25 1(99.2)

2 Values in bracket indicate the percentage of MICs < ECV.
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Azole drugs are one of the recommended antifungal agents for both clinical
settings and in agriculture. In clinical settings azoles are the first line treatment
choice for aspergillosis, with echinocandins and polyenes as second line. Recent
surveys report the association of long term treatment and prophylaxis in relation
to antifungal resistance (Auberger et al., 2012, Escribano et al., 2012). In the
last ten years, azole resistance has predominantly been described for A.
fumigatus (Figure 1.11a)(Howard and Arendrup, 2011). Azoles drugs are the only
oral formulated agent available for antifungal treatment that is often used over
long period of time, for example the CF patients exposed to itraconazole for
along time were associated with higher prevalence of azole resistance (Burgel et
al., 2012). In the Netherlands, the prevalence of azole resistance was reported
to vary between 0.9 to 9.4%, and the use of azoles for protecting agriculture
crops and material preservation were described to be a risk factor (Verweij et
al., 2012).

Currently, A. fumigatus resistance to azoles has been reported all over the
world, including Belgium, Denmark, France, Norway, Spain, Sweden, Netherland
and UK in Europe, India, China and Japan in Asia and USA and Canada in North
America(Lockhart et al., 2011, Snelders et al., 2008, Morio et al., 2012,
Chowdhary et al., 2012, Bueid et al., 2010, Mortensen et al., 2010, Vermeulen
et al., 2012, Bowyer et al., 2011). Recently a study from University hospital of
South Manchester published azole susceptibility data of 749 A. fumigatus isolates
collected from 1997-2009. This study reports a significant rise in the number of
azole resistant isolates from 7% in 1999 to 20% in 2009 (Figure 1.11a). Among 64
resistant isolates from 2008-09, 97% are resistant to itraconazole, 3% are
voriconazole only resistant and 78% are multi azole resistant isolates (Howard et
al., 2009, Bueid et al., 2010). One of the commonly reported mechanisms of
azole resistance in A. fumigatus isolates is mutation within the cyp51A gene
responsible for ergosterol biosynthesis. However, in Manchester the number of
resistant isolates from 2008-09 with cyp51A mutations is less compared to other
areas, about 43% of isolates were non- cyp51A mutants (Figure 1.11b) (Bueid et
al., 2010). This indicates some other novel mechanism of resistance must be

responsible. Currently, resistance to other class of antifungals are less known. A.
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fumigatus resistance to caspofungin has been reported by several studies in
relation to mutation or overexpression of Fks1 gene (Lewis et al., 2011, Walker
et al., 2010, Gardiner et al., 2005, Arendrup et al., 2008). Fks1 is the B-glucan
synthase gene that produces glucan, which is deposited in the extracellular
surface forming the biofilm matrix (Beauvais et al., 2001).The extracellular
glucan was shown to be associated with fungal biofilm resistance by impeding
drug diffusion (Nett et al., 2010b). Antifungal resistance is often associated with
multicellular development and biofilm formation by fungal cells (d'Enfert, 2006).
Fungal biofilm-associated infections are frequently recalcitrant to conventional
therapy because of resistance to antifungal agents. The following sections in this
cha