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Preface

Fungi are eukaryotic microorganisms that are closely related to humans at cellular

level. Human fungal pathogens belong to various classes of fungi, mainly zygomy-

cetes, ascomycetes, basidiomycetes, and deuteromycetes. In recent years, fungal

infections have dramatically increased as a result of improved diagnosis, high

frequency of catheterization, instrumentation, etc. However, the main cause

remains the increasing number of immunosuppressed patients, mostly because of

HIV infection and indiscriminate usage of antineoplastic and immunosuppressive

agents, broad-spectrum antibiotics and prosthetic devices, and grafts in clinical

settings. Presently available means of combating fungal infections are still weak

and clumsy compared to control of bacterial infection. The present scenario of

antifungal therapy is still based on two classes of antifungal drugs (polyenes and

azoles).These drugs are effective in many cases, but display toxicity and limited

spectrum of efficacy. The recent trend towards emergence of drug-resistant isolates

in the clinic is an additional problem. In recent years, a few new antifungal drugs

have entered the clinics, but they are expected to undergo same fate as the older

antifungal drugs.

The application of fungal genomics offers an unparalleled opportunity to develop

novel antifungal drugs. However, it is too early to expect any novel drugs, as the

antifungal drug discovery program is in the stage of infancy. Interestingly, several

novel antifungal drug targets have been identified and validated. In contrast to the

classical and genomic approaches to drug discovery, other traditional knowledge

derived from natural products and phytomedicine has ample opportunity to provide

an alternative mode of action for combating fungal infections which include superfi-

cial, cutaneous, and invasive and life-threatening systemic mycoses. Since a lot of

scientific literature and data have been generated in recent decades on various aspects

of fungi such as biology, taxonomy, drug resistance, and mode of action of antifungal

drugs, on the molecular basis of virulence and pathogenicity, and on therapeutic

approaches. However, little effort has beenmade to discuss various issues in a holistic

way and to present them in the form of a book to provide more interrelated, interdis-

ciplinary work on combating fungal infections with different strategies.
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We have discussed these issues, and decided to edit a book in the larger interest

of students and researchers, to fill the gap in book publication. Here we have

worked to bring together experts in the field to contribute a series of chapters

spanning a cross-section of the field. It is our hope and intent that the outcome of

these efforts in the form of Combating Fungal Infections: Problems and Remedy
will serve as a valued resource to the entire scientific/academic community. We

hope that this text not only encapsulates the recent literature in the field, but will

also illuminate related issues for the benefits of teaching, research and drug

discovery.

This book consist of 20 chapters which address various aspects pertaining to

the pathogenesis of fungi, their management, and recent advancement in their

treatment. Chapter 1 provides a glimpse of various types of fungal infections,

with special reference to immunocompromised hosts. Chapter 2 discusses virulence

and pathogenicity of fungal pathogens. Chapters 3 and 4 deal with the reservoirs of

animal and ocular fungal pathogens. Recent developments in antifungal drugs and

their mode of action are the subject of review in Chap. 5. As presently available,

antifungals, in particular polyene-based anti-fungals, manifest various side-effects,

especially nephrotoxicity. Chapter 6 discusses these issues, especially in children

under the age of 12. The development of resistance in fungal pathogens, including

multidrug resistance and its mechanism, is dealt with in Chaps. 7 and 8. Diverse

diagnostic approaches for fungal infections are reviewed in Chap. 9. Chapters 10

and 11 discuss antifungal therapy, and combination strategies used in combating

invasive fungal infections. Chapter 12 deals with the management of pulmonary

mycoses in stem-cell transplantation. Novel antifungal drugs (synthetic and herbal),

fungal vaccines, and metabolic pathways as drug targets are discussed in detail

in Chaps. 13, 14, 18, and 19. The role of innate immunity in management of

dermatomycosis is elaborated in Chap. 15. Cytokine therapy and its application

in the management of fungal infections are the topic of discussion in Chap. 16.

Chapter 17 reviews the potential role of immunomodulators in the treatment of

systemic fungal infections. As novel drug delivery systems have a great potential

for modifying the pharmacokinetics of medicaments, Chap. 20, taking this fact

into consideration, covers state-of-the-art delivery systems for controlling fungal

infections.

We have made our sincere efforts to provide good scientific content in this book.

It is our hope that this book will be useful to students, teachers, researchers and

clinicians. However, there may also be some shortcomings. We invite you to

communicate your experiences with the book to us.

We thank all the contributors/experts for timely submission of their excellent

contributions and for their overall cooperation. We also thank many leading

scientists in this field who may not contributed directly, but have encouraged or

guided us towards successful completion of this project.

We express deep gratitude to Dr. J.N.S. Yadava FNA, Dr. C.M. Gupta FNA,

Dr. G.P. Datta FNA, Prof. Shamim Jairajpuri FNA, Prof. M. Saleemuddin, and

Dr. Shahid Jameel FNA, who have all been a great source of inspiration. We also

thank all our respected teachers, colleagues, and friends for their cooperation
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and critical suggestions. Assistance provided by research students, especially

Mr. M. Sajjad Ahmad Khan (SRF, ICMR) is greatly appreciated. The technical

and scientific advice received from learned reviewers and the Springer book editorial

team, especially from Dr. Britta Settmacher and Anette Lindqvist (Springer,

Germany), is thankfully acknowledged. Finally we acknowledge the Almighty

God, who provided all the positive thoughts and channels needed for completion

of this book project.

Aligarh, Louisville Iqbal Ahmad

July 2010 Mohammad Owais

Mohammed Shahid

Farrukh Aqil
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Chapter 1

Mould Infections: A Global Threat

to Immunocompromised Patients

Ricardo Araujo, Cidália Pina-Vaz, and Acácio Gonçalves Rodrigues

Abstract The increase in critical care and immunosuppressed patients all over the

world during recent decades is due to a general medical concern with regard to

fungal infections, particularly regarding patients admitted at intensive care, hae-

matological, stem cell and solid organ transplant and burn units. The wide use of

intense suppressive therapies which affect patients’ immune status and frequently

cause neutropenia represents an enormous risk of mould infections. Aspergillus,
Fusarium, Scedosporium, and zygomycetes, particularly Rhizopus and Mucor, are
invariably responsible for high morbidity and mortality in patients, even after the

administration of proper antifungal therapy. These infections are often associated

with longer stays in critical care units and extremely high healthcare costs. Other

therapeutic drugs administered to high-risk patients may considerably promote or

reduce the fungal growth and affect the development of the invasive disease. Thus,

it is recommended that drug interactions be taken into account in patients receiving

multiple medications.
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1.1 Introduction

Over the last decade, there have been changes in the epidemiology of fungal

infections as well as dramatic improvements regarding antifungal therapeutic

options. Candida infections, once a major cause of death in patients with leukaemia

and recipients of stem cell or solid organ transplants, are now seen more often in

patients admitted at intensive care units. In turn, mould infections continue to occur

predominantly among highly immunosuppressed patients, such as those with acute

leukaemia and patients submitted to haematopoietic stem cell or solid organ

transplantation, causing devastating diseases. Aspergillus species remain the most

common mould that causes invasive infection, but other infections caused by

environmental filamentous fungi, such as Scedosporium, Fusarium, and various

zygomycetes, appear to be increasing in some medical centers. These moulds are

angioinvasive, and lead to extensive tissue infarction and widespread dissemina-

tion. The mortality associated with invasive mould infections is far greater than that

associated with yeast-invasive infections. Many of the emerging moulds are resis-

tant to amphotericin B and fluconazole, the most used antifungals empirically. With

regard to prescription criteria for an appropriate antifungal agent, some parameters

have to be taken into consideration: the underlying disease, kind and level of

immunosuppression, previous prolonged exposure to antifungal drugs, microorgan-

ism identification, and its characteristic susceptibility pattern.

Attending to the complexity of the host (population of risk) and the character-

istics of those fungi, the diagnosis and treatment of infection with moulds, particu-

larly of its invasive forms, remains problematic, and raises considerable challenges.

The diagnosis of invasive fungal infection, including cultural methods, antigen

testing, nucleic acid detection, and radiological imaging, has improved greatly in

recent years, although up to 75% of patients are only diagnosed during autopsy

(Chamilos et al. 2006). Several factors are able to influence the performance of these

diagnostic tests such as underlying disease, concomitant drugs, prevalence of

fungal infection in particular populations, and prophylactic antifungal drug strate-

gies. Fungi recovery from surgically removed tissue or from sterile sites accom-

panied by positive histopathology should always be considered significant, although

these invasive procedures are in some cases impossible to perform due to, for

example, severe thrombocytopenia. Mould organisms are ubiquitous in the envi-

ronment so that a culture that yields one of these moulds from sputum or bronch-

oalveolar lavage fluid requires closer scrutiny. It may merely reflect contamination

or colonization (Horvath and Dummer 1996). On the other hand, in a high-risk host,

a positive culture from sputum or bronchoalveolar lavage fluid is highly associated

with invasive disease and provides firm evidence for initiating therapy. Research on

fungal biological markers or molecular methods is in progress but still remains

controversial or has not yet been clinically validated. Caution should be taken with

the diagnostic value of antigen detection tests, and these should be evaluated in

conjunction with the results of other diagnostic procedures. High-resolution chest

computed tomography (CT) scans have assumed increasing importance in the
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diagnosis of angioinvasive fungal infection in high-risk groups of patients. The

presence of the so-called halo sign, nodular lesions that are surrounded by a ground

glass appearance, is an early finding in pulmonary mould infections. Cavitation is a

late sign of infection and not helpful for early diagnosis (Caillot et al. 2001). In order

to establish the extent of invasion into the orbit or the brain, CT scans of the sinuses

and magnetic resonance imaging scans of the brain are helpful.

Four strategies for prevention and treatment of mould diseases have been

described: (1) the prophylactic, with antifungal administration to high-risk patients

without disease evidence, (2) empirical therapy, with antifungal administration to

neutropenic patients with persistent refractory fever, (3) pre-emptive therapy, using

clinical, radiological and/or laboratory markers to determine a possible disease, and

(4) treatment of established fungal infection. Some of the mould organisms are

nonsusceptible to standard antifungal therapy and may involve the use of alternative

antifungal agents, as well as surgical management and recovery of host defenses.

1.2 Spectrum of Mould Diseases

A group of people are commonly exposed to pathogenic fungi, especially those

involved in outdoor activities, with consequent increased risk of invasive fungal

disease (IFD). The most common fungal diseases are caused through minor skin

lesions or by inhalation. Different lifestyle practices, such as smoking tobacco or

marijuana, use of illicit intravenous drugs, and pet ownership, diverse outdoor

relaxation activities, and travelling to endemic areas have showed association

with an increased risk of IFD (Sipsas and Kontoyiannis 2008).

A wide range of diseases can be originated by moulds, from localized non-

invasive diseases (with a much defined region being affected), to invasive (when an

internal organ is affected and the risk of fungaemia is high) and disseminated

diseases (when the fungal agent is present in the blood and multiple organs are

affected). The noninvasive form is clinically the least problematic. Localized

diseases can affect distinct tissues: (1) the skin and soft tissue (cutaneous disease),

(2) the internal parts of the eyes (endophthalmitis), (3) the nose and/or paranasal

sinus (rhinitis and/or rhinosinusitis), (4) Aspergillus conidia or hyphae, which may

develop into the lungs forming an aspergilloma (a pulmonary ball in a free cavity)

or causing allergic bronchopulmonary aspergillosis (ABPA), (5) the subcutaneous

tissues involving the foot or leg (mycetoma), and (6) the bone, muscle and/or joint

(osteomyelitis, discitis and arthritis) (Cortez et al. 2008; Nucci and Anaissie 2007;

Singh and Paterson 2005). Fungal noninvasive diseases usually involve an inflam-

matory reaction at a specific region (redness and heat at the site) and the patient

(immunocompetent or not) may complain of local pain. Depending on the fungus,

the patient may receive antifungal treatment or/and be recommended for surgery

(Chandrasekar 2009).

Most invasive fungal diseases are acquired from air and the adoption of preven-

tive measures may reduce the incidence of mould infections in clinical units.
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The most common invasive form is the pulmonary fungal disease (Cortez et al.

2008; Nucci and Anaissie 2007; Singh and Paterson 2005). If not rapidly contained,

invasive fungal diseases may disseminate to other parts of the body. When the

central nervous system (including the cerebral region) is affected, the fungal

infection becomes very difficult to treat and it is normally fatal (Genzen and

Kenney 2009; Lin et al. 2001). A few fungal agents are usually detected in blood

samples, e.g., Fusarium spp. (detected in more than 70% of the cases), while others,

such as Aspergillus spp., are rarely found in these products and the diagnosis is

much more difficult to achieve (Nucci and Anaissie 2007). The consensus criteria

for definition of proved, probable and possible IFD have recently been reviewed

(De Pauw et al. 2008).

1.3 Risk Factors for Mould-Disseminated Diseases

IFDs have recently become a growing problem in immunosuppressed patients,

being increasingly reported in patients with haematological malignancies, recipi-

ents of bone marrow and solid organ allografts, and patients with AIDS. The use of

anti-Candida prophylaxis with azoles on medical practice might also contribute to a

shift in the epidemiology of these infections from Candida spp. to Aspergillus and
other filamentous moulds. Moreover, new risk factors for IFD have been identified.

The numbers and types of mould diseases became more recognized in high-risk

patients when the population of immunosuppressed individuals increased.

The immunocompromised population is heterogeneous (see Table 1.1). Mould-

disseminated diseases are a major threat to patients treated for acute leukaemia.

Table 1.1 Risk factors of invasive fungal diseases

Immunosuppressive condition Haematological malignancy

Transplantation (bone marrow, blood stem cells, solid organ)

AIDS

Neutropenia

Intensive care unit patientsa

Burn patientsa

Neonatesa

Diabetes mellitus with ketoacidosis

Collagen disease (treated with immunosuppressive drugs)

Iron chelation

Chronic granulomatous disease

Immunosuppressive therapy Corticosteroids

Anticancer chemotherapy

Cyclosporine

Tacrolimus
aIn particular if carriers of medical indwelling devices like central venous catheter, receiving total

parenteral nutrition, broad-spectrum antibacterials and/or antifungals, or showing multisystem

organ failure
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Patients undergoing remission induction therapy are considered to be at high risk of

IFD (Araujo et al. 2008b; Pagano et al. 2006). Also at risk are severely ill patients,

such as those with multiorgan failure and the ones staying for long periods of time

in intensive care units or burn units. Aggressive surgical and medical treatment are

contributing iatrogenic factors, with special evidence of the potential impact of

concomitant medications administered to critically ill patients (Costa-de-Oliveira

et al. 2008a; Rodrigues et al. 2005; Stergiopoulou et al. 2009).

Cytopenias such as lymphopenia, neutropenia, and/or monocytopenia have been

identified as risk factors of IFD (Costa-de-Oliveira et al. 2008b; Marr et al. 2002).

Antifungal defenses involve more than neutrophil killing. Aspergillus-specific
CD4+ T cell responses have long been described as relevant for the regulation of

pulmonary inflammation (Rivera et al. 2006; Beck et al. 2006). Corticosteroids

increase the risk of IFD by affecting the host immune response to Aspergillus species
(Marr et al. 2002). According to some studies, there is evidence of iron overload

impacting on the risk of zygomycosis (Kauffman 2004; Roden et al. 2005).

The practice of haematopoietic stem cell transplantation (HSCT) has undergone

many changes that affect the likelihood that a given patient would develop an IFD.

Over the time course after transplantation, the risk and the types of IFD occurring

in patients are not always the same. IFDs vary with the events that occur during

the pre-engraftment neutropenic period, the early post-engraftment period (until

approximately day 100 posttransplant), and those in the late post-engraftment

period (after day 100). A number of well-recognized factors play a role in the

likelihood of IFD. Important recipient-related factors include age, state of the

underlying disease for which the HSCT is being done, and treatment-related history

(Murray et al. 2009). Factors related to transplant procedure range from the type of

transplant (autologous or allogeneic), the antifungal strategy, the protection of the

patient to mould conidia present in the environment, the choice of conditioning

(myeloblastic or nonmyeloblastic), and the source and doses of stem cells. Com-

plications related to transplant include the duration of pre-engraftment period

of neutropenia, graft failure or rejection, the administration of corticosteroids,

and the occurrence of graft-versus-host disease (GvHD), as well as the presence

of cytomegalovirus infection.

Due to the development of powerful immunosuppressant drugs, survival follow-

ing solid organ transplantation has significantly improved during the past decade,

with rejection rates dramatically reduced. Aggressive immunosuppression asso-

ciated with exposure to antibiotics and antifungals had the consequence of

increased incidence of rare filamentous fungal infections (Berger et al. 2006;

Uçkay et al. 2007). Personal characteristics such as genetic polymorphisms may

also represent an increased risk of development of IFD (Ben-Ami et al. 2009;

Zaas et al. 2008). With the awareness of this complexity, patients at risk presenting

specific and nonspecific symptoms should be followed by proper diagnostic

approach, biopsy, identification of the causing organism at the species level, and

antifungal susceptibility testing. Few characteristics are common to all mould

diseases, but there are important unique features that should be acknowledged.
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1.4 Aspergillosis

Aspergillosis is the most common mould disease and A. fumigatus is responsible
for over 90% of the total clinical disturbances (Cornely 2008). Other species, such

as A. flavus, A. terreus, A. niger, A. nidulans, A. versicolor, A. ustus, and A. glaucus,
may also be related to infections in immunocompromised patients or other chronic

disturbances (Abbasi et al. 1999; Cornely 2008; Krishnan-Natesan et al. 2008);

A. flavus and A. ustus are more prone to cause cutaneous and paranasal sinus

diseases (Cornely 2008; Krishnan-Natesan et al. 2008). More recently, new fungal

species were identified and included in the sections Fumigati or Usti, some of

them being described as responsible for cases of cutaneous, cerebral, peritoneal or

pulmonary aspergillosis (Ghebremedhin et al. 2009; Sutton et al. 2009; Varga et al.

2008; Vinh et al. 2009). Aspergillus species are usually related to a wide spectrum

of disease forms ranging from chronic pulmonary aspergillosis (fibrocavitary

aspergillosis or chronic necrotizing pulmonary aspergillosis) to the most severe

disseminated infections reaching the central nervous system (Genzen and Kenney

2009; Segal 2009). The most usual is the invasive pulmonary aspergillosis that

generally occurs in immunocompromised hosts; the degree and duration of immu-

nosuppression is a critical risk factor for developing aspergillosis in such patients.

Aspergilloma is a fungal ball that develops in lung cavities, usually solved by

surgical removal (Lee et al. 2009). Allergic sinusitis, ABPA, or asthma may also be

found associated with Aspergillus colonization in immunocompetent individuals

(Singh and Paterson 2005; Segal 2009).

The immunocompromised population has dramatically increased in recent dec-

ades and the number of deaths related to aspergillosis has followed the same

tendency, as registered in the United States autopsy record (McNeil et al. 2001).

The incidence of invasive aspergillosis is particularly high among allogeneic and

autologous stem cell transplants, haematological patients, and solid organ trans-

plants, as seen in Table 1.2 (Pagano et al. 2006; Paterson and Singh 1999; Segal

2009; Singh and Paterson 2005; Singh et al. 2003). In addition, patients with

other pathologies, such as advanced acquired immunodeficiency or chronic granu-

lomatous disease, are frequently associated with diverse forms of aspergillosis.

Disseminated Aspergillus disease in more likely to occur in bone marrow transplant

recipients (Lin et al. 2001). The mortality rate from aspergillosis ranges from 30%

to 100%, the highest values being found in patients receiving stem cell (allogeneic

or autologous), liver, or pancreas transplant recipients (Table 1.2) (Singh and

Paterson 2005). Among the most relevant risk factors for aspergillosis are the

decrease of neutrophil function or quantity, severe and chronic GvHD, cytomega-

lovirus disease, and immunosuppressive corticosteroid therapy (Cornely 2008; Lin

et al. 2001; Singh and Paterson 2005). The patients tend to stay for longer periods at

clinical units and the healthcare costs associated with the treatment of the patients

are extremely high (Araujo et al. 2008b; Dasbach et al. 2000; Zaoutis et al. 2006).

The diagnosis of aspergillosis is difficult and most cases are achieved without

confirmation by microbiology; it remains very difficult to recover A. fumigatus
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from blood cultures (Nucci and Anaissie 2007). Most of the time, the first sign of

aspergillosis comes from CT scan of the chest, particularly by identification of the

halo sign (Segal 2009). The early diagnosis of aspergillosis has been improved with

the introduction of the galactomannan serum detection assay. A few false positive

results have been verified in patients receiving antibiotics such as piperacillin–-

tazobactam, and cross-reactivity with other fungi has also been described. But the

overall results of galactomannan are very good; the method showed good sensitiv-

ity and excellent specificity (Pfeiffer et al. 2006). Other diagnostic tests, such as the

detection of b-D-glucan or PCR, may also help to diagnose aspergillosis (Hachem

et al. 2009; Klingspor and Loeffler 2009).

A few antifungal agents are now available for the treatment of aspergillosis. The

first line antifungal is now voriconazole, being amphotericin B formulations and

caspofungin available as salvage therapy (Denning et al. 2002; Erjavec et al. 2009;

Herbrecht et al. 2002). In paediatrics, voriconazole has shown good results, but

specific pharmacokinetic studies are still needed, as children have been treated with

the adult dose (Segal 2009; Walsh et al. 2002). Itraconazole is commonly used in

patients with ABPA in combination with corticosteroid therapy (Stevens et al.

2000). For prophylaxis, posaconazole is the most recommended, although itraco-

nazole is effective in patients with chronic granulomatous disease (Naeger-Murphy

and Pile 2009). The available antifungals are active in vitro against most Aspergillus
spp., particularly A. fumigatus (Araujo et al. 2007; Lionakis et al. 2005). A group

of non-fumigatus Aspergillus have emerged recently as causes of aspergillosis, most

Table 1.2 Incidence and mortality rates of invasive fungal diseases

Invasive fungal

disease

Type of transplant Incidence

(%)

Disseminated

infection (%)

Mortality

(%)

Aspergillosisa Autologous stem cell 2–6 10–20 78–92

Allogeneic stem cell 5–26 27–30 78–92

Solid organ

Liver 1–8 50–60 87

Lung 3–14 15–20 68

Heart 1–15 20–35 78

Kidney 0–4 9–36 77

Pancreas 1–3 – 100

Fusariosis Autologous stem cell 0.2 70–90 80

Allogeneic stem cell 2 70–90 80

Solid organ 0.7 66 80

Zygomycosisb,c Haematopoietic stem cell

transplant

1 17–28 65–90

Solid organ 0.9 2–17 33–66

Scedosporiosisb Haematopoietic stem cell

transplant

0.5–1 60–69 70–100

Solid organ 0.9 8–46 58–80
aAspergillosis data was adapted from Singh and Paterson (2005)
bZygomycosis and scedosporiosis in stem cell transplants refer mostly to allogeneic transplants
cDisseminated zygomycosis is more frequent among lung transplant patients, while the highest

mortalities are registered in liver transplants
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of them resistant in vitro to the antifungals (e.g., A. terreus versus amphotericin

B, A. lentulus and A. viridinutans versus voriconazole, itraconazole and posacona-

zole) (Alcazar-Fuoli et al. 2008; Araujo et al. 2007; Balajee et al. 2005; Steinbach

et al. 2004).

1.5 Zygomycosis

The zygomycetes are divided into two orders, theMucorales and the Entomophthor-

ales. Rhizopus spp. (responsible for around 50% of the total cases), Absidia spp.,

Mucor spp., Rhizomucor spp., andCunninghamella spp. are the most common fungi

responsible for zygomycosis (Chayakulkeeree et al. 2006; Kontoyiannis et al. 2005;

Roden et al. 2005; Stelzmueller et al. 2008). All these genera belong to the order

Mucorales. Zygomycetes are found in soil, vegetation, and in a variety of foodstuffs,

being infections acquired by contact with any contaminated material or by inhala-

tion of airborne conidia (Kauffman 2004). Cutaneous, sinus, and pulmonary infec-

tions are the most frequently caused by Mucorales, but zygomycosis can also reach

internal organs and disseminate, depending on the underlying patient condition

(Cornely 2008; Roden et al. 2005). The cutaneous form occurs in patients suffering

trauma (e.g., automobile accidents) affecting tendons, muscles or bones, or with

burn injuries, while pulmonary or disseminated zygomycosis is more frequent

in immunocompromised patients. The most relevant risk factors for developing

infection by zygomycetes are diabetes, haematological malignancy (mainly asso-

ciated with neutropenia), immunosuppressive treatments, deferoxamine therapy

(zygomycetes use iron as a siderophore), and transplantation procedures (Table 1.2)

(Kauffman 2004; Roden et al. 2005). The diabetics are particularly prone to the

acquisition of rhinocerebral zygomycosis which, if not rapidly treated, may present

devastating consequences to the patient (Nucci 2003; Zaoutis et al. 2006). Addi-

tionally, there are reports of increased risk of zygomycosis among patients receiving

voriconazole prophylaxis — zygomycetes are resistant to this antifungal (Siwek

et al. 2004). Thus, it is recommended that voriconazole be carefully used for prophy-

laxis as to date no clinical trials exist to support this strategy. Changes in environmen-

tal conditions, particularly epidemiological variation of zygomycosis through

changing seasons, have also been described (Al-Ajam et al. 2006; Gómez-López

et al. 2001; Kontoyiannis et al. 2005).

No outbreaks of zygomycosis have been described to date in contrast with other

mould infections, e.g., aspergillosis. It is possible that the patients developing

zygomycosis be colonized before arriving in clinical units; this may explain the

genetic diversity and reduced genetic clustering of zygomycetes found in samples

collected from sick patients from the same place (Abzug et al. 1992). The diagnosis

of zygomycosis is difficult and several cases are diagnosed postmortem (Stelzmueller

et al. 2008). The culture of such fungi is not frequent; thus, biopsy, histopathology,

and CT scan are commonly used for diagnosis. PCRmay represent a valid alternative

for the earlier diagnosis in the near future (Kasai et al. 2008).
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Zygomycetes may represent the next challenge for fungal infection treatment.

Candida infections have been drastically reduced in the last two decades with the

introduction of fluconazole for prophylaxis and empirical use, and it is probable

that a similar reduction of aspergillosis will happen worldwide now that more

antifungals have been made available with high activity against Aspergillus spp.

However, there are still a very limited number of antifungal agents with in vitro
activity against zygomycetes and the incidence of those infections is increasing

annually (Kauffman 2004). Amphotericin B and posaconazole have shown in vitro
activity against Rhizopus spp., Absidia spp., Mucor spp., and Cunninghamella spp.

(Alastruey-Izquierdo et al. 2009; Almyroudis et al. 2007; Gómez-López et al. 2001).

Amphotericin B is recommended for the primary treatment of zygomycosis, and

posaconazole is an alternative for salvage therapy (Naeger-Murphy and Pile 2009).

The echinocandins do not present in vitro activity against zygomycetes (Almyroudis

et al. 2007). Nevertheless, early diagnosis and a combination of diverse options, such

as antifungal treatment, surgery, use of iron chelators, and/or adjunctive therapies

(recombinant cytokines, hyperbaric oxygen, or granulocyte transfusions), may be the

best alternative for treating zygomycosis (Roden et al. 2005; Spellberg et al. 2009).

1.6 Fusariosis

Commonly classified as plant pathogens, Fusarium species have become highly

significant as opportunist fungi, causing serious disease in humans during recent

decades. These fungi are commonly found in soil, plants, and contaminated waters.

Fusarium solani (responsible for around 50% of the total cases), Fusarium
oxysporum, and Fusarium moniliforme are the species mainly associated with

infections in humans (Al-Abdely 2004; Nucci and Anaissie 2007). Fusarium species

may cause a wide spectrum of diseases in humans that can range from localized

diseases (keratitis, onychomycosis, or mycetoma) to pulmonary and disseminated

infections (Nucci and Anaissie 2007). The skin may represent the primary site of

infection as 70% of 259 published cases of fusariosis showed skin involvement

(Nucci and Anaissie 2002). The existence of a large incidence of fusariosis in

trauma cases and burns, and the development of onychomycosis or cellulitis,

confirm that the skin participates as a decisive barrier for protection against

Fusarium spp. Airborne conidia may also represent a relevant portal of entry, as

well as the ingestion of water or food with Fusarium conidia by immunocompro-

mised individuals. Waterborne fusariosis was reported as associated with nosoco-

mial hospital infections in the United States, and the genetic analysis of the isolates

showed that all tested strains were from the same clonal lineage (O’Donnell et al.

2004). Prevention of infection by using high-efficiency particulate air (HEPA)

filters and water filtration systems, together with effective cleaning procedures of

showers and toilet walls and superficies, represent the best strategy for reducing the

number of infections among immunocompromised patients at clinical units (Nucci

and Anaissie 2007).
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Invasive and disseminated fusariosis are highly lethal fungal infections, particu-

larly in haematological cancer and neutropenic patients (see Table 1.2) (Girmenia

et al. 2000; Nucci et al. 2003, 2004). Fusariosis has become one of the most relevant

mould infections in the United States, usually supplanted only by aspergillosis. The

M. D. Anderson Cancer Center of Houston reported an increased number of cases in

the period 1986–1995 (Boutati and Anaissie 1997), while in Europe the number of

infections also increased particularly in France and Italy (Girmenia et al. 2000). The

duration of neutropenia and the large administration of corticosteroids are the

most important factors for the highest mortality in cancer patients (Nucci et al.

2003). A study in nine hospitals from North and South America confirmed that

fusariosis was lethal in allogeneic haematopoietic stem cell transplant recipients,

although this infection could also occur in patients submitted to autologous stem

cell transplant (Nucci et al. 2004); the rate of proven infection was high (92%) in

these patients. Simultaneously, it has been reported that fusariosis may show a

greater propensity to appear in cold months (from autumn to spring) (Girmenia

et al. 2000; Nucci et al. 2004). A hypothesis for explaining seasonal distribution is

that the wind and rain play a crucial role in the dispersion of Fusarium conidia in

the environment (Girmenia et al. 2000).

The diagnosis of fusariosis is usually easier than previously seen for aspergillo-

sis. Skin lesions represent the single source of diagnosis in the majority of patients

with these lesions (Nucci and Anaissie 2007). Fusarium conidia are normally

recovered from two sites (blood and skin) and the microbiological culture of the

organism is much more common than for aspergillosis – around 70% of the blood

cultures are positive for Fusarium spp. versus less than 5% for Aspergillus spp.

(Nucci et al. 2004). Fusarium spp. present reduced in vitro susceptibility to

amphotericin B formulations and azoles (Azor et al. 2008, 2009; Tortorano et al.

2008). Echinocandins show no activity against these fungi. In fact, critical difficul-

ties are faced today for the treatment of fusariosis. There are reports of infections

treated with posaconazole, but the recommended antifungal treatment is a high dose

of amphotericin B (conventional or lipid formulation), or voriconazole if the

organism is not F. solani or F. verticilloides (Nucci and Anaissie 2007). Localized

fusariosis may be better solved with surgery. Terbinafine proved to be the most

effective in vitro against Fusarium spp. and may be used in a few cases (Azor et al.

2008, 2009; Tortorano et al. 2008). White blood cells growth factor, granulocyte–

macrophage colony-stimulating factor, and granulocyte transfusion represent valid

alternatives in neutropenic patients (Al-Abdely 2004).

1.7 Scedosporiosis

Scedosporium apiospermum (and its teleomorph or sexual form Pseudallescheria
boydii) and Scedosporium prolificans are the most important species responsible for

scedosporiosis. The first fungus is a relevant mould causing mycetoma and invasive

and disseminated infections in immunocompromised patients, while S. prolificans is
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a less frequent disease-related filamentous fungus that was included with the group of

phaeohyphomycosis (Castón-Osorio et al. 2008). These ubiquitous fungi are usually

present in the soil, sewage and polluted waters, particularly in temperate climates,

although they can also be found in tropical regions (Cortez et al. 2008). It is possible

to define a geographic world distribution for both fungi, S. apiospermum being found

worldwide and S. prolificans in more restricted areas, such as the Iberian Peninsula,

Australia and southern United States (Cortez et al. 2008; Tintelnot et al. 2009).

The overall frequency of scedosporiosis is low in most geographic areas, but

during recent years it has become more frequent worldwide (Cortez et al. 2008;

Kantarcioglu et al. 2008; Tintelnot et al. 2009). Patients with haematological

malignancies, stem cell transplant recipients, patients under immunosuppressive

treatments, patients with advanced HIV infection, or those suffering from chronic

granulomatous disease are the main target of the opportunistic Scedosporium
moulds (Table 1.2) (Cortez et al. 2008). Scedosporiosis was responsible for 14%

of the non-Aspergillus mould infections found in stem cell transplant recipients,

showing a very poor outcome – all nine patients identified with this infection

died (Marr et al. 2002). S. prolificans has been described as more pathogenic than

S. apiospermum due to its pigmentation (Cortez et al. 2008).

The most relevant risk factors are steroid treatment, lymphopenia, low level

of serum albumin, neutropenia, diabetes, and cytomegalovirus infection (Lamaris

et al. 2006). S. apiospermum or P. boydii may colonize the respiratory tract of

individuals, particularly persons exposed to high environmental inocula, as is the

case for people working in agricultural settings. In cystic fibrosis patients, coloni-

zation with S. apiospermum may cause an even greater deterioration in the respira-

tory function of these patients [the fungus was found in 9% of 128 cystic fibrosis

patients (Cimon et al. 2000)] and can be fatal in patients admitted for transplanta-

tion (Symoens et al. 2006). Patients undergoing corticosteroid therapy for rheuma-

toid arthritis are also at high risk of developing scedosporosis (Lake et al. 1990;

Miller et al. 1993). There are reports of outbreaks of S. prolificans infections in

hospitals under reconstruction (Alvarez et al. 1995).

The diagnosis of such infections is based on cytology and histopathology,

confirmed by the culture of the fungus. Radiology, serology, and molecular

biology methods may help in the diagnosis of scedosporiosis (Cortez et al. 2008).

The treatment of scedosporiosis is very difficult since these moulds are highly

resistant to antifungals. S. apiospermum is resistant in vitro to amphotericin B and

itraconazole, being more susceptible to voriconazole (Alastruey-Izquierdo et al.

2007; Cuenca-Estrella et al. 2008). S. prolificans is resistant to all the antifungals

available in clinic, with few strains presenting reduced susceptibility to voricona-

zole (Cuenca-Estrella et al. 2008). Echinocandins show no activity on this group

of moulds. Voriconazole is the recommended antifungal treatment for scedospor-

iosis (Cortez et al. 2008; Naeger-Murphy and Pile 2009), but the combination of

antifungal treatment, surgery, and the recovery of patient immune status may be the

best clinical strategy for treating scedosporiosis (Chandrasekar 2009; Cortez et al.

2008). Meanwhile, it is highly recommended that in vitro susceptibility testing be

performed in clinical isolates of Scedosporium (Alastruey-Izquierdo et al. 2007).
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1.8 Other Mould Infections

1.8.1 Histoplasmosis and Coccidioidomycosis

For the endemic mycoses, exposure is limited to certain geographic areas, and an

individual who remains outside the organism’s ecological niche is not at risk of

infection. Patients with extensive immunosuppression may present a more severe

form of disease, and reactivation of prior infection can occur in those who previ-

ously resided in the endemic area for histoplasmosis or coccidioidomycosis. His-
toplasma capsulatum is an intracellular pathogen commonly found in soil

containing high concentrations of bird or bat guano (Kauffman 2006). Patients at

most risk of severe disease are those with cellular immune defects (especially

AIDS), transplant recipients, and those receiving corticosteroids. In USA, Cocci-
dioides immitis is common in the Lower Sonoran desert of Arizona and California.

A determining factor for the severity of infection in both healthy and immunosup-

pressed hosts is the extent of environmental exposure. Coccidioidomycosis appears

to be more severe in those immunosuppressed patients who have received trans-

plants or have AIDS (Ampel 2009). Dissemination to lungs, meninges, skin, and

other tissues is common.

1.8.2 Emergent and Uncommon Fungi

Immunosuppressed patients may develop infection with a variety of uncommon

fungi, the severity of the disease being associated with the compromising of host

defenses. Exceptional conditions may be responsible for such mould diseases.

Disseminated infection with Sporothrix schenckii has been described in AIDS

patients, particularly the ones involved in outdoor activities that make contact

with contaminated soil (Kauffman 2006). Penicillium marneffei represents another
opportunistic pathogen systematically responsible for infections in AIDS patients.

Disseminated diseases caused by this mould are clinically indistinguishable from

disseminated histoplasmosis (Mootsikapun and Srikulbutr 2006). P. marneffei
infections can be seen in patients living in or travelling to Southeast Asia, the

area endemic for this fungus (Murray et al. 2009).

Phaeohyphomycosis is an infection that usually follows traumatic accidents

(Naggie and Perfect 2009). Dematiaceous or dark-walled fungi are the environ-

mental saprophytes responsible for phaeohyphomycosis and may cause a variety of

different diseases in immunosuppressed individuals. Solid organ transplant recipi-

ents develop subcutaneous nodules and the organisms Exophiala, Alternaria, or
Phialophora are usually implicated (Murray et al. 2009). Disseminated infection

with the dematiaceous fungi also occurs in transplant recipients and patients

with hematologic malignancies. All the fungi that can cause this clinical picture

appear identical in tissue. Therefore, they must be grown in culture and examined
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histologically. For many of these fungi, the most effective antifungal therapy is not

known and the mortality rate for disseminated infection is high. Alternaria is a very
large and complex genus that encompasses hundreds of species, although specific

data are difficult to obtain because of the proliferation of nomenclature of dubious

taxonomic validity (Pastor and Guarro 2008). Alternaria is common in soil and air

and represents ubiquitous agents sometimes described as plant pathogens. Alter-
naria infects mainly immunocompromised hosts. Immunosuppression is frequently

associated with cutaneous and subcutaneous infections and rhinosinusitis. The most

important risk factors for cutaneous and subcutaneous infections are solid organ

transplantation and Cushing’s syndrome, and those for rhinosinusitis are bone

marrow transplants (Pastor and Guarro 2008).

Paecilomyces lilacinus has been linked to fungal keratitis in wearers of soft

contact lenses (Pastor and Guarro 2006). Deep invasive infections due to this

organism occur more frequently in immunocompromised patients. The clinical

importance of other filamentous fungal, such as the genus Trichoderma, has been
recognized in the last decade. Several species have been indicated as potential

opportunistic pathogens in immunocompromised hosts, particularly among adult

and paediatric neutropenic patients (Kantarcioglu et al. 2009; Lagrange-Xélot et al.

2008). Curvularia infections in humans are uncommon although the fungus shows a

ubiquitous presence in the environment (soil and air). Curvularia spp. may cause

respiratory tract, corneal, and cutaneous infections (Fan et al. 2009). A few cases of

central nervous system involvement by Curvularia have been documented in the

medical literature. Interestingly, infections with Curvularia do not appear to require
an immunosuppressed host (Rinaldi et al. 1987).

1.9 Future Perspectives and Conclusions

It still remains critical to find promising diagnostic tools that combine good results

for sensitivity and specificity with an inexpensive technology. Benefits from

early diagnosis include reduced drug acquisition costs and reduced morbidity and

mortality from drug-related adverse events. In addition, it may result in shorter

hospital stay for patients. It is possible that newer prophylactic protocols reduce

disease prevalence to levels where the performance of surveillance diagnostic tests

becomes suboptimal (Ben-Ami et al. 2009). The resolution of the host immune

status is also crucial for full recovery of patients and for the decrease in incidence of

mould diseases.

The challenge for developing vaccines against fungal diseases has increased in

recent years because of the high incidence rates of fungal diseases worldwide.

Prototypic antigens have been identified and they may represent excellent alter-

natives for inducing protective immunity (Cutler et al. 2007). Major developments

have been conducted in this field and the development of vaccines targeting human

fungal pathogens is now a feasible goal. Nevertheless, many doubts with regard to

the safety and efficacy of fungal vaccines will be raised in the near future.
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Mould conidia cannot be eliminated from indoor environments. Normal build-

ings contain a diversity of materials and substrates that provide nutrition for

many species of moulds, where they can grow and amplify. Exposure to moulds

is inevitable except in the presence of air filtration, isolation, and when environ-

mental protective measures are adopted, for example, in organ transplant isolation

units or burn units. A few strategies can be used to reduce the indoor air fungal load

in wards receiving high-risk patients, particularly by adding HEPA filters and

positive air flow rate, providing an anteroom, and wearing protective clothes, hair

and shoe covers, and facial mask (Araujo et al. 2008a; Muñoz et al. 2001).

Therefore, routine mycological investigations of environmental reservoirs, namely

air and water, should be constantly made in hospitals or at institutions where

immunosuppressed individuals are treated.
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Chapter 2

Virulence and Pathogenicity of Fungal

Pathogens with Special Reference

to Candida albicans

Mohd Sajjad Ahmad Khan, Iqbal Ahmad, Farrukh Aqil, Mohd Owais,

Mohd Shahid, and Javed Musarrat

Abstract The frequency of severe systemic fungal diseases has increased in the last

few decades. The clinical use of broad spectrum antibacterial drugs and immuno-

suppressive agents after organ transplantation, cancer chemotherapy, and advance-

ments in surgery are associated with increasing risk of fungal infection. Despite the

effectiveness of available antifungals in combating such infections, the emergence

of drug resistance to antifungals, and problems of toxicity and poor delivery of drugs

at the target site in systemic infections, have necessitated a systematic approach to

the study of fungal pathogens, host–fungi interactions, and identification of viru-

lence factors. Characterization of virulence factors is expected to improve under-

standing of fungal pathogenesis and to help explore new drug targets. In this article

we discuss the process of fungal infections, virulence factors and pathogenicity of

fungal pathogens, with special reference to Candida albicans. Adherence, dimor-

phism, phenotypic switching, secretion of hydrolytic enzymes, biofilm formation,
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and ability to adapt at host body temperature are some of the well-known virulence

factors among pathogenic fungi and are discussed in relation to C. albicans.

2.1 Introduction

Fungi are eukaryotic microorganisms that are more closely related to humans than

bacteria at cellular level. They belong to the group Eumycota, and are chemoheter-

otrophs with a chitinous cell wall. More than 100,000 species have been described.

Most species grow as multicellular filaments called hyphae-forming mycelium such

as molds; some species also grow as single cells like yeasts. Some groups of fungi

are pathogenic to humans and require control measures. Human fungal pathogens

belong to four main groups, namely zygomcetes, ascomycetes, deuteromycetes,

and basidiomycetes. Fungi can cause significant number of human diseases repre-

sented by pathogens such as Trichophyton sp, Epidermophyton sp, Histoplasma sp,

Blastomyces sp, Sporothrix sp, Coccidioides sp, and Paracoccidioides sp, capable of
infecting healthy people, or opportunistic invaders such as Aspergillus sp, Candida
sp, Cryptococcus sp, Fusarium sp, and Rhizopus sp, which are normally avirulent

in healthy people but could be disseminated to deep tissue and cause fatal disease in

unhealthy people (Chakrabarti 2005; Reedy et al. 2007). The morbidity and mortality

rates caused by fungal species such as Candida, Aspergillus, Fusarium, and Trichos-
porum are relatively higher (Fluckiger et al. 2006). In Europe, fungal infections

account for 17% cases associated with intensive care units (Rupp 2007), while in

the USA it has become the seventh most common cause of deaths among hospitalized

patients (Martin et al. 2003). About 15% of allogenic haemopoietic stem cell trans-

plant recipients and 20% of lung transplant recipients suffered fungal infections

(Ribaud et al. 1999). Approximately 60% and 20% of AIDS patients present with

pneumonia and esophageal candidiasis respectively (Moore and Chaisson 1996).

Data from the late 1950s and early 1960s indicate that invasive fungal infections

were extremely rare, even in immunocompromised cancer patients (Chakrabarti

2005). Now, fungal infections have dramatically increased in the past two decades

as a result of improved diagnostics, high frequency of catheterization, instrumenta-

tion and an increasing number of immunosuppressed patients. Particularly, invasive

fungal infections are showing extremely high mortality rate. The use of antineo-

plastic and immunosuppressive agents, broad-spectrum antibiotics, prosthetic

devices and grafts, and more aggressive surgery have led to the development of

complicated infections, including invasive fungal infections. Furthermore, patients

with burns, neutropenia, and HIV infections are now seriously exposed to fungal

infections (Kuleta et al. 2009).

Fungal infections have now also become more common in the healthy population.

The National Nosocomial Infections Surveillance System has reported Candida spp.
as the fourth most common bloodstream isolates in nosocomial infections in USA.

Over 95% of all fungal infections have been associated with Candida albicans,
Aspergillus fumigates, and Cryptococcus neoformans (Richardson 2005).
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2.2 Diseases Caused by Human Pathogenic Fungi

Fungal diseases can be broadly classified on the basis of causative agents as:

(a) dermatophytosis, (b) histoplasmosis, (c) blastomycosis, (d) coccidiomycosis,

(e) candidiasis, (f) cryptococcosis, (g) aspergillosis, (h) hyalohyphomycosis, and

(i) zygomycosis, as described by many authors (Sullivan et al. 2005). These

diseases differ in their nature, causative agents, and distribution. Description of

such fungal diseases, their causative agents and major organs involved etc are given

in Table 2.1. However, candidiasis is described here briefly. Candidiasis encom-

passes secondary or opportunistic infections ranging from acute, sub-acute, and

chronic to life-threatening mycoses. Infections are localized to mouth, throat, skin,

vagina, fingers, bronchi, lungs, and gastrointestinal tract, or sometimes become

Table 2.1 Examples of commonly caused fungal diseases

Fungal diseases Causative agent Site of infection Transmission

Dermatophytosis T. rubrum,
T. mentagrophytes,
E. floccosusm,
M. gypseum,
M. canis

Skin, hair, nails, feet Soil, contact with

arthrospores or

conidia from

contaminated

animals and

humans

Histoplasmosis H. capsulatum Lungs Soil, inhalation of

microconidia

Blastomycosis B. dermatididis Lungs, skin, genitourinary

tract, brain

Soil, inhalation of

conidia

Coccidioidomycosis C. immitis,
C. posadasii

Lungs, bones, joints,

meninges

Soil, inhalation of

arthroconidia

Candidiasis C. albicans,
C. tropicalis,
C. glabrata,
C. dubliniensis,
C. krusei

Intestinal tract, vaginal

tract, skin, fingers,

oral cavity

Endogenous flora,

contact with

secretions from

infected person

Cryptococcosis C. neoformans Lungs, meninges, kidney,

liver, prostate, bones

Soil, contamination

with bird feces

Aspergillosis A. fumigatus, A. flavus,
A. niger

Lungs Soil, inhalation of

spores

Hyalohyphomycosis Fusarium sp.,

Phecilomyces sp,
Scedosporium sp,
Scopulariopsis sp,
and Acremonium sp

Keratin, nails, lungs Soil, plant debris,

ingestion of toxin

contaminated

plant parts

Zygomycosis Rhizopus sp, Mucor sp
and Absidia sp

Skin, cerebral, blood,

lungs, genitourinary

and gastrointestinal

system

Soil, decaying plant

material,

inhalation or

percutaneous

contact of spores

Adapted from Weitzman and Summerbell (1995), Hogan et al. (1996), Pommerville (2004),

Rappleye and Goldman (2006), Willey et al. (2008)
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systemic as candidemia, endocarditis, and meningitis. A number of Candida spp are
encountered in candidiasis such as C. albicans, C. glabrata, C. tropicalis, C. krusei,
C. dubliniensis, C. parapsilosis (Hayens and Westerneng 1996). C. albicans is a
member of the commensal microflora of the intestine. It is pleomorphic and under-

goes reversible morphogenic transitions between budding yeast, pseuodohyphal,

and hyphal growth forms. Healthy persons generally encounter superficial infec-

tions but in immunocompromised patients invasive infections could also occur.

Approximately 70% of woman experience vaginal candidiasis once in a life,

and 20% suffer from recurrence (Fidel et al. 1999). Among other Candida spp,

C. glabrata has emerged as a frequent pathogen due to increased use of immune

suppressive agents. C. krusei is a pathogen of importance in patients with hemato-

logical malignancies and transplants. C. parapsilosis is frequently isolated from

blood cultures due to insertive medical devices. C. tropicalis is one of the causative
agents of candidemia and isolated from patients with leukemia and those who have

undergone bone-marrow transplantation. C. dubliniensis is found associated with

systemic infections in AIDS patients.

2.3 Host–Fungi Interaction: The Process of Infection

Like any other microbial pathogen, fungal infection also involves some basic steps

such as (1) entry and adherence to the host tissue, (2) invasion of the host tissue,

(3) multiplication, colonization and dissemination in the tissues, and (4) evasion of

the host immune system and damage to the tissues.

2.3.1 Entry or Adherence to the Host Tissue

Humans are first exposed to fungus C. albicans when passing through the vaginal

canal during birth. In this course the fungus colonizes the buccal cavity, and upper

and lower parts of the gastrointestinal tract of the newborn, where it becomes

commensal (Khan and Gyanchandani 1998; Claderone and Fonzi 2001). Other

fungi of human diseases come from exogenous sources of soil and decaying vege-

tation as saprophytes. Generally, they enter through respiratory portals. Fungi rarely

cause disease in immunocompetent hosts, though often exposed to infectious

spores. Disease results when fungi accidentally penetrate host barriers or when

immunologic defects or other debilitating conditions exist that favor fungal entry

and growth (Hogan et al. 1996). Infection of a host starts with the adherence of

fungi at epithelial surface layers and further dissemination to different host sites.

Invasion of various tissues and resistance to attack by the host immune system is

necessary for a pathogen to establish infection.
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2.3.2 Adaptation and Propagation

For a fungus to survive in its niche it has to adapt to constantly changing para-

meters. Therefore, fungi respond to change in a specific environmental component

by inducing transcriptional and translational changes that promote survival under

the newest environmental conditions. When fungi enter the mammalian host their

lifestyle changes from saprophytic to parasitic. As saprophytes, fungi survive in an

environment with a moderate ambient temperature and pH, essential nutrients such

as carbon and metal ions, and atmospheric concentrations of carbon dioxide and

oxygen. Once having invaded a human host, these environmental factors are

suddenly replaced by drastic changes. In the different niches of a host, completely

different nutrient compositions may exist and specialized features of fungal patho-

gens may be involved in the establishment, dissemination, and manifestation of an

infection (Brock 2009). For example, ambient temperature is replaced by the high

temperature of the human body. Fungal survival at the elevated temperature of a

human host is essential for virulence. The fungal pathogens C. neoformans and

A. fumigatus are simply better able to survive at 37�C than their nonpathogenic

counterparts (Hogan et al. 1996). Fungi often develop morphogenetic virulence

mechanisms, e.g., formation of yeasts, hyphae, and spherules that facilitate their

multiplication within the host at higher temperature. Yeast cells of many Candida
species form filamentous pseudohyphae and hyphae in tissues, whereas C. neofor-
mans yeasts become coated with a capsule, and Coccidioides immitis develops

swollen, septated spherules in the host. Other fungi such as Histoplasma capsula-
tum, Blastomyces dermatitidis, and Penicillium marneffei form filamentous mycelia

in the environment, but convert to yeast morphology upon contact with the human

host (Rappleye and Goldman 2006). Hyphae that grow in the skin or nail as

dermatophytes can fragment into arthroconidia or other conidial types. On the

other hand, ambient pH is replaced with acidic conditions of mucosal surfaces or

neutral to slightly alkaline pH of blood and tissues. One pathway used by fungi in

response to changing pH involves activation of the transcription factors such as

PacC in A. nidulans and Rim101 in C. albicans (De Bernardis et al. 1998). Carbon
and metal ions are lacking in host tissues; iron is sequestered from microbes by iron

carrier proteins in tissues, creating an iron-limited environment. In order to survive,

fungi encode certain mechanisms by employing siderophores, high affinity iron

chelators, to efficiently bind host iron into fungal cytoplasm (Haas et al. 2008).

Also, fungi have to face hypoxia and high levels of carbon dioxide in tissues. In

C. albicans, the response to hypoxia is dependent on coordination of specific

transcriptional regulators; for example, transcription factor Ace2 represses oxida-

tive metabolic processes and promotes filamentation (Mulhern et al. 2006).

All these specialized adaptations help fungi in sustaining infection at the host

site. Most of the free-living pathogenic fungi possess an extremely versatile metab-

olism which allows them to adapt immediately to changes in the environmental

conditions during life in the soil. Therefore, success of infection depends on rapid

adaptation to changing micro-environments.
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2.3.3 Dissemination

Dissemination of fungi in the host body is facilitated by severe endocrinopathies

and immune disorders. A fungus utilizes various mechanisms to deceive or destroy

the immune cells and spread to various organs. Dissemination depends on interac-

tions of factors from host and fungi, as described by several authors (Casadevall and

Pirofski 2001; Latge and Calderone 2002).

2.3.3.1 Host Factors

Considering the interaction between host and pathogen, immune cells are the major

antagonists to the survival of fungal pathogens inside the host. However, primary

resistance to fungal invasion and colonization is contributed by cutaneous and

mucosal physical barriers. The non-specific host defenses include (1) the antifungal

activity of saliva and sweat, (2) the competition for space and nutrients by the

normal microbiota of the skin and mucous membranes, which limits the growth of

potential pathogens, and (3) the mechanical barrier of the skin and mucous mem-

branes which prevent entry of fungi. Inflammatory systems to combat fungal

proliferation involving the action of neutrophils, mononuclear phagocytes, and

other granulocytes are also considered to be nonspecific. The specific host defenses

or acquired immunity consist basically of the cell-mediated immunity regulated by

T-lymphocytes. In humans, mycoses acquired by exposure to fungal spores through

the respiratory tract are checked primarily by the first line of defense, i.e., muco-

ciliary clearance. Remaining spores are ingested and killed by monocytes or

macrophages through phagocytosis as adaptive innate immunity (Wanner et al.

1996). In addition, healthy individuals employ a second line of defense formed by

neutrophilic granulocytes. They mainly attack hyphae, which are too large for

ingestion. These in turn are killed by oxidative and non-oxidative mechanisms,

including different defensins. Each of these two defense systems alone is able to

protect the host against large spores over long time periods. Fungal pathogens can

cause invasive disease only if both protective lines are surpassed (Murphy 1991).

Overall, severity of disease depends on factors such as inoculum size of the

attacking pathogen, magnitude of tissue damages, ability of fungi to multiply in

the tissue, and the immune status of the host cells.

2.3.3.2 Fungal Factors

Production of extracellular enzymes such as keratinases, collagenases, gelatinases,

phospholipases, lipases, and acid proteinases by dermatophytes, Aspergillus sp,

Candida sp, and Cryptococcus sp is considered to be the fungal-associated factor

that helps fungi in nutrient uptake, tissue invasion, adherence, and dissemination

inside the host. In some fungi such as C. neoformans, the presence of capsule may be
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an important factor. Similarly, the ability to grow at 37�C, dimorphism, and other

factors contribute to fungal pathogenesis, which involves a complex interplay of

many fungal and host factors.

2.4 Virulence and Pathogenicity

Pathogenesis is the ability of a microorganism to infect the host and produce disease

resulting from interaction of pathogen with host via expression of certain factors on

both sides. Pathogenicity of a fungus depends on its ability to adapt to the tissue

environment and to withstand the lytic activity of the host’s defenses. Several

determinants including genes or gene products such as enzyme molecules known

as virulence factors are involved in this relationship, producing superficial to

invasive infections in humans. Virulence refers specifically to a property of the

pathogen and, according to modern definitions, virulence is the ability of a pathogen

to multiply and cause harm to its host (Casadevall 2007). For a fungus to produce

disease in a patient, it must be actively invading tissues. Diseases caused by fungi

without invasion of live tissues include mould allergies and cutaneous dermato-

phyte infections (ringworm), in which fungi invade and damage only the nonviable

epidermis. Further, potentially lethal mycoses involving deep tissues result from

fungal dissemination and invasion throughout the body (Fluckiger et al. 2006).

Many human fungal pathogens are dimorphic (capable of reversible transitions

between yeast and hyphal forms), and the morphogenetic transition between these

forms is often stimulated by growth in the host and correlated with host invasion.

However, the nature of association between fungal morphogenesis and host inva-

sion is a highly debated aspect of fungal virulence (Molero et al. 1998; Klein and

Tebbets 2007).

Determinants of pathogenicity are called virulence factors. Pathogenic microbes

often possess a number of virulence factors and mechanisms. These factors deter-

mine whether the organism (the host) lives or dies during host–microbe interac-

tions. The factors can be inducible or constitutive, the direct product of genetic

elements (proteins), or the products of complex biosynthetic pathways such as

polysaccharides or lipid mediators. The virulence factor can be assessed by com-

paring biological response in fungi with and without the factor. The most convinc-

ing evidence for a factor to be considered as a virulence determinant is the

simultaneous loss of the factor and loss of virulence, and the regaining of virulence

when the factor is restored. Virulence factors must help the pathogen to grow at

elevated temperatures, facilitate adherence, penetration and dissemination, or assist

in resistance against innate immune defenses, e.g., phagocytosis and complement,

evasion from adaptive immune defenses, or nutritional and metabolic factors,

necrotic factors, or morphology variation. The ability of a fungus to grow at 37�C
and physiological pH is a virulence factor for fungi that invade deep tissue, and the

transition to parasitic form is essential for the pathogenicity of dimorphic fungi.

A size compatible with alveolar deposition is a virulence factor for fungi producing
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infections by inhalation of airborne spores (Tomee and Kauffman 2000). Some

kinds of virulence factors are commonly required for all pathogens, such as the

ability to recognize and adhere to host tissues, to respond rapidly to changes in the

external environment and to secrete hydrolases; all are thought to be important

in virulence. But the complex nature of the host–fungus interaction has resulted in

some factors that are absolutely required for fungal virulence. Some properties are

frequently associated with pathogenesis across all fungal pathogens and others have

been found to be important for specific pathogens. Because pathogenesis is com-

plex phenomenon, possession of a single putative virulence factor is not sufficient

for a fungus to become pathogenic; rather, a complex combination of properties is

usually required. Several kinds of processes are thought to be involved in virulence

in a wide range of fungal pathogens. Virulence factors associated with certain well-

characterized fungi have been described in the literature, and we have listed some

of them associated with medically important fungi in Table 2.2.

2.5 Candida albicans: An Opportunistic Fungus

Candida spp are asexual yeasts of the genus ascomycetes and genetically diploid

with the presence of eight chromosomes. Some species have shown phenotypic

switching, variant colony morphology and dimorphism, and transition from yeast

to filamentous form. Out of more than 200 species, the most commonly encountered

in medical practices are C. albicans, C. dubliniensis, C. glabrata, C. krusei,
C. parapsilosis, and C. tropicalis. About 8%–15% of nosocomial blood stream

infections are reported to be caused by Candida spp (Pfaller and Diekema 2002).

Candidal infections are a serious problem in individuals with weakened immune

defense. Interestingly, C. albicans differs from other medically important fungi

such as H. capsulatum, A. fumigatus, and C. neoformans in rarely being isolated

from soil. Therefore, infections caused are categorized as endogenous and not

exogenous as with others. C. albicans and related spp have been isolated from

several body locations as a carrier in the oral cavities, gastrointestinal tract, anus,

groin, vaginal canal, and vulva of healthy people, and may attain sufficiently high

density without symptoms of disease. Among these, C. albicans was predominant

at all body locations (70%), C. glabrata and C. tropicalis (7%) (Odds 1988). In

normal conditions, it exists with other normal microbial flora of host organs; about

50% of a healthy population is supposed to be a benign carrier of Candida spp, but

in immunocompromised patients who have undergone chemotherapy, bone-mar-

row transplantations, or diabetic treatment, it behaves like an opportunistic patho-

gen and produces superficial to systemic infection. Broad-spectrum antibiotic

therapy may also alter the population of normal bacterial flora, resulting in Candida
sp taking over the niche and assisting in flourishing and establishing secondary

infections. Oral and vaginal thrushes are very common even in individuals with

slightly weakened immunity (Soll 2002a; Fluckiger et al. 2006; Odds et al. 2006).

The ability of C. albicans and other Candida spp to colonize and survive at different
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Table 2.2 Role of virulence factors in pathogenic fungi

Fungal pathogen Type of virulence factors Role in pathogenicity

Dermatophytes Keratinase Damage of keratinous layer in epidermis

Elastase Destruction of elastin in tissues

Acid proteinase Cleavage of peptide bonds in host cells to obtain

nutrients and invasion

Phospholipase Cleavage of phosphodiester bond in membrane

lipids for invasion

Aspergillus spp Cell wall component,

b-1,3 glucan

Cell adhesion

Conidial size (2–3 m) Escape from mucocilliary extrusion

Adhesin, tronchin Binding of conidia to lung tissue

cAMP, rasA, rasB Nutritional uptake and growth of pathogen,

germination of conidia, branching of hyphae

Elastase-alkaline serine

proteinase

Degradation of elastin in lung tissue

Phospholipase C (plb1,2,3) Tissue damage and penetration

Catalases (catA, catB and

cat2), Superoxide

dismutase

Prevention from oxidative damage in

macrophages

Gliotoxin, helvolic acid Immunosuppressive properties, prevention from

oxidative burst of macrophages

Ribotoxin Cleavage of phosphodiester bond in eukaryotic

28s rRNA

Siderophore (sidA gene) Uptake of iron from blood heme

Growth at 37�C, hsp1, cgrA Ability to invade host tissue and survival at

elevated temperature of host

Histoplasma
capsulatum

Dimorphism Altered cell surface adhesion, tissue invasion by

hyphal phase, dissemination by yeast phase

a-1,3-glucan in cell wall Required for adhesion

Growth inside macrophage Evasion from immune cells, dissemination to

other organ tissues

Catalase Protection from oxidative killing

Coccidiodes
immitis

Dimorphism Sheer size of spherule is required for

dissemination, hyphal phase tolerate pH 2–12

Elastase Destruction of lung insertium and blood vessels

Estrogen binding protein Acceleration of spherule maturation and

endospore release

Blastomyces
dermatitidis

Dimorphism Tissue invasion and dissemination

Adhesin (BAD1) Suppression of immune response

a-1,3-glucan in cell wall Adhesion and masking of cell surface receptors

being recognized by immune cells

Cryptococcus
neoformans

Capsule Inhibition to phagocytosis

Melanin Prevention from oxidative damages

Mannitol Scavenging of hydroxyl radical during

respiratory burst

Phospholipases A,B,C,D

(plb1,2,3)

Tissue invasion and adherence

Acid proteinases Tissue invasion and dissemination

Candida albicans Adhesin (Als family,

HWP1)

Adherence to epithelial cells, fibronectin, biofilm

establishment

(continued)
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anatomic sites of the host has made them more harmful than other commensals of

the human body.

Microorganisms colonizing the gut can normally cause dysfunctions of intestine

such as E. coli or Salmonella sp, but opportunistically Candida cells can dissemi-

nate from gut to oral, vaginal mucosa, or skin as superficial infections and to

the bloodstream as systemic infections. Candida makes this spread possible by

expressing tissue site-specific metabolites. For example, in host tissue or blood-

stream having neutral or slightly alkaline pH, it expresses the gene PHR1 whose

products are involved in cell wall synthesis and work at neutral pH. On the other

hand, in vaginal mucosa where pH is acidic, this gene is switched off and another

gene, PHR2, is expressed with similar functions (Saporito-Irwin et al. 1995;

Muhlschlegel and Fonzi 1997).

As a commensal, Candida resides in yeast form and multiplies by budding into

blastospores, but during weakened immunity of the host it transforms into the

hyphal form as the start of pathogenesis. In vivo study has revealed that change

in pH, oxygen, carbon dioxide, or glucose concentration in host tissue triggers this

transition (Claderone and Fonzi 2001; Haynes 2001). Filamentous forms are more

adhesive due to increased expression of adhesins on the surface, and also secretion

of a higher amount of hydrolytic enzyme enhances the invasiveness. Moreover, the

pathogenic stage has to resist recognition by the immune system or damaging

macrophages and neutrophils. This interaction with host tissue in favor of Candida
results in deep tissue penetration and the establishment of infections. It is specu-

lated that host (tissue environment and immune system) alone determines the

balance between commensalism and pathogenicity (Soll 2002a; Hube 2004).

The work of several researchers has shown that certain genes such as pH-

regulated PHR1 and PHR2, genes encoding secreted aspartyl proteinases (SAPs

1–9), and genes encoding phospholipases (PHL A–D) are expressed differentially

in specific tissues at different stages of infections (Yang 2003; Naglik et al. 2004).

Table 2.2 (continued)

Fungal pathogen Type of virulence factors Role in pathogenicity

Dimorphism (phr1, hyr1,

chs2, chs3, rbf1)

Hyphal phase required for invasion and

adherence, yeast phase for dissemination

Phenotypic switching

(efg1)

Conversion to more virulent forms showing

increased ASP and adhesion production,

evasion from host response

Secreted aspartyl

proteinases (SAPs

1–10)

Nutrient uptake, tissue invasion, adherence and

dissemination

Phosphlipases A,B,C,D

(plb1,2,3)

Tissue invasion and adherence

Farnesol Quorum sensing, Biofilm formation

Catalase, Superoxide

dismutase

Prevention from oxidative damages

SUN41, GCN4, MKc1p Biofilm establishment

Adapted from Hogan et al. (1996), Ghannoum 2000, Claderone and Fonzi (2001), Yang (2003),

Blankenship and Mitchell (2006), Kuleta et al. (2009)
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Expression or modulation of these genes on the same mucosal surfaces only during

transition from the commensal to the parasitic stage reflects a weakness in the

immune system responsible for this shift (Casadevall and Pirofski 2001). Candida
survives and proliferates as commensal in competition with other microbial flora

and is affected by epithelial cell proliferation and the immune system. Proliferation

of epithelial cells constitutively forces Candida to attempt deeper invasion into

tissues. Prolonged antibiotic therapy provides more available nutrients and space

for Candida to multiply as other commensal microbial flora are diminished (Senet

1998). Immune suppression in HIV patients and inhibition of epithelial cell prolif-

eration such as in cancer therapy changes the tissue environment in terms of pH,

osmolarity, and oxidative stress. This changed condition is perceived by the

candidal cell and subsequently down- or up-regulation of certain genes provokes

Candida to switch over from commensal to opportunistic pathogens (Claderone and

Fonzi 2001; Hube 2004).

Advanced medical equipment and surgery has also led to the increased spread

of commensal Candida to tissues as pathogens. Medical devices such as catheter,

dental implants, artificial joints, pacemakers, central nervous system shunts, and

others have provided the opportunity to form biofilms, a stage more resistant to

drugs and capable of greater invasion to tissues. These devices are easily colo-

nized by candidal cells from mucosal surfaces and blood stream, and frequently

get spread from one tissue site to another. Further, candidal cells can also migrate

via blood flow to all inner organs, leading to septicemia and life-threatening

diseases (Douglas 2003; Hall-Stoodley et al. 2004). Biofilm-forming cells have

been reported to be more virulent than planktonic cells (Ramage et al. 2005;

Seneviratne et al. 2007). Recently, several workers have reported increased

production of proteinases, phospholipases, and adhesins in biofilm compared to

planktonic cells (Chandra et al. 2001; Al-Fattani and Douglas 2006; Seneviratne

et al. 2007). All these collectively aid in establishing infections by heightening

the adherence and invasion of tissues, leading to increased virulence.

Further, genetic changes in biofilms result in elevated drug resistance, pro-

nounced quorum sensing and regulated carbohydrate synthesis, thereby influen-

cing the pathogenicity of Candida. Therefore, biofilms-forming capacity has

greatly increased the potency of Candida to convert from the commensal stage

into a virulent pathogen.

2.6 Virulence Factors Involved in Pathogenicity

of Candida albicans

Like other fungal pathogens, C. albicans also regulates expression of certain genes

and their products as virulence factors to produce disease. This is the most common

opportunistic pathogen, utilizing several kinds of virulence factors. Some of the

commonly studied virulence factors in C. albicans are briefly described here.
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2.6.1 Adhesion

Adherence of candidal cells to host tissues is a complex multifactorial phenomenon

utilizing several types of adhesins expressed on morphogenetically changing cell

surfaces. But the striking feature ofCandida cells is the formation of biofilms in host

tissue, resulting in enhanced adherence. Ramage et al. (2006) have reported that in

the last few decades, Candida-related infections have been found associated with

biofilm-forming capacity. Well-known adhesins are agglutinin-like sequences

(ALS) that are members of a family of seven glycosylated proteins. Als1p, Als3p

and Als5p (Ala1p) on the cell surface of hyphae adhere to human buccal epithelial

cells (HBEC) and fibronectin, collagen, laminin, and endothelial cells (Hawser and

Douglas 1994; Hoyer 2001). Als6p and Als9p bind to collagen and laminin respec-

tively. Als4p binds to endothelial cells and Als5p is additionally needed for cell

aggregation. However, the role of Als7p is unclear (Filler et al. 2006; Kuleta et al.

2009). Another 34 kDa adhesin molecule, Hwp1 (hyphal wall protein), encodes an

outer surface mannoprotein on the hyphal wall; the amino terminal sequences of this

adhesin are recognized as mammalian transglutaminase substrate (TGase) and form

covalent binding with HBEC. Studies with hwp1� knockout mutant and HWP1�

deficient mutant of C. albicans have shown reduced adherences and mortality in

murine models (Chaffin et al. 1998; Staab et al. 1999). An integrin-like protein

(Int1p) which is a plasma membrane receptor and antigenic functionally similar to

human complement receptors 3 and 4, has been isolated from C. albicans and found
to bind with extracellular matrix (ECM) ligands such as fibronectin, laminin, and

collagen I and IV, and induce morphological changes in response to extracellular

signals (Claderone and Fonzi 2001; Ruiz-Herrera et al. 2006).

2.6.2 Morphogenesis

Morphogenesis in C. albicans is defined as transition from unicellular yeast form to

filamentous form (pseudohyphae or hyphae). Of all the species only C. albicans and
C. dubliniensis are able to undergo morphogenesis. Transition from yeast form to

hyphal form is facilitated by nutrients, near-neutral pH, temperature of 37�C–40�C,
CO2 concentration about 5.5%, and presence of N-acetyl-D-glucosamine, serum,

some amino acids, and biotin. Reverse transition from hyphal to yeast form is

provoked by lower temperatures, acidic pH, absence of serum, and higher concen-

tration of glucose (Corner and Magee 1997; Eckert et al. 2007). This transition is

strongly required for pathogenesis. Yeast forms are more suited for dissemination in

tissues and to other hosts, whereas hyphal forms are required for tissue damage and

invasion. For example, the yeast cell, when phagocytosed by macrophages, pro-

duces hyphae and secretes hyphae-associated proteinases that kill macrophages;

these factors also prevent hyphal cells from being killed by neutrophils. In addition,

hyphal cells have been shown to induce phagocytosis by endothelial cells, helping
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Candida cells to escape from the bloodstream (Molero et al. 1998; Gow et al.

2002; Hube 2004). Further, hyphal cells have stronger adherence capacity due to

expression of ALS adhesins and also exhibit greater invasiveness to tissues.

Increased expression of superoxide dismutase (SOD) antagonizes oxidative burst

of phagocytic cells. Several genes have been identified which regulate phase

transition, namely PHR1, ECE1, HYR1, RBF1, CHS2, CHS3 which are differen-

tially expressed during morphogenesis (Haynes 2001; Claderone and Fonzi 2001).

Of these, ECE1 correlates with hyphal elongation although ECE1 null mutants

displayed no morphological alterations. Similarly, null mutants for expression of

CHS2, CHS3 and HYR1 did not show any obvious morphological type. But

disruption of RBF1 demonstrated alteration in cell morphology and strongly

involved in yeast–hypha transition (Yang 2003). Studies with homozygous null

mutants for Hst7p, Cph1p and Cst20p have shown defective hyphal formation

(Leberer et al. 1996); in addition, three genes TUP1, EFG1, CLA4 were found to

be regulating candidal morphogenesis (Liu 2001). Transcription factors such as

Tup1 and Rbp1 are negative regulators of filamentation (Braun and Johnson 2000).

A tup1 mutant strain resulted in constitutive filamentous growth under all condi-

tions, indicating a role in filament formation. Deletion of homozygous allele of

Ste20 encoded by CLA4 showed impaired hyphal formation in a wide range of

medium, and decrease in virulence in a murine model (Braun and Johnson 1997;

Celera and Claderone 2001). A protein of bHLH class encoded by EFG1 acts as

transcriptional activator as well as repressor, and is required for pseudohyphal and

hyphal morphogenesis (Liu 2001; Noffiz et al. 2008). A study with homozygous

mutants cfg1 and cph1 showed failure of germ tube and hyphae production in a

murine model (Noffiz et al. 2008).

2.6.3 Phenotypic Switching

Unlike other pathogens, phenotypic switching in Candida is pleitropic by affecting

several phenotypic and metabolic parameters, with subsequently a number of

virulence traits such as SAP gene regulation. This allows Candida to adapt to a

different host environment during infection (Soll 1992; Soll 2002b). Colonies of

C. albicans show morphological variation, including smooth, rough, star, stippled,

hat, wrinkle, and fuzzy at high frequency. This switching is reversible, occurs

spontaneously in stress, and results in changes in cell surface behavior, colony

appearance, and metabolic, biochemical and molecular attributes to become more

virulent and effective during infection (Soll 2002b; Odds et al. 2006). Strains

isolated from vaginitis or systemically infected patients showed higher frequencies

of switching, indicating a strong role for the switching phenomenon in establishing

diseases (Kvaal et al. 1999). In the case of yeast–hypha transition, all cells of a

population express the same phenotype under the same environmental conditions,

whereas in the case of switching, some cells of a population express different

phenotypes under the same set of environmental conditions. Earlier research had
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reported that laboratory isolate 3153A, grown on amino acid rich agar which was

limiting for zinc and incubated at 25�C, showed a smooth phenotype as dominant,

while variant colonies of star, ring, irregular, and wrinkle occurred spontaneously.

Such types of variation were also observed with cells of strain 3153A treated with

low doses of UV irradiation (Soll 1992). At present, of all the phenotypes described,

the white-opaque system in strain WO-1 is the most studied. This system is

characterized by transition from smooth, white colonies to flat, gray opaque colo-

nies. White cells are round ovoid while opaque cells are elongated or bean shaped

(Soll 2002b). Study of gene expression with the WO-1 system revealed an associa-

tion of OPA1 (SAP1) and SAP3 in opaque cells, in contrast to SAP2, WH11and

EFG1 in white cells (Soll 1997; Miller and Johnson 2002). Study with efg1 null

mutants exhibited no involvement of EFG1 in switching, but rather control of

phenotypic characteristics. It has been reported that white cells in WO-1 hardly

form hyphal stages, but this was achieved by opaque cells (Staib et al. 2002). There

is good evidence that opaque cells are more virulent than white cells in several

murine models (Yang 2003).

2.6.4 Phospholipases

Phospholipases are enzymes that hydrolyze ester linkages of glycophospholipids

and hence impart tissue invasiveness to Candida cells. In C. albicans, four types
of phospholipases are classified by researchers on the basis of the ester bond they

cleaved, viz., phospholipase A, B, C, and D. All types possess hydrolase activity,

but PLB in addition also possesses lysophospholipase transacylase activities; there-

fore, it is able to release fatty acids from phospholipids and the remaining fatty acid

from lysophospholipids, and then transfer a free fatty acid to lysophospholipids,

producing phospholipids. Of these, only PLB1, a 84 kDa glycoprotein isolated from

hyphal tip in the course of tissue invasion, has been shown to be required for

virulence in a murine model of candidiasis (Ghannoum 2000; Yang 2003; Theiss

et al. 2006). A study conducted by Ibrahim et al. (1995) revealed an increased level

of phospholipase production in blood isolates compared to commensal isolates.

2.6.5 Proteinases

Secretion of proteinases by pathogen is mandatory in order to degrade the tissue

barriers and obtain nutrition at the infection site. Secreted aspartyl proteinases

(SAPs) from Candida have been reported that hydrolyze many proteins such as

albumin, hemoglobin, keratin, collagen, laminin, fibronectin, mucin, salivary lacto-

ferin, interleukin1b, cystatin A, and Immunoglobulin A (Hube et al. 1998). To date,

ten proteins have been recognized as SAP family (SAPs 1–10) and found to be

responsible for tissue invasion. Several researchers have reported that production of

SAPs is also correlated with hyphal formation, adherence, and phenotypic switching
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(Monod and Zepelin 2002; Naglik et al. 2003). Such researches have highlighted the

complex role played by SAPs in the pathogenicity of C. albicans. Several models

using SAP inhibitors such as pepstatin A and SAP-disrupted or over-expressing

mutants demonstrated the need for these factors in candidal pathogenesis. In vitro

studies have reported that SAPs 1, 2 and 3 are expressed by the yeast phase, only

while SAPs 4, 5 and 6 are expressed in the hyphal phase (Hube et al. 1998; Schaller

et al. 1999; Naglik et al. 2004).Whereas, SAPs 9 and 10 are expressed by both forms

(Albrecht et al. 2006). Structural analysis revealed that SAPs 1–8 are secreted

extracellularly, but that SAPs 9 and 10 are anchored to the cell wall by glycopho-

sphotidyinositol (GPI) protein (Naglik et al. 2003; Albrecht et al. 2006). Models of

epidermal and vaginitis candidiasis revealed involvement of SAPs 4–6 in invasive

systemic disease whereas SAP 7 was never detected in vitro. The role of SAPs 1–3 is
associated with early adherence, invasion, and cutaneous infections as studied in the

WO1 strain, whereas SAP8 is associated with extensive penetration. SAPs 6 and 9

were found expressed in later stages of hyphal growth (Hube et al. 1998; Schaller

et al. 1999; Kvaal et al. 1999). Different properties of SAPs are exploited in the

pathogenicity of Candida. For example, SAPs are active across a broad range of pH

2.0–7.0, as SAPs 1–3 are active at pH 3.5, SAPs 4–6 at pH 5.0–7.0, and therefore

make Candida capable of colonizing and invading different tissue sites of varying

pH. In addition, SAPs show varied levels of protein specificity, as SAPs 1, 2, 3 and 6

cleave peptide bonds in larger hydrophobic amino acids; SAPs 1, 2 and 6 act on

phenylalinine, whereas SAP 3 attacks leucine and SAPs 9 and 10 hydrolyze yapsin

and kexins (Naglik et al. 2004). This attribute enables Candida to obtain nitrogen at
different tissue makeups, and aids pathogenicity by revealing potential binding sites

from tissue for adhesion of candidal cells, and also dissemination via circulatory

systems. In vivo studies have confirmed the role of SAPs in colonization, increased

adhesion and tissue penetration (Naglik et al. 2004; Hube and Naglik 2001).

Disruption of SAPs 1, 2 and 3 have resulted in decreased virulence in mouse models

(Hube et al. 1997). Several reports have supported functional role of SAP2 in

invasion and dissemination of systemic infections (Kvaal et al. 1999; Naglik et al.

2004; De Bernardis et al. 1999). Further research data have indicated increased

expression of SAP genes, especially SAPs 5, 6 and 9 mRNA transcripts, in biofilm

rather than planktonic cells (Green et al. 2004; Naglik et al. 2008). Recently, in

addition to SAPs, a 60 kDa metallopeptidase and 50 kDa serine peptidases have also

been isolated, and reported to hydrolyze extracellular matrix proteins and serums

(dos Santos et al. 2006). Expression of SAPs has been found to be correlated with

other virulence determinants to enhance the pathogenicity of C. albicans. Correla-
tion of SAPs with other virulence factors in C. albicans is illustrated in Fig. 2.1.

2.6.6 Biofilm Formation

Biofilms are the organized structures involving microbial communities that are

attached to some inanimate surfaces or tissues and circumvented in a matrix of
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exopolymeric materials. Biofilm formation is initiated by irreversible adherence of

microbial cells to tissues or devices and followed by growth and maturation to form

a mesh of cells with altered phenotype, growth rate, and gene expression compared

to planktonic cells. Studies with scanning electron microscopy of biofilms revealed

the presence of both adherent yeast cells and invasive hyphal forms constructing

basal and upper layers respectively, enclosed in an extracellular polymer matrix

consisting of polysaccharides and proteins and forming a three-dimensional struc-

tures with water channels (Dominic et al. 2007). These forms differ in ultrastruc-

ture, physiological behavior and composition of cell walls, and are required for

candidal pathogenicity, as mutants lacking genes for any one became less virulent

both in vitro and in vivo (Chandra et al. 2001). Heterogeneity of these biofilms

depends on the substrate composition, environmental conditions, and type of strains

involved. Although yeast–hypha transition is necessary for full maturation of the

biofilm, strains that are unable to grow as yeasts or to form hyphae can still form

biofilms but are easily detachable (Baille and Douglas 1999). In addition, some

authors have reported a change in biofilm-forming ability of candidal cells, with
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Fig. 2.1 Correlation of secreted aspartyl proteinases with other virulence attributes in Candida
albicans. Partially adapted from Naglik et al. (2004)
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alteration in variants produced during phenotypic switching (Brown and Gow 1999;

Berman and Sudbery 2002).

The ability of Candida to form biofilms on catheters, endotracheal tubes, pace-

makers and other prosthetic devices has contributed to its predominant prevalence

in nosocomial infections (Douglas 2003; Ramage et al. 2005). Such devices, in

addition to providing a platform for candidal cells to form biofilm, grow and

develop, provide a route through host barrier defenses for dissemination. During

weakened immunity, hematogenous dissemination of candidal cells from biofilms

to deep-seated organs could occur, resulting in candidemia and septicemia. Recent

studies have confirmed biofilm growth in the majority of diseases caused by

Candida spp (Chandra et al. 2001; Douglas 2003; Chandra et al. 2005). Dental

plaque is a well-known example of biofilm formation from Candida cells, and is

responsible for oral candidiasis. Biofilm formation on such tissues is favored by a

high concentration of glucose, serum, and other proteins. Biofilm formation was

found to be linked to dimorphism and phenotypic switching, well-known virulence

traits for candidal cells (Baille and Douglas 1999; Chandra et al. 2001). Also,

alerted phenotypes exhibited reduced susceptibility to the host immune system

and to antifungal drug therapy (Chandra et al. 2001). These biofilm-specific cell

properties are an indicator for virulence, and have prompted much recent interest in

C. albicans biofilm structure, physiology, and regulation. Therefore, knowing the

ability of C. albicans to populate a surface and produce a biofilm as a virulence trait,

exhaustive research is being focused on the prevention of biofilm infection by

Candida cells.

Adherence is the critical property for biofilm-forming cells and is mediated by

hydrophobic interactions, electrostatic forces, and adhesion–ligand interactions;

multiple adhesion molecules function in the successful establishment of biofilm.

A variety of genes are involved in adhesion, and penetrations are associated deeply

with the biofilm-forming capability of C. albicans. Here, we would discuss some of

them for their role in pathogenicity. A number of adhesins, termed glycosylpho-

sphatidylinositol-dependent cell wall proteins (GPI-CWPs), encoded by ALS1,

ALS2, ALS4, ALS5 (ALA1), HWP1, and EAP1, mediate adhesion to organic

and inorganic surfaces, extracellular matrix proteins, human endothelial cells, and

epithelial cells (Blankenship andMitchell 2006; Filler et al. 2006; Zhao et al. 2006).

Experimental results showed upregulated ALS family gene expression in biofilm-

forming cells compared with planktonic cells (Hoyer et al. 1998; Chandra et al.

2001; Nobile and Mitchell 2005; Green et al. 2004) and ALS 3 was also found

necessary for biofilm formation on silicone substrates in vitro (Nobile et al. 2006a).
ALS1, ALS3, and HWP1 are regulated by transcription factor BCR1 (biofilm and

cell wall regulator), a zinc finger protein, which is under the control of transcription

factor Tec1. An als3/als3 mutant strain was found defective in biofilm formation

in vitro, and overexpression of ALS3 permitted biofilm formation by a bcr1/bcr1

mutant in vitro and in vivo. Studies with the bcr gene revealed involvement of

BCR1 in governing the mechanism of biofilm formation only and not the filamen-

tation (Nobile and Mitchell 2005; Lopez-Ribot 2005; Nobile et al. 2006a; Nobile

et al. 2006b). Hwp1 is a cell surface protein covalently linked to the cell wall glucan

2 Virulence and Pathogenicity of Fungal Pathogens 37



through a remnant of its GPI anchor. Functional analysis showed its requirement

for tight adherence to oral epithelial cells (Chaffin et al. 1998; Staab et al. 1999;

Mendes-Giannini et al. 2008). A role for Hwp1 in C. albicans cell–cell adherence is
exhibited from the finding that it is induced by mating factor and is deposited on the

surface of the bridge between mating partners (Staab et al. 1999; Hoyer et al. 1998).

Recent studies showed that Hwp1is required as first cell surface protein in vivo for

biofilm formation (Nobile et al. 2006a; Nobile et al. 2006b). Recently, work from

Granger et al. (2005) described the role of Ywp1 (Yeast cell wall specific protein)

as anti-adhesin. The mutant for Ywp1 led to enhanced adherence of yeast cells,

therefore highlighting its negative role in biofilm establishment. In addition, studies

with mutants for transcription factor Ace2 (activation of CUP1 expression 2)

resulted in inhibition of biofilm formation (Kelly et al. 2004). A study conducted

by Li et al. (2007) showed eap1 mutants exhibiting reduced adhesion to plastic

surfaces and epithelial cells, and that Eap1p was able to mediate adhesion to yeast

cells. The same study also showed of the need for eap1 gene expression in biofilm

formation under shear flow in vitro and in central venous catheter biofilm model

in vivo. In a study, another cell wall protein Ecm33 was found to be necessary for

cell wall integrity and yeast-to-hypha transition (Martinez-Lopez et al. 2004), and

Mp65 (Norice et al. 2007) is also required for full virulence in a disseminated

infection model, illustrating that cell wall proteins may have diverse functions that

are relevant to infection. Norice et al. (2007) also showed that protein SUN41

plays major roles in biofilm formation, cell wall integrity, and virulence in both

oropharyngeal and disseminated candidiasis.

Richard et al. (2005) showed involvement of genes sun3, nup85, mds3, kem1 in

hyphal development and biofilm formation. Some studies have also demonstrated

that the hyphal regulatory gene efg1 is required for normal biofilm growth, and

efg1/efg1 and efg1/efg1 cph1/cph1 mutants have exhibited defective biofilms and

also adhered poorly to the substrate (Lewis et al. 2002; Watamoto et al. 2009). Gcn4,

a general amino acid control regulatory gene, was shown to be required for full

biofilm biomass production (Blankenship and Mitchell 2006). A contact-activated

protein kinase, Mkc1p, is also required for biofilm development, suggesting that

C. albicans may respond uniquely to surface contact during biofilm formation.

Further, an experiment by Ramage et al. (2002) showed that biofilms are

organized communities under tight regulation of gene expression controlled

through quorum sensing which in turn is regulated by farnesol and tyrosol mole-

cules. Several workers have observed these organized communities under the

control of a signaling molecule (Hogan 2006). This cell-to-cell communication

prevents and controls unnecessary overpopulation and nutritional competition, and

has implications in dissemination and establishment of infection at the distal site

from old biofilm (Alem et al. 2006). Farnesol, a quorum-sensing molecule that

inhibits C. albicans biofilm formation by inhibiting yeast-to-hypha transition,

decreases HWP1 expression in biofilms (Ramage et al. 2002). Farnesol acts on

yeast cells to prevent filamentation but elongated hyphae continue to form biofilms.

A report highlighted differential expression of genes associated with hyphae forma-

tion in farnesol-treated biofilms, such as genes involved in cell wall maintenance,
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iron transport, stress response and upregulation of TUP1 and downregulation of

CSH1 protein associated with cell surface hydrophobicity. Farnesol also prevents

induction of Tup1-regulated filament specific genes hwp1, rbt1, cph1 and hst7 (Cao

et al. 2005; Dominic et al. 2007). In contrast to farnesol, another quorum-sensing

molecule, tyrosol, induces filamentation under conditions conducive to germ tube

formation, but its role in biofilms has not been much investigated (Alem et al.

2006). However, a recent study highlighted a two-component signal transduction

protein Chk1p regulating both quorum sensing and biofilm formation by negatively

regulating hyphal development in C. albicans. However, it is not clear whether

chk1p is directly involved in response to farnesol or not (Kruppa et al. 2004;

Blankenship and Mitchell 2006). Involvement of different virulence factors in

forming biofilms and associated pathogenicity is depicted in Fig. 2.2.

2.7 Conclusion

Based on the review of the literature on fungal infection, virulence, and

pathogenicity, it is clear that at present the frequency of fungal infection rate is

increasing, up to 90% for patients with disseminated candidiasis, aspergillosis or
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Fig. 2.2 Illustration of virulence factors involved in establishing biofilm and associated pathoge-

nicity in Candida albicans: (a) planktonic yeast cells, (b) initiation of biofilm formation on living

tissues or inert object like polyvinyl chloride (PVC) by adherence of yeast cells forming basal

layer, (c) development of biofilm by initiation of upper invasive hyphal layer and production of

exoploysaccharide, and (d) maturation of biofilm by more filamentation and exopolysaccharide

production. Partially adapted from Blankenship and Mitchell (2006)
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cryptococcosis. Fungal pathogenesis is a multifactorial phenomenon; therefore, the

nature of fungal pathogens, their virulence factors, and their interaction with host

defense mechanisms need to be explored for the development of more effective

antifungal therapy. Although phenomenal progress has been made on molecular

characterization of various virulence factors and host–fungi interactions; this issue

needs further investigation in order to know the exact contribution of each virulence

factor under different disease conditions.
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Chapter 3

Animal as Reservoir of Fungal Diseases

(Zoonoses?)

Jose L. Blanco and Marta E. Garcia

Abstract Considering the term zoonoses in a wide sense, it should include not only

the traditional concept of diseases transmitted from vertebrate animals to humans,

but also the concept of diseases that are common to both animals and humans. In

the first case, animals are essential to the transmission of the disease to humans,

while in the second animals are essential as reservoirs for the pathogen in nature,

developing the contagion through mixed sources: soil, water, invertebrates, etc.

Many fungal diseases could be included within this concept, and, due to the

generalized use of molecular methodologies, its study has advanced during the

last years. This new approach has led to the description of new fungal species, most

of them almost impossible to differentiate by following the traditional criteria of

fungal classification, which rely on taxonomical keys based on phenotypic char-

acteristics. Moreover, complete epidemiological studies can be now performed, and

used to establish the similarities and/or differences between fungal isolates. In the

present chapter, we review the habitats of the main fungal genera and the possibi-

lities of considering the diseases caused by these organisms as zoonoses.

3.1 Mycoses as Zoonoses

From a traditional point of view, and according to the “Dictionary of Veterinary

Epidemiology,” zoonoses are considered as diseases or infections that can be trans-

mitted naturally between humans and other vertebrate animals (Toma et al. 1999).

Following this criterion, diseases can be classified according to the source of

infection as anthroponoses (when the source is an infectious human; interhuman
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transfer is typical), zoonoses (the source is an infectious animal; interhuman

transfer is uncommon), and sapronoses (the source is an abiotic substrate; interhu-

man transfer is exceptional). The source of infection is often the reservoir or, in

ecological terms, the habitat where the etiologic agent of the disease normally

thrives, grows, and replicates. A characteristic feature of most zoonoses and

sapronoses is that once transmitted to humans, the epidemiological chain is usually

aborted, but the clinical course might be sometimes quite severe, even fatal

(Hubalek 2003).

From this classification were derived a high number of related terms, which,

depending on the case, have been applied with major or minor success. For

instance, diseases transmissible from living animals to humans were often referred

as anthropozoonoses, and the diseases transmissible from humans to animals were

called zooanthroponoses. Unfortunately, many scientists used these terms in the

reverse sense or indiscriminately. In view of this, an expert committee decided to

abandon these two terms and recommended “zoonoses” as “diseases and infections

which are naturally transmitted between vertebrate animals and man” (Hubalek

2003). Finally, sapronoses are human diseases transmissible from an abiotic envi-

ronment (soil, water, decaying plants, or animal corpses, excreta, and other sub-

strata). The ability of the agent to grow saprophytically and replicate in these

substrata (i.e., not only to survive or contaminate them secondarily) are the most

important characteristics of a sapronotic microbe. For these diseases the term

“sapro-zoonoses” can be applied, defined as “having both a vertebrate host and a

non-animal developmental site or reservoir (organic matter, soil and plants)”

(Hubalek 2003).

Following this classification, candidiasis, ringworm (Trichophyton rubrum), and
Pneumocystis pneumonia would be considered as anthroponoses. Like zoonoses

transmitted by direct contact, alimentary (foodborne and waterborne), or aerogenic

(airborne) routes, the only fungal zoonotic disease would be ringworm. The rest of

the mycoses should be considered as sapronoses. Here could be cited the following

processes: dermatophytosis (Microsporum gypseum), histoplasmosis (Histoplasma
capsulatum; H. duboisii), blastomycosis (Blastomyces dermatitidis), emmonsiosis

(Emmonsia crescens; E. parva), paracoccidioidomycosis (Paracoccidioides brasi-
liensis), coccidioidomycosis (Coccidioides immitis), sporotrichosis (Sporothrix
schenckii), cryptococcosis (Cryptococcus neoformans), aspergillosis (Aspergillus
fumigatus, and other species from the genus Aspergillus), mucormycosis (Absidia
corymbifera and some other Mucorales), entomophthoromycosis (Basidiobolus;
Conidiobolus; and Entomophthora spp.), maduromycetom (Madurella myce-
tomatis; M. grisea; Pseudoallescheria boydii; Leptosphaeria senegalensis; Neo-
testudina rosatii), chromoblastomycosis (Phialophora verrucosa; Exophiala
jeanselmei; Fonsecaea compacta; F. pedrosoi; Cladosporium carionii; Rhinocla-
diella aquaspersa), phaeohyphomycosis (Wangiella dermatitidis; Dactylaria
gallopava; Exophiala spinifera), and fusariosis (Fusarium oxysporum; F. solani)
(Hubalek 2003).

Nevertheless, there are many authors, including us, who consider the term zoo-

noses in a wide sense that includes not only the traditional concept of diseases
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transmitted from vertebrate animals to humans, but also the concept of diseases that

are common to animals and humans. In the first case, animals are essential to the

transmission of the disease to humans, while in the second animals are essential as

reservoirs for the pathogen in nature, developing the contagion through mixed

sources: soil, water, invertebrates, etc. It is evident that in both cases the role of

the animals is essential in the maintenance, distribution and transmission of the

infection.

On the other hand, it is important that when we talk about zoonoses, we should

not be restricted to domestic animals, but also emphasise the high importance of the

wild animals in the spread of this kind of diseases, including of course the fungal

diseases. Wildlife is the reservoir of numerous infections that affect domestic

animals and/or man, and an important potential source of new and emerging

zoonotic diseases. Thus, the maintenance of biodiversity will always be associated

with the maintenance of reservoirs for potential zoonoses (Pastoret et al. 2000).

In this sense, human pathogenic fungi have been isolated from pigeon droppings,

the cloacae of migratory birds, and birds of prey, suggesting that these animals

could be potential carriers and spreaders of fungal infection (Cafarchia et al. 2008).

Because of birds resting during migration in and around towns (e.g. in small

artificial lakes in urban parks), migratory birds as well as Passeriformes and

birds of prey are of importance for human health. The resting sites of these

birds are commonly frequented by children, the elderly and immunocompromised

people who are at increased risk of contracting opportunistic diseases (Cafarchia

et al. 2008).

Diseases transmitted between human, wild and domestic animal species have an

important impact on public health, livestock economy and wildlife conservation.

According to Cleaveland et al. (2001), nearly two-thirds (61%) of human diseases

are actually zoonotic, that is they can also infect animals. These authors also report

a total of 1,922 species of infectious agents, of which 499 (26%) are fungi.

3.2 Importance of Molecular Tools in the Study

of Fungal Infections

Until the 1980s, systemic mycoses in humans were reduced to sporadic episodes

with a low incidence, or most probably, with a low level of diagnosis. With the

arrival of the human immunodeficiency virus (HIV) infection, and the generalized

use of immunosuppressive therapies, fungi began to acquire an increasing impor-

tance. With this fact, the study and the knowledge about fungal diseases were

clearly increased. In recent years, the generalization of molecular studies has led to

a significant advance in clinical mycology, mainly in two aspects:

a. Description of new fungal species. With the traditional criteria of fungal classi-

fication, following the taxonomical keys based on phenotypic characteristics, it

was really difficult to differentiate in a clear way the different species within a
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genus. Pneumocystis or Cryptococcus can be cited as two clear examples of

genera of complex taxonomy, as we will describe below.

b. Epidemiological studies. Without the aid of molecular tools, it was practically

impossible to find the origin of a specific fungal disease in a human or animal.

Nowadays, different molecular methodologies are available that can be used to

perform a complete genotypic study of the different fungal strains isolated, and

establish the similarities or differences between those isolates. An illustrative

example is the complete study performed about the cryptococcosis outbreak in

Vancouver that we will discuss below.

3.3 Mycoses

Mycoses, conditions in which fungi pass the resistance barriers of animals and

establish themselves in the form of infections, are a group of diseases with very

varied clinical manifestations. For example, in the case of aspergillosis, with

effects on very diverse organs, there is a variety of responses, such as local

(aspergilloma), systemic (renal, lung, nervous central system, etc.) or even allergic

(allergic bronchopulmonary aspergillosis in humans). For this reason, diagnosis of

these diseases can be problematic, mostly because of the difficulty of interpreting

the very different clinical pictures in individuals in the presence of colonization,

infection and/or disease (Garcia and Blanco 2000). If the lesions can occur in very

different sites, they can be accompanied by very varied symptoms.

In this era of widespread use of broad-spectrum antibiotics, corticosteroids,

cytotoxic agents and other immunosuppressants, coupled with the increasingly

stressful life styles demanded by modern civilization, it is hard to draw a sharp

line between pathogenic and non-pathogenic fungi (Mishra et al. 1992).

In the same way, a high number of fungal diseases have been described in the

last years in veterinary medicine. These diseases are related to many different

factors, such as the ingestion of mould-infected feedstuff, the massive inhalation

of conidia produced in that kind of feedstuff, the preventive or curative extended

antibiotic treatments, the intensive method of breeding, changes in habitat or

nutrition, and vaccination and anti-parasitic treatments. All of these factors could

favor in some way the appearance of stress in the animal, and, in consequence, an

immunosuppressive condition that contributes to the development of a fungal

disease.

Despite the important advances achieved during recent years, there are still a

lot of things to learn about mycoses. For instance, the exact role of animals in

human mycoses is unknown. Furthermore, with certain exceptions, it is unknown

which animal species can be vectors, reservoirs, intermediate hosts or carriers of

fungi. On the other hand, at present there are only a reduced number of fungal

diseases for which the direct transmission animal–human has been clearly estab-

lished. Finally, the environmental habitats of many pathogenic fungi remain to be

discovered.
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3.4 Dermatophytosis

Dermatophytosis (ringworm) is an infection of the keratinized superficial tissues of

man and animals (the corneum stratum, hair and skin) that is caused by fungal

species belonging to the genera Microsporum, Trichophyton and Epidermophyton
(Sparkes et al. 1993).

Dermatophytes are not part of the normal flora of the skin. Due to their

keratinophilic and keratinolytic nature, they are able to use cutaneous keratin as a

nutrient, in this way producing the infection (Garcia and Blanco 2000).

Mating strain experiments and recent works in molecular taxonomy have shown

that the T. mentagrophytes species belongs to a complex which has teleomorph

states (i.e., these species may develop sexual fructifications) (Fréalle et al. 2007;

Gr€aser et al. 2006). Thus, Arthroderma benhamiae is the teleomorph obtained by

mating strains of the T. mentagrophytes complex isolated from rodents, and

Arthroderma vanbreuseghemii is the teleomorph obtained in crosses of isolates

from humans, mice and chinchillas (Drouot et al. 2009).

Three broad ecological groups of dermatophyte species are recognized, namely

anthropophilic, zoophilic and geophilic. In general, zoophilic and geophilic species

cause lesions in humans that are more inflammatory than those induced by anthro-

pophilic species (Weitzman and Summerbell 1995).

In humans, dermatophytosis is usually a highly inflammatory disease involving

scalp, beard or exposed areas of the body such as nails and skin (Papini et al. 2009).

T. verrucosum is still the most common cause of Tinea barbae in man, and remains a

significant health problem (Papini et al. 2009). A. vanbreuseghemii, M. canis and

A. benhamiae can all cause highly inflammatory tinea corporis, tinea faciae and tinea

capitis in humans. In cases of such human mycosis, it is important to identify with

certainty the precise aetiological agent, and to examine pets as the possible source of

infection, as has been demonstrated in different studies (Drouot et al. 2009).

Clinically, it may present as a well-circumscribed erythematous plaque studded

with vesicles, papules, and pustules. Other presentations include scaly erythema-

tous patches with well-circumscribed edges having a typical “ringworm” appear-

ance but limited central clearing, a boggy inflammatory form covered with crusts

and draining purulent material, and lastly, a nodular presentation due to chronicity.

It is important to note that these lesions may become secondarily infected with

bacteria. Spontaneous resolution may occur, further confounding the clinical diag-

nosis (Silver et al. 2008).

In animals, dermatophytosis is important in the dog, not because of the severity

of the process, which is never life-threatening, but fundamentally for its zoonotic

character. On the contrary, dermatophytosis is much more frequent in domestic

cats, which are the main source of infection for humans. This mycosis is also

important in cattle, since there are a great number of these animals affected;

in fact, in North and Central Europe dermatophytosis is considered one of the

most important zoonoses, and fully effective vaccines, at least in principle, are of

common use in many countries (Garcia and Blanco 2000).
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Microsporum canis followed by Trichophyton mentagrophytes are the dermato-

phytes most frequently isolated from dogs and cats (Cabañes et al. 1997), whereas

Trichophyton verrucosum and T. mentagrophytes are the most important species

isolated from cattle and horses (Garcia and Blanco 2000). This fact has a clear

consequence in the zoonotic transmission of these processes: whereas in urban

areas human ringworm is mainly produced by M. canis or T. mentagrophytes, the
zoonotic transmission of T. verrucosum is more often found in rural environments,

where it can be considered as an occupational disease for farm workers that results

from direct contact with cattle or infected fomites (Papini et al. 2009).

Pets infected with species of the T. mentagrophytes complex can also be a source

of inflammatory dermatophytoses in people (Drouot et al. 2009). Ninety-three

percent of cats with dermatophytoses caused by A. vanbreuseghemii were strictly

outdoors and presumably hunters. In contrast, the vast majority of cats from which

M. canis was isolated were strictly indoor cats. Therefore, it can be suspected that

the feline infections with A. vanbreuseghemii occurred from a soil and/or a rodent

prey source during hunting (Drouot et al. 2009).

The occurrence of infection in humans without a history of contact with cattle

has also been observed (Mantovani and Morganti 1977), including a case of deep

and invasive dermatophytosis with lymph-node involvement in an immunocompe-

tent patient (Tejasvi et al. 2005).

M. canis is the dermatophyte most frequently recovered from canine and

feline ringworm cases. The household environment can be contaminated both by

symptomatic animals and through asymptomatic M. canis carriage, resulting in a

potential human health risk. In a complete study, the load of M. canis arthrospores
was determined in households harboring infected pets, in order to evaluate the

infectivity of the animals versus the environment. The environment inhabited by

symptomatic cats and dogs infected by M. canis was examined by sampling both

surfaces and indoor air. Environmental contamination was detected in all house-

holds with cats, while only four out of nine houses harboring dogs were found

positive. Heavily infected environments only harbored kittens. Infected owners

were observed in eight households, where at least one infected cat was present.

No history of human dermatophytosis in households harboring dogs was found. In

conclusion, infected cats appear to cause substantial environmental contamination,

and provoke a substantial presence of viable airborne fungal elements. Dogs seem

to be of lower importance in the spread of M. canis: although they contaminated

surfaces, they never contaminated the air. The results of this study confirm the

potential leading role of the feline species in the environmental spread ofM. canis.
The arthrospores are very resistant, and can remain infectious in the environment

for 12–24 months; therefore, the potential for human exposure from the environ-

ment is high (Mancianti et al. 2003).

Direct contact with infected hairs and scales or fungal arthrospores and hyphae

on fomites and contact with a contaminated environment are the modes of trans-

mission of the disease. The minimum infective dose is unknown, and the natural

defences of the host and the invasiveness of the dermatophyte are likely to play a

role. Furthermore, combing, ectoparasites, pruritus and disorders of keratinisation
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may disrupt the integrity of the skin barrier, predisposing the host to the infection.

Dermatophytes are thus both contagious diseases among animals and important

zoonoses, especially with the increasing number of dogs and cats being kept as pets.

Even the presence of a very low number of spores in the environment has practical

relevance, as a minimum number of spores (not yet defined) along with other

factors is required to cause infection and establish clinical disease (Mancianti

et al. 2003).

Finally, it has to be emphasized that severe complications have been described.

In this sense, an outbreak of nosocomial ringworm can be cited that affected five

infants in a neonatal intensive care unit. The index case was a nurse infected with

M. canis by her cat (Drusin et al. 2000).

3.5 Aspergillosis

Of all the fungal diseases, aspergillosis has been the subject of the most intensive

study. It has been described in many species of mammals and birds, where cellular

characteristics have been described that might predispose to respiratory aspergillo-

sis (Tell 2005).

Human invasive aspergillosis is a disease that mainly affects highly immunocom-

promised subjects. It is a rapidly progressive, often fatal, disease characterized by

tissue destruction associated with abundant hyphae in necrotic tissue (Bozza et al.

2002). Host defects that result in predisposition to invasive aspergillosis include

neutropenia, defective neutrophil function (such as that seen in patients with chronic

granulomatous disease), receipt of corticosteroid therapy, immunosuppresive

agents for solid organ transplant and late-stage HIV infection (Feldmesser 2005).

Various authors have tried to relate these processes to some form of immuno-

suppression in animals, as is the case with humans, but up to now it has not been

possible to establish this relationship with neutrophils, T lymphocytes or macro-

phage function, levels of complement compounds, or skin test reactivity (Day et al.

1985; Day and Penhale 1998; Garcia et al. 2001).

In humans, lungs are the most common location of Aspergillus infections. On the
contrary, in domestic animals the situation is different and varies between species.

For example, in cows, the forestomachs, especially the omasum, are mostly

affected, from which the infection may spread to other organs, including the

placenta (Garcia et al. 2001). In the dog, however, there is a symptomatology that

is not usually accompanied by pulmonary affectation, unlike the pulmonary clinical

picture seen in humans. Therefore, they differ from the conventional disease pattern

that appears in human medicine (Clercx et al. 1996; Guerin et al. 1993).

With the increased knowledge about canine aspergillosis, it is clear that the

clinical picture in the literature does not apply to all cases or species; for example,

lesions can occur in very different sites, and can be accompanied by very varied

symptoms. Until the 1980s, it seemed clear that the fungus involved in these

processes was Aspergillus terreus (Berry and Leisewitz 1996; Day and Penhale
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1991). However, an increasing number of studies were reported in which a different

fungus was identified as the cause of the disease, including Aspergillus deflectus,
Aspergillus flavus, and Aspergillus flavipes, as well as members of other genera,

such as Acremonium, Penicillium, Paecilomyces, etc. (Gene et al. 2003; Jang et al.

1986; Watt et al. 1995; Zanatta et al. 2006). For this reason, some years ago we

proposed that these cases should not be called aspergillosis but should be described

as systemic mycosis or disseminated mycosis, at least until the causal agent is

identified (Garcia and Blanco 2000).

The entrance pathway of fungi into the host dog is still not clear, although it has

been suggested as being possibly through old wounds, medium or inner chronic

otitis, or a urinary pathway (Garcia and Blanco 2000; Littman and Goldschmidt

1987; Mullanery et al. 1983; Starkey and McLoughlin 1996). A digestive pathway

of entrance has also been proposed, since on some occasions lesions have been

observed as mesenteric lymphadenitis with fungal hyphae (Pastor et al. 1993).

Finally, the transuterine transmission of A. terreus was recently described (Elad

et al. 2008). Once the fungus has gained entry, it can spread to different locations,

mainly the rachis, where the disease can develop slowly, with dissemination to the

brain, liver, spleen and abdominal lymph nodes. A clinical disease would be

detected only after several years.

Theories about the primary spread of the fungal agent in the host suggest that it is

intimately related to the ability of members of the genus Aspergillus to synthesize

substances, such as elastase, that are able to invade non-necrotic tissues and

penetrate into the bloodstream (Blanco et al. 2002; Markaryan et al. 1994).

This capacity is associated with the production of certain types of lateral spores,

named aleuriospores, which are usually observed when the fungus grows in vivo
(Butterworth et al. 1995; Dallman et al. 1992; Gelatt et al. 1991; Kauffman et al.

1994; Perez et al. 1996; Wilson and Odeon 1992). Once the fungus has penetrated

into the bloodstream, it spreads to the organs. Therefore, because the entrance is not

through mucous membranes, but directly into the bloodstream, the first line of

defence that is so effective in immunocompetent individuals with lung infection is

eluded, and it raises the possibility that the disease occurs in immunocompetent

individuals.

Clinical pictures of disseminated aspergillosis similar to those described in the

dog have been reported in other animal species. For instance, in bovine mycotic

abortion and in ovine Aspergillus mastitis the process is similar to that described

in the dog: the rupture of the defensive barrier of skin and mucous membrane

allows the fungus to enter directly into the bloodstream, where the immune system

is unable to stop its development (Garcia et al. 2004; Jensen et al. 1989; Las Heras

et al. 2000).

Aspergillus spp. have been recognized since the early 1800s as an important

cause of pulmonary disease in birds. In contrast to mammals, birds are highly

susceptible to invasive aspergillosis (Feldmesser 2005; Garcia et al. 2007).

Mould-infected feedstuff can have a dual role in the process; by dissemination of

the fungus, and by containing small quantities of mycotoxins that would lead to

immunodepression and, consequently, favor the appearance of the disease.
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To date, a single case of person-to-person transmission of A. fumigatus has been
described, with the exception of direct donor-to-recipient transmission, by aerosol-

ization of conidiophores associated with surgical dressing changes and wound

debridement (Pegues et al. 2002). If person-to-person transmission is possible,

animal-to-person transmission might also be possible. Meanwhile, isolation of the

same genotype from different patients is thought to result from exposure to the

same fungal population in the environment (Alvarez-Perez et al. 2009a,b; Chazalet

et al. 1998).

We are sure that in the next few years the application of molecular methodol-

ogies will increase our knowledge about episodes currently considered as sporadic,

but that probably are more common than we think.

3.6 Candidiasis

Candida albicans is part of the normal microbial flora in human beings and

domestic animals, and is associated with the mucous surfaces of the oral cavity,

gastrointestinal tract and vagina. Immune dysfunction can allow C. albicans to

switch from a commensal to a pathogenic organism capable of infecting a variety of

tissues and causing a possibly fatal systemic disease (Romani 1999; Stevens et al.

1998; Traynor and Huffnagle 2001).

Although fungi require a host with predisposing factors to produce the disease, it

is known that saprophytic colonization of the mucous membrane by C. albicans
does not need the host to be immunocompromised, since it is detected in immuno-

competent individuals (Garcia and Blanco 2000; Hostetter 1994).

In cattle, as a consequence of the abundant use, and occasional abuse, of

antibiotics in the treatment of mastitis, there is a selection of flora, mainly members

of the genus Candida, that are new etiological agents of these processes, which are

initially difficult to diagnose because their presence is not expected. Candidiasis in

birds is related to malnutrition and stress, generally produced by the same strains

that are found naturally on the food plants of these animals. Arthritis caused by

yeasts in horses is relatively frequent as a consequence of contamination of wounds

or after surgical treatment. In pigs, candidiasis usually takes the form of digestive

alterations in young animals, and is usually related to problems that predispose to

the disease, like treatment with antibiotics (Garcia and Blanco 2000). C. albicans is
a common causative agent of stomatitis in the dog (Jadhav and Pal 2006).

Person-to-person transmission is usually assumed in human candidiasis. In the

same way, if the animals are considered as carriers of the yeast, its transmission to

humans would also be possible, constituting a true zoonosis.

Finally, we have to emphasize that traditionally (especially in human medicine)

C. albicans has been considered the sole pathogenic species in its genus. Neverthe-
less, in recent years different species of Candida have been implicated in different

animal pathologies: C. humicola, C. colliculosa, C. inconspicua, C. tropicalis,
etc. . . (Blanco et al. 1996).

3 Animal as Reservoir of Fungal Diseases 55



3.7 Cryptococcoses

Cryptococcoses are mycoses caused by fungi of the genus Cryptococcus. During
recent years, the study of this genus has been facilitated by the incorporation of

molecular tools in clinical mycology. For instance, molecular characterization of

Cryptococcus isolates has led to the differentiation of two species within the

C. neoformans complex: C. neoformans and C. gattii. This differentiation was

made on the basis of genetic variation and a lack of evidence for genetic recombi-

nation between both species (Duncan et al. 2006a, b). These genetic differences are

also consistent with differences in habitat, geographical distribution and, most

importantly, pathogenicity and the effectiveness of the response of the host immune

system. C. neoformans infects predominantly immunocompromised hosts, while

C. gattii has not been associated with a suppressed immune system (Duncan et al.

2006a, b). This can explain many historical contradictions about the pathogenicity

of this fungus, and especially the need for a state of immunosuppression in the host

for the disease to succeed (Blanco and Garcia 2008).

C. neoformans is a widespread fungus found in environmental niches such as soil

and avian excreta, whereas C. gattii is mainly found on eucalyptus trees and in the

soil (Duncan et al. 2006a; Traynor and Huffnagle 2001).

The primary route of entry for Cryptococcus is via the lungs, where the fungus
may establish a primary infection. If the initial pulmonary infection is not con-

trolled, the fungus can disseminate to other organs and the central nervous system,

resulting in fatal cryptococcal meningoencephalitis (Aguirre et al. 2004; Chen et al.

2007; Traynor and Huffnagle 2001).

Clinical cryptococcosis has been reported worldwide in many animal species. It is

the most common systemic fungal infection in cats, and is often described in dogs

(Duncan et al. 2006b). In cats, the disease takes the form of rhinitis when the process

is primary, and is systemic, with alterations mainly of the central nervous system and

with important affectation of lymph nodes, when it is secondary to the infection by

feline immunodeficiency virus (FIV). In the majority of these studies, the causative

agent was assumed to be C. neoformans and not C. gattii (Duncan et al. 2006a).

In other animal species, cryptococcosis appears to be related to immunodepres-

sion, although not always. For instance, outbreaks of ovine and caprine cryptococ-

cosis with respiratory signs in apparently non-immunodepressed animals have been

described (Garcia and Blanco 2000). In these cases, respiratory symptoms asso-

ciated with cachexia were the predominant clinical picture; liver and brain involve-

ment has also been documented (Baro et al. 1998).

Cryptococcosis may occur in horses as a disseminated infection with osteomye-

litis of both the axial and appendicular skeleton produced by C. gattii. The admin-

istration of corticoids has led to clinical deterioration due to immunomodulating

effects (Lenard et al. 2007).

The study developed about the human cryptococcosis outbreak in Vancouver

island (British Columbia, Canada) is very interesting. There, asymptomatic cats and

dogs infected by C. gattii or with nasal colonization spread the yeast, and then, they
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could be possible transmitters of the disease to humans. The objectives of the study

were to ascertain the environmental source of the outbreak infections, survey the

molecular types of the outbreak and environmental cryptococcal isolates, and

determine the extent of genetic diversity among the isolates. PCR-fingerprinting

and amplified fragment length polymorphism (AFLP) were used to examine the

genotypes. All outbreak and environmental isolates belonged to C. gattii. The vast
majority of clinical and veterinary infections were caused by isolates of the mole-

cular type VGII/AFLP6, but two were caused by molecular type VGI/AFLP4. All

environmental isolates belonged to molecular type VGII/AFLP6. Two or three

subtypes were observed within VGII/AFLP6 among outbreak and environmental

isolates (Kidd et al. 2004).

From these studies, it was hypothesized that the yeast had lived for a long time

on the island, but that an unknown factor may have triggered its multiplication and

subsequent spread. A possible cause might have been climatic change, in view of

the temperature increasing since 1998. Warm weather and the specific microclimate

on the island would favor the human and animal colonization by the yeast (Kidd

et al. 2004; Duncan et al. 2005).

Zoonotic transmission of C. neoformans from bird’s excreta to immunocompro-

mised or immunocompetent humans has been demonstrated in a few cases, or has

been seriously considered in others (Bovers et al. 2008). In this sense, pigeon and

bat droppings are the most important reservoir of C. neoformans in nature. This

fungus is not easily isolated from recent droppings, but can be found in the dry

guano that accumulates in pigeon lofts, buildings, deserted houses, etc. (Rosario

et al. 2008), Therefore, it is important to remove the accumulation of droppings,

because a high level of environmental contamination by C. neoformans may pose a

serious public health hazard. People working in the care, breeding, and clearing of

pigeons and pigeon lofts, and those who have to remove soil contaminated with

pigeon droppings are at particularly high risk (Rosario et al. 2008).

Molecular analyses have shown that one strain responsible of human cryptococ-

cosis is nearly related (or even identical) to a strain isolated from droppings or the

digestive tube of pet birds (Rosario et al. 2008).

3.8 Malassezia pachydermatis

The lipophilic yeast M. pachydermatis is part of the normal cutaneous microflora of

most warm-blooded vertebrates. The opportunistic nature of this yeast has been

demonstrated, and confirmed by the excellent response to specific antifungal therapy

(Akerstedt and Vollset 1996; Ashbee 2006; Ashbee 2007; Guillot and Bond 1999).

Yeasts of the genus Malassezia can cause life-threatening fungemia and other

nosocomial infections in immunocompromised humans, especially in preterm

neonates. While disease in humans is most commonly caused by M. furfur and

other Malassezia species, a commensal of human skin, it has also resulted from

M. pachydermatis, for which dogs are a natural host (Morris et al. 2005).
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M. pachydermatis is the only species in the genus that does not require an

exogenous source of lipid for growth (Ashbee 2006; Blanco et al. 2000), but its

growth is enhanced by the addition of lipid substrates to culture media (Gueho et al.

1996). Other Malassezia species are lipid-dependent, and appear to be more

anthropophilic. In animals,Malassezia yeasts can be isolated from various mucosal

sites (mouth, rectum, anus, anal sacs or vagina) but deep infections have not been

reported. On the contrary, systemic Malassezia diseases are regularly diagnosed in

immunocompromised humans (Pier et al. 2000). Thus, animals could sometimes be

suspected as a source of Malassezia yeasts for humans (Pier et al. 2000).

M. furfur may be isolated from the skin and feathers of birds, M. slooffiae from
pigs and herbivores,M. globosa from cats and cattle, andM. sympodialis from cats

(Pier et al. 2000).

In dogs, this yeast acts as an opportunistic secondary pathogen within the ear

canal. Otitis externa associated with M. pachydermatis is often characterized by a

waxy, moist, brown or yellow exudate with variable erythema and pruritus (Griffin

1993; Guillot and Bond 1999).

In cats, dermatitis associated with Malassezia spp. is frequently reported in those

with endocrine and metabolic diseases, neoplasia, and infection with feline leukemia

virus (FLV) and FIV. Some reports suggest thatMalassezia spp. overgrowth may be

related to feline allergic skin diseases (Ahman et al. 2007; Ordeix et al. 2007).

M. pachydermatis has been documented to cause fungemia in human patients

receiving nutritional infusions by catheter (Chang et al. 1998; vanBelkum et al.

1994). In this sense, it has been hypothesized that mechanical transfer of

M. pachydermatis from the inflamed skin of dogs with M. pachydermatis infection
to the healthy skin of humans occurs commonly. We also hypothesized that atopic

dermatitis of dogs, which is a widely documented risk factor for M. pachydermatis
infection, would be a risk factor for human carriage (Morris et al. 2005).

Chang et al. (1998) suggested that pet dogs owned by nursing staff who worked

in the neonatal intensive care unit were the source of an outbreak in an intensive

care nursery. A single strain ofM. pachydermatis, as determined by pulsed-field gel

electrophoresis, was isolated from infants, the hands of a nurse, and from three dogs

owned by other healthcare workers in the unit. M. pachydermatis was introduced
into the intensive care nursery on health care workers’ hands after being colonized

from pet dogs at home. The organism persisted in the nursery through patient-

to-patient transmission. This observation suggested that M. pachydermatis could

represent an emerging zoonotic pathogen (Chang et al. 1998).

3.9 Pneumocystis

Pneumocystis is a genus that has had an interesting tenure on the scientific stage.

The first documentation of the existence of the organism known as Pneumocystis
was as a part of the trypanosome life-cycle. Several years later, Pneumocystis was
identified as an organism separate from trypanosomes. This includes a life-cycle
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similar to that of protozoans, based on the identification of a small trophic form; the

larger cyst form may include five to eight progeny within the cyst. However, the

disease caused by Pneumocystis was not thoroughly reported until World War II,

where it was observed to be associated with pneumonia in malnourished children.

Thereafter, Pneumocystis infections became increasingly evident in the immuno-

compromised patient population but it was the AIDS epidemic that brought Pneu-
mocystis to the forefront of lethal, opportunistic fungal infections. During this time,

another interesting observation roused the Pneumocystis field with the report that

Pneumocystis was more closely related to fungi than to protozoan. Actually,

Pneumocystis is clearly within the fungal kingdom, falling between ascomycetes

and basidiomycetes (Edman et al. 1988; Steele et al. 2005). Although P. carinii had
been isolated from many animal species, including man, traditionally a great

specificity of the isolates has been demonstrated for the species that could infect.

Then, P. carinii was considered as a group of heterogeneous populations, geneti-

cally isolated from each other, that have undergone a prolonged process of genetic

and functional adaptation to each mammalian species (Dei-Cas 2000). Further

genetic analysis has shown that Pneumocystis isolates from different species have

significant differences in their gene sequence and chromosomes. This has prompted

nomenclature changes, and P. carinii is now reserved for the rat pathogen, P. carinii
sp.muris for themurine pathogen, and P. jiroveci for the human pathogen (Steele et al.

2005; Stringer et al. 2002). It may be that this situation will be repeated in different

animal species, like the description of the genetically different P. canis in dogs

(English et al. 2001). But this situation does not mean that at a specific moment this

fungus could infect a different specie of its natural host. Pneumocystis infects hosts by
a respiratory route, and animal-to-animal airborne transmission has been clearly

established (Dumoulin et al. 2000). This suggests the possibility of it being a zoonosis.

Pneumocystis pneumonia is a well-recognized major opportunistic infection in

HIV-positive individuals, and is growing in importance in HIV-negative patients

undergoing immunosuppressive treatment for malignancy, connective tissue dis-

ease, or organ transplantation.

In humans, the persistence of Pneumocystis in the lung is a limited-time phe-

nomenon inversely related to immunological improvement (Dei-Cas 2000).

In the veterinary field, Pneumocystis has been described as producing pneumo-

nia in dogs, causing serious pulmonary alterations. Pneumocystis is important in

horses, where treatment with immunosuppressive drugs, like corticoids, is a rela-

tively frequent practice in animals dedicated to sport, originating a pneumonic

process with a bronchoneumonic diffuse image. In pigs, this fungus gives rise to

pneumonic processes, affecting animals 7–11 weeks old, with lung damage that

includes a decrease in the size of the pulmonary septa, with infiltration of mononu-

clear cells and appearance of exudates in the alveoli. This focal pneumonia evolves

toward a diffuse pneumonia, very similar to that observed in children with this

disease (Cavallini et al. 2007; Garcia and Blanco 2000; Kondo et al. 2000).

It may be that infection by Pneumocystis in domestic animals always needs an

immunocompromised situation in the affected organism, as observed in humans

(MacNeill et al. 2003).
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3.10 Dimorphic Fungi

The systemic dimorphic fungi represent a family of six phylogenetically related

ascomycetes: B. dermatitidis, C. immitis, H. capsulatum, P. brasiliensis, Sporothrix
schenkii, and Penicillium marneffei. These primary pathogens are capable of con-

verting from a non-pathogenic mold in the soil to a pathogenic yeast (or spherule in

C. immitis) after infectious spores are inhaled into the lungs of human or other

mammalian hosts. The morphologic conversion of the dimorphic fungi from mold

to yeast is required for virulence. During conversion to the pathogenic form, the

dimorphic fungi express other phase-specific products that have been shown to be

essential in virulence (Klein and Tebbets 2007).

These organisms are considered true pathogens, as they are capable of causing

infection in otherwise healthy persons. The severity of infection is determined by

both the extent of the exposure to the organism and by the immune status of the

patient (Laniado-Laborin 2007).

Most systemic endemic mycoses are a consequence of inhaling the fungus, while

subcutaneous mycoses are acquired through the inoculation of vegetable matter or

soil containing the organism (Laniado-Laborin 2007).

3.10.1 Blastomycosis

Blastomyces is a thermally dimorphic fungus, existing in the mycelial and yeast

forms. The infectious form in the environment and soil is the mycelial phase. It

produces microscopic conidia that mammals can inhale (Arceneaux et al. 1998).

Blastomycosis is a systemic fungal disease, most commonly diagnosed in dogs

and humans, but also reported in cats, horses, and other mammals (Bromel and

Sykes 2005a).

Infection in dogs with B. dermatitidis occurs when conidia produced from the

mycelial phase in soil or decaying matter are inhaled into the lungs. The increase in

temperature within the body causes conversion from the spore phase to a large

broad-based budding yeast cell. Local pulmonary disease ranges from a self-

limiting infection to severe pyogranulomatous. The organism may disseminate

via the vascular or lymphatic system, causing granulomatous or pyogranulomatous

inflammation in many organs, including lymph nodes, eyes, bones, brain,

meninges, kidneys, liver, spleen, skin, and subcutis. Dogs are commonly presented

for signs related to a single organ system, but further diagnostics usually reveal

multisystemic involvement. In cats, the affected organs are similar to dogs, and

clinical signs includes dyspnea, coughing, anorexia, lethargy, and weight loss

(Bromel and Sykes 2005a).

Canine blastomycosis shares many common clinical features with blastomycosis

in humans (Matwichuk et al. 1999).

There is no risk of aerosol transmission of the yeast phase of the organism

directly from infected animals to humans. However, bandaging of blastomycosis
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skin lesions is considered a health hazard because it may promote mycelialization

of the organism (Bromel and Sykes 2005a).

Cutaneous inoculation of blastomycosis in veterinarians and veterinary techni-

cians has been reported by accidental laceration during necropsy of a dog infected

by B. dermatitidis (Graham and Callaway 1982), by puncture with a needle contain-

ing an aspirate from an infected dog (Ramsey 1994), as well as via a dog bite in an

immunocompromised renal transplant recipient, resulting in dissemination to the

lungs (Butka et al. 1984). Transmission of B. dermatitidis to humans during routine

microbial culture of infected material from dogs and subsequent pulmonary blasto-

mycosis also is possible (Cote et al. 1997).

Furthermore, a common source environmental exposure may result in disease of

both animals and humans. A case-control study in Virginia identified a common-

source outbreak of blastomycosis in hunters and their dogs (Armstrong et al. 1987).

3.10.2 Histoplasmosis

Histoplasmosis is a disease caused by the dimorphic fungus H. capsulatum, which
is endemic to the temperate zones of the world, including America, Asia and Africa

(Kurowski and Ostapchuk 2002; Murata et al. 2007).

There are two varieties of H. capsulatum that are pathogenic to humans (H.
capsulatum var. capsulatum and H. capsulatum var. duboisii) and a third variety

that is an equine pathogen, H. capsulatum var. farciminosum (Kauffman 2007).

It took decades to prove that H. capsulatum is a dimorphic fungus, that histo-

plasmosis is primarily a pulmonary disease, and that the environmental reservoir is

soil (Kauffman 2007).

The mycelial form of H. capsulatum thrives in organic, nitrogen-rich soils, such

as those contaminated with bird or bat excrements. The most common route of

infection is via inhalation of microconidia, which are small enough to reach the

lower respiratory tract. At body temperature, the organism is transformed into the

yeast phase, and phagocytosed by alveolar macrophages, which can then dissemi-

nate the infection to other organs in the body. Most canine patients suffering from

clinical disease demonstrate gastrointestinal signs without concurrent respiratory

involvement. There are three main manifestations of histoplasmosis: asymptomatic

disease, respiratory disease, and disseminated disease. Asymptomatic disease is

considered to be the most common manifestation in dogs and humans. The respira-

tory form can be benign and self-resolve, or it can cause major pulmonary disease.

Disseminated disease affects multiple organs and carries a more guarded prognosis,

not only pulmonary system and related lymph nodes but also the liver, spleen,

intestine and bone marrow (Murata et al. 2007). Fifty percent of dogs suffering from

disseminated disease have clinical signs related to gastrointestinal disease: diarrhea,

intestinal blood loss, hypoalbuminemia, anemia, and weight loss (Kurowski and

Ostapchuk 2002; Tyre et al. 2007). The host range for H. capsulatum includes
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humans, dogs, cats, cattle, horses, rats, skunks, opossums, foxes, and many other

animal species (Tyre et al. 2007).

H. capsulatum var. farciminosum affects the skin and subcutaneous lymph nodes

and is found mainly in horses. In Japan, human cases of histoplasmosis have been

described, caused by the same genotypes of H. capsulatum var. farciminosum and

H. capsulatum var. capsulatum found in dogs and horses, and these varieties might

cause not only cutaneous but also systemic histoplasmosis, regardless of their host

species (Murata et al. 2007).

Outbreaks of human acute histoplasmosis have often been reported. These out-

breaks were associated with disturbances of accumulations of bird or bat droppings

(Laniado-Laborin 2007). The exposures to droppings have typically occurred while

visiting caves, or following cleaning and construction activities at infested sites in

endemic areas (Cano and Hajjeh 2001).

In cats with deep mycotic infections, histoplasmosis was the second most

commonly reported fungal disease after cryptococcosis (Bromel and Sykes 2005b).

Genetic polymorphisms between H. capsulatum strains isolated from humans,

animals and soil in the same geographic area were 100% similar, suggesting that an

environmental microniche could be acting as a source of infection for animals and

humans (Bromel and Sykes 2005b).

Cultures of H. capsulatum represent a severe biohazard to laboratory personnel,

and must be handled with extreme caution in an appropriate pathogen-handling

cabinet (Laniado-Laborin 2007).

3.10.3 Coccidioidomycoses

There are two nearly identical species of Coccidioides: C. immitis, which is

found in California (USA), and C. posadasii, formerly known as non-California

C. immitis, which is found primarly in Texas, Arizona, and the areas of endemicity

in Mexico, Central and South America (Viriyakosol et al. 2005). These two species

of fungi are genetically different, but at this time they cannot be distinguished

phenotypically, nor is the disease or immune response to the organism distinguish-

able (Catanzaro 2004).

Coccidioides spp. grow as a mold in the soil and develop hyphae in their

saprobic form, producing arthroconidia. As the soil dries or nutrients become

limiting, the fungus reproduces asexually by disarticulating the hyphae into

small, environmentally-resistant arthroconidia. These propagules are easily aero-

solized when the soil is disturbed by wind or human activities. Consequently, it is

the inhalation of the dust-borne arthroconidia that leads to infection in both human

and domestic or wild mammals. Coccidioidomycoses is not contagious: reports of

human-to-human spread are extremely rare (Laniado-Laborin 2007).

Coccidioidomycosis is a recognized opportunistic infection among persons

infected with HIV. Early in the HIV epidemic, most cases presented as overwhelming

diffuse pulmonary disease with a high mortality rate (Ampel 2005).
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Approximately 60% of exposures to the fungus result in asymptomatic infection,

or have symptoms so mild that medical attention is not sought. In the rest of

infected individuals, who have symptomatic disease, there are protean manifesta-

tions that range from a primary (usually benign) pulmonary infection, also known

as “Valley Fever”, to a progressive pulmonary or extrapulmonary disease (Hector

and Laniado-Laborin 2005). Fortunately, most patients with primary disease

recover spontaneously and retain lifelong immunity to exogenous infection.

People with compromised immune systems are particularly susceptible to

chronic forms of pulmonary disease, characterized by complications such as pleural

empyema and bronchopleural fistulas (Hector and Laniado-Laborin 2005).

Extrapulmonary coccidioidomycosis is almost always the result of hematoge-

nous spread from an initial pulmonary focus. Symptomatic extrapulmonary disease

develops in about one of 200 people infected with Coccidioides. The most fre-

quently affected sites are the skin, joints, bones and meninges (Galgiani 1993).

It must be remembered that Coccidioides spp. cultures pose a risk to laboratory

personnel because the mycelial form is highly infectious. Cultures should be

processed only within a biological containment cabinet by experienced personnel

(Laniado-Laborin 2007).

In dogs and cats, the primary route of infection is inhalation of infective

arthrospores. Primary cutaneous infection can occur by direct inoculation of dam-

aged skin, but this is uncommon. Dissemination occurs when endospores spread via

lymphatics and blood to distant sites in the body (Graupmann-Kuzma et al. 2008).

Although infection is less frequent in cats than in dogs, it may be more severe by

the time it is recognized (Graupmann-Kuzma et al. 2008).

3.10.4 Sporotrichosis

This is a disease produced by S. schenckii. Generally, infection results from inocu-

lation of the fungus through thorns, splinters, scratches and small traumas during

activities such as floriculture, horticulture, gardening, fishing, hunting, farming and

cattle-raising, mining, and wood exploration. It can also be acquired through bites or

scratches from infected animals (cats, armadillos) (Kauffman 1999).

Sporotrichosis has diverse clinical manifestations. The most frequent clinical

form is the lymphocutaneous form. It starts with a nodular or ulcerated lesion at the

site of fungal inoculation, and follows a regional lymphatic trajectory characterized

by nodular lesions that ulcerate, fistulate, and heal, representing true gummae. The

disseminated cutaneous forms have mainly been observed among immunosup-

pressed patients, especially HIV-positive individuals. Among the extracutaneous

forms, osteoarticular and pulmonary involvement are the most common (Lopez-

Bezerra et al. 2006).

Laboratory professionals can be infected accidentally while manipulating

S. schenkii cultures (Cooper et al. 1992).
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There have been several reports of epidemics of sporotrichosis due to zoonotic

transmission, especially from domestic cats (Barros et al. 2004; Gutierrez et al. 2008).

Starting in 1998, a sporotrichosis epidemic affecting humans, cats, and dogs

has been described in the metropolitan region of Rio de Janeiro, mainly in areas

with underprivileged socio-economic conditions and precarious health services.

Between 1998 and 2004, a total of 759 humans, 1,503 cats and 64 dogs were

diagnosed with sporotrichosis, with isolation of S. schenkii from different types of

samples. The most frequently affected individuals were homemakers taking care of

cats with sporotrichosis. The high percentage of genetic similarity demonstrated

among these isolates suggests the possibility that only one virulent genetic popula-

tion was present in this micro environment (Gutierrez et al. 2008).

3.11 Pythiosis

Pythium insidiosum is a pseudofungus, as it differs from the true fungi in the

production of biflagellate zoospores and in the composition of its cell wall (Pier

et al. 2000).

The common cycle of this fungus is based on the colonization of aquatic plants

that serve as substrata for its development and reproduction, forming the zoospor-

angia. The zoospores move in the water until they find another plant or animal

where they can encyst and emit the germinative tube, beginning a new mycelium

and completing their cycle (Miller 1983).

Pythiosis is a granulomatous disease that occurs in tropical, subtropical, and

temperate areas, affecting horses, cats, dogs, cattle and humans, which is caused by

the oomycete P. insidiosum. The equine species is the most commonly affected:

cutaneous, subcutaneous and gastrointestinal lesions form, characterized by the

formation of eosinophilic granuloma, with the presence of necrotic masses called

“kunkers” (Mendoza et al. 1996).

This disease has many common names, including hyphomycosis, zygomycosis,

granular dermatitis, “bursattee,” Florida “leeches,” phycomycotic granuloma, and

“swamp cancer” (Pier et al. 2000).

There are no reports of direct contagion among animals or between animals and

human beings (Pier et al. 2000).

3.12 Conclusions

Most mycoses are included in the group of diseases named saprozoonoses. These

are produced by fungi that can affect human and animals, and the infection is

produced through soil or fomites. The fact that human and animals may be hosts for

the same fungus is the reason that these diseases are considered as zoonoses.

Traditionally, ringworm has been defined as the only true zoonosis among the

mycoses. Nevertheless, there have been some recent descriptions of outbreaks with
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direct animal–person transmission of infections caused by other fungi, such as

Cryptococcus orMalassezia. We are sure that this kind of description will increase

in the future.
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Chapter 4

Fungi Associated with Eye Infections

with Special Reference to Corneal Keratitis

and Their Possible Reservoir

Shamim Ahmad, Mohd Sajjad Ahmad Khan, Fohad Mabood Hussain,

and Iqbal Ahmad

Abstract Ocular fungal infections, or ophthalmic mycoses, are being increasingly

recognized as an important cause of morbidity and blindness; certain types of

ophthalmic mycoses may even be life-threatening in particular endogenous and

exogenous fungal endophthalmitis. In this chapter, a review of literature is given on

the types of common ocular fungal infections, with recent trends in corneal fungal

keratitis and factors influencing such infections. Occurrence of both pathogenic and

opportunistic fungal pathogens is described for both normal and diseased human

eyes. Diagnoses of fungal infection are most critical. Occurrence of such fungi in

other habitats, especially in soil and the hospital environment, suggests that soil is

the main reservoir of ocular filamentous fungi which may be transmitted to human

eyes by different routes.

4.1 An Introduction to Ocular Fungal Infection

In the last few decades, the association of fungi with eye infections has again

received increased attention in ophthalmology. Our means of combating bacterial

infections are good but defenses against fungal pathogens are relatively weak.

Fungal infection is generally classified as endogenous or exogenous oculomycosis

and extension oculomycosis. Various types of defenses are imparted naturally for

the eye to be protected from pathogen attacks and may be classified as (1) anato-

mical defenses, (2) mechanical defenses (by eye lashes), (3) immunological
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defenses and (4) defenses provided by tear film, conjunctiva etc. For example, the

nonkeratinized squamous epithelium of the conjunctiva and cornea serves as a

protective anatomic barrier against pathogens. The tear film comprises three layers,

namely oil, aqueous, and mucous, and is produced by the meibomian glands, the

lacrimal glands, and the goblet cells of the conjunctiva respectively. The aqueous

layer comprises the majority of the 7 mm thick tear film. The tear pH, 7.14–7.82,

probably contributes to the neutralization of toxic substances. Tear flow mechani-

cally bathes the anterior surface of the eye, preventing the adherence of micro-

organisms, and flushes allergens and foreign particles into the lacrimal excretory

system. In addition, the mucous layer of the tear film entraps foreign material,

which facilitates its removal (Klotz et al. 2000)

A first report of keratitis in humanswas published by Prof. Theodor Laber in 1879.

With the help of Prof. Reincke, a botanist, he identified the organism as Aspergillus
glaucus. Since then several workers have reported occurrence of fungi from diseased

eyes. In the occurrence and distribution pattern of fungi in the eye reported up to

1972, there were more than 83 species belonging to 49 genera. It has been found that

various fungi isolated from an infected eye could also be recovered from a normal

eye (Seegal and Khorazo 1972; Ahmad 1988). Common fungi isolated from adult

normal eyes belong to various genera such as Aspergillus, Candida, Cephalospor-
ium, Cladosporium, Curvularia, Fusarium, Helimenthosporium, Mucor, Rhizopus,
Penicillium, Trichophyton, etc. (Tables 4.1 and 4.2). The great majority of these

fungi are considered to have their normal habitat in soil and vegetable matter. Due to

exposure of the eye to the atmosphere and its close continuity with skin, it is not

surprising to recover various types of fungi from otherwise normal conjunctiva. At

least 95 species out of 44 genera have been isolated from corneal ulcers. A few of

themmay be potential pathogens of humans, but the great majority of these fungi had

normal habitat either in the soil or vegetable matter as saprophytes.

Wilson et al. (1991) listed about 105 species from 35 genera of fungi as

causative agents of keratitis and other ophthalmic mycoses; however, the criteria

by which these fungi were considered to be genuine ophthalmic pathogens, and

not simply contaminants inadvertently introduced into specimens during or after

collection, were not clearly delineated. An evaluation made by McGinnis (1980)

of more than 300 reports pertaining to human fungal infections published in

the literature from the late 1940s to the beginning of 1979 encountered similar

difficulties. This assessment included reports on 30 genera (60 species) of fungi

isolated from ophthalmic infections, principally keratitis; some reports pertaining

to 32 species in 19 genera of fungi satisfied strict criteria of acceptability. Criteria

recommended include an adequate clinical history that suggests a mycotic infec-

tion, the association of fungus in the clinical specimens, and also that the mor-

phology of the fungus in the clinical specimens should be consistent with the

reported etiologic agent.

In the case of fungal infections of the eye, it is erroneous to make a distinction

between pathogenic and saprophytic fungi. A decreased host resistance, local

lesion, incidental to the primary diseases and disturbances brought about by modern
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therapy, including broad-spectrum antibiotics and corticosteroids, permits the

growth of usually saprophytic fungi (Ahmad 1988).

Fungal infection of the eye may be endogenous endophthalmitis or exogenous

endophthalmitis. Other infections are to cornea and adjacent structures (eyelids,

conjunctiva, and lacrimal system). The term endogenous endophthalmitis implies

that blood-borne spread of micro-organisms to the eye has occurred. Therefore,

infection in the eye is the result of metastatic spread of infection from a distant site,

for example, infected heart valves or the urinary tract. In this manner the eye

becomes the site of numerous micro-abscesses. The epidemiology of endogenous

endophthalmitis reflects both the natural habitats of the involved fungi and the

habits and health status of the patients.

Endogenous endophthalmitis may be caused by Candida, Aspergillus as a

direct result of the success of modern medical practice that sustains patients’ lives

with broad-spectrum antibiotics, indwelling central venous lines, parenteral nutri-

tion, abdominal surgery, and cytotoxic chemotherapy. Virtually any intravascular

prosthesis or device may become contaminated by blood-borne opportunistic fungi,

and fungemia arising from such infection may lead to endogenous endophthalmitis.

Exogenous endophthalmitis occurs through introduction of micro-organisms into

Table 4.1 Genera and species

of fungi isolated from adult

normal eyes (Seegal and

Khorazo 1972)

Genera Species

Acremonium Acremonium sp.

Alternaria Alternaria sp.

Aspergillus A. flaviceps, A. fumigates, A. glaucus,
A. niger, A. terreus, Aspergillus sp.

Aureobasidium A. pullulans
Botrytis B. cinera, Botrytis sp.
Candida C. albicans, C. guilliermondii, C. kruseii,

C. parapsilosis, C. pseudotropicalis,
C. pulcherima

Cephalosporium Cephalosporium sp.

Cladosporium C. herbarum, C. mansoni, Cladosporium sp.

Cryptococcus C. albidus, C. laurentii, Cryptococcus sp.
Curvularia C. geniculata, C. lunata, Curvularia sp.

Fusarium Fusarium sp.

Geotricum Geotricum sp.

Gliocladium Gliocladium sp.

Helminthosporium Helminthosporium sp.

Hormodendrum H. algeriensis, Hormodendrum sp.

Monilia M. sitophila
Mucor Mucor sp.
Nigrospora Nigrospora sp.

Paecilomyces P. varioti, Paecilomyces sp.
Penicillium P. citrinum, P. commune, Penicillium sp.

Rhizopus Rhizopus sp.
Rhodotorula R. mucilaginosa, R. rubra, Rhodotorula sp.

Saccharomyces S. cerevisiae, S. fragilis, Saccharomyces sp.
Torulopsis T. glabrata, Torulopsis sp.
Trichoderma T. viride, Trichoderma sp.
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the eye from trauma or surgery. It can also be the end result of pre-existing scleritis

or keratitis (Borderie et al. 1997; Klotz et al. 2000).

The number of fungi implicated in various exogenous and endogenous ophthal-

mic infections has been increasingly reported in recent years, such as yeasts,

principally Candida sp., including Candida glabrata (Cameron et al. 1998),

Candida famata (Rao et al. 1991), and Fusarium sp. (Pflugfelder et al. 1988).

Furthermore, patients with AIDS may contact many different fungal infections of

the eye and adjacent structures. Various common fungi in eye infections associated

with AIDS patients have been reported, such as Cryptococcus sp., Pneumocystis
sp., Candida sp., Histoplasma sp., Aspergillus sp., Fusarium sp., and Bipolaris sp.
(Table 4.3).

Table 4.2 Genera and species

of fungi isolated in cases of

keratomycosis (Seegal and

Khorazo 1972)

Genera Species

Absidia A. Corymbifera, A. ramose, Absidia sp.

Acremonium Acremonium sp.

Aspergillus A. flavus, A. fumigates, A. glaucus,
A. nidulans, A. niger, A. niveus,
A. ochraceus, A. versicolor,
Aspergillus sp.

Candida C. albicans, C. guilliermondii,
C. kruseii, C. mycoderma,
C. parapsilosis, C. pseudotropicalis,
C. tropicalis, Candida sp.

Cephalosporium C. arcuatum, C. curtipes, C. serrae,
Cephalosporium sp.

Cryptococcus C. laurentii, C. neoformans
Curvularia C. geniculata, C. lunata, Curvularia sp.

Fusarium F. conglutinans, F. oxysporum,
F. nivale, F. solani, Fusarium sp.

Fusidium F. terricola
Helminthosporium Helminthosporium sp.

Hormodendrum Hormodendrum sp.

Microsporum M. canis
Mucor M. cornealis, M. mucedo, M. racemosus,

Mucor sp.
Paecilomyces Paecilomyces sp.
Penicillium P. citrinum, P. columnaris,

P. crustaceum, P. chrysogenum,
P. glacum, P. lilacidum, P. notatum,
P. spinulosum, Penicillium sp.

Phycomyces Phycomyces sp.
Rhizopus R. equinus, R. nigricans, R. parasiticus,

Rhizopus sp.
Sporothrix S. schenkii
Tricoderma Tricoderma sp.

Tricophyton T. schoenleinii, T. tonsurans,
Tricophyton sp.

Ustilago U. zeae
Verticillium V. graphii, V. rubrum, Verticillium sp.
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Paecilomyces lilacinus is a ubiquitous soil saprophyte implicated in cases of

keratitis and endophthalmitis after trauma (Westenfeld et al. 1996; Okhravi et al.

1997). However, a large outbreak of P. lilacinus exogenous endophthalmitis fol-

lowed intraocular lens implantation; the lenses had been contaminated by a bicar-

bonate solution used to neutralize the sodium hydroxide sterilant added to the

lenses. Acremonium kiliense (Fridkin et al. 1996) has caused infections following

lens surgery. Fungal pathogens in posttraumatic endophthalmitis are legion and

similar to those causing fungal keratitis. Some reports have identified Fusarium
moniliforme (Srdic et al. 1993), Exophiala jeanselmei (Hammer et al. 1983),

Pseudo-Allescheria boydii (Carney et al. 1996), Aspergillus niger (Jager et al.

1994), Scytalidium dimidiatum (Al-Rajhi et al. 1993), Helminthosporium spp.

(Das et al. 1994), S. schenckii (Witherspoon et al. 1990), Penicillium chrysogenum
(Eschete et al. 1981), and L. theobromae (Borderie et al. 1997).

Thomas (2003a) has extensively reviewed various types of ocular pathogenic

fungi and grouped them as (1) hyaline filamentous fungi, (2) dematiaceous

(phaeoid) fungi, (3) yeast and zygomycetious fungi, and (4) thermally dimorphic

fungi, implicated in ophthalmic infections and other specific pathogenic fungi.

Ophthalmologists and optometrists in particular, and clinicians in general, need

to be aware of the pathogenesis of fungal eye infections. More than 70 species

representing 40 genera of fungi have been reported to cause fungal keratitis.

Filamentous fungi form the major etiologic agents of fungal keratitis. Fusarium sp.

(37%–62%) and Aspergillus sp. (24–30%) have been implicated as main pathogens.

Table 4.3 Site of occurrence and associated fungal pathogens in eyes of AIDS patients

Location or nature

of lesions fungus

Organism References

Eyelid nodules Cryptococcus sp. Coccia et al. (1999)

Conjunctivitis, colonization

of the conjunctiva

Pneumocystis sp. Ruggli et al. (1997)

Cornea Candida sp. Aristimuno et al. (1993)

Anterior chamber, limbus Cryptococcus sp. Aristimuno et al. (1993),

Muccioli et al. (1995)

Histoplasma sp. Font et al. (1995)

Choroiditis Cryptococcus sp. Saran and Pomilla (1996)

Pneumocystis sp. Whitcup et al. (1992)

Histoplasma sp.,

Aspergillus sp.,
Candida sp.

Morinelli et al. (1993)

Retinitis Cryptococcus sp.,
Histoplasma sp.

Specht et al. (1991)

Endogenous

endophthalmitis

Aspergillus sp. Petersen et al. (1997)

Fusarium sp. Glasgow et al. (1996)

Bipolaris sp. Pavan and Margo (1993)

Optic neuropathy Zygomycetes Lee et al. (1996)

Histoplasma sp. Shmookler and Kolsky (1996)

Cryptococcus sp. Garrity et al. (1993)

Sino-orbital disease Aspergillus sp. Johnson et al. (1999)
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Dematiaceous fungi are the cause of 8–16.7% of cases of fungal keratitis (Bharathi

et al. 2003). Most filamentous fungi associated with corneal ulceration in the tropics

are found widely within the environment. Yeast can also cause keratitis. The most

common causes of fungal keratitis are Fusarium solani and other Fusarium sp.,

Aspergillus sp., and Curvularia sp. (Thomas 1994). There may be a hierarchy of

fungi capable of producing keratitis, e.g., from most to least capable, Fusarium,
Acremonium, and Phialophora spp. This hierarchy is predicated upon their individ-
ual ability to invade and destroy the cornea (Liesegang 1998).

4.1.1 Predisposing Risk Factors for Fungal Keratitis

Ocular fungal infections, or ophthalmic mycoses, are being increasingly recognized

as an important cause of morbidity and blindness, and even certain types of

ophthalmic mycoses may be life-threatening (Yohai et al. 1994; Levin et al.

1996). Keratitis (corneal infection) occurs most frequently (Srinivasan et al.

1991), but the orbit, lids, lacrimal apparatus, conjunctiva, sclera, and intraocular

structures may also be involved (Fig. 4.1). However, here we will discuss infections

related to corneal keratitis. A comprehensive review of fungal diseases of the eye,

in particular endogenous and exogenous fungal endophthalmitis, has been pub-

lished by different workers (Klotz et al. 2000; Thomas 2003a, b; Nayak 2008).

A number of factors are known to promote mycotic ocular infections, as elaborated

in Fig. 4.2.

Predisposing factors include trauma, contact lenses, and topical steroids. Trauma

is the most important predisposing cause, followed by ocular and systemic defects,

and prior application of corticosteroids. Previous history of ocular trauma (espe-

cially if organic matter is involved), agricultural occupations, age, recurrent ocular

disease, exposure keratopathy, chronic keratitis, chronic use of steroids, systemic

immunosuppressive disease also plays a role in fungal keratitis.
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Fig. 4.1 Parts of the eye that

may be infected from fungal

pathogens
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4.1.1.1 Corneal Trauma

Injury to the cornea is the leading cause of microbial keratitis, particularly fungal

keratitis. The nature of injury is often vegetative in origin, which may consist of

trauma with plant twigs, rice-husk, cotton plant, etc. A history of corneal trauma

with vegetable matter or organic matter is reported in 55%–65% of fungal keratitis

(Bharathi et al. 2003). Trauma leads to destruction of the epithelium and Bowman’s

membrane, impairing the barrier to infection. The underlying stroma becomes

excessively hydrated and possibly altered in such a way as to constitute a more

favorable site for fungus to grow. Keratomycosis caused by filamentous fungi is an

occupational hazard of farmers and agricultural workers. The seasonal variation

noted in most series most probably represents occupational injuries associated with

harvesting. On the other hand, mycotic infections, especially Candida spp., may

develop in pre-existing lesions such as herpetic scars or neurotrophic keratitis,

which alter local ocular immune defense (Sudan and Sharma 2003). Micro-organisms

do not usually penetrate intact corneal epithelium. However, following trauma

opportunistic fungi and bacteria may complicate the underlying disease, especially

if caused by vegetative material. This is also the case with corneal diseases with

epithelial disintegration, such as exposure keratitis, chronic corneal epithelial ero-

sions, corneal degeneration, herpesvirus keratitis, and/or suppressed local immune

system (corticosteroid treatment; Richter et al. 2003). A study from the northern

United States reported trauma as the inciting event in only 8.3% of cases, whereas,

in the southern United States, trauma was identified as a principal risk factor in

44% of children who had microbial keratitis and in 27% among 227 cases of

microbial keratitis reported in a nonreferral county practice in southern California

(Srinivasan 2004).

Physical injuries
Occupational hazards

Su
rg

ic
al

 p
ro

ce
du

re
s

Therapeutic regimens

Proceeding nonfungal infections

M
is

ce
lla

ne
ou

s 
ca

us
es

Mycotic ocular infections

Abrasions

Lacerations

Penetrating wounds

Rural living

Agricultural workers,

gardeners, foresters

Telephone linemen

Incomplete removal 
of foreign body

Inadequate care 
after surgery

Extension to eye from 
infected contiguous area

Trichiasis

Exposure keratitis
Bullous keratitis

Repair of retinal tear

Keratoplasty

Cataract extraction

Removal of intraocular
foreign body

Broad-spectrum antibiotics
used overlong period of
time singly with local or 
systemic steroids

Infected eye drops

Trachoma

Bacteria

Viruses

Fig. 4.2 Schematic illustration of factors that may promote mycotic ocular infections
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4.1.1.2 Contamination Through Contact Lenses

Several published case reports have identified contact lens wear as a risk factor for

fungal keratitis in industrialized countries (29%; Hoflin-Lima and Roizenblatt

2002). Patients wearing any type of contact lens can get fungal keratitis. Most of

the pathologies related to contact lens wearing occur in the anterior segment of the

eyeball and clinically can be seen as serious inflammation. Nevertheless, using

contact lenses without any coexisting symptoms does not guarantee their sterility,

and may also be a source of infection. The factors causing infectious complications

are connected with hygiene negligence, such as: improper disinfecting of contact

lenses, usage of contaminated lenses, contact lens containers, and cleaning solu-

tions, wearing contact lenses during eye infections, and contamination of

contact lenses through the introduction of micro-organisms from the environment

(Buczek-Kalakucka and Polz-Dacewicz 2006)

4.1.1.3 Use of Contaminated Topical Steroids

Many ophthalmologists identify topical steroids as the principal risk factor in

enhancing ocular fungal growth. Steroid use as initial therapy was reported in

1%–30% of patients having microbial keratitis. Topical corticosteroid therapy has

been associated with increased incidence and worsening of fungal keratitis (Bharathi

et al. 2003).

The increased incidence is probably due to altered local immune response and

increased rates of conjunctival colonization by fungi. Additionally, it indirectly

promotes fungal replication and corneal invasion by interfering with the host’s

inflammatory response. The systemic use of corticosteroids may predispose to

fungal keratitis by causing immunosuppression. Candida spp. commonly colonizes

conjunctive and eye lid margins of normal individuals. However, it may produce

keratitis in patients with impaired immune response. The local ocular resistance

may be lowered by atopic disease, eyelid malposition, dry-eye conditions, and

neurotrophic or herpetic keratitis predisposing to fungal keratitis (Sudan and

Sharma 2003).

4.1.1.4 Other Factors

Other disorders, including corneal surface disorders, dry eye, bullous keratopathy,

and exposure keratitis, are associated with the development of suppurative keratitis

(Thomas 2003b). Several case reports of fungal keratitis after photorefractive

keratectomy and Lasik have been published (Periman et al. 2003).
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4.2 Infections of the Cornea

Fungal infection of the cornea, e.g., mycotic keratitis or fungal keratitis, was first

observed in 1879 in Germany by Leber, and is now a major public health problem in

the tropical parts of many developing nations, including India (Agrawal et al. 1994;

Gunawerdena et al. 1994; Hagan et al. 1995; Thomas 2003a, b). Scarring of the

cornea as a result of keratitis is one of the preventable causes of blindness and

usually carries an unfavorable prognosis due to its protracted course and need for

specific therapy (Baradkar et al. 2008). Corneal blindness is a major public health

problem worldwide and infectious keratitis is one of the predominant causes.

According to the World Health Organization, corneal diseases are a major cause

of vision loss and blindness, second only to cataract in overall importance. It is

estimated that ocular trauma and corneal ulceration result in 1.5–2 million new

cases of corneal blindness annually (Whitcher et al. 2001). The incidence of ocular

fungal infections has increased in the last few years due to the improvement in

microbiologic diagnostic techniques and because of the introduction of new thera-

peutic measures such as widespread use of broad-spectrum antibiotics, immuno-

suppressive drugs, and corticosteroids (Saha and Das 2006).

The fungi most often isolated from human corneal ulcers are also known to

inhabit normal eyes, and also commonly occur as saprobes in the soil and vegetable

matter. Due to the abundance of fungi in human surroundings, it is difficult to assign

a pathogenic role to them when they are isolated from the diseased eyes. The

problem is further aggravated by the presence of predisposing factors such as the

use of immunosuppressive agents, antibiotics, and physical injury to the eye. It was

therefore thought that a simultaneous study in infected human eyes, normal human

eyes, and the surroundings would be of help in elucidating some aspects of fungal

infections of the eye (Sandhu et al. 1981).

If not treated early, this condition may lead to corneal blindness. The causal

agent is largely filamentous fungi, although yeasts, particularly Candida, may also

be responsible in a small number of cases. Fungal infections of the cornea (fungal

keratitis or keratomycosis) may constitute 6%–53% of all cases of ulcerative

keratitis, depending upon the country of origin of the study (Thomas 1994).

Recently, Nayak (2008) has extensively reviewed such fungal infections of the

eye with special focus on keratomycosis. The major risk factors for mycotic

keratitis are trauma, systemic illness, previous eye surgery, contact lenses, and

diabetes (Rosa et al. 1994; Gunawerdena et al. 1994; Panda et al. 1997; Srinivasan

et al. 1997; Tanure et al. 2000; Gopinathan et al. 2002; Basak et al. 2005;

Chowdhary and Singh 2005; Ula et al. 2009).

Most fungal keratitis occurs after trauma to the cornea in agricultural workers,

usually, but not always, with fungus-contaminated plant material (leaves, grain,

branches, or wood). The disease may also occur in gardeners and, following corneal

trauma, from indoor plants as well. Occasionally the object striking the cornea is

metal. The trauma to the cornea may be so slight as to be forgotten by the patient.

Furthermore, fungal keratitis may also occur with contact lens wear. Trauma to the
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cornea with vegetable matter either introduces the fungus directly into a corneal

epithelial defect or, alternatively, the defect may become infected following the

trauma (Klotz et al. 2000).

Keratomycosis is a suppurative, usually ulcerative, corneal disease. Infection is

exogenous, with the organism entering through the corneal epithelium. The vast

majority of cases of fungal keratitis are due to septate, filamentous and saprophytic

fungi, mainly Aspergillus sp. and Fusarium sp.: others may include Alternaria sp.,

Curvularia sp., Penicillium sp., Cladosporium sp., and Acremonium sp., etc. and

occasionally zygomycetes such as Absidia or Rhizopus spp. (Table 4.4; Schwartz

et al. 1978; Marshall et al. 1997; Doczi et al. 2004). On the other hand, the abnormal

or compromised cornea, e.g., chronic dry eye, is subject to infection with yeasts,

usually Candida sp. Such uncommon Candida sp. as Candida lipolytica and

Candida humicola have, however, been reported to cause posttraumatic keratitis

(Nitzulescu and Niculescu 1975, 1976; Doczi et al. 2004) and Candida guillier-
mondii after corneal transplant (Ainbinder et al. 1998, Doczi et al. 2004). Fungal
keratitis is recognizable by the presence of a coarse granular infiltration of the

corneal epithelium and anterior stroma (Fig. 4.1). The corneal defect usually

Table 4.4 Fungi associated with keratitis

Fungal species Ophthalmic infections (in which

implicated)

References

Fusarium solani
F. oxysporum
F. dimerum

Keratitis, introcular infection Tanure et al. (2000),

Gopinathan et al. (2002)

Aspergillus fumigatus
A. flavus
A. terreus

Keratitis Stevens et al. (2000),

Gopinathan et al. (2002)

Paecilomyces lilacinus
P. variotii

Keratitis, endopthalmitis Rosa et al. (1994), Okhravi

et al. (1997)

Acremonium kiliense
A. potronii

Keratitis, endopthalmitis Guarro et al. (1997), Read

et al. (2000)

Curvularia lunata
C. geniculata
C. senegalense

Keratitis Guarro et al. (1999), Garg

et al. (2000)

Rhizopus arrhizus
Mucor
Absisdia corymbifera

Rhino-orbitocereberal,

zygomycosis, keratitis, scleritis

Marshall et al. (1997), Locher

et al. (1998)

Candida albicans
C. parasilosis

Keratitis, inocular lesion Rosa et al. (1994), Tanure

et al. (2000)

Cryptococcus neoformans Keratitis, chronic rhinitis Morinelli et al. (1993), Tanure

et al. (2000)

Paracoccus brasiliensis Eyelids, cornea, conjuctiva Burnier and Sant’Anna (1997)

Coccidioides immitis Various Rodenbiker and Ganley

(1980)

Blastomyces dermatitidis Lesion of eyelids, cornea,

conjuctiva

Slack et al. (1992), Bartley

(1995)

Histoplasma capsulatum Endogenous, exogenous, retinis,

optical neuritis

Yau et al. (1996), Gonzales

et al. (2000)
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becomes apparent within 24–36 h after the trauma. Some of the reports with

multiple numbers of cases published in the last decade are briefly presented here.

Tanure et al. (2000) reported the spectrum of fungal keratitis atWills Eye Hospital,

Philadelphia from 24 eyes (24 patients) from 1991 to 1994. Predisposing factors

included chronic ocular surface disease (OSD; 41.7%), contact lens wear (29.2%),

atopic disease (16.7%), topical steroid use (16.7%), and ocular trauma (8.3%). Early

identification of fungal elements was achieved by staining of corneal scrapings in

18 cases (75%). Half of the cases (12 eyes) had corneal infections caused by yeast, and

the other half by filamentous fungi.Candida albicanswas themost commonly isolated

organism (45.8%), followed by Fusarium sp. (25%). They found Fusarium sp.

themost commonly isolated filamentous fungus andC. albicanswas themost frequent

cause of fungal keratitis, and a past history of ocular trauma was uncommon.

Gopinathan et al. (2002) reported the retrospective laboratory results of 1,352

cases of fungal keratitis diagnosed at the L.V. Prasad Eye Institute (LVPEI) in south

India from January 1991 to December 2000. Ocular trauma predisposed to infection

in 736 (54.4%) of 1,354 eyes. A fungal cause was established by smears of corneal

scrapings in 1,277 (95.4%) eyes. Fusarium (506, 37.2%) and Aspergillus sp. (417,
30.7%) have predominated the hyaline fungal spectrum (1,133) and Curvularia sp.

(39, 2.8%) were the highest among the dematiaceous isolates (218).

Fungal keratitis is an uncommon complication in contact lens wearers: however, a

study highlights use of contact lens cleaning solution as being responsible for causing

a Fusarium outbreak from 2005 to 2006 in Singapore (Khor et al. 2006). During the

study period, 66 patients (68 affected eyes) were diagnosed with Fusarium keratitis

associated with contact lens wear; the estimated annual national incidence is 2.35

cases per 10,000 contact lens wearers. Patients ranged in age from 13 to 44 years

(27.1 � 8.4 years), of which 32 (48.5%) were men. The vast majority (65 patients;

98.5%)wore using soft, disposable contact lenses; 62 patients (93.9%) reported using

one brand of contact lens cleaning solution (ReNu, Bausch & Lomb, Rochester, NY,

USA), including 42 patients (63.6%) who recalled using ReNu with MoistureLoc.

Most patients (81.8%) reported poor contact lens hygiene practices, including over-

night use of daily wear contact lenses (19.7%), and use of contact lenses past the

replacement date (43.9%). Because no predisposing factors, such as ocular trauma,

pre-existing ocular diseases, topical steroid usage, or an exposure to Bausch & Lomb

ReNu with the MoistureLoc cleaning solution, were involved in this case, poor

contact lens hygiene was very probably the reason for this rare fungal infection.

This study suggests that physicians and eye care practitioners worldwide need to be

aware of the likelihood of similar outbreaks emerging among contact lens wearers.

Srinivas et al. (2007) presented a study over a period of 1 year in which they

treated 12 patients with unilateral Fusarium keratitis. All patients were contact lens

users who used ReNu MostureLoc contact lens solution and had no other specific

predisposing conditions. Microbiological examination yielded growth of Fusarium
spp. in seven patients from corneal scrapings at presentation and from three patients

in subsequent corneal specimens. For two other patients, fungi were not detected

from corneal scrapings, but Fusarium spp. was isolated from their contact lenses.

The infections were treated with topical natamycin and amphotericin B eye drops,
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and with systemic itraconazole in eight patients. The infection resolved with

medical treatment in eight eyes, a conjunctival flap in one eye, and a therapeutic

corneal graft in one eye. Two eyes required tectonic corneal grafts for perforation.

Two of the three corneal grafts failed because of graft rejection. Final visual

acuities ranged from counting fingers to 1.0. This cluster of Fusarium keratitis

seems to be related to the use of the ReNu MoistureLoc contact lens solution. The

cure rate with medical therapy was 66%. However, corneal scarring limited visual

recovery. This episode highlights the need for clinical vigilance when dealing with

corneal infiltrates in contact lens users.

Chowdhary and Singh (2005) reported the epidemiologic features and laboratory

results of 191 consecutive cases of fungal keratitis presenting to a tertiary-level

super-specialty teaching hospital (Department of Guru Nanak Eye Center, Maulana

Azad Medical College, New Delhi) from January 1999 to June 2001. Diagnosis of

mycotic keratitis was established in 191 (39%) out of the total study group of 485

cases. Direct microscopic examination of KOH mounts and Gram-stained smears

revealed the presence of fungal elements in the corneal scrapings in 119 (62.3%) and

114 (60%) of the subsequently fungal culture-positive cases respectively. Predispos-

ing risk factors were noted in 79%, with corneal trauma 42%, contact lens wear 25%,

and topical corticosteroids in 21% patients. The spectrum of fungi isolated included

Aspergillus sp. in 78 cases (41%) followed by Curvularia sp. in 55 cases (29%).

A prospective study of corneal ulcer was conducted by Shokohi et al. (2006)

between May 2004 to March 2005 in Sari, North Iran. Patients who presented with

clinically suspected corneal ulcer to the Ophthalmology Department of Bou-Ali

Sina University Hospital in Sari were included in this study. A total of 22 patients

met the inclusion criteria of this study, among whom ten (45.5%) were females and

12 (54.5%) were males. The investigation highlighted that infections of the cornea

due to filamentous fungi are frequent causes of corneal damage. In direct micros-

copy, branching, and septate hyphae were identified in seven patients (31.8%). Two

fungi (Aspergillus fumigatus and Fusarium spp.) were isolated (28.6%). Five

patients (31.8%) with fungal keratitis were males and two (28.6%) were females.

Three (42.85%) patients with fungal keratitis were farmers. Trauma with plant

debris and straws were noted in two patients (28.6%) with fungal keratitis. Five

patients (71.4%) received topical antibiotics.

A study was carried out by Saha and Das (2006) on patients attending tertiary

care hospital, East Delhi. In this study, of the 346 patients with corneal ulcers

investigated, in 77 of cases (22.25%) fungal etiology was identified. Males were

more commonly affected, and were mostly in the age group of 31–40 years. It was

seen that trauma was the most common predisposing risk factor especially in the

agriculturists and the farmers. Aspergillus flavus was the most common fungus

isolated in 31.16% of cases, followed by A. fumigatus (16.88%) and Fusarium spp.

(7.79%). Yeasts were also isolated in 21.62% of cases. Both yeasts and mycelial

fungi were isolated in 6.5% of cases.

David et al. (2007) reported an extensive study fungal keratitis seen at

Moorfields Eye Hospital over a 13-year period to January 2007. There were 66

isolates from 65 patients. Forty (60.6%) of the isolates were subspecies of Candida.
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Prior OSD or a penetrating keratoplasty (PK) was present in 38 patients (97.4%)

with Candida infection, and 29 patients (74.4%) with Candida infection were using
topical steroid at the time of diagnosis. The principal risk factors for filamentary

fungal infection were trauma (eight cases, 30.8%) or cosmetic contact lens wear

(eight cases, 30.8%), with OSD or a prior PK each present in five cases (19.2%).

Candida was the principal isolate, usually from eyes with OSD or a prior PK treated

with topical steroids.

A study conducted by Chander et al. (2008), carried out jointly by the Depart-

ments of Microbiology and Ophthalmology, Government Medical College Hospi-

tal, Chandigarh, over a period of 5 years from January 1999 to December 2003,

revealed incidence of keratomycosis in and around Chandigarh. Out of 154 sus-

pected patients, 64 cases were positive for agents. Most common fungal isolates

found were Aspergillus sp. (41.18%) followed by Fusarium sp. (23.53%), Candida
sp. (8.82%), Curvularia sp. (5.88%), and Bipolaris sp. (5.88%). This study high-

lighted hyaline filamentous fungi as most common etiological agents and mechani-

cal trauma with vegetative matter as the most common predisposing factor

(37.75%); other predisposing factors were chronic antibiotic usage (25%) and use

of topical corticosteroids (7.81%).

Furthermore, a study by Baradkar et al. (2008) to identify aetiological agents and

predisposing risk factors in mycotic keratitis, was conducted at Department of

Microbiology, Lokmanya Tilak Municipal Medical College and General Hospital,

Sion, Mumbai. Fungi were isolated in 13.07% of cases. Correlation between

microscopy and culture was present in 58% of cases. The male:female ratio

observed was 3:1. Filamentous fungi were isolated in 79.41% of cases and yeasts

were isolated in 20.58% of cases. Predominant fungal isolates were Aspergillus sp.
17.64% (16/34), Fusarium sp. 14.7% (5/34). Curvularia sp., Penicillium sp., and

C. albicans were isolated in three cases each (8.82% each); Cladosporium sp.,
Dreschleria sp., Acremonium sp., Aureobasidium sp. were isolated in two cases

each (5.88% each), and Alternaria sp. and Bipolaris sp. in one each.

Ula et al. (2009) presented a report involving patient demographics, clinical and

laboratory findings, and treatment and outcomes of 46 cases of culture-proven fungal

keratitis diagnosed from January 2004 to November 2007, being compared with

23 cases of fungal keratitis previously collected over a similar period from January

1999 to November 2002 at the Massachusetts Eye and Ear Infirmary. They showed

that during 2004–2007, the rate of fungal keratitis was 1.0 cases per month, an

increase from the baseline rate of 0.5 cases per month during 1999–2002. The

proportion of cases caused by filamentous fungi increased from 30% (1999–2002)

to 65% (2004–2007; p = 0.01). Soft contact lens wear accounted for 41% of fungal

keratitis cases in 2004–2007, as compared with 17% in 1999–2002. Patients with a

history of corneal transplant had the highest rate of therapeutic keratoplasties (67%)

and had the poorest visual outcome (40% counting fingers or less). In the contact lens

group, 94% of patients maintained vision of at least 20/40 and only 12% required

surgery to control the infection. The study concluded that there has been an increase

in fungal keratitis in the Boston area and a change in the causative pathogens and risk

factors for infection. Filamentous fungi now account for the majority of fungal
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keratitis cases, whereas yeasts were the predominant pathogen in the past. Soft

contact lens wear is currently the most common risk factor for development of

fungal keratitis.

Elmer (2009) reviewed the cases ofAlternaria keratitis diagnosed and treated at the
University of Illinois Eye and Ear Infirmary from 1999 to 2007 for clinical presenta-

tion, antifungal therapy, and final visual acuity. They found that Alternaria keratitis

has a varied clinical presentation and may present without macroscopic pigmentation.

A study carried out by Saha et al. (2009) at Priyamvada Birla Arvind Eye

Hospital, West Bengal, from January to December 2008 highlighted Aspergillus
sp. as the predominant group (55.40%) of fungi causing keratitis among 110

patients, followed by C. albicans (18.91%) and Fusarium sp. (10.81%). Agricul-

tural activity-related ocular trauma was the principal cause of such keratitis.

4.3 Diagnosis of Fungal Infections of the Eye

Fungal infections of the cornea are frequently caused by species of Fusarium,
Aspergillus, Curvularia, and Candida. Fungal keratitis usually manifests as a

rapidly developing process, with fungi frequently found deep in the equine cornea.

Fungi and bacteria are capable of promoting enzymatic degradation of the cornea.

This process is aggravated by attracted neutrophils, which degranulate in the

corneal stroma and release additional lytic enzymes. The diagnosis of keratomy-

cosis is made by the finding of fungal elements during cytologic examination of

corneal scrapings or mycologic culture, or during histopathologic examination of a

keratectomy specimen (Richter et al. 2003).

Culture remains the cornerstone of diagnosis; direct microscopic detection of

fungal structures in corneal scrapes or biopsies permits a rapid presumptive diag-

nosis. The most critical pieces of information regarding infections of the eye are the

clinical history, clinical examination, and accurate identification of the causative

micro-organisms. A good history and eye examination may provide sufficient

information to suggest the pathogenesis of the disease and likely micro-organisms.

For example, diminishing vision and pain in the eye of a patient wearing contact

lenses in the presence of a corneal ulcer strongly suggest an infectious keratitis

caused by bacteria, saprophytic fungi, or amoebae. The diagnosis of fungal infec-

tions requires the clinician to (1) establish the presence of ophthalmic pathology

(which may require special instruments, such as a scanning slit confocal micro-

scope; Florakis et al. 1997), (2) obtain tissue in which the fungus is visualized, and

(3) isolate the responsible fungus. Fungal isolation by culture is particularly impor-

tant since tissue strains frequently do not allow one to determine the identity of

filamentous fungi or yeasts with any degree of certainty. Isolation allows one to

perform both authoritative identification and antifungal testing when necessary.

In most other circumstances the clinician will be obliged to establish the diagnosis

by isolating the causative micro-organism directly from the eye or adnexal tissue.
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Aspergillus, Fusarium spp. (Ando and Takatori 1982; Sehgal et al. 1981), and

occasionally C. albicans (Schwab and Dawson 1995) are cultured from the con-

junctiva of healthy and diseased eyes; therefore, it is difficult to establish sapro-

phytic fungal isolates as pathogens of the conjunctiva unless a biopsy is performed,

and this is rarely necessary. Pneumocystis carinii may cause conjunctivitis, but this

organism cannot be cultured (Ruggli et al. 1997). Material may be expressed from

an infected lacrimal duct or, if required, an incision can be made and tissue can

be obtained for culture and appropriate stains. Not infrequently, invasive orbital

disease arises from the paranasal sinuses, usually the ethmoid and sphenoid sinuses.

A computerized tomography (CT) scan of the orbit and paranasal sinuses will

establish the extent of disease, and biopsy, curettage, and drainage of the infected

sinus can obtain adequate material. Aspergillus spp., zygomycetes, and other fila-

mentous fungi are the usual pathogens. Rhinocerebral zygomycosis involving the

orbit can often be diagnosed by biopsy of necrotic tissue from the hard palate or

nose. The use of an exceedingly thin, round-ended platinum spatula or, alterna-

tively, a scalpel blade or small needle allows for scrapings to be obtained from the

corneal surface for stains and cultures (Wilhelmus et al. 1994). Ample tissue is

needed, so multiple corneal scrapings are usually performed. Biopsy of the cornea

or keratoplasty may be required to provide sufficient diagnostic material. Sapro-

phytic filamentous fungi more often than not cause post-traumatic keratomycosis.

Rarely are yeasts involved in post-trauma keratitis (Thomas 1994).

4.3.1 The Detection of Fungal Elements

In tissue or smears detection of fungal elements is enhanced and detected with

significantly greater sensitivity using acridine orange (Kanungo et al. 1991), Calco-

fluor white (Chander et al. 1993), or lactophenol cotton blue (LCB; Thomas et al.

1991; Byrne et al. 1995) stains. The first two stains have the added advantage of

demonstrating other pathogens, such as bacteria, amoebic exocysts, and micro-

sporidial spores. This may be important, because traumatic injuries to the cornea

may involve more than one pathogen. Similarly, the use of a battery of fluorescein-

conjugated lectins has been shown to be useful in detection of ocular mycoses

(Robin et al. 1986). The use of such tests as a chitin assay (Lamps et al. 1995) or

polymerase chain reaction (PCR; Okhravi et al. 1998) may prove useful, but these

assays currently suffer from a cumbersome technique in the former and lack of

detection across fungal genera in the later.

4.3.2 Culture and Identification

Apart from the conventional culture techniques on SDA slants, and LCB preparation

of the growth for distinguishing between yeasts andmycelia, and for the identification
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of mycelia fungi, one can also opt for a slide culture technique (Rippon 1982) which

visualizes aerial hyphae of molds, making the microscopic identification easier.

Yeasts can be speciated by looking for chlamydospore formation on cornmeal agar

and germ tube production, as well as by using various sugar fermentation and

assimilation tests, urease test, and other biochemical tests (Rippon 1988).

4.3.3 Molecular Methods for the Diagnosis of Mycotic Keratitis

PCR assay, PCR-SSCP (single strand conformation polymorphism) and PCR-

RFLP (restriction fragment length polymorphism) techniques have also been

standardized for fungal identification (Chen et al. 2002). Of these, the PCR is

universally accepted as the most popular technique as it can yield quick results,

confirming the diagnosis of mycotic keratitis within a few hours, whereas culture

takes at least 5–6 days for a positive detection (Ferrer et al 2002). Gaudio et al.

(2002) developed a PCR-based assay to amplify a part of the fungal 18S r-RNA

gene, which was used for detection of fungal DNA in corneal scrapings. PCR and

fungal culture results matched in 74% of cases. Thus at present PCR assay seems

quite promising for the diagnosis of fungal keratitis, offering a definite advantage

over culture methods. However, its main drawback is its occasional false positivity

that can be overcome by application of stringency in laboratory procedures and

proper standardization of the techniques. Despite this, PCR remains an effective

method for diagnosing keratomycosis. It is also a more sensitive and rapid method

than the conventional mycologic procedures. In addition, PCR is of great benefit in

rapidly detecting the presence of the organism difficult to culture. The sensitivity of

PCR, taking culture as the gold standard, was quite high, between 89% and 94%,

whereas specificity ranged from 50% to 88% (Ferrer et al. 2002; Gaudio et al.

2002). Some of the well-cited studies on molecular identification of ocular fungi are

summarized here.

Kappe et al. (1998) used molecular probe for detection of pathogenic fungi in the

presence of human tissue. Four primer systems, amplifying fragments of the gene

coding for the small ribosomal subunit (18S r-RNA), were characterized with pure

cultures of 65 medically relevant fungal species plus two mushrooms. A primer

cocktail (TR1/CA1-TR2/AF2) amplified 59 of 67 fungal species; the universal

fungal primer 1 (UF1), in combination with the eukaryotic primers S3 or EU1,

amplified 64 and 65 of 67 fungal species respectively. The design of an additional

primer (RZY1) enabled the amplification of the missing members of the zygomy-

cetes. The primer systems amplified all the medically relevant fungi tested. These

included eight Candida spp. and seven other yeast species, 13 dermatophytes,

32 molds (including six zygomycetes and five dimorphic fungi), and twomushrooms.

Eleven controls including DNA from Schistosoma mansoni, Escherichia coli,
Mycobacterium tuberculosis and human tissue were not amplified. The oligonucle-

otide CA hybridized with C. albicans, Candida tropicalis, and Candida parapsi-
losis; the oligonucleotide TR hybridized with the 13 dermatophytes; the
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oligonucleotide AF hybridized with A. fumigatus, A. flavus, Aspergillus terreus,
Aspergillus nidulans, Aspergillus versicolor, Aspergillus tamarii, Aspergillus
clavatus, and Aspergillus fischeri, but not with A. niger or A. versicolor; and the

oligonucleotide HC hybridized with three varieties of Histoplasma capsulatum.
These oligonucleotides did not hybridize with the other fungi or the controls. The

specificity of the designed primer systems was confirmed by selective amplification

of fungal DNA from human lung tissue spiked with fungal biomass and from

vitrectomy fluid of a patient with Candida endophthalmitis.

Okhravi et al. (1998) determined the usefulness of PCR and RFLP analysis in the

identification and speciation of Candida spp. that causes ocular infection. Oligo-

nucleotide primers based on the cytochrome P450 L1 A1 demethylase gene were

used to successfully amplify by PCR a single 1.0 kb and a single 500 bp DNA

fragment from C. albicans, C. tropicalis, Candida krusei, C. glabrata, C. para-
psilosis, and Candida pelliculosa genomic DNA. RFLPs within the PCR product

were identified after restriction enzyme digestion. The sensitivity of the amplifica-

tion reaction after two rounds of PCR was 10 fg genomic C. albicans DNA or one

copy of the gene. No amplification product was obtained when DNA from

C. guilliermondii, A. fumigatus, F. solani, human leukocytes, or ten species of

bacteria was used as a template. Experiments with spiked normal vitreous demon-

strated equal sensitivity as long as the volume of vitreous did not exceed 20% of the

total PCR volume. RFLP analysis of the PCR product generated from each species

obtained from the first- and second-round amplification products enabled species

identification after digestion with specific endonucleases. Application of the tech-

nique to four clinical samples was successful. PCR-RFLP analysis has great

potential in the rapid detection and identification of Candida spp. and in the

provision of a useful laboratory tool.

Ferrer et al. (2002) used molecular techniques to determine whether sequence

analysis of internal transcribed spacer/5.8S ribosomal DNA (rDNA) can be used to

detect fungal pathogens in patients with ocular infections (endophthalmitis and

keratitis). Internal transcribed spacer 1 (ITS1) and ITS2 and 5.8S rDNA were

amplified by PCR and seminested PCR to detect fungal DNA. Fifty strains of 12

fungal species (yeasts and molds) were used to test the selected primers and

conditions of the PCR. PCR and seminested PCR of this region were carried out

to evaluate the sensitivity and specificity of the method. It proved possible to

amplify the ITS2/5.8S region of all the fungal strains by this PCR method. All

negative controls (human and bacterial DNA) were PCR-negative. The sensitivity

of the seminested PCR amplification reaction by DNA dilutions was one organism

per PCR, and the sensitivity by cell dilutions was fewer than ten organisms per

PCR. Intraocular sampling or corneal scraping was undertaken for all patients with

suspected infectious endophthalmitis or keratitis (nonherpetic) respectively,

between November 1999 and February 2001. PCRs were subsequently performed

with 11 ocular samples. The amplified DNA was sequenced, and aligned against

sequences in GenBank at the National Institutes of Health. The results were PCR-

positive for fungal primers for three corneal scrapings, one aqueous sample, and

one vitreous sample; one of them was negative by culture. Molecular fungal
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identification was successful in all cases. Bacterial detection by PCR was positive

for three aqueous samples and one vitreous sample; one of these was negative by

culture. Amplification of ITS2/5.8S rDNA and molecular typing shows potential as

a rapid technique for identifying fungi in ocular samples.

Various other workers have used molecular techniques for identification and

diagnoses of pathogenic fungi from eye infection and other sources.

4.4 Soil and Other Environments as Reservoir

of Ocular Fungi

Fungi are ubiquitous members of soil microbial communities, but constitute a varying

proportion of the biomass in different systems. They tend to dominate in soils contain-

ing high proportions of organic matter and low pH, and generally constitute a smaller

proportion in intensively managed mineral soils. They are involved in a plethora

of functional roles in soil. The fungi are an immensely diverse group of organisms,

encompassing a huge range of forms from microscopic single-celled yeasts to large

macrofungi, as exemplified by the well-known mushrooms and toadstools and

the largest of fruitbodies, the giant puffball (Bridge and Spooner 2001).

The great majority of the>80,000 fungal species so far named and described are

likely to occur in the soil environment at some stage in their life-cycle. Fungi

therefore have many different functions in soils, which include both active roles,

such as the degradation of dead plant material, and inactive roles where propagules

are present in the soil as resting states. Survey of the soil fungal diversity, which

were popular during the 1960s and 1970s, have reappeared in the literature with the

advent of DNA-based, culture-independent methods of analysis. The development

of molecular techniques has provided a new range of tools that can provide clear

insights into specific interactions and activities in soil environments. The combina-

tion of broad-spectrum PCR detection, coupled with SSCP or denaturing gradient

gel electrophoresis, can give more accurate answers to fundamental questions

on ecosystem diversity. This technique does not however distinguish between

active and resting stages, and in order to interpret results accurately, some a priori

knowledge is necessary (Bridge and Spooner 2001). Thus it is not surprising that

opportunistic and pathogenic fungi are isolated from soil. It has long been known

that soil is the main reservoir of ocular fungi. However, in recent years the number

of fungal infections in human eyes has increased, which triggers an interest to

examine the source and reservoir of such fungi and how they cause of various

fungal infections in the eye.

Fungi are ubiquitous in the natural environment, appearing in air, water, and soil.

The diversity of free living micro-soil fungi has been well-established and known

for a very long time (Srivastava and Mishra 1972; Alexander 1985; Ahmad 1988;

Paul 2007; Imran 2009). Occurrence of such fungi from environmental sources

including air is expected. In poorly ventilated buildings with damaged and poor

air-conditioning systems, there may be an increase in the concentration of
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mycotoxicogenic molds, Penicillium and Aspergillus spp. (Garrison et al. 1993).

Similarly, airborne microflora in hospital rooms were the subject of numerous

studies as a potential cause of hospital infections (Herman 1980; Li and Hou;

2003; Arnow et al. 1991; Pini et al. 2004). A study from Tabbara and Al Jabarti

(1998) reported an outbreak of Aspergillus endophthalmitis in five patients after

cataract extraction during hospital construction in Jeddah, Saudi Arabia. Severe

postoperative uveitis occurred in all five patients and failed to subside with topical

steroid therapy. The causative organism was identified as A. fumigatus in each case.
In a well-designed study, air-borne fungi in the Departments of Dermatology,

Venereology and Allergology of the Medical University in Wroclaw, Poland were

studied by Lukaszuk et al. (2007). Thus, air is the common source of fungal spores

and the fungal aerosols and can enter into the host body by direct contact or through

inhalation. On the other hand, soil is considered as the major reservoir for almost all

types of fungi — saprophytes, pathogenic, symbiotic, etc. These fungi are asso-

ciated with plants and or soil have good opportunity to come in contact to human

eye specially to agricultural workers, farmers, during sowing, plowing field, crop

harvesting and processing of crops. Other reservoir of fungi which may come in

contact to human is animals and organic matter including; animal wastes FYM may

be potential source of ocular fungi. Fungi associated with normal eye may consti-

tute potential ocular pathogenic or opportunistic fungi. In a separate study of soil

fungi from the same geographical area, occurrence of the soil fungi isolated and

identified includes species of Aspergillus, Trichoderma, Geotrichum, Alternaria,
Monilia, and Mycelia sterilia (Zafar and Ahmad 2005).

A more extensive investigation of the soil fungi from agricultural soil of Aligarh

showed 2.5 � 105 to 7.9 � 105 CFUg�1 of filamentous soil fungi. Common mem-

bers of the genera were Aspergillus, Penicillium, Rhizopus, Curvularia, Tricho-
derma, Trichophyton, Mucor, Mycelia sterillia, Monotospora, Verticillium,
Alternaria, Cladosporium, Hormodendrum, Trichothecium; and Fusarium (Imran

2009).

A comparative study of the occurrence of fungi from diseased human eye

(patients attended the Institute of Ophthalmology, JawaharLal Nehru Medical

College and hospital for eye microbiological examination) during the year 1988

was analyzed by Ahmad (1988), and is presented in Table 4.5. In this com-

parative study occurrence of the filamentous fungi from diseased human eye, soil,

plant material, and animal body surface indicated the common occurrence

of various fungi both from diseased human eye and environmental sources.

The Aspergillus was the most common fungi isolated both from environment

and diseased eyes. Among Aspergillus isolates, A. niger (Fig. 4.3a), A. glaucus,
A. flavus and A. terreus (Fig. 4.3b) were commonly isolated. Other fungi such as

Alternaria (Fig. 4.3c) and Microsporum (Fig. 4.3d) were also isolated from soil

and normal eye.

Occurrence of such fungi from the hospital environment, including air, was also

reported by Lukaszuk et al. (2007) from Poland. A. niger, Penicillium citrinum
and C. albicans were isolated more frequently in the air of the Department, of

Dermatology, Venereology and Allergology of the Medical University in Wroclaw.
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Furthermore, some studies have highlighted animal as reservoir for these infec-

tions. Humans coming in contact with these infected animals by one or other means

may spread fungal keratitis. In India, 50% of cases of keratomycosis in human

beings are reported in association with injuries by paddy straw, stalk, sheath, and

Table 4.5 Occurrence of fungi in human eyes and other sources

Source of

isolation

No. of samples

examined (% of

positive sample)

Common fungi

isolated

Diseased human eye

(corneal ulcer,

cataract,

conjunctivitis)

90 (24.4) Aspergillus spp., Fusarium spp.,

Alternaria spp., Trichophyton spp.,

Microsporum spp., Curvularia spp.,

Rhizopus spp.
Soil from agricultural

fields

10 (100) Aspergillus spp., Alternaria spp.,

Curvularia spp., Trichophyton spp.,

Fusarium spp., unidentified

Plant material (at wheat-

thrashing site)

10 (100) Aspergillus spp., Rhizopus spp.,
unidentified

Animal tail (buffalo) 10 (80) Aspergillus spp., Rhizopus spp., Mycelia
sterilia, unidetified

Values in parenthesis indicate number of positive samples

a b

dc

Fig. 4.3 a Microscopic photographs of A. niger isolated from diseased eye: (a) conidiophore, (b)
radiate head, and (c) chain of conidia. b Microscopic photographs of A. terreus isolated from

diseased eye: (a) conidiophore, and (b) vesicle having fertile sterigmate. c Microscopic photo-

graphs of Alternaria sp. isolated from diseased eye: (a) septate hyphae, (b) conidium showing

longitudinal, and (c) transverse septations. d Microscopic photographs of Microsporum sp.

isolated from diseased eye: (a) septate hyphae, (b) macroconidia showing septations, and (c)
microconidium
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thorns (Sansom et al. 2005). Among domestic animals, fungal keratitis is most

common in the horse. One study of the conjunctival fungal flora of several domestic

animal species, including horses and cattle, incorporated cows and horses without

clinical evidence or recent history of keratitis or other ocular disease (Elligott et al.

2006). In a study investigating the fungal flora of the normal conjunctiva, fungi

were isolated in 94% of the horses, in 100% of the cows, in 22% of the dogs and in

40% of the cats. Yeasts comprised 13% of the isolates of the fungal flora. The most

common fungal species isolated from the normal equine eye are Aspergillus,
Fusarium, Penicillium, Alternaria and Cladosporium spp. (Richter et al. 2003).

Fungi were isolated from conjunctival swabs of 100% of the bovine and 95% of the

equine subjects. Of a total of 95 bovine fungal isolates, 75 of which were identifi-

able, Penicillium sp. and Cladosporium sp. were most frequently isolated, account-

ing for 11 (12%) and 16 (16%) of the isolates respectively. Only three (3%) of the

bovine fungal isolates were identified as Aspergillus sp. Of a total of 88 equine

conjunctival fungal isolates, 81 of which were identifiable, 23 of the isolates (26%)

were identified as Aspergillus sp. Penicillium sp. were the next most frequently

isolated fungi among the horses, accounting for 19 (22%) of the total isolates

(Elligott et al. 2006).

Thus based on the comparative occurrence of various fungal genera in various

environmental sources (soil, air, plant and animals) and human eye, it can be

concluded that soil is the main reservoir of the mycotic flora including ocular

fungi. The possible mode of transmission of fungi from various sources to the eye

is depicted in schematic diagram Fig. 4.4.
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Fig. 4.4 Possible mode of transmission of fungi between eye and other reservoirs
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4.5 Conclusion

Fungal infections of the cornea continue to be an important cause of ocular

morbidity, particularly in the agricultural communities of the developing world.

A proper understanding of agent and host factors involved in these infections will

improve the outcome of this condition. Fungi isolated from normal eyes, diseased

eyes and various reservoirs such as soil have great morphological and even taxo-

nomic similarities. This indicates that fungi of the eye could be easily isolated from

different sources which may act as reservoir for these fungi. Future research into

ophthalmic mycoses reservoirs and their contribution to the increasing number of

cases of fungal infection is needed. The use of improved diagnostic techniques and

to distinguish between opportunistic, pathogenic, and nonpathogenic ocular fungi

present in different reservoirs and the sources of contamination of such fungi in the

eye needs to be extensively examined. Rapid and accurate identification of

the fungal species which have potential to cause ocular infection will permit the

immediate initiation of specific preventive, prophylactic, or antifungal therapy.

A possible mode of transmission and factors encouraging fungi to reside in the

normal eye need to be investigated.
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Chapter 5

Antifungal Drugs Mode of Action and Recent

Development

Yoshikazu Sakagami

Abstract Mycosis is still one of the most problematic illness worldwide in hospi-

tals and homes etc. Many antifungal drugs have been developed recently in the

world. Voriconazole, posaconazole and ravuconazole (three new azoles), caspo-

fungin, anidulafungin and micafungin (three new echinocandins), mycograb of

monoclonal antifungal antibody, butenafin hydrochloride (one of the benzylamine

compounds), terbinafine (an allylamine antifungal agent), and amphotericin B

(one of the polyene groups) are representative antifungal drugs used worldwide.

Recently, new antifungal drugs such as polyene SPE-843, acrylamide T-2307,

ambruticin analog, isavuconazole, icofungipen, and pyridobenzimidazole 75-4590

have also been introduced. In this report, I discuss the introduction of several

recently developed antifungal drugs, and also describe the mechanism of action

of antifungal drugs and the combination effect between antifungal drugs. Finally, I

emphasize in this report that both combination therapy and the development of new

antifungal drugs are to be expected in the near future.

5.1 Antifungal Drugs, Recent Development

After 10 years absence (between 1990 and 1999) without any of new antifungal agents

and intensive research being introduced into clinical practice, three new azoles (vori-

conazole— Pfizer, posaconazole— Schering-Plough, ravuconazole— Bristol–Myers

Squibb) and three new echinocandins (caspofungin — MSD, anidulafungin — Astel-

las–Pfizer, micafungin — Fujisawa, now Astellas) were patented. Voriconazole

(2000), posaconazole (2005), ravuconazole (2007) from the group of azoles, and
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caspofungin (2002), anidulafungin (2004) and micafungin (2006) from the group of

echinocandins, with unique mode(s) of action (cell wall synthesis inhibition) different

from that of polyenes, azoles, and antimetabolites, together with a new monoclonal

antifungal antibody (Mycograb), have been approved and introduced to clinical prac-

tice (Vladimir 2007).

Echinocandins exhibit fungicidal activity against Candida species, including

triazole-resistant isolates, and fungistatic activity against Aspergillus species.

While fungistatic against mold, echinocandins may hold promise for the treatment

of these pathogens when given in combination with amphotericin B or broad-

spectrum triazoles, such as voriconazole. To date, resistance to echinocandins

has been reported in only two patients. Echinocandins exhibit concentration-

dependent activity against Candida species. In clinical trials, caspofungin has

demonstrated efficacy in treating candidemia, esophageal candidiasis, and febrile

neutropenia. Micafungin has demonstrated efficacy as antifungal prophylaxis in

hematopoietic stem cell transplant recipients and in the treatment of esophageal

candidiasis. Anidulafungin received approved labeling from the Food and

Drug Administration in February 2006. Clinical efficacy data will be forthcoming.

Echinocandins are fungicidal against yeast and fungistatic against mold. Their

limited toxicity profile and minimal drug–drug interactions make them an attrac-

tive new option for the treatment of invasive fungal infections. Their cost may

limit their use as initial therapy for patients with fungemia in medical centers or

intensive care units with a high rate of triazole-resistant Candida infections

(Michele 2006).

Butenafin hydrochloride [the trade names Mentax, Butop (India)] was produced

from 1992, and terbinafine (commercially available, Lamisil, Novartis Pharma Co.,

Ltd.) were introduced from 1993 in Japan. Now they are popular antifungal drugs in

Japan, and available as OTC (over the counter) drugs.

Terbinafine is an allylamine antifungal agent which has fungicidal activity

against a wide variety of dermatophytes, molds and certain dimorphic fungi, and

fungistatic activity against Candida albicans. Oral terbinafine is the treatment of

choice for dermatophyte onychomycosis, as it achieves high rates of mycological

and clinical cure, is generally well-tolerated, and has a relatively low potential for

drug interactions. It must also be considered a first-line treatment option, along with

itraconazole, in cutaneous mycoses which warrant systemic treatment; topical

terbinafine is a treatment of choice in less extensive mycoses. The use of terbinafine

in non-dermatophyte or mixed infections has not been fully defined (McClellan

et al. 1999).

Terbinafine is also the drug of choice for dermatophyte onychomycosis.

Adjunct therapies, such as topical agents or surgical approaches, may improve

outcomes in patients who have risk factors for incomplete response or recurrence

(Loo Daniel 2006).

Espinel-Ingroff (2009) reported new antifungal drugs such as such as polyene

SPE-843, acrylamide T-2307, ambruticin analog, isavuconazole, icofungipen, and

pyridobenzimidazole 75-4590.
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5.2 Mode of Action

The mode of action of several antifungal agents against fungi is shown in Table 5.1.

The mode of action of agents in the polyene group such as amphotericin B

(commercially available, Fingizone etc.) and nystatine (Diflucan, Pfizer) is princi-

pally the inhibition of the plasma membrane enzymes. The mode of action of agents

in the azole group such as clotrimazole (Empecid, Bayer Health Care Co., Ltd.),

miconazole (Florid F, Mochida Pharm. Co., Ltd.), fluconazole (Diflucan or Trican,

Pfizer), ketoconazole (Nizoral, by Johnson & Johnson et al.), itraconazole (Itrizole,

Janssen Pharmaceutical K.K.), voriconazole (VFEND, Pfizer), posaconazole (Noxafil,

Schering–Plough) and ravuconazole (Eisai Co., Ltd.) was inhibition of biosynthesis

of ergosterol, the main component of the cytoplasmic membrane.

The principal mechanism of action of agents of the echinocandins group such as

caspofungin (brand name Cancidas worldwide; not available in Japan), anidula-

fungin (Eraxis, Pfizer) and micafungin was noncompetitive inhibition of b-(1,3)-D-
glucan synthase, an essential component of the cell wall of many fungi that is not

present in mammalian cells (Michele 2006).

Table 5.1 Several groups of antifungal drugs focused to recent development

Group General name Mode of action (bactericidal

mechanisms)

Polyenes Amphotericin B Inhibition of the plasma

membrane enzymes

Nystatine

Clotrimazole

Miconazole

Fluconazole

Azoles Ketoconazole Inhibition of biosynthesis of ergosterol,

main component of cytoplasmic

membrane

Itraconazole

Voriconazole

Posaconazole

Ravuconazole

Caspofungin

Chandin

(Echinocandins)

Anidulafungin Noncompetitive inhibition of

b-(1,3)-D-glucan synthase

Micafungin

Allylamine Terbinafine

hydrochloride

Inhibition of biosynthesis of ergosterol

in cytoplasmic membrane

constitution

Benzylamine Butenafin

hydrochloride

Flucytocine 5-Fluorocytosine Inhibition of nucleic acid biosynthesis

New monoclonal

antifungal antibody

Mycograb Target to HSP90 (heat shock protein)

Interference with the

function of microtubules

Griseofulvin Disruption of spindle and cytoplasmic

microtubule function
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The echinocandins inhibit fungal cell-wall synthesis, a novel therapeutic target;

thus, they are effective against azole-resistant species. Their metabolism is inde-

pendent of hepatic cytochrome P450 enzymes, minimizing drug interactions. They

are available only as i.v. formulations (Loo Daniel 2006).

Terbinafine is an allylamine antifungal agent which has fungicidal activity

against a wide variety of dermatophytes, molds and certain dimorphic fungi, and

fungistatic activity against C. albicans. The mode of action of terbinafine was the

inhibition of biosynthesis of ergosterol in cytoplasmic membrane constitution.

Inorganic salts could be used as potent transungual permeation enhancers on

terbinafine. Terbinafine permeation (three- to fivefold) through the nail and drug

load (four- to sevenfold) in the nail were enhanced significantly when salts were

used at 0.5 M concentration. Increase in salt concentration up to 1 M increased the

permeation, which decreased with further increase in salt concentration (>1 M)

(Nair et al. 2009).

Butenafine hydrochloride is one of the benzylamine compounds. The mode

of action of butenafine hydrochloride is also the inhibition of biosynthesis

of ergosterol in cytoplasmic membrane constitution in the growth process of

Trichophyton ruburum and Trichophyton mentagrophytes (Kaken Pharmaceutical

Co., Ltd. 1999).

Butenafine hydrochloride exhibits potent fungicidal activity particularly against

dermatophytes, aspergilli, dimorphic and dematiaceous fungi. The drug has excel-

lent penetration into the epidermis and a prolonged retention time following topical

application, conferring residual therapeutic activity after treatment cessation.

Butenafine also possesses anti-inflammatory activity. Topical butenafine 1%

cream has been reported to be efficacious for tinea pedis, tinea corporis and tinea

cruris in many randomized clinical trials when used for shorter duration. Its efficacy

against pityriasis versicolor, seborrheic dermatitis and as an anticandidal agent is

not yet fully established (Singal 2008).

The mode of action of flucytosine (5-fluorocytosine: a common brand name is

Ancobon) was the inhibition of nucleic acid biosynthesis. Flucytosine is a synthetic

antimycotic compound, first synthesized in 1957. It has no intrinsic antifungal

capacity, but after it has been taken up by susceptible fungal cells, it is converted

into 5-fluorouracil, which is further converted to metabolites that inhibit fungal

RNA and DNA synthesis (Vermes et al. 2000).

The target site of Mycograb, a new monoclonal antifungal antibody, was HSP90

(heat shock protein). It combines the site, and would take concerted effect. The first

recombinant antibody fragment, Mycograb (NeuTec Pharma plc), against Candida
HSP90 is now in clinical trials in patients with disseminated candidiasis in Europe

and the US. Laboratory and early clinical data support the concept of synergy

between Mycograb and amphotericin B. This should improve the outcome and

diminish the risk of resistance occurring to either drug, without an increase in

toxicity, as this should be minimal in a human antibody fragment representing the

natural antibody that a patient produces on recovery (Burnie and Matthews 2004).

Burnie and Matthews (2003) reported that the development of antibody-

based therapeutics, such as Mycograb, against novel fungal targets offers a new
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approach to combating the spread of resistance and reducing mortality (Burnie and

Matthews 2003).

The mode of action of other antifungal drugs such as griseofulvin reported by

Develoux (2001) is as follows: griseofulvin is a metabolic product of Penicillium spp.

It was the first available oral agent for the treatment of dermatophytoses and has

now been used for more than 40 years. Griseofulvin is fungistatic; the exact

mechanism by which it inhibits the growth of dermatophytes is uncertain. Several

possibilities are invoked: inhibition of fungal cell mitosis and nuclear acid synthe-

sis, and probable interference with the function of microtubules (Develoux 2001).

5.3 Combination Effect Between Antifungal Agents

There have been many reports concerning the combination effect between antifun-

gal agents etc. Over this period, some representative reports concerning the combi-

nation effect of antifungal agents etc. were presented.

The synergism of polyene antibiotics with 5-fluorocytosine was reported by

Polak (1978). The synergism of 5-fluorocytosine with four polyene antibiotics

(amphotericin B, candicidin, trichomycin and nystatin) has been investigated in

three in vitromodels measuring the fungistatic and fungicidal activity as well as the

development of resistant mutants. In these three models, candicidin and trichomy-

cin exerted a higher synergistic effect than amphotericin B or nystatin. In vivo
(systemic treatment of septicemic candidiasis of the mouse), the combination of

5-fluorocytosine with amphotericin B was, however, the most effective. Only with

this combination a complete cure (culturally negative) was observed. For topical

treatment of Candida vaginitis in rats, the combination of 5-fluorocytosine with

candicidin proved the most active. As far as the biochemical basis of synergism is

concerned in C. albicans in the presence of polyene antibiotics, the incorporation of
fluorinated pyrimidines was increased, and the reduction of uptake of histidine by

5-fluorocytosine alone significantly enhanced. These effects could not be observed

in Cryptococcus neoformans. The release of amino acids, phosphate and potassium

caused by polyenes was significantly more pronounced in cells pretreated with

5-fluorocytosine. Thus, the interaction between 5-fluorocytosine and the polyenes

may, in fact, be mutual.

Combined in vitro activity of amphotericin B and 5-fluorocytosine against

C. neoformans and C. albicans was reported by Chen et al. (1982). The in vitro
combined antifungal activity of amphotericin B and 5-fluorocytosine against ten

strains of C. albicans and eight strains of C. neoformans was studied. Serial twofold
dilutions of amphotericin B (0.1–12.8 mg/ml) were tested with serial twofold dilu-

tions of 5-fluorocytosine (0.39–400 mg/ml) by using the broth dilution method.

A synergistic effect was seen for 17 strains with 50 mg/ml of 5-fluorocytosine

added to amphotericin B. Only one strain was killed by 0.8 mg/ml or less of

amphotericin B alone, whereas all strains were killed by the addition of 50 mg/ml

of 5-fluorocytosine.
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Ketoconazole and flucytosine alone and in combination against Candida spp. in

a neutropenic site in rabbits was reported by Hughes et al. (1986). Ketoconazole

and flucytosine were administered alone and in combination for 10 days to rabbits,

with four Candida isolates growing in subcutaneously implanted semipermeable

chambers. The peak concentrations of ketoconazole in serum and in the chamber

were 20.3 and 3.8 mg/ml respectively, and the concentrations of flucytosine were

47.7 and 37.3 mg/ml respectively. The two drugs combined resulted in better

fungistatic activity than either drug alone against all four isolates. Correlation of

efficacy in the rabbit model with in vitro MICs was good for flucytosine, but poor

for ketoconazole.

In vitro evaluation of combination of fluconazole and flucytosine against

C. neoformans var. neoformans was reported by Nguyen et al. (1995). The

combination of fluconazole and flucytosine has yielded encouraging clinical

results in human immunodeficiency virus patients with Cryptococcal meningitis.
To investigate the biological basis of this finding, the authors performed in vitro
combination testing of fluconazole and flucytosine against 50 clinical strains of

C. neoformans var. neoformans. Synergy (fractional inhibitory concentration

index of <1.0) was observed in 62% of cases, while antagonism (fractional

inhibitory concentration index of >2.0) was not observed. For cases in which

synergy was not achieved (autonomous or additive effects), the beneficial effect of

the combination was still seen (i.e., there was still a decrease, although not as

dramatic, in the MIC of one or both drugs when used in combination). The in vitro
inhibitory action of flucytosine was greatly enhanced by the addition of flucona-

zole; the flucytosine MICs for Cryptococcus isolates were markedly decreased, to

concentrations which were several-fold lower than the achievable cerebrospinal

fluid flucytosine concentration. On the other hand, the addition of flucytosine did

not greatly enhance the in vitro activity of fluconazole if the initial fluconazole

MIC for the isolate was above or equal to 8 mg/ml. Controlled clinical studies are

warranted to further elucidate the potential utility of fluconazole–flucytosine

combination therapy.

In vitro activity of amphotericin B and itraconazole in combination with flucy-

tosine, sulfadiazine and quinolones against Exophiala spinifera was reported by

Vital et al. (2003). The combined effects of antifungal and antibiotic drugs against

Exophiala spinifera were evaluated in vitro by the checker-board method, calcu-

lated as a fractional inhibitory concentration index. Amphotericin B was combined

with flucytosine and ciprofloxacin (one of the new quinolone compounds), whereas

itraconazole was combined with ciprofloxacin, levofloxacin, lomefloxacin and

sulfadiazine. Synergistic effects were observed for the combinations of itraconazole

with ciprofloxacin and levofloxacin, and amphotericin B with ciprofloxacin and

flucytosine. No antagonism was observed for any combination tested.

In vitro antifungal combination effects of micafungin with fluconazole, vorico-

nazole, amphotericin B, and flucytosine against clinical isolates of Candida species
were reported by Nishi et al. (2009). Micafungin is an echinocandin antifungal

agent that exhibits potent activity against most species of Candida and Aspergillus.
The authors investigated the in vitro antifungal combination effects of micafungin
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with four other antifungal agents— fluconazole, voriconazole, amphotericin B, and

flucytosine — against clinical isolates of 54 Candida spp. by checker-board analysis.
The synergistic antifungal effects of micafungin–fluconazole and micafungin–

voriconazole were 11% and 15% respectively, and the latter displayed a synergistic

activity of 63% against Candida glabrata. Antagonism was not observed in any of

the combinations tested.

Synergistic activity of lysozyme and antifungal agents against C. albicans
biofilms on denture acrylic surfaces was reported by Samaranayake et al. (2009).

Denture-related oral candidiasis is a recalcitrant fungal infection not easily resolved

by topical antifungals. The antimycotic protein lysozyme in saliva is an important

host defense mechanism, although its activity against Candida biofilms on denture

acrylic has not been evaluated. Research to establish a clinically relevant denture

acrylic assay model to develop standardized C. albicans biofilms, and to assess the

inhibitory effects of lysozyme both alone and combined with antifungals (nystatin,

amphotericin B, ketoconazole and 5-fluorocytosine) on sessile Candida cells was

performed. Research to visualize the accompanying ultrastructural changes was

also performed. The authors suggest that agents found in biological fluids such as

lysozyme could be a safe adjunct to antifungals in future treatment strategies for

recalcitrant candidal infections.

Fluconazole alone or combined with flucytosine for the treatment of AIDS-

associated cryptococcal meningitis was reported by Milefchik et al. (2008). Both

fluconazole and flucytosine are available in oral formulations, and have activity

against C. neoformans. The authors conducted a prospective phase II dose escala-

tion study employing doses of fluconazole ranging from 800 to 2,000 mg daily for

10 weeks, used alone or combined with flucytosine at 100 mg/kg per day for the first

4 weeks. They found that increasing doses of fluconazole were associated with an

increase in survival and a decrease in the time to conversion of the cerebrospinal

fluid from culture-positive to culture-negative. Addition of flucytosine to flucona-

zole improved outcomes in each dosing cohort. High doses of fluconazole alone or

combined with flucytosine were well-tolerated.

Mycograb (NeuTec Pharma) is a human recombinant monoclonal antibody

against HSP90 which, in laboratory studies, was revealed to have synergy with

amphotericin B against a broad spectrum of Candida species. Mycograb plus lipid-

associated amphotericin B produced significant clinical and culture-confirmed

improvement in outcome for patients with invasive candidiasis (Pachl et al. 2006).

Espinel-Ingroff (2009) reviewed the synergistic effect of antifungal drugs as

follows: synergistic effects of micafungin + caspofungin, micafungin + amphoter-

icin B or + flucytosine, voriconazole + lovastatin, azoles + retigeric acid, caspo-

fungin + calcinerium, and amphotericin + EDTA were found.

On the other hand, antagonistic effects of fluconazole and 5-fluorocytosine on

candidacidal action of amphotericin B in human serum was reported by Martin

et al. (1994). This study addressed the effects of fluconazole and 5-fluorocytosine

on the candidacidal activity of amphotericin B in the presence of human serum.

C. albicans isolate that was susceptible to all three agents according to standard

testing procedures was employed. Fungicidal activity was estimated by using a flow
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cytometric procedure that exploited the fact that yeast cells killed by amphotericin

B diminish in size and take up propidium iodide. The following findings were

made. (a) Fluconazole and 5-fluorocytosine each failed to inhibit pseudohyphal

formation and cell aggregation, even when applied at 10 and 50 mg/ml respectively

for up to 10 h. Hence, these agents were not fungistatic when tested in the presence

of serum. (b) Simultaneous application of 5-fluorocytosine had neither enhancing

nor inhibitory effects on the fungicidal activity of amphotericin B. However, yeasts

that were preincubated for 20 h with 5-fluorocytosine became less susceptible to

killing by amphotericin B. (c) Fluconazole exerted a frank antagonistic effect on the

fungicidal activity of amphotericin B. Thus, under in vitro conditions, both flucon-

azole and 5-fluorocytosine can overtly antagonize the candidacidal action of

amphotericin B.

5.4 Future Developments

Mori (2008) reported about the future aspects of antifungal therapy. Both fur-

ther combination therapy and the development of new antifungal drugs might

be expected. Because the main structural component of cells on eubacteria was

the same as for human cells, the development of new antifungal drugs would be

difficult. Then, only a few antifungal drugs were available to address systemic

mycosis or deep-seated mycosis. The development of new antifungal drugs targeted

on chitin in the cell wall of fungi might be expected in the near future.

Espinel-Ingroff (2009) reported that the incidence and prevalence of serious

mycoses continues to be a public health problem. Despite aggressive treatment with

new or more established licensed antifungal agents, these infections are an impor-

tant cause of morbidity and mortality, especially in immunocompromised patients.

Although the antifungal activity of numerous compounds has been examined, most

of them are at the in vitro or animal models of efficacy stages. Therefore, further

investigation should be carried out to realize the true clinical utility of these

compounds.
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Chapter 6

Antifungal-Induced Nephrotoxicity

in Pediatrics: A State of the Art

Vassilios Fanos, Marco Zaffanello, Laura Cuzzolin, and Luigi Cataldi

Abstract Fungal infections are common in children with defects in host defences

and in preterm newborns are responsible for considerable morbility and mortality.

Thus antifungins are important in the treatment of fungal infections, particularly in

at risk babies. Therefore, antifungins may be responsible for important side effects

such as nephrotoxicity. In particular, the nephrotoxicity is an important adverse

effect of amphotericin B, which is higher in preterm babies than at-term neonates

and infants. Therefore, Amphotericin B lipid formulations (AmBisome, AMLC,

ABCD) showed less nephrotoxicity than Amphotericin B, in preterm babies, new-

borns and immunocompromized babies. Alternative antifungins (azoles, fluorinated

pyrimidines and echinocardins) are currently available in children and newborns.

Fluconazole is the most widely used and relatively well-tolerated azole. Unfor-

tunately, clinical experience of treating children with the newer azoles (i.e.,

Variconazole) is more limited in newborns and children. Moreover, the treatment

with Caspofungin (Echinocandin) could be considered a potential alternative

to conventional antifungal therapy (Amphotericin B lipid formulations). Finally,

other echinocandins are available but relatively few studies report safety data in

newborns and children.
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6.1 Introduction

During recent decades, invasive fungal infections have become one of the major

complications in children with defects in host defences: this derives from an

increase in the number of children receiving antineoplastic therapies (Groll and

Lehrnbecher 2005). Candida spp. and Aspergillus spp. are the most common fungal

pathogens isolated, even if less common emerging pathogens such as Fusarium spp.

and Scedosporium spp. are also reported as causes of life-threatening mycoses

(Groll et al. 1999; Ponton et al. 2000). Mortality rates in children with candidemia

range from 19% to 31% (Pappas et al. 2003), while invasive aspergillosis is

associated with even greater mortality (68%–77%) (Lin et al. 2001).

Fungal infections are also common in the neonatal period, and are responsible

for considerable morbidity and overall mortality in preterm newborns (Benjamin

et al. 2006a, b). In particular, invasive fungal infection due to Candida species

accounts for about 10% of all cases of nosocomial sepsis in very low birth weight

(VLBW) infants and the risk is inversely related to gestational age and birth weight

(Stoll et al. 2002; Farmaki et al. 2007). Therefore, the prevention and treatment of

Candida infections is a significant issue in these infants.

6.2 Amphotericin B

Amphotericin B, a polyene macrolide antibiotic introduced in therapy in 1956, is

still considered the gold standard for the treatment of invasive fungal infections in

adults and children, including neonates (Khoory et al. 1999; Rao and Ali 2005). The

molecule binds to ergosterol (a sterol component unique to fungal cell membranes)

and to a lesser degree to cholesterol in mammalian cells, alters cell permeability,

and induces pore formation, leading to the leakage of cytoplasmic contents and

fungal death (Zaoutis and Walsh 2007).

Nephrotoxicity is an important adverse effect of amphotericin B that generally

occurs within the first 2 weeks of treatment, is usually reversible (Goldman and

Koren 2004), and seems to depend on the modality of administration: continuous

infusions result in lower nephrotoxicity than for intermittent infusions (Eriksson

et al. 2001; Peleg and Woods 2004). Numerous mechanisms have been proposed

for amphotericin B nephrotoxicity (Goldman and Koren 2004). These include the

vehicle (deoxycholate) in which amphotericin is administered (Zager et al. 1992),

ischemic injury due to a reduction of renal blood flow and GFR (Tolins and Raij

1988; Sabra et al. 1990), increase in salt concentrations at the macula densa leading

to enhanced stimulation of the tubuloglomerular feedback, and vasoconstriction

(Gerkens and Branch 1980). Interaction of amphotericin B with cholesterol on the

human tubular cell membrane has also been postulated (Sabra et al. 1990) and

apoptosis in proximal tubular cells and medullary interstitial cells has been docu-

mented (Varlam et al. 2001). Acute renal failure, the most serious complication, is

rare. More frequent is tubulotoxicity, which includes potassium and magnesium
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loss in urine, renal tubular acidosis and loss of urinary concentrating ability.

Hypokalemia is common (Fanos and Cataldi 2000).

A number of authors identified specific risk factors for amphotericin B-induced

nephrotoxicity: cumulative dose, average daily dose, treatment duration (Wingard

et al. 1999; Fisher et al. 1989; Luber et al. 1999), pre-existing renal impairment,

hypovolemia, hyponatriemia, and concurrent use of nephrotoxic drugs such as cyclo-

sporine and ciprofloxacin (Goldman et al. 2007). Renal complications can be mini-

mized with careful management of fluid and electrolyte balance (Mayer et al. 2002).

In the literature, different authors reported cases of nephrotoxicity due to

amphotericin B in children and newborn infants (Table 6.1).

Among a study population of 90 hospitalized pediatric patients (mean age 103

months) treated with amphotericin B (mean daily dose 0.85 � 0.2 mg/kg/d, mean

length of treatment 11 days), in 52 children (58%) the CrCl decreased 20% or more

from the baseline despite efforts to prevent nephrotoxicity (large volume of fluids,

NaCl supplementation). Concurrently, patients were treated with other 131 differ-

ent medications and the association of amphotericin B with cyclosporine, nystatin

and ciprofloxacin was related to nephrotoxicity (Goldman et al. 2007).

6.2.1 Preterm Babies

Among a population of 25 extremely low birth weight (ELBW) infants (mean GA

25 � 1 weeks, mean BW 738 � 37 g), renal problems (low urine output and high

creatinine levels) occurred in 44% of newborns (Holler et al. 2004).

Recently, among a study population of 37 ELBW infants (mean GA 25 � 2

weeks, mean BW 724 � 158 g) treatment for amphotericin B-induced renal pro-

blems was successful in 16/37 patients (43%), but the number of neonates who

developed nephrotoxicity was lower in the case of sodium intake (Turcu et al. 2009).

On the other hand, other authors (Johnson et al. 1984; Glick et al. 1993) found the

drug to be well tolerated in premature newborns.

Table 6.1 Nephrotoxicity of amphotericin B in newborns and children

Reference Study population No Manifestations No patients (%)

Baley et al. (1984) ELBW infants 10 Elevated Cr/BUN, oliguria/

anuria, hypokalemia

7/10 (70%)

Turner et al. (1985) Newborns 13 Elevated Cr/BUN,

hypokalemia

6/13 (46%)

Baley et al. (1990) VLBW infants 13 Hypokalemia 5/13 (38%)

Butler et al. (1990) Newborns 36 Elevated Cr/BUN 4/36 (11%)

Kingo et al. (1997) VLBW infants 18 Hypokalemia, decreased

urine output

4/18 (22%)

Fernandez et al. (2000) VLBW infants 23 Elevated Cr/BUN 7/23 (35%)

Holler et al. (2004) ELBW infants 25 Elevated Cr, decreased urine

output

11/25 (44%)

Turcu et al. (2009) ELBW infants 37 Elevated Cr, decreased urine

output

16/37 (43%)

Goldman et al. (2007) Children 90 Elevated Cr 52/90 (58%)
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6.2.2 Newborns and Infants

With regard to neonates, they seem to tolerate amphotericin B better than adults,

with lower nephrotoxicity (Scarcella et al. 1998). Hypokalemia, however, may be

severe and extended usage may lead to renal impairment (Zaoutis and Walsh 2007).

Several authors (Baley et al. 1984, 1990; Turner et al. 1985; Butler et al. 1990;

Kingo et al. 1997; Fernandez et al. 2000) have reported the toxicity of amphotericin

B in preterm and term neonates. Most authors noted changes in renal function

(evidenced by changes in blood urea nitrogen, creatinine, and/or electrolytes),

frequently reversible, in a percentage varying from 11% to 70%.

6.3 Amphotericin B Lipid Formulations

During recent decades, different efforts have been made in an attempt to

prevent nephrotoxic effects of conventional amphotericin B and a revolution has

occurred with the introduction of lipid formulations of the drug. The lipid–drug

complexation appears to stabilize amphotericin B, so it cannot interact with choles-

terol in human cellular membranes before reaching the fungi (Janoff et al. 1993).

Three lipid formulations of amphotericin B were developed: (1) liposomal ampho-

tericin B (AmBisome), with the drug incorporated in the membrane of small

unilamellar vesicles composed of hydrogenated soy phosphatidyl choline, choles-

terol and distearoyl phosphatidyl glycerol, (2) amphotericin B lipid complex

(ABLC), where the drug is complexed with two lipids in a 1:1 drug–lipid molar

ratio, and (3) amphotericin B colloidal dispersion (ABCD), with the drug complexed

with sodium cholesteryl sulfate in a 1:1 molar ratio (Goldman and Koren 2004).

These three differ significantly in their pharmacokinetic properties, with lower

amphotericin B formulations serum levels observed after ABLC and ABCD

administration compared to AmBisome (Hiemenz and Walsh 1996). All three

preparations demonstrate similar efficacy and share a considerable reduction in

nephrotoxicity compared to conventional amphotericin B, as shown in three differ-

ent meta-analyses (Johansen and Gotzsche 2000; Barrett et al. 2003; Girois et al.

2006) reporting a 49%–75% reduction in nephrotoxicity with lipid preparations. In

every case, if nephrotoxicity secondary to a lipid formulation occurs, it occurs after

a longer course of therapy (Prentice et al. 1997; White et al. 1998).

Different authors have studied premature infants with severe fungal infections

treated with AmBisome (Scarcella et al. 1998; Weitkamp et al. 1998 Al Arishi et al.

1998; Walsh et al. 1999a). No acute adverse effects occurred, and renal parameters

were all normal: the only reported side-effect was a transient hypokalemia observed

in some patients (Scarcella et al. 1998; Weitkamp et al. 1998).

ABLC has been shown to be safe in one large open-label multicenter study in

111 children with invasive mycoses (mean age 9.3 years): the mean serum creati-

nine remained stable during up to 6 weeks of ABLC therapy (Walsh et al. 1999b).

The safety and efficacy of ABLC were also assessed in 548 immunocompromized
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children treated for invasive mycoses: there were few clinically significant delete-

rious effects on renal function, with elevations in serum creatinine observed in

33.6% of patients (Wiley et al. 2005). Other authors (Adler-Shohet et al. 2001)

studied the safety and efficacy of ABLC in 11 neonates (eight preterm) with

systemic Candida infections, previously treated with conventional amphotericin

B that induced acute nephrotoxicity or was not able to eradicate infection. Renal

function did not change appreciably in eight of the 11 infants.

6.4 Other Antifungals

Alternative antifungals are currently available for use in children and new-

borns: the azoles (itraconazole, fluconazole, and voriconazole), the fluorinated

pyrimidines (flucytosine), and the echinocandins (caspofungin, micafungin, and

anidulafungin).

6.4.1 Azoles

Triazole antifungal agents demonstrate a broad spectrum of activity against both

filamentous and yeast organisms, a good safety profile, and an excellent oral

bioavailability. They act by inhibiting ergosterol synthesis (Sheehan et al. 1999).

Itraconazole was the first triazole approved by the Food and Drug Administration

(FDA) for clinical use.

6.4.1.1 Fluconazole

Fluconazole is by far themost widely used azole and has been reported to be relatively

well tolerated. Mild and transient increases of liver enzymes, without clinical com-

plications, are the most common adverse effects described in infants (Kicklighter

et al. 2001; Kaufman et al. 2001, 2005; Manzoni et al. 2007). With regard to renal

tolerability, in an observational study of therapeutic fluconazole (6 mg/kg daily) given

to treatCandida sepsis, two of 40 babies developed raised serum creatinine levels, but

none needed to stop treatment (Huttova et al. 1998). Several studies of prophylactic

fluconazole did not report clinically important nephrotoxicity (Kaufman et al. 2001;

Manzoni et al. 2007; Clerihew et al. 2007; McCrossan et al. 2007).

6.4.1.2 Voriconazole

Clinical experience of treating children with the newer azoles is more limited.

According to the manufacturer (Pfizer Inc 2004), intravenous voriconazole is not
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recommended in patients with moderate to severe renal insufficiency due to the

possible accumulation in the proximal tubule of the vehicle sulfobutyl ether

b-cyclodextrin sodium observed in animals (Frank et al. 1976), even if modifica-

tions of the original b-cyclodextrin have diminished its renal toxicity (Uekama

et al. 1993).

Data regarding safety of voriconazole in newborns and children are limited

and mostly reported as case reports. A 14-day-old neonate born at 27 weeks’

gestation developed a disseminated fluconazole-resistant Candida albicans
infection and received a combination of iv voriconazole and AmBisome: this

protocol resulted safe despite the developmentally limited renal function of the

infant and the concurrent administration of other nephrotoxic drugs (Muldrew

et al. 2005).

Two published case reports described voriconazole therapy in newborns (Maples

et al. 2003; Kohli et al. 2008) and no renal side-effects were noted. Other authors

(Jabado et al. 1998; van’t Hek et al. 1998) reported a good tolerability of voricona-

zole administered to two children with chronic granulomatous disease developing

invasive fungal infections.

Among 58 children (ages 9 months to 15 years) treated with voriconazole i.v.

and orally for proven or probable fungal infection, two patients had elevated serum

creatinine levels (Walsh et al. 2002). The same authors (Walsh et al. 2004) reported,

among a population of 35 immunocompromised children, abnormal renal function

and elevations in serum creatinine (resolved with a dose reduction) in one patient

following multiple dosing of intravenous voriconazole.

6.4.2 Flucytosine

Flucytosine acts as an antimetabolite and is activated by deamination within the

fungal cells to 5-fluorouracil, resulting in an inhibition of fungal DNA and protein

synthesis. Its spectrum is restricted to Candida species and Cryptococcus neofor-
mans with evidence of primary and acquired resistance in some strains, so it should

not be used as monotherapy (Vermes et al. 2000).

In preterm infants, it is used in combination with amphotericin B for its syner-

gism and high penetration in the central nervous system. However, being

available only for oral administration, its use in newborns is limited (Almirante

and Rodriguez 2007).

6.4.3 Echinocandins

Echinocandins form a new family of antifungal agents acting on a different

pathway: they inhibit b(1,3)-D-glucan synthesis, an essential component of the

fungal cell wall, with fungistatic as well as fungicidal effects (Letscher-Bru and
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Herbrecht 2003). Due to this selectivity towards fungal cell wall enzymes, the side-

effects of echinocandins are moderate in humans (Stone et al. 2002), and they could

be considered a potential alternative to the highly nephrotoxic amphotericin B.

6.4.3.1 Caspofungin

Abnormalities in laboratory tests (serum creatinine and blood urea nitrogen eleva-

tions, and hypokalemia) are uncommon with all echinocandins, but rather more

frequent with caspofungin, the first echinocandin approved in therapy (Vazquez and

Sobel 2006). In every case, as assessed in different clinical trials, nephrotoxicity of

caspofungin was less pronounced compared to amphotericin B and ranged from 0%

to 1.4% (Villanueva et al. 2001; Arathoon et al. 2002). Nevertheless, in another trial

the rate of nephrotoxicity was higher, and affected 8.4% of patients (Mora-Duarte

et al. 2002). Some authors (Wegner et al. 2005) characterized the extent and nature

of cell-damaging effects of caspofungin in vitro and demonstrated moderate and

dose-dependent cytotoxic effects on both proximal and distal tubular cells, with the

latter more vulnerable towards caspofungin.

Different studies examined the safety of echinocandins in pediatric patients and

mostly concerned caspofungin, usually administered to patients unresponsive to

conventional antifungal therapies. Hesseling et al. (2003) reported for the first time

the use of caspofungin in an ELBW infant born at 24 weeks gestation who

developed a systemic candidemia and was unresponsive to amphotericin B and

flucytosine: although the antifungal failed in this end-stage therapy, no side-effects

were observed.

An ELBW infant (GA 25 weeks, BW 810 g) with persistent candidemia, initially

unsuccessfully treated with amphotericin B changed to ABLC (due to reduced urine

output and elevated creatinine) and then with fluconazole, responded to therapy

with caspofungin and improved renal function (Smith et al. 2007). Another ELBW

infant (GA 27 weeks, BW 980 g), who developed Candida parapsilosis septicaemia

and was resistant to both amphotericin B and fluconazole, was treated with caspo-

fungin for 21 days: the infection was eradicated and renal function tests were

normal (Yalaz et al. 2006).

Two term newborns with persistent candidemia, unresponsive to catheter

removal and amphotericin B treatment, received in addition caspofungin that

was well-tolerated (Belet et al. 2006). Odio et al. (2004) reported ten candidemic

newborns (one term, nine preterm) treated with caspofungin after failure of

therapy with amphotericin B: renal function tests did not show any value above

normal.

Some authors (Natarajan et al. 2005) analyzed the use of caspofungin in 13

critically ill neonates (12 preterm and one term) with documented candidemia who

failed to respond to conventional antifungal therapy with amphotericin B and/or

fluconazole or flucytosine: transient hypokalemia was observed in two patients.

Eighteen newborns and infants (<3 months of age), previously treated with intra-

venous amphotericin B for highly suspected or documented candidiasis, received
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multiple once-daily doses of caspofungin as a 1-h infusion. Even if one or more

clinical and laboratory adverse events were observed in 94.4% of patients, none

resulted drug-related but rather were consistent with prematurity and/or other birth

complications (Saez-Llorenz et al. 2009). Caspofungin was generally well-tolerated

also in nine older infants and toddlers (mean age 13 months) with fever and

neutropenia (Neely et al. 2009). Franklin et al. (2003) reported the safety of

caspofungin in 25 immunocompromized children: no patient experienced a severe

adverse drug-related event and had to discontinue the therapy.

One open-label study evaluated the tolerability of caspofungin in 39 children

(ages 2–17 years) with neutropenia. The treatment was generally well tolerated and

none of the patients developed serious drug-related adverse events: six children,

receiving concomitantly an aminoglycoside, experienced a transient decrease in

creatinine clearance to 75% of baseline value (Walsh et al. 2005).

In a large multicenter retrospective survey (Groll et al. 2006), 64 severely

immunocompromised pediatric patients (mean age 11.5 years) received caspofun-

gin as single agent or in combination: mild adverse events were observed in 53.1%

of patients, but they were not related to renal function (serum creatinine was not

different from baseline values).

Other authors (Merlin et al. 2006) analyzed the data of 20 children (mean age

12 years) treated with caspofungin for proven or probable invasive fungal infec-

tions: two patients had moderate hypokalemia, but kidney function of patients with

renal insufficiency did not further deteriorate.

Among 49 pediatric patients treated with caspofungin for invasive aspergillosis

or candidiasis, 13 (27%) had mild clinical adverse events possibly related to the

therapy, but none related to renal function (Zaoutis et al. 2009).

6.4.3.2 Other Echinocandins

As regards the other echinocandins, relatively few studies report safety data

in newborns and children. Among a total of 77 neutropenic pediatric patients

(2–17 years of age) treated with micafungin, mean serum creatinine levels did not

change from baseline to the end of therapy (Seibel et al. 2005). Among a substudy

population of 52 pediatric patients with invasive candidiasis (comprising seven

preterm infants and 14 subjects <2 years), three cases of hypokalemia were

observed and two patients experienced drug discontinuation due to respectively an

increase in serum creatinine levels and a worsening of renal failure (Queiroz-Telles

et al. 2008).

A total of 18 premature infants (BW > 1,000 g) and five preterm weighing

500–1,000 g with infections caused by Candida spp. were treated with micafungin:

a moderate but persistent hypokalemia possibly related to the study drug was

observed in one patient (Heresi et al. 2006). Micafungin was added to other

antifungal drugs for the treatment of cutaneous aspergillosis in a premature infant

(GA 24 weeks, BW 651 g). The only adverse event possibly related to micafungin

was hypokalemia (Santos et al. 2007). Recently, four premature infants (mean GA
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24 weeks, mean BW 579 g), diagnosed with Candida infections and previously

treated with fluconazole, showed no apparent drug-related side-effects after receiv-

ing micafungin (Kawaguchi et al. 2009).

Anidulafungin was generally well-tolerated in 25 neutropenic pediatric patients

(2–16 years old) with invasive fungal infections: only one child experienced an

elevation in serum blood urea nitrogen (Benjamin et al. 2006a, b).

6.5 Antifungal Drugs

6.5.1 Comparative Data of the Literature

Relatively few pediatric trials have been conducted to compare nephrotoxicity of

different antifungals in pediatric patients (Table 6.2).

As reported in a recent systematic review (Blyth et al. 2007), among antifungals

used in children and newborns, azoles, echinocandins, and amphotericin B lipid

formulations all are or seem to be associated with a significantly lower nephrotoxi-

city than for amphotericin B deoxycholate.

In detail, some authors (Jeon et al. 2007) compared the efficacy and safety of

AmBisome and amphotericin B deoxycholate given to 46 VLBW infants (mean GA

262 weeks, mean BW 856 � 236 g) to treat systemic candidiasis. The incidence of

Table 6.2 Nephrotoxicity comparison between different antifungal drugs

Reference Setting No Treatment % (Significance)

Prentice et al. (1997) Children with fever and

neutropenia

202 amph B vs

AmBisome

(two doses)

21% vs 8%–

11% (NS)

Walsh et al.

(1999a, b)

Children with fever and

neutropenia

687 amph B vs

AmBisome

34% vs 19%

(p ¼ 0.001)

Jeon et al. (2007) VLBW infants with

systemic candidiasis

46 amph B vs

AmBisome

55% vs 21%

(p ¼ 0.029)

White et al. (1998) Children with fever and

neutropenia

46 amph B vs ABCD 52% vs 12%

(p ¼ 0.01)

Sandler et al. (2000) Children with fever and

neutropenia

49 amph B vs ABCD 52% vs 12%

(p ¼ 0.003)

Lopez Sastre et al.

(2003)

Newborns with invasive

candidiasis

110 AmBisome vs

ABLC

6% vs 3% (NS)

Linder et al. (2003) Newborns with

candidemia

56 amph B vs

AmBisome vs

ABCD

–

Driessen et al. (1996) Newborns with fungal

septicaemia

23 amph B vs

fluconazole

9% vs 0% ( )

Queiroz-Telles et al.

(2008)

Children with candidiasis 106 AmBisome vs

micafungin

11% vs 5.8% ( )

Mondal et al. (2004) Children with

candidemia

42 Fluconazole vs

itraconazole

17% vs 12%

(NS)
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renal toxicity, defined as a 50% increase in serum creatinine levels, was signifi-

cantly lower in the AmBisome group (21% vs 55%, p ¼ 0.029). In a randomized

multicenter trial involving 687 children with persistent fever and neutropenia,

nephrotoxic effects were significantly less frequent among patients treated with

AmBisome compared to those receiving conventional amphotericin B (19% vs

34%, p ¼ 0.001) (Walsh et al. 1999a, b). In two pediatric double-blind randomized

trials involving respectively 46 and 49 children, a reduced rate of nephrotoxicity

was observed with ABCD compared to amphotericin B deoxycholate (52% vs 12%)

(White et al. 1998; Sandler et al. 2000). On the other hand, other authors did not

observe any significant difference in nephrotoxicity between amphotericin B deox-

ycholate and AmBisome given at two different doses (21% vs 8%–11%) (Prentice

et al. 1997) or ABLC (6% vs 3%) (Lopez Sastre et al. 2003). Finally, Linder et al.

(2003) did not find any nephrotoxic effect among three groups of newborns with

candidemia treated with conventional amphotericin B, AmBisome or ABCD.

Both azoles and echinocandins seem to cause less nephrotoxicity than amphoter-

icin B and AmBisome (Driessen et al. 1996; Walsh et al. 2002; Queiroz-Telles et al.

2008), while no trials comparing ABLC or ABCD to azoles and echinocandins exist.

Finally, Mondal et al. (2004) did not find any significant difference in nephrotoxicity

between children treated with fluconazole or itraconazole (17% vs 12%).

6.6 Conclusions

Fungal infections are common in children with defects in host defences and are

responsible for considerable morbility and mortality overall in preterm newborns.

Antifungins are important means to treat fungal infections. Therefore, the nephro-

toxicity is an important adverse effect of antifungal agents. Frequently, the choice

of which antifungin could be used in at-risk babies depend upon its reduced renal

risk profile. Summarizing, Amphotericin B lipid formulations showed less nephro-

toxicity than Amphotericin B. Among alternative antifungals for children and

newborns, Fluconazole is the most widely used and tolerated azole. Unfortunately,

the clinical experience of treating children with other newer azoles is more limited.

The treatment with Caspofungin (Echinocandins) could be considered a potential

alternative to conventional antifungal therapy. Finally, other echinocandins are

available but relatively few studies report safety data in newborns and children.
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Chapter 7

Antifungal Resistance: Cellular and Molecular

Mechanisms

Ricardo Araujo and Ana Espinel-Ingroff

Abstract The incidence of life-threatening fungal infections, a critical public

health threat, has dramatically increased, and infections due to resistant strains

represent a therapeutic drug selection challenge. Although MICs are not the best

predictors of patient response to therapy and clinical breakpoints are still not

available for all licensed agent/species combinations, susceptibility testing remains

the most practical tool for in vitro resistance detection. Some fungal species may be

inherently resistant to an antifungal; however, the increasing use of antifungal

prophylactic and empirical treatments has led to the emergence of resistance. The

overexpression of genes encoding proteins of biosynthetic pathways or efflux

pumps and modifications of target enzyme(s) represent the most relevant molecular

mechanisms involved in fungal resistance. The cellular and molecular mechanisms

responsible for antifungal and multidrug in vitro resistance will be reviewed in this

chapter as well as their impact in patient care.

7.1 Introduction

Drug resistance has been known since the first antibiotics were introduced for

bacterial infection treatment. There are two kinds of resistance: clinical and

in vitro resistance. Clinical resistance concerns patient response to therapy, regard-

less of in vitro susceptibility; it can be affected by drug pharmacokinetics/pharma-

codynamics (e.g. tissue availability), interaction with other drugs, host status and
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immune response, patient management, and the infecting isolate virulence factors

(Pemán et al. 2009).

In vitro resistance can be primary/intrinsic for the resistance found in organisms

naturally, or secondary/acquired for organisms that were susceptible but became

resistant during therapy. Susceptibility testing remains the most practical tool for

the detection of in vitro fungal resistance. Patients infected with fungal strains which
are in vitro resistant to antifungal agents have shown a lower rate of treatment

success (Kanafani and Perfect 2008; Lass-Flörl et al. 2005; Rodriguez-Tudela

et al. 2008a). Resistance outbreaks originate from either the latter mechanism

(Bulik et al. 2009; Howard et al. 2009; Nolte et al. 1997) or from the environment

(Snelders et al. 2009). Today, there are several antifungal agents available for the

treatment of fungal infections. The known resistance mechanisms for these agents

will be described, but it is not within the scope of this chapter to cover clinical

resistance.

7.2 Resistance to Polyenes

7.2.1 Polyenes for Antifungal Therapy

The polyenes were the first group of antifungal agents – available for over 40 years –

for the systemic treatment of yeast and mould infections. Among the polyenes,

amphotericin B formulations (conventional, liposomal and lipid complex) are usu-

ally administered to patients suffering from severe and distinct fungal infections.

The polyenes act by forming pores in the fungal membrane that leads to transmem-

brane potential loss and affect fungal cell viability. The most commonly used

polyenes are amphotericin B formulations, which are licensed as empirical therapy

(liposomal formulation in neutropenic febrile patients), and as primary or salvage

therapy against aspergillosis, cryptococcosis, coccidioidomycosis, histoplasmosis,

zygomycosis, and several forms of systemic candidiasis including candidemia

(Erjavec et al. 2009; Pappas et al. 2009). Most fungi are usually susceptible to

amphotericin B, but a few species are intrinsically resistant such as some Alternaria
spp. isolates (Pastor and Guarro 2008), Aspergillus flavus (Araujo et al. 2007;

Chandrasekar 2009), Aspergillus lentulus (Balajee et al. 2005), Aspergillus terreus
(Araujo et al. 2007; Lass-Flörl et al. 2009), Aspergillus ustus (Panackal et al. 2006),
Candida lusitaniae (Pfaller et al. 1994), Fusarium spp. (Azor et al. 2008; Tortorano

et al. 2008), Paecilomyces lilacinus (Castelli et al. 2008; Espinel-Ingroff 2008),

Penicillium marneffei (Supparatpinyo et al. 1993), Scedosporium apiospermum
(Alastruey-Izquierdo et al. 2007; Espinel-Ingroff 2008), Scedosporium prolificans
(Espinel-Ingroff 2008), Scopulariopsis brevicaulis (Salmon et al. 2010), Sporothrix
schenckii (Alvarado-Ramı́rez and Torres-Rodrı́guez 2007), and a few zygomycetes

(Almyroudis et al. 2007; Espinel-Ingroff 2008). However, infections caused by

isolates of these species have been occasionally treated with success by amphotericin

B, despite high MICs (>2 mg/ml) (Nolte et al. 1997).
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7.2.2 Yeast Resistance to Polyenes

Acquired resistance to amphotericin B has been described among species typically

susceptible to this agent, such as Candida albicans, Candida tropicalis and Can-
dida glabrata (MICs � 16 mg/ml following treatment with this polyene) (Dick

et al. 1980; Krogh-Madsen et al. 2006; Nolte et al. 1997). A decrease of membrane

ergosterol content was found in these isolates, which indicated that resistance was

caused by removal of the membrane antifungal target. The ergosterol deficiency

can be due to defects in the ERG3 gene, which leads to the accumulation of other

sterols in the membrane (Dick et al. 1980). The role of ERG3 and ERG11 genes for
addition of lanosterol and eburicol to the membrane of C. albicansmutants has been

verified by Sanglard et al. (2003). Although Geber et al. (1995) did not find a

decrease of amphotericin B susceptibility following ERG3 deletion in C. glabrata,
they reported that ERG6 plays an important role in its resistance to amphotericin B.

The function of ERG6 was more recently confirmed; a unique missense mutation in

ERG6 of C. glabrata — causing a substitution of a cysteine by a phenylalanine in

the protein at the position 198 (C198F) — resulted in both low polyene activity and

final steps of ergosterol pathway defects (Vandeputte et al. 2007). Recently, another

six genes (YGR035C, YOR1, ICT1,GRE2, PDR16 and YPLO88W) were found to be

overexpressed in Saccharomyces cerevisae populations exposed to increasing con-

centrations of amphotericin B (Anderson et al. 2009). The genes ERG1, ERG25,
SKN1 and KRE1 were found upregulated in C. albicans biofilms resistant to

amphotericin B (Khot et al. 2006). But the role of those genes in acquired ampho-

tericin B-resistant clinical isolates needs to be determined.

7.2.3 Mould Resistance to Polyenes

Among common moulds associated with invasive infections, Aspergillus fumigatus
is usually susceptible in vitro to amphotericin B, but some isolates have been

reported with decreased susceptibility to amphotericin B (Messer et al. 2006).

Resistance mechanisms in moulds are still unknown. ERG3A and ERG3B genes

were described as not essential for A. fumigatus viability (one isolate) and did not

play a relevant role in in vitro susceptibility of this species to amphotericin B

(Alcazar-Fuoli et al. 2006); both A. fumigatus single- and double-mutants and wild-

type strain showed similar susceptibility to amphotericin B.

In addition to the defects in membrane ergosterol content, another mechanism

involved in resistance to amphotericin B is the reduction of fungal oxidative

cellular damage (Sokol-Anderson et al. 1986). For example, A. terreus, tradition-
ally resistant to amphotericin B, has produced a higher amount of catalase (an

important enzyme that protects fungal cells against oxidative damage) than that in

A. fumigatus susceptible isolates (Blum et al. 2008b). Although this mechanism was

not investigated in other fungi, it may be assumed that strains producing more

catalase would be less susceptible to the polyenes.
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The susceptibility to the polyenes is dependent on the nitrogen source. In the

presence of bovine serum albumin or casein, C. albicans was less susceptible to

amphotericin B and nystatin than in the presence of ammonium sulphate (Oliver

et al. 2008). A. fumigatus has also been previously described as less susceptible

in vitro to amphotericin B in the presence of human albumin (Rodrigues et al.

2005). The mechanism that is associated with amphotericin B activity alteration has

not been determined. The fact that distinct pathways are involved in the develop-

ment of polyene resistance should be considered.

7.3 Resistance to Azoles

7.3.1 Azole Antifungal Therapy

Several azoles are widely used in the treatment of severe fungal infections. The

azoles act by blocking the pathway of ergosterol biosynthesis, specifically the

enzymes 14-a-lanosterol demethylase in yeasts or the 14-a-sterol demethylase in

moulds. These cytochrome enzymes are encoded by the ERG11 andCYP51 (A and B)
genes, respectively in yeasts and moulds (Pemán et al. 2009). Some of the first

available azoles (e.g. ketoconazole, miconazole) and triazoles (fluconazole and

itraconazole) are still used in patient care. Azoles have good in vitro activity against
a variety of yeasts and some moulds. The newest triazoles, voriconazole and

posaconazole, have a broader spectrum of activity against yeasts as well as moulds

(Chandrasekar 2009; Groll and Kolve 2004). The ergosterol biosynthetic pathway

is crucial for studying the activity of all azoles. Today, this pathway is well

understood; the group of enzymes that are involved at any level in this pathway

have also been identified (Alcazar-Fuoli et al. 2008; Veen et al. 2003).

The triazoles are widely used as therapeutic antifungal agents. Fluconazole is

licensed for a variety of yeast infections, especially those caused by Candida
[prevention (hematopoietic stem cell transplant patients) and primary treatment of

candidiasis in non-neutropenic patients] and C. neoformans (Erjavec et al. 2009;

Pappas et al. 2009). Itraconazole serves as prophylactic and primary treatment of

aspergillosis and allergic bronchopulmonary aspergillosis; also, it can be useful

in the treatment of coccidioidomycosis, histoplasmosis, blastomycosis and sporo-

trichosis (Hope et al. 2008). Voriconazole is indicated for candidemia in non-

neutropenic patients and for infections caused by Candida isolates resistant to

fluconazole; it is the first line treatment for invasive aspergillosis and for infections

caused by S. apiospermum and Fusarium spp. (Erjavec et al. 2009; Pappas et al.

2009). Posaconazole has been cleared as a prophylactic agent in immunosuppressed

patients for the prevention of Candida and Aspergillus infections, and as salvage

therapy against invasive aspergillosis, fusariosis, chromoblastomycosis and coccid-

ioidomycosis (Hope et al. 2008; Pappas et al. 2009). Despite the broad spectrum

of azole activity, a few fungal species are intrinsically resistant to these agents
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(e.g. Candida krusei versus fluconazole, certain Aspergillus spp., Fusarium spp.,

Scedosporium, and the zygomycetes versus fluconazole, itraconazole and vorico-

nazole) (Chandrasekar 2009). In general, the triazoles have fungistatic activity

against most Candida spp. and Aspergillus spp., but voriconazole and posaconazole
have fungicidal activity against Aspergillus spp. (Groll and Kolve 2004).

7.3.2 Yeast Resistance to Azoles

The azoles and especially the triazoles have been increasingly used during the last

two decades, and their excessive use, especially of fluconazole, has resulted in

worldwide reports of the emergence of resistance following azole therapy (Bulik

et al. 2009; Chakrabarti et al. 2009; Małafiej et al. 2009). Usually resistance to

fluconazole means cross-resistance with itraconazole, voriconazole, and/or posa-

conazole and other azoles. However, extended exposure of C. krusei to fluconazole
or voriconazole without changing its susceptibility profile has been documented

(Hautala et al. 2009). It is easy to induce in vitro resistance to the azoles and

triazoles in the laboratory and because of that a distinct dynamic pattern for

acquiring resistance has been demonstrated. Fluconazole resistance seems to be

induced more rapidly in vitro than resistance to either voriconazole or posacona-

zole, but cross-resistance to all three drugs is only observed with posaconazole

(Silva et al. 2009). The following azole resistance mechanisms have been

described: (1) genetic mutations that reduce the target affinity to the drug, (2)

overexpression of the genes encoding the target enzyme, (3) activation of efflux

pumps that removed the drug from the fungal cell, (4) occurrence of aneuploidy or

increased genomic instability, and (5) intervention of stress-response functions that

increased the survival of the fungus.

7.3.2.1 Gene Expression and Mutations

Several point mutations in ERG11 (which encodes the enzyme 14-a-lanosterol
demethylase) were described in C. albicans and C. tropicalis clinical isolates that
were associated with triazole resistance (Dunkel et al. 2008b; Nolte et al. 1997;

Sanglard et al. 1998; Vandeputte et al. 2005). Earlier in vitro studies have

revealed that two hotspot regions in C. albicans ERG11 were more prone to

alterations and easily originated azole resistance (Marichal et al. 1999). Those

mutations are responsible for the reduction of the affinity of azoles to 14-

a-lanosterol demethylase by changing the enzyme structure and conformation.

The substitution of G484S in the same enzyme of Cryptococcus neoformans
azole-resistant isolate has been reported (Sheng et al. 2009). In vitro exposure

of yeasts to azoles has resulted in the identification of several other mutations, but

their clinical importance needs to be explored (Cheng et al. 2007; Marichal et al.

1999; Sanglard et al. 1998).
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In addition to point mutations, the overexpression of ERG11 might result in the

decrease of fungal susceptibility to triazoles (e.g. C. glabrata versus fluconazole)

(Redding et al. 2003). It has been demonstrated that the presence of an azole agent

causes increased expression and induction of ERG11 promoter and accumulation of

lanosterol (and/or depletion of ergosterol) in C. albicans membrane (Song et al.

2004). The direct interaction between azole exposure, ergosterol membrane content

and gene expression, particularly ERG11, has been clarified when studying the

effect of histone deacetylase inhibitors, such as trichostatin A (TSA), on azole

susceptibility (Smith and Edlind 2002). TSA reduced itraconazole MICs for

C. albicans after 24 h by interfering with the expression of several genes at various

levels — ERG11 was one of the genes directly affected by TSA (Smith and Edlind

2002). C. albicanswith null mutations of ERG3 were fluconazole-resistant (Sanglard
et al. 2003).

Transcription factors may also interfere with yeast susceptibility to azoles. The

zinc cluster transcription factor UPC2p regulates the expression levels of ERG11 in
the presence of triazoles. A gain-of-function mutation of UPC2p may lead to the

increased expression of ERG11 and to fluconazole resistance in C. albicans clinical
isolates (Dunkel et al. 2008b).

7.3.2.2 Efflux Pumps

Another relevant resistance mechanism is the overexpression of genes encoding

membrane efflux pumps. Two classes of efflux pumps are directly involved in

removing triazoles from the cytoplasm: (1) pumps belonging to the major facilitator

superfamily (MFS), and (2) the ATP-binding cassette (ABC) superfamily of trans-

porters. MDR1 and FLU1 genes encode MFS transporters specific for fluconazole.

Several researchers have reported the overexpression of the MDR1 gene in flucon-

azole-resistant C. albicans clinical isolates (Franz et al. 1998; Perea et al. 2001),

C. dubliniensis (Pinjon et al. 2005; Wirsching et al. 2001) and, more recently,

C. albicans petite mutants less susceptible to fluconazole and voriconazole (Cheng

et al. 2007). FLU1 encodes a multidrug efflux transporter in C. albicans; this
mechanism was also responsible for fluconazole resistance in S. cerevisiae mutants

(Calabrese et al. 2000). The FLR1 transporter in C. glabrata (also MFS transporter)

has not been associated with fluconazole resistance, but it has been described in

resistance to benomyl (Chen et al. 2007).

CDR1 and CDR2 genes encoded ABC transporters in C. albicans (Sanglard et al.
1995; Sanglard et al. 1997), C. glabrata (Bennett et al. 2004; Miyazaki et al. 1998)

and C. dubliniensis (Pinjon et al. 2005). These transporters were repeatedly involved
in yeast resistance to different triazoles and to the uptake of other oligopeptides

(Wakiec et al. 2008). There are other genes encoding specific ABC transporters

and some of them were responsible for fluconazole resistance in clinical isolates:

(1) SNQ2 in C. glabrata (Sanguinetti et al. 2005), (2) specific genes detected in vitro
in C. tropicalis (similar to CDR1 in other Candida species) (Barchiesi et al. 2000),
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(3) ABC1 and ABC2 in C. krusei (Katiyar and Edlind 2001), and (4) AFR1 in C.
neoformans (Posteraro et al. 2003).

The regulation and expression of efflux pump genes can be changed by multiple

mechanisms. As previously described for ERG11, point mutations in transcription

factors may affect both transporter groups (Morschh€auser 2010). Transcription

factors have been observed forMDR1, such as the activator MRR1p (Morschh€auser
et al. 2007) and the repressor REP1p (Chen et al. 2009). A single gain-of-function

mutation in MRR1 was responsible for the overexpression of MDR1 in C. albicans
(Schubert et al. 2008), and a few comparable gain-of-function mutations in the

MRR1 that encoded a transcription factor in C. dubliniensis (Dunkel et al. 2008a)
resulted in the development of fluconazole resistance; the same applied for the

transcription factors encoded by PDR1 and TAC1 in C. albicans and C. glabrata
(Coste et al. 2007; Ferrari et al. 2009; Tsai et al. 2006; Vermitsky and Edlind 2004;

Vermitsky et al. 2006; Znaidi et al. 2007). The simple overexpression of the

transcription factors encoded by CAP1 and NDT80 also led to C. albicans azole
resistance (Sellam et al. 2009b; Znaidi et al. 2009); this mechanism was similar to

that found in the AP1p in C. glabrata (Chen et al. 2007). The uptake function of

efflux pumps and intracellular accumulation of triazoles can be altered when the

lipid and sterol contents of plasma membranes are changed (e.g. in C. albicans)
(Löffler et al. 2000). The localization of the efflux pumps along the membrane,

particularly of ones codified by CDR1, is also largely affected (Pasrija et al. 2008).

7.3.2.3 Cellular Stress

Antifungal stress among others can induce the expression of a large set of genes

responsible for cell protection. In humans, the environmental conditions fluctuate a

lot and it is extremely important for the fungal invaders to adapt and defend

themselves against these “exterior” aggressions. Fungal genomic instability tends

to increase in such stressful conditions and drug resistance can occur more rapidly.

This fact was observed in C. albicans when the function of proteins encoded by

DNA repair genes was compromised (Legrand et al. 2007). In fact, C. albicans is a
“surprising” yeast that constantly shows a high genomic plasticity, which allows the

formation of isochromosomes and the observation of aneuploidy and a high level of

heterozygosity (Selmecki et al. 2006). The formation of isochromosomes originated

azole resistance in C. albicans clinical strains when the region of the chromosome 5

(ERG11, TAC1 and genes encoding efflux pumps are located in this region) is

affected by such genomic mechanisms (Selmecki et al. 2006). Azole resistance

arose from the increased copy number of these genes and it was also associated with

other resistance mechanisms (e.g. point mutations in ERG genes) (Coste et al.

2007). In addition to C. albicans, C. glabrata also presented a highly variable

karyotype and genotype that perhaps originated either from chromosomal rearrange-

ments (Shin et al. 2007) or from the formation of new chromosomes (Poláková et al.

2009). Another relevant contributor to fungal stress has been the chaperone

HSP90p that enables considerable changes in cell membranes and walls through
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the interaction with calcineurin (a key sensor of environmental stress) (Cowen and

Lindquist 2005). In fact, HSP90 has participated in the development of azole-

resistant C. albicans (via calcineurin) and its inhibition increased fungal suscepti-

bility to azoles (Cowen et al. 2006, 2009). A recent study has shown that the role of

the calcineurin pathway in the susceptibility to azoles is crucial. The depletion of

the gene RTA2, involved in the calcineurin pathway, facilitated azole antifungal

activity against C. albicans by changing the cell membrane vulnerability to tria-

zoles (Jia et al. 2009). The inhibition of other signalling pathways (e.g. TOR)
completely abolished azole resistance (Robbins et al. 2010). It is possible that all

global regulators of cellular signalling implicated in the cellular responses to the

environment participate and influence key steps in the development of azole

resistance. Other fungal proteins, such as DDR48p and ADA2p, have promoted

cellular stress responses and have a role in triazole-resistant C. albicans (Dib et al.

2008; Sellam et al. 2009a). The induction of an alternative respiratory pathway and

expression of AOX gene has reduced C. albicans susceptibility to fluconazole (Yan
et al. 2009).

In conclusion, azole resistance mechanisms in yeasts are likely to be multifacto-

rial, involving both cellular and molecular events. The latest studies have shown

that by interfering with stress contributor responses, signalling regulators, proteins

involved in membrane changes and modelling of respiratory functions, these

mechanisms may also alter yeast susceptibility to azoles.

7.3.3 Mould Resistance to Azoles

Acquired azole resistance in moulds is less understood than previously described

for yeasts as only a few mechanisms have been described for A. fumigatus and

A. flavus as follows. Point mutations in the CYP51A gene (encode 14-a-sterol
demethylase) can result in amino acid substitutions in the enzyme. Until now,

multi-azole resistance in A. fumigatus was caused by substitution of the glicine in

position 54 and of methionine in position 220 by different amino acids, but

substitution of L98H and two copies of 34 bp in the CYP51A promoter also have

been identified (Howard et al. 2009; Mellado et al. 2007; Rodriguez-Tudela et al.

2008a, b; Snelders et al. 2008; Trama et al. 2005; van der Linden et al. 2009).

Krishnan-Natesan et al. (2008) also reported some mutations in the CYP51A of A.
flavus which explained the multi-azole resistance following azole in vitro exposure.
In addition, other rarer substitutions may originate multi-azole resistance in A.
fumigatus clinical isolates, particularly G138C, G448S, and a 53 bp tandem repeat

in the promoter of CYP51A (Bellete et al. 2009; Hodiamont et al. 2009; Howard

et al. 2006). Recently, several mutations were associated with azole resistance

among A. fumigatus recovered from patients failing triazole treatment (Howard

et al. 2009). Thus, it is expected that new mutations will be identified as the

investigation of mould azole resistance mechanisms continues.
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A few efflux pumps have been described in A. fumigatus and A. flavus (ABC
transporters). MDR1, ATRf, MDR2 and MDR4 encoded ABC efflux pumps in

A. fumigatus, while MDR3 was responsible for an MFS transporter in this species

(Morschh€auser 2010; Nascimento et al. 2003; Slaven et al. 2002; Tobin et al. 1997).

These transporters may explain itraconazole resistance in a few clinical isolates

of A. fumigatus (Denning et al. 1997; Slaven et al. 2002).MDR1 was also described
in A. flavus (Tobin et al. 1997), while several ATR transporters were identified in

A. nidulans (Andrade et al. 2000). The participation of such transporters in azole-

resistant clinical strains needs clarification.

The regulators of the cellular stress, particularly involving signalling pathways,

may also play a relevant role in mould azole resistance. The inhibition of HSP90
appeared to enhance the activity of azoles against A. fumigatus (Cowen et al. 2009).

7.4 Resistance to Echinocandins

7.4.1 Echinocandins for Antifungal Therapy

The echinocandins represent a unique class of antifungal agents that act by blocking

the activity of 1,3-b-D-glucan synthase (GS), an important enzyme for the forma-

tion of the cell wall component 1,3-b-D-glucan. Caspofungin was the first agent to

be cleared for treatment of candidemia in neutropenic and non-neutropenic patients,

as salvage therapy for invasive aspergillosis and empirical treatment in febrile

neutropenia (Bennett 2006; Pappas et al. 2009). More recently, micafungin has

been licensed for prophylaxis of Candida infections in high-risk patients (allotrans-
plant and>10 days neutropenia) and as primary therapy for invasive candidiasis, as

well as anidulafungin for primary therapy against candidemia and other Candida
infections in non-neutropenic patients (Erjavec et al. 2009; Naeger-Murphy and

Pile 2009; Pappas et al. 2009). In general, the echinocandins show good in vitro
activity against most Candida spp. and Aspergillus spp., but lower activity against

Candida parapsilosis, Candida metapsilosis, Candida orthopsilosis and Candida
guilliermondii and most moulds (Garcia-Effron et al. 2008; Pemán et al. 2009; Silva

et al. 2009). C. neoformans, Fusarium spp., Scedosporium spp. and zygomycetes are

intrinsically resistant to echinocandins (Chandrasekar 2009; Espinel-Ingroff 1998).

7.4.2 Fungal Resistance: Yeast and Moulds

Acquired resistance to echinocandins in Candida spp. clinical isolates has been

described as a result of point mutations in the FKS1 gene (Perlin 2007) or the

substitution of one or more amino acids in the structure of the GS enzyme. The most

common alterations in the GS of C. albicans clinical isolates were in the codons 641
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and 645, which resulted in caspofungin resistance (Arendrup et al. 2009; Baixench

et al. 2007; Katiyar et al. 2006; Perlin 2007). Alterations in GS were also associated

with echinocandin resistance in C. glabrata, particularly the substitution of P665C

(Cleary et al. 2008), and in C. krusei the substitutions of P665C and R1361G (Kahn

et al. 2007; Park et al. 2005). However, echinocandin resistance in some C. krusei
has not been related to mutations in FKS1 (Hakki et al. 2006). FKS2 mutations

(mainly the substitution of F659V) led to echinocandin resistance in C. glabrata
clinical isolates (Katiyar et al. 2006; Thompson et al. 2008). The innate lower

susceptibility of C. parapsilosis, C. metapsilosis and C. orthopsilosis to echinocan-
dins was explained by a point mutation in FKS1, amino acid alteration of P660A

(Garcia-Effron et al. 2008). In this last report, the transformation of C. parapsilosis
with a “normal” FKS1 isolated from a susceptible C. albicans strain produced a

C. parapsilosismutant that was highly susceptible to caspofungin. Other laboratory

C. albicans mutants (GS alterations F641S, L644F and S645C) were described as

resistant to caspofungin (Balashov et al. 2006). In moulds, a single mutation in

A. fumigatus FKS1 (amino acid alteration of S678P in the GS structure) was

associated with echinocandin resistance (Rocha et al. 2007). In addition, the prim-

ary echinocandin resistance of Fusarium solani and S. prolificans was explained by
a substitution in GS (F639Y) (Katiyar and Edlind 2009).

The echinocandins are not a substrate of C. albicans transporters encoded by

CDR1, CDR2 andMDR1. The overexpression of CDR1p and MDR1p efflux pumps

showed no effect in the susceptibility of C. albicans to echinocandins, while CDR2p
only showed a moderate increase of caspofungin resistance (Niimi et al. 2006).

Thus, efflux transporters are not a significant mechanism participating in echino-

candin resistance. Other genes, however, are relevant to echinocandin activity,

particularly CYP56. This gene codifies the protein DIT2p, whose absence increased

the susceptibility of C. albicans to caspofungin (Melo et al. 2008). As previously

described for azoles, HSP90 plays a relevant role in echinocandin resistance. The

inhibition of HSP90 blocks calcineurin activation and increases the susceptibility of
fungal cells, both yeast and moulds, to caspofungin (Singh et al. 2009).

7.5 Resistance to Other Antifungals

7.5.1 Flucytosine

Flucytosine is rarely used for the systemic treatment of fungal infections; it is

especially administered for the treatment of specific yeast (especially C. neoformans)
or mould infections in combination with other antifungal agents (Espinel-Ingroff

2008). Resistance to this antifungal is frequently acquired during therapy. Flucyto-

sine is a base pyrimidine analogue that acts by inhibiting the synthesis of DNA and

RNA (Vermes et al. 2000). Resistance to flucytosine has been attributed to point
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mutations (codons 9 and 168) in the genes FCY1 and FCY2, encoding the enzymes

purine-cytosine permease and cytosine deaminase (Chapeland-Leclerc et al. 2005;

Florent et al. 2009). Changes in the enzyme uracil phosphoribosyltransferase

(encoded by FUR1) may also result in resistance to flucytosine (Papon et al. 2007).

7.5.2 Terbinafine

Terbinafine belongs to the allylamines class and inhibits the activity of the enzyme

squalene epoxidase that participates in the synthesis of ergosterol. Like flucytosine,

terbinafine is usually administered in combination with other antifungal agents for

the treatment of systemic infections. Resistance to this agent has been reported

following point mutations in squalene epoxidase codifying gene. Amino acid

substitutions of P391L in A. nidulans and of F389L in ERGAp of A. fumigatus
have been reported (Rocha et al. 2006). Efflux pumps encoded by CDR1, CDR2 and
MDR1, particularly CDR2, may also transport terbinafine. Overexpression of CDR2
transporters resulted in a decreased C. albicans susceptibility to terbinafine (Sanglard
et al. 1997). Additionally, histidone deacetylase inhibitors, such as TSA, increased

the susceptibility of C. albicans to terbinafine by changing the membrane ergosterol

content (Smith and Edlind 2002).

7.6 Resistance in the Environmental Versus in Clinical Isolates

The classification of a species as “susceptible” or “resistant” to antifungal agents is

difficult to achieve and is never definitive. In the environment, microorganisms

suffer natural mutations, becoming more or less susceptible to any drug. Mutations

and evolution are happening continuously and the first data from genetic diversity

confirm that fungi are highly diverse in the environment and may have high

mutation rates (in addition to the dispersion ability that most fungi present) (Blum

et al. 2008a; Ezov et al. 2006). Thus, there is constantly a small chance that a fungal

organism becomes resistant to an antifungal agent without any contact with this

particular agent. When the fungus is challenged with an antifungal agent, selective

pressure chooses the more adaptable fungal strains, and the potential for developing

antifungal resistance increases (acquired resistance). This fact is supported by

(1) culturing the fungal cells in a medium with an antifungal agent, and (2) resistant

isolates following antifungal treatment.

The triazoles are a group of antifungal agents that are important in the clinical, as

well as in veterinary and agriculture settings (Beernaert et al. 2009; Serfling et al.

2007). Cross-resistance is common among azoles; fungal exposure to agricultural

azoles may lead to pathogens becoming less susceptible to the triazoles used in

patient care (Serfling et al. 2007).
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7.6.1 Clinical and Epidemiologic Cutoff Values

At present, it is difficult to evaluate and quantify the level of resistance among

environmental isolates, but this knowledge may be the first step in understanding

the level of resistance to be expected in clinical isolates. The available clinical

breakpoints for yeasts define the susceptibility values that separate the treatable

from the non-treatable organisms (Dalhoff et al. 2009; EUCAST 2009; CLSI 2008;

Espinel-Ingroff 2008; Pfaller et al. 2008, 2010). Although clinical breakpoints are

not available for mould testing, epidemiologic cutoff values (ECVs) have been

proposed for A. fumigatus and other mould species; an ECV represents the endpoint

that separates the drug-susceptible wild type fungal organisms from acquired or

mutational resistance strains (Dalhoff et al. 2009; Espinel-Ingroff et al. 2007;

Pfaller et al. 2009; Rodriguez-Tudela et al. 2008b). However, these values are not

clinical breakpoints, but will certainly help to better characterize mould isolates. It

remains to be determined how the use of antifungal drugs – particularly prophylac-

tic or empiric use – can impact future drug resistance. Horizontal transfer of genes

coding resistance, common in bacteria, is not found in fungi (Hof 2008), and this

fact represents a favourable point in restricting the dissemination of resistance in

both environment and clinics.

7.7 Future Perspectives and Conclusions

Although a great deal of progress has been accomplished toward a better under-

standing of the different molecular mechanisms of resistance, much is needed to be

learned regarding the clinical impact of such information. In the meantime, the

available clinical breakpoints and ECV values could be helpful in monitoring the

development of resistance during therapy as well as the selection of antifungal

therapy. Identification of resistant or less susceptible isolates by available standard

methods is helpful because the probability of clinical response to therapy is much

higher when the infecting isolate is not resistant to the therapeutic agent.
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Cowen LE, Singh SD, Köhler JR, Collins C, Zaas AK, Schell WA, Aziz H, Mylonakis E, Perfect

JR, Whitesell L, Lindquist S (2009) Harnessing Hsp90 function as a powerful, broadly

effective therapeutic strategy for fungal infectious disease. Proc Natl Acad Sci USA 106:

2818–2823

Dalhoff A, Ambrose PG, Mouton JW (2009) A long journey from minimum inhibitory concentra-

tion testing to clinically predictive breakpoints: deterministic and probabilistic approaches in

deriving breakpoints. Infection 37:296–305

Denning DW, Venkateswarlu K, Oakley KL, Anderson MJ, Manning NJ, Stevens DA, Warnock

DW, Kelly SL (1997) Itraconazole resistance in Aspergillus fumigatus. Antimicrob Agents

Chemother 41:1364–1368

Dib L, Hayek P, Sadek H, Beyrouthy B, Khalaf RA (2008) The Candida albicans Ddr48 protein is
essential for filamentation, stress response, and confers partial antifungal drug resistance. Med

Sci Monit 14:BR113–BR121

Dick JD, Merz WG, Saral R (1980) Incidence of polyene-resistant yeasts recovered from clinical

specimens. Antimicrob Agents Chemother 18:158–163

Dunkel N, Blass J, Rogers PD, Morschh€auser J (2008a) Mutations in the multi-drug resistance

regulator MRR1, followed by loss of heterozygosity, are the main cause of MDR1 over-

expression in fluconazole-resistant Candida albicans strains. Mol Microbiol 69:827–840

Dunkel N, Liu TT, Barker KS, Homayouni R, Morschh€auser J, Rogers PD (2008b) A gain-

of-function mutation in the transcription factor Upc2p causes upregulation of ergosterol

138 R. Araujo and A. Espinel-Ingroff



biosynthesis genes and increased fluconazole resistance in a clinical Candida albicans isolate.
Eukaryot Cell 7:1180–1190

Erjavec Z, Kluin-Nelemans H, Verweij PE (2009) Trends in invasive fungal infections, with

emphasis on invasive aspergillosis. Clin Microbiol Infect 15:625–633

Espinel-Ingroff A (1998) Comparison of in vitro activities of the new triazole SCH56592 and the

echinocandins MK-0991 (L-743, 872) and LY303366 against opportunistic filamentous and

dimorphic fungi and yeasts. J Clin Microbiol 36:2950–2956

Espinel-Ingroff A (2008) Mechanisms of resistance to antifungal agents: yeasts and filamentous

fungi. Rev Iberoam Micol 25:101–106

Espinel-Ingroff A, Arthington-Skaggs B, Iqbal N, Ellis D, Pfaller MA, Messer S, Rinaldi M,

Fothergill A, Gibbs DL, Wang A (2007) Multicenter evaluation of a new disk agar diffusion

method for susceptibility testing of filamentous fungi with voriconazole, posaconazole, itra-

conazole, amphotericin B, and caspofungin. J Clin Microbiol 45:1811–1820

EUCAST (2009) The European Committee on Antimicrobial Susceptibility Testing. http://eucast.

www137.server1.mensemedia.net/index.php?id=59. Cited 23 September 2009

Ezov TK, Boger-Nadjar E, Frenkel Z, Katsperovski I, Kemeny S, Nevo E, Korol A, Kashi Y

(2006) Molecular-genetic biodiversity in a natural population of the yeast Saccharomyces
cerevisiae from “Evolution Canyon”: microsatellite polymorphism, ploidy and controversial

sexual status. Genetics 174:1455–1468

Ferrari S, Ischer F, Calabrese D, Posteraro B, Sanguinetti M, Fadda G, Rohde B, Bauser C, Bader O,

Sanglard D (2009) Gain of function mutations in CgPDR1 of Candida glabrata not only

mediate antifungal resistance but also enhance virulence. PLoS Pathog 5:e1000268.

doi:10.1371/journal.ppat.1000268
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Chapter 8

Multidrug Resistance in Fungi: The Role

of Pleiotropic Drug Resistance Genes

Sushma Sharma and K. Ganesan

Abstract Multidrug resistance of pathogenic fungi to antifungal agents is a major

impediment in combating fungal infections. Clinically important resistance of

fungal pathogens to azoles and other antifungal drugs is often caused by over-

expression of energy-dependent drug efflux pumps able to facilitate the efflux of

drugs from the cells. The efflux pump proteins which belong to the ATP-binding

cassette and major facilitator superfamilies are the most prominent contributors to

multidrug resistance (MDR). The abundance of the drug transporters and their

wider specificity suggest that these transporters are not exclusively drug exporters

but also have other cellular functions. In this chapter, we focus on the role played by

pleiotropic drug resistance genes in MDR, and their physiological relevance in lipid

homeostasis of nonpathogenic and pathogenic fungal species.

8.1 Introduction

Multidrug resistance (MDR) is a well-described biological phenomenon, causing

serious problems in the treatment of human cancers and microbial infections. MDR

in fungi shares several similarities with processes in bacteria and higher eukaryotes.

The molecular mechanism that forms the core of MDR in human cancer cells

subjected to chemotherapy involves the overexpression of an ATP-dependent

extrusion pump (known as P-glycoprotein) which facilitates the efflux of toxic

compounds from the cells (Gottesman and Pastan 1993). Remarkably, a number of

membrane-embedded energy-consuming ATP-binding cassette (ABC) superfamily

and major facilitators superfamily (MFS) transporters have been implicated in the

development of MDR phenotypes in various pathogenic eukaryotes and yeasts in

S. Sharma and K. Ganesan (*)

Institute of Microbial Technology (Council of Scientific and Industrial Research), Sector 39-A,

Chandigarh 160036, India

e-mail: ganesan@imtech.res.in

I. Ahmad et al. (eds.), Combating Fungal Infections,
DOI 10.1007/978-3-642-12173-9_8, # Springer-Verlag Berlin Heidelberg 2010

147



particular, similar to the MDR phenotype of mammalian cells (Cannon et al. 2009).

The MDR phenotype in yeast is known as pleiotropic drug resistance (PDR) and is

caused by the increased expression of genes that encode these nonspecific drug-

efflux pumps belonging to the ABC and MFS families of transporter proteins. MDR

transporters of the yeast are responsible for the resistance of the cells to a broad

spectrum of diverse xenobiotics, thereby mediating clinical antifungal resistance in

fungal pathogens. Yeast Saccharomyces cerevisiae cells lacking endogenous ABC

pumps are hypersensitive to many antifungal drugs, and thereby facilitate func-

tional studies of ABC transporters from fungal pathogens such as Candida albicans
and other Candida species. The presence of large number of drug transporters and

their broad specificity suggest that these transporters not only play a role as drug

exporters in yeasts, but also have other cellular functions (Prasad et al. 2006). The

ABC and MFS groups of transporters differ in the way they actively translocate

compounds across cell membrane. The ABC transporters bind to ATP and hydro-

lyze it ,and use the energy generated to transport solutes across cell membrane.

ABC transporters can also transport compounds against an electrochemical gradient,

thus acting as a primary active transporter system.MFS transporters are considered as

secondary active transport systems (Lewis 1994), as the MFS-mediated transport

is driven by the electrochemical proton-motive force, which is composed of

membrane electric potential and a chemical proton gradient (DpH ¼ pHexternal �
pHinternal), across the plasma membrane (PM). A large number of uni-, sym-, and

antiporters of sugar, peptides, drugs, and organic and inorganic ions fall within this

superfamily (Pao et al. 1998). Both types of transporters contain distinctive protein

domains, i.e., nucleotide binding domain (NBDs) in ABC pumps and transmem-

brane domains (TMDs) in both ABC and MFS pumps that confer substrate speci-

ficity (Fig. 8.1).

8.2 ABC Transporters

Resistance of pathogenic fungi to antifungal drugs is of rising concern, particularly

in infected immunocompromised patients. The model yeast S. cerevisiae and the

most common pathogenic yeast C. albicans, have a multitude of permeases

(belonging to the major facilitator superfamily) and pumps (belonging to the

ATP-binding cassette superfamily) for the efflux of multiple drugs. Most ABC

proteins are purely ATP-driven membrane translocators, although some of them act

as ion channels, channel regulators, receptors, proteases, and even sensing proteins

(Higgins 1995). ABC transporters mediate membrane translocation of ions, heavy

metals, antifungals, anticancer drugs, antibiotics, amino acids, phospholipids, ster-

oids, glucocorticoids, carbohydrates, bile acids, fluorescent dyes, small peptides,

and many others across the plasma membrane or across intracellular membranes

(Higgins 1992; Kuchler and Thorner 1992; Dean and Allikmets 1995; Sipos and

Kuchler 2006)
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8.2.1 Structure and Function

Typical ABC transporters of fungi (Fig. 8.1) contain two intracytoplasmic regions,

both of which harbour NBD for binding and hydrolysis of ATP, and two exten-

sively hydrophobic regions, each containing six TMDs (TMD6) (Del Sorbo et al.

2000). Based on gene homologies, ABC proteins in S. cerevisiae have been

classified into three main subfamilies, the PDR, MDR, and MDR-associated

protein (MRP) subfamilies (Decottignies and Goffeau 1997; Bauer et al. 1999;

Sipos and Kuchler 2006). The domain arrangement in most MDR and MRP

ABC proteins is (TMD6–NBD)2, and for most PDR pumps the arrangement is

(NBD–TMD6)2 (Decottignies and Goffeau 1997). Other subfamilies of fungal

ABC transporters have NBD–TMD6 domain organization, and are described as

a

OUT

IN

COOHNBD NBD
NH2

ATP
ADP + Pi

ATP
ADP + Pi (NBD-TMD6)2

(TMD6)2

+
H+

OUT

b

IN

_H+

COOH
NH2

Fig. 8.1 Schematic representation of the topology of MDR transporters: the multidrug pump of

the ABC (a) and the proton-motive-force dependent transporter of the MFS superfamily (b). The

transmembrane electrochemical proton gradient is generated by the H+-translocating-ATPase

present in the membrane
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“half-sized” transporters. These are thought to be functional after assembly into

homodimers or heterodimers (Del Sorbo et al. 2000). Like other ATPases, the NBD

domains of ABC transporters contain the conserved Walker A and Walker B motifs

(Walker et al. 1982) and a consensus sequence, (L,V)-SGG-(X) 3-R-hydrophobic

residue-X-hydrophobic residue-A, known as ABC signature or C motif, preceding

the Walker B motif. Unlike other ATPases, the Walker motifs of ABC transporters

are separated by 90–120 amino acid residues (Hyde et al. 1990).

Yeast ABC pumps can transport a broad range of structurally and functionally

unrelated substances. However, the mechanism behind the translocation of a wide

variety of these xenobiotics by a single transporter is still unknown. Through photo-

affinity labelling studies and genetic analysis, it has been demonstrated that both

NBD and TMDmake major contributions to substrate recognition and drug transport

in mammalian transporters (Gottesman et al. 1995; Zhang et al. 1995). Several

critical amino acid residues responsible for substrate recognition in Pdr5p and

Cdr1p have been identified through transport inhibition studies and analysis

of mutants (Kolaczkowski et al. 1996; Egner et al. 1998; Krishnamurthy et al.

1998a–c; Egner et al. 2000). Studies on inhibition of Pdr5p-mediated quenching of

rhodamine 6G fluorescence have suggested that more than one drug-binding site is

present in fungal ABC pumps (Kolaczkowski et al. 1996). The genetic separation of

drug transport activity of Pdr5p from its inhibitor susceptibility indicated the presence

of at least two distinct drug-binding sites in Pdr5p (Egner et al. 1998; Egner et al.

2000). The possible existence of multiple drug-binding sites and the broad substrate

specificity indicates that a single fungal ABC transporter may utilize different

mechanisms for drug transport. The actual mechanism of drug extrusion might

depend on the location of the actual substrate, wherein drugs could either be

“flopped” from the inner leaflet of the plasma membrane to the outside and removed

by a “molecular vacuum cleaner” mechanism, or expelled by “classical” efflux from

the aqueous cytoplasm through a pore formed by energized active transporter (Sipos

and Kuchler 2006). Important information towards understanding the molecular

structural mechanisms for drug transport across membranes comes from the high-

resolution crystal structure of the entireMsbA, an essential bacterial ABC transporter

functioning as a lipid flippase (Chang and Roth 2001). According to the hypothetical

model proposed by Chang, the functional transporter forms a homodimer in the

membrane that harbours a chamber confined with 12 trans-membrane a-helices.
This chamber serves as a flipping environment where the lipid substrate flips from

an energetically unfavourable situation into a more favourable position (Chang

2003). A recent study on structure of half size ABC transporter Sav1866 of Staphylo-
coccus aureus suggests that the two TMDs in the homodimer provide inward-facing

sites that bind drugs from the lipid bilayer or the cytoplasm and the NBDs and then

form interfacial contacts mediated by the binding of two ATPmolecules to conserved

features on both NBDs. This induces the TMDs to undergo conformational change,

and results in a cavity that is open extracellularly and closed intracellularly, thus

enabling bound drug to be effluxed out from the cell (Dawson and Locher 2007).

While similar structural information does not yet exist for ABC transporters of

fungi, it is likely that these also function with such a mechanism.
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8.3 PDR Genes and Role in Drug Resistance

The nonpathogenic yeast S. cerevisiae genome harbours about 30 genes encoding

ABC transporter proteins, a large number of which are responsible for MDR (Sipos

and Kuchler 2006). S. cerevisiae has served as a model organism for the genetic

identification and characterization of MDR (Balzi and Goffeau 1995). ABC pro-

teins in S. cerevisiae have been classified into five distinct subfamilies (Sch€uller
et al. 2003), of which several members from two subfamilies (PDR and MRP/cystic

fibrosis transmembrane conductance regulator (CFTR) are the best-characterized

ABC transporters (Table 8.1). Numerous studies have unravelled the intricate and

multifaceted nature of the yeast PDR network, which is composed of several genes

that contribute to PDR phenotype and are tightly regulated in a complex regulatory

circuit, involving transcription factors that control several target genes encoding

ABC pumps (DeRisi et al. 2000; Wolfger et al. 2001), non-ABC genes such as

membrane permeases of the MFS (Nourani et al. 1997), and others linked to stress

response.

There are at least five plasma membrane-localized ABC transporters, which

confer a PDR phenotype when overexpressed. These are Pdr5p, Snq2p, Pdr12p,

Yor1p and Ycf1p. Pdr5p, Snq2p and Pdr12p have the (NBD–TMD6)2 topology and

hence belong to the PDR subfamily, whereas Yor1p and Ycf1p are MRP-like

transporters and have the (TMD6–NBD)2 domain organization. All localize to

cell surface except Ycf1p (vacuolar pump), displaying remarkable broad substrate

specificities. Induced expression of these ABC pumps leads to cellular efflux of

a variety of drugs or cytotoxic compounds (Mahe et al. 1996; Egner et al. 1998;

Kolaczkowski et al. 1998) and simultaneous resistance to a number of unrelated

compounds. Certain PDR subfamily members such as Pdr10p and Pdr15p are

connected to the general stress response machinery (Wolfger et al. 1997; Wolfger

et al. 2004). Pdr12p plays an essential role in the response and adaptation to weak

organic acid stress, and has specificity for transport of C1–C7 organic acids, such as

sorbic, benzoic, and propionic acid (Piper et al. 1998; Kren et al. 2003). In addition

to Yor1p and Ycf1p, Ybt1p and Bpt1p are representative of the MRP/CFTR

subfamily of ABC genes. Null mutant strains lacking several ABC pumps exhibit

complex susceptibility phenotypes. Cells lacking Pdr5p, Snq2p or Yor1p display

pronounced hypersensitivities to xenobiotics, including antifungal and anticancer

drugs (Mahe et al. 1996; Kolaczkowski et al. 1998; Wolfger et al. 2001). Null

mutants for yor1 or pdr5 are sensitive to certain drugs but hyper-resistant to others.
Also, pdr5 cells are phytosphingosine-sensitive (PHS) but display increased efflux

of long chain bases (LCBs), which is probably due to upregulation of RSB1
encoding a putative LCB translocase (Kihara and Igarashi 2002; Kihara and

Igarashi 2004). In S. cerevisiae, inactivation of a particular multidrug transporter

triggers compensatory transcriptional stimulation of paralogous transporters. While

resistance to specific Pdr5p substrates rose upon disruption of the YOR1 or SNQ2
gene, resistance to Yor1p and Snq2p-specific substrates increased upon deletion of

PDR5 (Kolaczkowska et al. 2008).
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Table 8.1 Drug efflux pumps from nonpathogenic and pathogenic strainsa

Protein Substrate Topology Localization Type

Saccharomyces cerevisiae

Pdr5p Drugs, phospholipids,

steroids, antifungals

(NBD–TMD6)2 PM ABC–PDR

Pdr10p ? (NBD–TMD6)2 PM ABC–PDR

Pdr15p Herbicides, detergents (NBD–TMD6)2 PM ABC–PDR

Pdr11p Sterol uptake? (NBD–TMD6)2 PM ABC–PDR

Aus1p Sterols (NBD–TMD6)2 PM ABC–PDR

Pdr12p Weak acids such as sorbic,

benzoic, and propionic

acid, fluoresceine

(NBD–TMD6)2 PM ABC–PDR

Snq2p Drugs, mutagens, steroids (NBD–TMD6)2 PM ABC–PDR

Ste6p a-factor lipopeptide mating

pheromone

(TMD6–NBD)2 PM ABC–MRP

Yor1p Phospholipids, oligomycin,

reveromycine A

(TMD6–NBD)2 PM ABC–MRP

Bpt1 GSH-conjugates, Cd2+,

heavy metals

NTE–NBD–TMD6–NBD Vacuole ABC–MRP

Vmr1p Drugs? NTE–NBD–TMD6–NBD Vacuole ABC–MRP

Nft1p Unknown NTE–NBD–TMD6–NBD Vacuole ABC–MRP

Ybt1p Heavy metals, GSH

conjugates, Bile acids

NTE–NBD–TMD6–NBD Vacuole ABC–MRP

Ycf1p GS-conjugates, Cd2+,

diazaborine, bile acids,

arsenite, arsenate and

antimony

(TMD6–NBD)2 Vacuole ABC–MRP

Flr1p Fluconazole, benomyl,

methotrexate

(TMD)6 PM MFS

Atr1p 4-Nitroquinoline N-oxide,
aminotriazole

(TMD)7 – MFS

Sge1p Crystal violet, Etbr,

methylmethane

sulfonate

(TMD)7 PM MFS

Azr1p Ketoconazole, polymixinB,

crystal violet, weak

organic acids

(TMD)7 PM MFS

Aspergillus nidulans
AtrA ? (NBD–TMD6)2 ABC–PDR

AtrB Cycloheximide, drugs, plant

defense compounds

(NBD–TMD6)2 ABC–PDR

AtrC ? (TMD6–NBD)2 ABC–MRP

AtrD Drugs, antibiotics (TMD6–NBD)2 ABC–MRP

Candida albicans
Cdr1p Antifungals, azoles,

allylamine, rhodamine,

drugs, dyes,

phospholipids

(NBD–TMD6)2 PM ABC–PDR

Cdr2p Antifungals, azoles,

allylamine, rhodamine,

caspofungin,

phospholipid

(NBD–TMD6)2 PM ABC–PDR

Cdr3p Phospholipid translocator (NBD–TMD6)2 ABC–PDR

(continued )
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Table 8.1 (continued)

Protein Substrate Topology Localization Type

Cdr4p Phospholipid translocator (NBD–TMD6)2 ABC–PDR

Cdr5p Drugs? (NBD–TMD6)2 ABC–PDR

Hst6p a-factor export, drugs? (TMD6–NBD)2 ABC–MRP

Yor1p Aureobasidin A (TMD6–NBD)2 PM ABC–MRP

Ycf1p Drugs (TMD6–NBD)2 Vacuole ABC–MRP

CaMdr1p Fluconazole, ketoconazole,

benomyl, methotrexate,

azole, brefeldin A,

cerulenin

(TMD)6 PM MFS

CaFlu1p Mycophenolic acid (TMD)6 MFS

Candida dubliniensis
CdCdr1p Azoles (NBD–TMD6)2 ABC–PDR

CdCdr2p Azoles (NBD–TMD6)2 ABC–PDR

CdMdr1p Fluconazole, amorolfine,

brefeldinA,

cycloheximide,

fluphenazine

(TMD)6 MFS

Candida glabrata
CgCdr1p Azoles, R6G,

cycloheximide,

chloramphenicol, 5-FC,

terbinafine, cerulenin

(NBD–TMD6)2 ABC–PDR

CgCdr2p/

Pdh1p

Azoles, R6G,

cycloheximide,

chloramphenicol, 5-FC,

terbinafine, cerulenin

(NBD–TMD6)2 ABC–PDR

CgSnq2p Azoles, 4-nitroquinoline-N-
oxide

(NBD–TMD6)2 ABC–PDR

CgFlr1p Fluconazole MFS

Candida krusei
CkAbc1p Azoles, cycloheximide,

cerulenin,

rhodamine123

(NBD–TMD6)2 ABC–PDR

CkAbc2p Fluconazole (NBD–TMD6)2 ABC–PDR

Aspergillus fumigatus
AfuMdr1p Drugs (TMD6–NBD)2 ABC–MDR

AfuMdr2p – TMD6–NBD ABC–MDR

AfuMdr3p Itraconazole (TMD7)2 MFS

AfuMdr4p Itraconazole (TMD6–NBD)2 ABC–MDR

Aspergillus flavus
AflMdr1p Drugs (TMD6–NBD)2 ABC–MDR

Cryptococcus neoformans
CneMdr1p Azoles, R6G (TMD6–NBD)2 ABC–MDR

CneAfr1p Azoles, R6G (NBD–TMD6)2 ABC–PDR
aTable compiled from data available in Bauer et al. (1999), Sipos and Kuchler (2006), Prasad et al.

(2006) and Cannon et al. (2009)

ABC ATP-binding cassette, TMD transmembrane domain, PM plasma membrane, Vac vacuole,

GS glutathione S, UCB unconjugated bilirubin, NBD nucleotide binding domain, R6G rhodamine

6 G, 5-FC 5-flucocytosine, Etbr ethidium bromide, NTE N-terminal extension
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The plasma membrane ABC transporter Pdr5p was cloned as a cycloheximide

resistance gene (Balzi et al. 1994), as a gene mediating resistance to other myco-

toxins such as sporidesmin (Bissinger and Kuchler 1994), and cross-resistant to

cerulenin and cycloheximide (Hirata et al. 1994). Pdr5p, which is a central element

of the PDR network in yeast S. cerevisiae, has functional homology with the human

P-glycoprotein. It is the most abundant ABC transporter in S. cerevisiae, capable of
extruding a large number of structurally unrelated hydrophobic compounds, includ-

ing many classes of clinical antimycotics, across the plasma membrane in an ATP-

dependent manner, hence providing resistance to these drugs upon overexpression

(Kolaczkowski et al. 1996; Golin et al. 2003; Ernst et al. 2005). Pdr5p-specific

ATPase activity shows complete, concentration-dependent inhibition by clotrima-

zole, which is also known to be a potent transport substrate. However, Pdr5p-

mediated efflux of clotrimazole continues at intracellular concentrations of substrate

that should eliminate all ATPase activity, and it has been proposed that GTPase and

UTPase activities, which are resistant to clotrimazole, were responsible for this

function (Golin et al. 2007). Mutational analysis of Pdr5p with altered drug speci-

ficity suggests that overall geometry of the Pdr5p contributes to acquiring the

enormous range of drug specificity (Egner et al. 1998; Tutulan-Cunita et al. 2005).

The Pdr5p mutant with a S1360F exchange in the predicted a-helical TMS10 causes

limited substrate specificity for the antifungal ketoconazole (KTC), with poor

resistance to itraconazole (ITC) and cycloheximide. Moreover, unlike in wild-type

Pdr5p, inhibition of KTC resistance by the FK506 is completely absent in Pdr5p-

S1360F (Egner et al. 1998).

Snq2p was identified as the PDR transporter conferring MDR, particularly

resistance to mutagens such as 4-nitroquinoline-N-oxide (4-NQO) and methyl-

nitro-nitrosoguanidine (Servos et al. 1993). Although cells lacking Snq2p are

viable, they are hypersensitive to a vast number of xenobiotics. Snq2p also mod-

ulates resistance to metal ions such as Na+, Li+ and Mn2+. A snq2pdr5 double-

delete aggravates the effect on intracellular metal ion accumulation and metal

sensitivity, implying some functional overlap between Snq2p and Pdr5p (Miyahara

et al. 1996). Deletion of PDR5 and SNQ2 strongly increases pregnenolone and

progesterone toxicity to yeast cells (Cauet et al. 1999), implying intracellular

targets for these steroids.

Yor1p and Ycf1p are considered analogues of the human ABC transporters

CFTR and MRP1 (MDR-related protein 1). They were identified for their ability

to confer resistance to oligomycin (Katzmann et al. 1995), and cadmium (Wemmie

and Moye-Rowley 1997) respectively. Deletion of Yor1p causes hypersensitivity to

reveromycin A, oligomycin, as well as to various organic anions, and cells are also

cadmium-sensitive (Katzmann et al. 1995; Cui et al. 1996). Ycf1p is a glutathione

S-conjugate pump, and mediates vacuolar transport of oxidized glutathione and

other glutathione S-conjugates from cytosol. Ycf1p also mediates resistance to

arsenite, arsenate and antimony. Overexpression of YCF1 gene allows yeast cells

to grow in the presence of a high concentration of cadmium, and its deletion renders

the cells hypersensitive to cadmium (Wemmie et al. 1994; Ghosh et al. 1999). Two

other ABC transporters, Bpt1p and Ybt1p, also localize to the vacuole, transporting
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heavy metals and GSH conjugates from the cytosol (Rebbeor et al. 1998; Klein

et al. 2002; Sharma et al. 2002).

Among various pathogenic fungi, most of the MDR-related studies have

focussed on Candida, in particular C. albicans, as it accounts for the majority of

systemic infections in immunocompromised individuals. Infections caused by

nonalbicans species, such as C. glabrata, C. parapsilosis, C. tropicalis, and

C. krusei, have also been increasing, especially in neutropenic patients and neonates
(Orozco et al. 1998; Sanglard et al. 1998). In addition to C. albicans, clinical
resistance to fluconazole (FLC) as a result of reduced intracellular accumulation

has been reported for other pathogenic Candida species, including C. tropicalis,
C. glabrata, C. krusei, and C. dubliniensis. The azole-resistant isolates of Candida
cells mainly overexpress genes encoding multidrug efflux transporter proteins

belonging to two superfamilies, the ABC transporters and MFS (Prasad et al. 2006).

Five major CDR genes (CDR1, CDR2, CDR3, CDR4, and CDR5) encoding ABC
transporters with the (NBD–TMD6)2 topology have been identified and confirmed in

C. albicans for exhibiting xenobiotic-transporting ATPase activity that could be

associated with MDR (Arnaud et al. 2007). Others include SNQ2 and YOR1 (from

the PDR family), HST6 (from the MDR family), YCF1 (from the CFTR family), and

the ELF1 (from the YEF family) (White 1997). Several of these genes have been

shown to be upregulated in the presence of FLC, ITC, or fluphenazine (Rogers and

Barker 2003; Karababa et al. 2004; Xu et al. 2006). Cdr1p was the first ABC

transporter identified as a drug efflux pump of C. albicans (Prasad et al. 1995a, b)

with PM localization (Hernaez et al. 1998). The gene encoding CDR1 was cloned by
functional complementation of the S. cerevisiae PDR5 mutant, exhibiting hypersen-

sitivity to cycloheximide and other drugs such as miconazole (MCZ) (Prasad et al.

1995a, b) or FLC/ketoconazole (KLC) (Sanglard et al. 1995). Cdr1p is a close

homologue of the human MDR1/P-glycoprotein and S. cerevisiae Pdr5p. It plays a
major role in resistance to FLC and MCZ, the two most common azole antimycotics

used to treat candidiasis. In addition to its role in resistance to clinically relevant

azoles (FLC, KTC, ITC), Cdr1p also confers resistance to allyamines (terbinafine),

morpholines (amorolfine), and several other drugs (Prasad et al. 1995a, b; Sanglard

et al. 1995; Sanglard et al. 1997). The expression of CDR1 in different stress

conditions has revealed a significant but transient enhancement of CDR1 expression

at elevated temperatures, and in presence of drugs (MCZ, nystatin, vinblastine) and

human steroid hormones (b-estradiol, progesterone) (Krishnamurthy et al. 1998a–c).

A search for other homologues of CDR1 in C. albicans led to the identification of
CDR2. Cdr1p and Cdr2p pump proteins eliminate not only azoles and their deri-

vatives, but also expel a variety of structurally unrelated compounds. Both Cdr1p

and Cdr2p have relatively high level expression in C. albicans clinical isolates

resistant to azoles (Sanglard et al. 1997). Upregulation of CDR1 and CDR2 was

shown for four FLC-resistant isolates, relative to their susceptible parental strains

(Liu et al. 2007). Like CDR1, CDR2 is able to mediate resistance to azole and

allylamine (terbinafine) antifungals, as well as to a variety of metabolic inhibitors

including the fluorescent compound and PDR substrate rhodamine 6G when heter-

ologously expressed in yeast, suggesting that they are ABC pump substrates
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(Sanglard et al. 1997; Nakamura et al. 2001; Lamping et al. 2007). Azole-resistant

clinical isolates with high levels of Cdr1p and Cdr2p also display high minimum

inhibitory concentrations for caspofungin. Functional expression of both efflux

pumps in S. cerevisiae reveals that Cdr2p mediates pronounced caspofungin resis-

tance (Schuetzer-Muehlbauer et al. 2003). Deletion of CDR1 gene renders the

C. albicans strain highly susceptible to azole antifungals and many other drugs

(Sanglard et al. 1996), and controlled overexpression of Cdr1p in a C. albicans
CDR1-null mutant conferred resistance to FLC and other xenobiotics (Niimi et al.

2004). Overexpression strains have increased ability to efflux nystatin (Krishnamurthy

et al. 1998a–c), but this does not lead to nystatin resistance (Niimi et al. 2004). Also, it

has been demonstrated that disruption ofCDR2 did not increase drug sensitivity, most

likely because of the low Cdr2p expression, and because Cdr1p alone mediates

efficient antifungal efflux, thus compensating for CDR2 disruption. Deletion of

Cdr2p in cdr1 background aggravated growth inhibition by various antifungals

when compared to the single cdr1 deletion mutant (Sanglard et al. 1997) suggesting

that Cdr2p does play a role in antifungal resistance. While it is apparent that multiple

mechanisms contribute to clinical C. albicans FLC resistance (White et al. 2002),

high-level resistance in clinical isolates most often correlates with overexpression of

CDR1 andCDR2, and evidence is accumulating that CDR1 expression is more critical

than CDR2 expression. A recent analysis of Cdr protein expression in C. albicans
clinical isolates with decreased FLC susceptibilities revealed that Cdr1p was

expressed in higher amounts than Cdr2p, and that most FLC efflux was mediated by

Cdr1p rather than Cdr2p (Holmes et al. 2008).

C. glabrata has emerged as the second most common Candida species associated
with fungemia and nosocomial infections (Pfaller et al. 2001). As with C. albicans,
azole-resistance in C. glabrata clinical isolates is associated with increased expres-

sion of the ABC drug efflux pumps CgCdr1p and CgPdh1p (also called CgCdr2p)
(Sanglard et al. 1999; Bennett et al. 2004). CgCDR1 overexpression confers resis-

tance to azole antifungals, and deletion of the gene renders cells susceptible to azoles.

A wide range of structurally and functionally diverse compounds are substrates of

this efflux pump (Wada et al. 2002). The ABC transporter CgSNQ2 is highly similar

to ScSNQ2, and mediates resistance to azoles and a SNQ2-specific substrate,

4-nitroquinoline-N-oxide (Torelli et al. 2008). Expression of C. glabrata ABC trans-

porters is controlled by the transcription factor CgPDR1, an ortholog of ScPDR1.
Azole-resistant clinical isolates of C. glabrata showed higher expression of CgCDR1
and CgPDR1 than the susceptible parent strains, indicating the importance of the

MDR network to azole resistance in clinical isolates (Ferrari et al. 2009). Disruption

of CgPDR1 in a resistant clinical isolate led to increased susceptibility to azoles,

which could be complemented by introduction of CgPDR1 under the control of the

ADH1 promoter to confer resistance (Tsai et al. 2006). Respiratory-deficient petite

mutants of C. glabrata are highly multidrug-resistant (Sanglard et al. 2001). This

mitochondrial control of MDR proceeds through the activation of CgPdr1p (Tsai

et al. 2006). Single amino acid substitution mutant forms of CgPDR1 have been

found that are linked with high-level transcription of both CgPDR1 and CgCDR1, as
well as robust MDR (Vermitsky and Edlind 2004).
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Other ABC-transporters from C. dubliensis (CdCDR1 and CdCDR2), C. krusei
(ABC1 and 2), and C. tropicalis (CDR1-homologue), and from Cryptococcus
neoformans (CnAFR1, antifungal resistance1) were reported as upregulated in

azole-resistant isolates (Moran et al. 1998; Barchiesi et al. 2000; Katiyar and Edlind

2001; Pinjon et al. 2003; Posteraro et al. 2003). ABC transporters CdCDR1 and

CdCDR2 mediate FLC resistance in clinical isolates of C. dubliensis (Moran et al.

1998). These findings suggest that a similar resistance mechanism is responsible for

acquired azole resistance in C. dubliensis and C. albicans. CkABC1 and CkABC2
are the only two putative ABC transporters reported for C. kruseiwith a role in drug
resistance (Katiyar and Edlind 2001). Heterologous overexpression of CkAbc1p in

S. cerevisiae showed that CkAbc1p is able to transport a large array of xenobiotics,
including FLC, ITC, KTC, MCZ and voriconazole (VCZ) (Lamping et al. 2009).

The filamentous fungi Aspergillus fumigatus and Aspergillus flavus are two of the
more widespread opportunistic species causing human aspergillosis. Most of the

in vitro studies attempting to identify candidate efflux pumps that could contribute

to azole resistance in Aspergillus have been performed in the model filamentous

fungus A. nidulans. The ABC family transporters characterized in A. nidulans so far
include AtrA, AtrB, AtrC, AtrC2 and AtrD (Del Sorbo et al. 1997; Angermayr et al.

1999; Andrade et al. 2000a, b). AtrA and AtrB encode PDR ABC pumps, and share

the same topology (NBD–TMD6)2 with Pdr5p and Snq2p from S. cerevisiae and

Cdr1p from C. albicans. AtrC, AtrC2, and AtrD belong to the MDR class of trans-

porter, with a (TMD6–NBD)2 topology (Andrade et al. 2000a, b) sharing significant

homology with human P-gp. AtrB and AtrD are the pumps most likely to contribute

to MDR in A. nidulans. The role of atrB MDR was demonstrated by its ability to

functionally complement a yeast PDR5 null mutant for resistance to cyclohex-

imide and other drugs. Expression of atrB was strongly enhanced after exposure of

A. nidulans to several unrelated drugs, antibiotics, and plant defence compounds

(Del Sorbo et al. 1997), suggesting a role in defence against natural toxic products.

Functional analysis of these genes by gene disruption and overexpression revealed

that atrD is involved in protection against a range of fungicides and/or xenobiotics

(Andrade et al. 2000a, b). Two ABC transporter genes from A. fumigatus, AfuMDR1
and AfuMDR2, and one ABC transporter gene from A. flavus, AflMDR1, were also
identified and cloned (Tobin et al. 1997). AfuMDR1 and AflMDR1 are MDR-type

transporters with (TMD6–NBD)2 topology. AfuMDR1- and AflMDR1-encoded pro-

teins displayed a high degree of similarity to human MDR1. Overexpression of

AfuMdr1p in S. cerevisiae conferred increased resistance to cilofungin, an echino-

candin B analogue (Tobin et al. 1997). AfuMdr2p is a half-size transporter with a

TMD6–NBD topology, and has been shown not to be involved in antifungal resistance.

A third ABC gene from A. fumigatus, ADR1, has been discovered whose expression

was found to be upregulated upon treatment with ITZ (Slaven et al. 1999), suggesting

that ADR1 is involved in modulating resistance to azole antimycotics. Apart from this,

in another study that generated 26 ITC-resistantA. fumigatus, about half of themutants

displayed ITC resistance due to the overexpression of the efflux pump AfuMDR3,
an MFS-type transporter of DHA2 family, and AfuMDR4, a typical MDR-type ABC

transporter with the (TMD6–NBD)2 topology (Nascimento et al. 2003).
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8.4 MFS Transporters

In addition to ABC transporters, proteins of the MFS also contribute to the PDR

phenomenon displayed by yeast. The MFS superfamily consists of 61 families of

which at least 20 different MFS proteins exhibit structural characteristics consistent

with drug resistance, or have already been demonstrated to play a role in drug

resistance. The MFS–MDR transporters are classified into two families according

to the number of predicted transmembrane spans: (1) the Drug: H+ Antiporter-1

(12-TMS; DHA1) family, and (2) the Drug: H+ Antiporter-2 (14-TMS; DHA2)

family (Gbelska et al. 2006; Gaur et al. 2008). FLR1 of S. cerevisiae belonging to

the DHA1 family has been shown to function in MDR, conferring resistance to FLC

(Alarco et al. 1997), benomyl and methotrexate (Broco et al. 1999). Expression of

FLR1- and FLR1-mediated resistance is regulated by the PDR transcription reg-

ulators YAP1 and PDR3. Other MFS proteins involved in drug resistance include

Qdr1p, Aqr1p (providing resistance to quinidine and KLC) and Tpo1-4p (providing

resistance to polyamine toxicity) (Sa-Correia and Tenreiro 2002). MFS proteins of

S. cerevisiae belonging to DHA2 family ATR1, AZR1 and SGE1 also function in

MDR. Atr1p confers resistance to 4-nitroquinoline N-oxide and aminotriazole

(Gompel-Klein and Brendel 1990), whereas Sge1p confers resistance to crystal

violet, ethidium bromide, and methylmethane sulfonate (Ehrenhofer-Murray et al.

1998). Azr1p provides resistance to KLC, polymixinB, and crystal violet, and to the

weak organic acids acetic acid and propionic acid (Sa-Correia and Tenreiro 2002).

The first MFS transporter gene to be characterized from C. albicans was

CaMDR1 (Fling et al. 1991). CaMdr1p is a DHA1 MFS transporter, and was

initially identified as a gene that conferred resistance to the tubulin-binding agent

benomyl and tetrahydrofolate reductase inhibitor methotrexate (Ben-Yaacov et al.

1994). Heterologous expression of CaMDR1 in S. cerevisiae conferred resistance to
FLC and KTC, but not to MCZ or ITC (Lamping et al. 2007; Pasrija et al. 2007),

and its overexpression has been linked to azole, brefeldin A and cerulenin resis-

tance in C. albicans (Hiller et al. 2006). Another C. albicans gene encoding DHA1
MFS transporter, FLU1 (FLC resistance) (Calabrese et al. 2000) has been isolated

by complementation in an azole hypersusceptible S. cerevisiae PDR5 mutant.

Disruption of FLU1 in C. albicans had little effect on FLC susceptibility, but

made cells sensitive to mycophenolic acid (Prasad et al. 2006).

MDR in C. glabrata is also influenced by transcriptional control of MFS protein

expression. The CgFLR1 gene is induced by the C. glabrata Yap1p homologue

(CgAP-1), and confers resistance to a range of agents, including FLC (Chen et al.

2007). C. glabrata Cgap-1mutants were found to have normal FLC tolerance, while

Cgpdr1 mutants were hypersensitive to this drug. The homologue of CaMDR1 has

been implicated in FLC resistance in C. dubliensis (Moran et al. 1998; Wirsching

et al. 2001). Expression of CdMDR1 in a FLC-susceptible pdr5 null mutant of S.
cerevisiae conferred a FLC-resistant phenotype. Northern analysis of FLC-suscepti-
ble and FLC-resistant C. dubliensis isolates revealed that FLC resistance was

associated with increased expression of CdMDR1 mRNA (Vanden Bossche et al.

158 S. Sharma and K. Ganesan



1994). Regulation of PDR genes, which has been studied extensively in pathogenic

fungi, is beyond the scope of this chapter. Interested readers may refer to a recent

review (Morschh€auser 2009).

8.5 Efflux Pumps and Lipid Homeostasis

As discussed above, increased extrusion of antifungal compounds mediated by

efflux pump proteins, belonging to either the ABC superfamily or MFS, mediate,

MDR in fungi. Since these proteins are localized in PM, fluctuations in membrane

lipid composition affect proper localization and functioning of the MDR efflux

pump proteins. In particular, the efflux pumps of the ABC superfamily are

susceptible to imbalances in membrane-raft lipid constituents. Hence, this part

focuses on the significance of the membrane environment in functioning of the

drug-efflux pumps, and explores the correlation between MDR and membrane

lipid homoeostasis.

8.5.1 Phospholipid Homeostasis

The lipid composition of the cell membrane is the central determinant regulating

intake of compounds from the external environment to the interior of the cell. The

distribution of lipid components in the inner and outer leaflets of the PM is

asymmetric, and is known to be controlled in part by the PDR pathway (Shahi

and Moye-Rowley 2009). In the majority of cell types, phosphatidylethanolamine

(PtdEtn) and phosphatidylserine (PtdSer) are located in the inner leaflet, whereas

phosphatidylcholine (PtdCho), sphingomyelin and glycolipids are located in the

outer leaflet of the PM (Diaz and Schroit 1996). Loss of the specific asymmetrical

distribution of membrane lipids has been linked to various physiological and

pathological consequences (Herrmann and Devaux 1990; Diaz and Schroit 1996;

Toti et al. 1997). In humans, MDR1/P-glycoprotein has been shown to be involved

in maintaining the membrane lipid asymmetry, where it acts as a general phospho-

lipid translocator for different phospholipids and sphingomyelins. A few ABC

transporters of S. cerevisiae and C. albicans have also been shown to function as

phospholipid translocators. Absence of ABC transporter YOR1 or PDR5 resulted in
increased accumulation of a fluorescent PtdEtn, suggesting that Pdr5p and Yor1p

are PtdEtn translocators. The accumulation of PtdEtn was even higher in yor1 pdr5
double delete strain, indicating that the transporters act independently (Kean et al.

1997; Decottignies et al. 1998).

Cdr1p of C. albicans elicits energy-dependent in-to-out translocation (floppase)

of phospholipids (Dogra et al. 1999). Involvement of CDR1 in phospholipid

translocation was confirmed by a decrease in the availability of PtdEtn in the

exoplasmic leaflet of the PM of a homozygous CDR1 disruptant. In addition, a
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double disruption of CDR1 and CDR2 resulted in even lesser PtdEtn in the outer

leaflet compared to the single CDR1 disruption, thereby suggesting that CDR2
could also contribute to phospholipid translocation. Drugs like FLC, cycloheximide

and MCZ can affect transbilayer movement of phospholipids mediated by Cdr1p

and Cdr2p, but have no effect on Cdr3p-mediated transbilayer exchange (Smriti

et al. 2002). These studies suggest that Cdr1p and Cdr2p presumably have common

binding sites for drugs and phospholipids, while the flippase activity of Cdr3p is

independent of drug binding. The difference in the directionality of phospholipid

transfer between Cdrps could be linked to their ability to efflux cytotoxic drugs.

Consistent with a function in membrane lipid transport, changes in membrane

fluidity also appear to affect Cdr1p function (Smriti and Prasad 1999; Mukhopadhyay

et al. 2002). The influence of membrane fluidity on the functions of Cdr1p was

examined by studying expression of Cdr1p in different isogenic S. cerevisiae erg
mutants, which accumulated various intermediates of the ergosterol biosynthesis

thus altering the membrane fluidity. The accumulation of rhodamine 123, b-estradiol,
FLC, and floppase (phosphatidyl-ethan-olamine translocase) activity associated with

Cdr1p was measured to ascertain their responses to an altered membrane phase. The

floppase activity appeared to be favoured by enhanced membrane fluidity, whereas

there was significant reduction in effluxing of substrates and the Cdr1p’s ability to

confer multiple drug resistance (Smriti and Prasad 1999).

During the MDR response in C. albicans and S. cerevisiae, phosphatidylinositol
transfer protein homologues designated Pdr16p and Pdr17p are also induced, which

influence phospholipid levels and drug resistance. Loss of the PDR16 gene from

S. cerevisiae (van den Hazel et al. 1999), C. albicans (Saidane et al. 2006), or

C. glabrata (Kaur et al. 2004) caused an increase in azole sensitivity, again supporting
a common role for this factor in all these yeasts. Several eukaryotic ABC transporters

are present in lipid rafts (Pohl et al. 2005), which are highly specialized lipid domains

within biologicalmembranes with a number of proposed biological functions (Simons

and Vaz 2004). Several studies link the master PDR regulators Pdr1p and Pdr3p

to asymmetric lipid distribution and phospholipid metabolism (Kean et al. 1997;

Hallstrom et al. 2001; Hanson et al. 2002; Nichols 2002). It has been shown that the

compound with potential membrane-damaging or -perturbing effects might function

as an activating signal for Pdr1p and Pdr3p, suggesting a role for their target genes in

membrane lipid organization or remodelling (Schuller et al. 2007).

8.5.2 Sphingolipid Homeostasis

Along with ABC transporters, another major category of PDR target genes are

loci encoding proteins involved in biosynthesis of a major PM lipid called sphingo-

lipids. Sphingolipids presumably associate with ergosterol to form detergent-resis-

tant microdomains called lipid rafts that are concentrated in the outer leaflet of the

PM (Gulshan and Moye-Rowley 2007). PDR-mediated transcriptional control has

been demonstrated to impact sphingolipid biosynthesis. CaCdr1p has been shown

160 S. Sharma and K. Ganesan



to be selectively recruited to lipid rafts, and it has been found that any imbalance in

the raft lipid constituents due to compromised sphingolipid or ergosterol biosyn-

thesis results in mislocalization of CaCdr1p, with severely impaired drug resistance

(Mukhopadhyay et al. 2004; Pasrija et al. 2008). For example, Cdr1p is inappropri-

ately targeted to intracellular cell compartments when sphingolipid biosynthesis is

compromised in sur4, fen1, and ipt1 mutants, or ergosterol biosynthesis in erg24,
erg6, and erg4 mutants.

Analysis of the expression of the ScIPT1 gene encoding inositol phosphotrans-

ferase, the last step in sphingolipid biosynthesis (Dickson et al. 1997), established a

direct connection between the PDR pathway and biosynthesis of this class of

membrane lipids. ScIPT1 has been demonstrated to be transcriptionally induced

by ScPdr1p and ScPdr3p (Hallstrom et al. 2001), and responds to signals known to

induce the S. cerevisiae PDR pathway. Loss of ScIPT1 altered drug resistance of the
resulting mutants, and suggests that normal sphingolipid content is required for

wild type levels of drug tolerance (Kolaczkowski et al. 2004).

Control of intracellular levels of sphingoid LCB is crucial, since inappropriate

increase of these sphingolipid precursors leads to toxicity of the cell (Skrzypek

et al. 1998; Chung et al. 2000). The expression of the putative LCB efflux

transporter ScRsb1p is regulated by ScPdr1p and ScPdr3p (Kihara and Igarashi

2004; Panwar and Moye-Rowley 2006). Strains lacking ScPdr5p and ScYor1p

ABC transporter proteins were observed to be highly resistant to PHS, and this

phenotype was shown to be dependent on the presence of the ScRSB1 and ScPDR1
genes. It was argued that a regulatory signal may be transduced by ScPdr1p to

ScRsb1p upon imbalance of phospholipid asymmetry in the PM. ScRSB1 homo-

logues referred to as RTA genes have been identified in both C. albicans and

C. glabrata. CgRTA1 and CaRTA3 are induced under conditions that lead to

activation of other MDR genes (Karababa et al. 2004; Vermitsky et al. 2006). A

close relative of CaRTA3 called CaRTA2 has been directly studied in C. albicans,
and found to contribute to azole resistance in this pathogen (Jia et al. 2008). These

observations reveal an interesting connection between function of PDR target

genes and sphingolipid biosynthetic intermediates. Apart from these, ScYor1p

was independently identified as a high-copy-number mediator of resistance to

aureobasidin A, which is an inhibitor of sphingolipid biosynthesis (Cui et al.

1996). Intriguingly, ScYor1p was also identified as a mediator of resistance to the

ceramide synthase inhibitor fumonisin B1 (Mao et al. 2000). These data suggest

that ScYor1p may play a role in controlling levels of endogenous sphingolipid

intermediates.

8.5.3 Sterol Homeostasis

Steroids are known to be substrates for Pdr5p and Snq2p (Kolaczkowski et al. 1996;

Mahe et al. 1996). Mutations in Pdr5p that affect sterol homeostasis also alter FLC

resistance. Pdr1-100, a gain of function allele of PDR1 is known to upregulate
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PDR5, thus leading to a high level of drug resistance. An erg3 mutant impaired in

ergosterol biosynthesis is also resistant to FLC. Interestingly, the resistance to FLC

decreased in a S. cerevisiae erg3 pdr1-100 double mutant strain, which was

attributed to a competition between the endogenous sterols and azoles, both being

substrates of Pdr5p (Kontoyiannis 2000). This was further supported by another

observation that Pdr5p functions less efficiently in ergmutant strains of S. cerevisiae,
suggesting that loss of ergosterol may enhance passive diffusion of compounds

across the altered membrane (Kaur and Bachhawat 1999; Emter et al. 2002).

Several studies have documented that Cdr1p can also specifically transport

human steroid hormones, namely b-estradiol and corticosterone. The CDR1-
mediated steroid transport activity was demonstrated by using a pdr5 null mutant

strain of S. cerevisiae. This S. cerevisiae transformant harbouring the CDR1 gene

accumulated less (two- to threefold) b-estradiol and corticosterone than the non-

transformed counterpart (Krishnamurthy et al. 1998a–c). Any fluctuation in sterol

composition, which in turn affects membrane fluidity, also alters functioning of

ABC drug transporters of yeasts (Kaur and Bachhawat 1999; Emter et al. 2002;

Mukhopadhyay et al. 2002). In order to ascertain the functioning of the drug

extrusion pumps Cdr1p (ABC family) and Mdr1p (major facilitator superfamily)

of C. albicans in different lipid environments, they were independently expressed

in S. cerevisiae erg mutant background. While the fold change in drug resistance

mediated by Mdr1p remained the same or increased in erg mutants (erg2, erg3,
erg4, and erg6), resistance to FLC and cycloheximide mediated by Cdr1p

decreased, indicating that Cdr1p function depends on lipid composition.

In summary, among other physiological function(s), a major role of ABC pumps

is the dynamic regulation of membrane lipid composition and bilayer asymmetry.

This is in agreement with the fact that many hydrophobic or amphipathic lipid-like

molecules are “drug-like” substrates for the major yeast PDR transporters. Taken

together, it appears that the functioning of the yeast ABC pump is closely linked to

the status of membrane lipids, wherein the overall drug susceptibility phenotype of

a cell appears to be interplay of drug diffusion, efflux pumps and membrane lipid

environment.

8.6 Strategies to Combat Efflux-Mediated Antifungal

Resistance

As discussed above, efflux pumps contribute in a major way to MDR, hindering

effective treatment of fungal infections. The detailed mechanistic understanding of

a fungal nuclear receptor-like gene regulatory pathway has revealed novel thera-

peutic targets for developing inhibitors to minimize MDR (Thakur et al. 2008). The

inhibition of multidrug transporters or their regulators could in principle thwart the

fungal pathogens from effluxing out antifungal drugs, and also affect their capacity

to respond transiently to drug stress. Few approaches can be envisaged to negate the

impact of efflux, all of which depend on maintaining a high concentration of the
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antifungal agent at its site of action (Cannon et al. 2009). One among them would be

to use antifungals that are probably not the substrates of fungal efflux, for example,

polyene and echinocandin antifungals are not efflux pump substrates at their thera-

peutic concentrations. Secondly, pump inhibitors can be developed that in combi-

nation with existing effective drug could chemosensitize cells. A wide range of

compounds that are pseudosubstrates of efflux pumps or that can modify pump

activity by other mechanisms have been identified for human drug efflux pump, such

as P-glycoprotein (Ganapathi and Grabowski 1983; Tsujimura et al. 2008), and a

similar strategy could be used for development of fungal ABC transporter inhibitors.

Other than this, inhibitors could be designed that act indirectly on efflux, e.g.,

de-energizing the transport by lowering the cytoplasmic ATP concentrations (for

ABC pumps) or depleting the electrochemical potential of PM (for MFS transpor-

ters). It has been demonstrated that inhibitors of C. albicans Pma1p (PMH+ATPase)

also inhibit azole resistance at a concentration below the MIC (Monk et al. 2005).

The ability to functionally express individual fungal transporters in model

organisms such as S. cerevisiae has enabled the analysis of pump functions and

screening for pump inhibitors. Some of the identified pump inhibitors may be useful

in pump protein crystallization and structural resolution. The structures of fungal

transporters will enable in silico modelling and structure directed development of

more effective pump inhibitors. In S. cerevisiae and C. glabrata, xenobiotic sub-

strates of ABC transporters have recently been shown to directly bind to the Pdr1p

family of transcription regulator proteins via a nuclear-receptor-like pathway. The

authors suggest that development of small-molecule antagonists that will bind

Pdr1p and its orthologs could prevent activation of efflux pump genes (Thakur

et al. 2008). Finally, another approach to combating antifungal resistance due to

efflux upregulation could be to use calcineurin (mediates stress tolerance) inhibitors

such as FK506 which render normally fungistatic azole FLZ fungicidal (Uppuluri

et al. 2008), or to increase uptake rather than decrease efflux of drugs, a strategy that

is currently being used for combating human ABC transporter-mediated drug

resistance (Dubikovskaya et al. 2008). Insights into the structural element in drug

molecules and transport proteins that are required for substrate–transporter interac-

tion has enabled further research to shed light on the molecular mechanism behind

antifungal drug resistance (Golin et al. 2003; Hanson et al. 2005). Detailed analysis

of structures of fungal efflux pumps and their inhibitors will make a major contri-

bution to designing more potent inhibitors of efflux pumps.
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Chapter 9

Laboratory Diagnosis of Fungal Infections:

An Overview

Mohammad Shahid, Iqbal Ahmad, Abida Malik, Noor Jahan,

and Trivendra Tripathi

Abstract With the increasing rate of fungal infection, it is important for clinical

mycologists to know the details of classical and newer molecular approaches in

diagnosis of fungal infection. The classical approach includes appropriate specimen

collection and transport, as fungus isolation is not so easy as for bacteriological

samples. Direct microscopic examination with 10% KOH and Calcofluor white

staining plays a very important role, as it helps to provide a presumptive diagnosis

to the physician and also permits the selection of appropriate culture media. The

fungal culture media used are always two, one being a non-selective medium and

the other with addition of antibiotics and cycloheximide, thus reducing bacterial

and saprobic fungal contamination. To obtain a better fungal morphology, slide

culture is usually done. There are certain differential test media to identify the

different species of fungi. As the media for culture are available in plates or tubes,

with their respective advantages and disadvantages, their use depends on the

preference of the laboratory concerned. As we all know that fungi causing disease

are either yeasts, molds or dimorphic, hence the culture media is incubated at two

different temperatures of 30�C (for the mold form of all fungi) and 35�C (for yeast

forms of dimorphic fungi). As it takes a long time for fungi to grow, they should be
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incubated for at least 30 days before giving a negative culture report. Fungal

serology is currently performed only in selected reference laboratories. The test is

rapid, and aids in diagnosis of systemic fungal infection, and also helps in the study

of epidemiology of the fungal infection. The commonly used serological tests are

ELISA, EIA, immunodiffusion and latex agglutination test, with commercially

available kits. Now with the advent of molecular techniques including PCR and

DNA probes, identification of fungal infection has become even more sensitive

and specific. It is rapid, and can detect fungi even in culture plates contaminated

with bacteria or other saprobic fungi. In this review, we will describe in detail the

important clinical aspects in the laboratory diagnosis of fungal infections, and hope

that it will be a reference chapter for beginners as well as for established researchers

working in the current field.

9.1 Introduction

Many general microbiology laboratories are inefficient in diagnosing fungal infec-

tions, though it requires relatively simple technology and equipment. Medical

microbiologists need to correct this situation, as there is a significant increase in

recent years in the incidence of serious invasive fungal infections. The increasing

incidence of invasive fungal infection originates from the increase in the number of

patients who are at high risk, which can be attributed to the factors such as

l The use of potent chemotherapeutic agents that alter the host’s immune response
l The increased number of AIDS cases with longer survival
l Individuals who are immunosuppressed or who have reduced numbers or com-

promised function of the circulating polymorphonuclear leukocytes
l The success of intensive care units in prolonging the survival of highly compro-

mised patients
l Intravenous drug abuse
l More aggressive treatment of cancer patients, particularly those with leukemia

and lymphoma
l The increased number of bone marrow transplant and solid organ transplant

procedures
l Widespread use of broad-spectrum antibiotics
l New and more widely used prosthetic devices
l Catheter-borne infections among the patients

The laboratory diagnosis of fungal infections relies largely on direct as opposed

to indirect methods, i.e., while serology often contributes to the definitive diagnosis

of a bacterial or viral infections, it has little importance in diagnosing fungal

infection, and is performed only by certain reference laboratories only. It is impor-

tant that the laboratory receives a correct type of specimen, with adequate clinical

data, so that the appropriate investigation can be carried out. Information on factors

such as travel or residence in any particular geographical area, animal contacts and

174 M. Shahid et al.



the occupation of the patient enables the mycologist to direct or modify the diagnostic

procedures towards a particular fungus or group of fungal agents.

Methods used for the identification of the fungi are a mixture of classical and

newer commercially available systems. Therefore, in this chapter we will describe in

detail the important clinical aspects in the laboratory diagnosis of fungal infections

9.2 The Classical Approaches Used in the Laboratory

Diagnosis of Fungal Infections

9.2.1 Specimen Selection

The laboratory diagnosis of a fungal infection starts with careful collection of the

appropriately selected clinical specimen. Table 9.1 shows the organisms likely to be

isolated from selected specimens. The specimen must contain the viable etiologic

agent for its proper recovery and identification. The anatomic site in which the

organism is present must be carefully selected, and the specimen collected in such a

manner that it will allow the fungus to remain viable in its “natural” state, without

contamination (Merz and Roberts 2003a).

When the appropriate site is selected, the collected specimen should be placed in

a suitable container and sent to the laboratory without delay.

9.2.2 Specimen Collection

Specimens should be appropriately collected, stored and processed on time, as

faults in any of these steps may cause a wrong diagnosis or a delay in appropriate

therapy to the patient. The guidelines for collection of specimens — such as

respiratory tract, sterile body fluids [cerebrospinal fluid (CSF), peritoneal, pericardial,

synovial fluid and vitreous humor, urine and blood], skin, hair, nails, tissue biopsies

and bone marrow, exudate/pus, external eye, prostatic secretions, vaginal secretions,

and stool (Milne and Barnetson 1974; Jones et al. 1981; Bille et al. 1983, 1984;

Table 9.1 Organisms likely

to be isolated from clinical

specimens

Specimen Organism likely to be isolated

Sputum,

bronchoalveolar

lavage

Aspergillus species

Cerebrospinal fluid Cryptococcus neoformans
Skin, hair & nails Dermatophytes

Blood, urine and

other sterile body

fluids

Dimorphic fungi and other

pathogenic fungi causing

systemic mycoses

Vaginal secretions Candida species
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Telenti and Roberts 1989; Geha and Roberts 1994; Waite and Woods 1998; Vetter

et al. 2001; Fuller et al. 2001) — are as follows:

1. Collect the specimen from an active lesion; old “burned-out” lesions often do

not contain viable organisms.

2. Collect the specimen under aseptic conditions.

3. Collect a sufficient amount of the specimen.

4. Use sterile collection devices and containers.

5. Label the specimens appropriately; consider all clinical specimens should

be considered as potential biohazards and handle with care using universal

precautions.

9.2.3 Specimen Transport and Storage

For best results, all clinical specimens should be microscopically examined and

cultured as soon as possible. Except for blood and corneal scrapings, it is not

necessary to transport the specimen in a transport medium. Blood should be placed

in the preferred culture system or the lysis-centrifugation system (an isolator).

Corneal scrapings should be inoculated onto the medium when collected. Speci-

mens should not be frozen before culture, and those not likely to contain contam-

inating microorganisms (e.g., CSF) and those that contain dermatophytes (e.g.,

skin, nails and hair) should not be refrigerated. Transported specimens should

never be allowed to dry out. Sputum specimens may be transported without

preservative, if only dimorphic fungi are to be recovered (Hariri et al. 1982).

9.2.4 Specimen Processing

When specimens reach the laboratory, they must be appropriately processed to

ensure viability of the etiologic agent and to minimize the chance of contamination.

Specimens from normally sterile sites, e.g., CSF and peritoneal fluid, need no

special processing, but may be cultured directly onto primary recovery media.

If the volume is adequate, specimens should be concentrated by centrifugation

membrane filtration, and the centrifugated specimen aseptically transferred to

primary recovery media for culture and on to a clean microscope slide for direct

microscopic examination. Aseptically collected tissue should be homogenized in a

tissue grinder, mincer or stomacher. A highly viscous specimen, such as sputum,

should be liquefied before culture, and should be concentrated by centrifugation if it

is too dilute (Sarosi et al. 1985).

Specimens that are not processed immediately should be held at room tempera-

ture, as Cryptococcus neoformans, Histoplasma capsulatum, and Blastomyces
dermatitidis do not survive well in frozen or iced specimens. Several fungal species
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can be recovered from samples that have been in transit for as long as 16 days, if not

allowed to dry out; therefore, an attempt should always be made to recover fungi

even if processing is delayed (Sarosi et al. 1985).

9.2.5 Fungal Culture

The recovery of fungi from a clinical specimen begins with the selection of appropri-

ate primary culturemedia. Two types of culturemedia are possible: (a) a non-selective

medium, which supports the growth of any potentially pathogenic fungus in

the specimen, for example brain–heart infusion agar (BHI agar), and (b) a selective

medium, which selectively inhibits contaminating microorganisms and is more selec-

tive for the recovery of pathogenic fungi. The selectivity is achieved by the addition of

one or more antibiotics, including penicillin (20 U/ml), streptomycin (40 U/ml),

gentamicin (5 mg/ml), or chloramphenicol (16 mg/ml). Ciprofloxacin in a concentra-

tion of 5 mg/ml also inhibits the growth of contaminating bacteria. It is not necessary

to use these on specimens from sterile sites. It is usually used for specimens that are

likely to contain contaminating bacteria (e.g., urine, skin, etc). Cycloheximide (Acti-

Dione) in a concentration of 0.5 mg/ml may be added to prevent the overgrowth of

certain rapidly growing environmental molds. Certain pathogenic fungi such as

C. neoformans, Candida krusei (other Candida sps), Trichosporon cutaneum, Pseu-
dallescheria boydii, and Aspergillus sps may be partially or totally inhibited by

cycloheximide; therefore, a non-selective medium must always be used in parallel.

9.2.5.1 Media Used for Culture

The media used for fungal cultures are usually solid, except when blood is cultured,

for which biphasic brain–heart infusion agar broth is used. The media are usually

provided in two forms, as agar plates or agar tubes (screw-capped tubes are used, as

cotton-plugged tubes are unsatisfactory for fungal cultures). The choice between the

two is optional, taking into account of their respective advantages and disadvantages

(kindly refer to Tables 9.2 and 9.3). The culture media used for recovering fungi

Table 9.2 Advantages and

disadvantages of agar tubes

used for fungal culture

No. Advantages Disadvantages

1. More easily stored, more

easily handled, require

less space for incubation

and easy to transport

Relatively poor isolation of

colonies, a reduced

surface area for culturing

and a tendency to

promote anaerobiosis if

capped tightly

2. Lower dehydration rate and

less hazardous to handle

Difficulty in preparing

stained mounts for

microscopic

examinations
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from clinical specimens have been grouped as primary recovery medium and

differential test medium, described in detail in Tables 9.4 and 9.5 respectively.

9.2.5.2 Method of Identification of Growth on Culture Media

When a fungus is recovered from a clinical specimen, a decision must be made as to

its importance as a cause of disease, as this is very helpful in knowing whether the

isolate is a “classic pathogen” or one of the opportunistic fungi associated with

infection of immunocompromised hosts (Kwon-Chung and Bennett 1992).

9.2.6 Microscopic Examination

9.2.6.1 Direct Method

It is highly recommended that a direct microscopic examination be made on most

specimens submitted for fungal cultures; however, its usefulness should be reem-

phasized (Merz and Roberts 1995). This is the most rapid method for laboratory

diagnosis currently available, even in small setups. The direct microscopic exami-

nation of clinical specimens depends on its type, i.e., if it is transparent, it may be

examined without treatment, if it is opaque, it must be cleared to reveal fungal

elements, or the elements must differentially stained within the specimen.

(a) Wet mount (KOH mount): Most of the specimens (skin, hair and nail) can be

satisfactorily examined in wet mounts after partial digestion with 10–20%

KOH. The specimens should be mounted under coverslip in KOH on a slide.

This clears the material within 5–20 min depending on its thickness. Warming

over low flame hastens the digestion of the keratin, but care must be taken to

avoid overheating and therefore crystallization. KOH may be supplemented

with dimethyl sulphoxide to hasten clearing, especially in skin scrapings and

Table 9.3 Advantages and disadvantages of agar plates used for fungal culture

No. Advantages Disadvantages

1. Provide better aeration of cultures Agar tends to dehydrate during the

extended incubation period

2. Large surface area for better isolation

of colonies

Many laboratories discourage the use of

culture plates because of safety

considerations

3. Greater ease of handling and easier to

examine and subculture

If Coccidioides is suspected in a clinical

specimen, plates should never be used

4. Fungal colonies in mixed cultures are

easier to separate

–

5. Tease mounts or transparency tape preparations

are more effectively made from plate cultures

–
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nail clippings (Roberts 1975). In wet mounts under low- and high-power

microscope, yeast cells with or without pseudohyphae, septate hyphae, non-

septate hyphae, spherules, arthrospores, or any of the fungal forms are visible.

With hair, mosaic arrangement of spores may be seen on the surface of the shaft

(ectothrix infection), or hyphal fragments and arthroconidia may be seen

internally (endothrix infection).

(b) Calcofluor white stain (CFW): is superior to KOH preparation. Slides prepared

by this method may be observed using fluorescent or brightfield microscopy, in

which the fungal cells will fluoresce and hence be easily detectable. The

fluorochrome optical brighteners bind to polysaccharides with b-glucose

Table 9.4 The primary recovery media used for fungal culture

No. Media Indications for use

1. Brain–heart Infusion agar (BHI) Primary recovery of saprophytic and dimorphic fungi

2. Brain–heart infusion agar with

antibiotics

Cycloheximide and chloramphenicol may be added

for selective recovery of dimorphic molds such as

Blastomyces dermatitidis and Histoplasma capsulatum
3. Brain–heart infusion biphasic

blood culture bottles

Recovery of fungi from blood

4. Brain–heart Infusion agar þ
5–10% sheep blood

For the recovery of fastidious strains, particularly

H. capsulatum
5. SABHI agar (Sabouraud’s

brain–heart infusion agar)

Primary recovery of saprophytic and dimorphic fungi,

particularly fastidious strains

6. Inhibitory mold agar (IMA) Primary recovery of dimorphic pathogenic fungi.

Saprophytic fungi and dermatophytes will not be

recovered

7. Mycosel/mycobiotic agar Primary recovery of dermatophytes

8. Sabouraud’s dextrose agar

(SDA)

This is the most commonly used medium in the diagnostic

mycology laboratory. Its final pH is acidic (5.5–5.6),

and contains relatively high concentration of sugar

such as glucose or dextrose. Its use as primary recovery

medium is discouraged because sometimes saprobic

fungi grow rapidly on this medium and often overgrow,

obscuring the true pathogen, and also it is insufficiently

rich to recover most of the dimorphic fungi. It is best

used for secondary workup of cultures

9. Emmon’s modified

Sabouraud’s dextrose agar

It differs from original Sabouraud’s formulation in having

lower concentration of glucose and a neutral pH. It is

the preferred medium for the isolation of

B. dermatitidis
10. Sabouraud’s dextrose agar

with antibiotics

The following antibiotics are added to make the medium

selective for the fungal pathogen: cycloheximide

(0.5 mg/ml), chloramphenicol (16 mg/ml) and

gentamicin (5 mg/ml)

11. Potato flake agar Primary recovery of saprobic and pathogenic fungi

12. Dermatophyte test medium

(DTM)

Primary recovery of dermatophytes, recommended as

screening medium only

13. Malt peptone agar For primary recovery of saprobic and pathogenic fungi

14. Dermatophyte identification

medium (DIM)

Used for presumptive identification of dermatophytes
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linkages such as cellulose as well as glucans and chitins. They bind non-

specifically to the fungal cell wall polysaccharides (rich in glucans and chitin),

such that the walls fluoresce brightly under ultraviolet illumination. The CFW-

supplemented KOH, especially in corneal scrapings, can detect even a scanty

amount of fungal elements (Hageage and Harrington 1984).

9.2.6.2 Other Staining Methods

(a) Gram’s stain: fungi are Gram-positive, and seen as violet-colored budding yeast

forms in stained smears, as the hyphae are distorted during preparation of smear

and staining and do not take the stain.

(b) Giemsa stain: stained smears of sputum, pus and biopsies are advised in

patients suspected of histoplasmosis.

(c) Wright’s stain: used for the examination of bone marrow and peripheral blood

smears and the detection of H. capsulatum and C. neoformans.
(d) Papanicolaou stain: used for examination of secretions for the presence of

malignant cells, but also detects fungal elements which stain pink to blue.

(e) India ink (or nigrosin) mount: may be prepared from CSF specimens when

C. neoformans is suspected, and shows the presence of encapsulated budding

yeast forms in positive specimens.

These methods have shown satisfactory results in the detection of fungal elements

in various clinical specimens (Chandler et al. 1989; Conner et al. 1997).

Table 9.5 The differential test media used for fungal culture

No. Media Indications for use

1. Cornmeal agar/cornmeal

Tween 80 agar (CMA)

Identification of Candida albicans by its production of

chlamydospores in this medium

2. Cottonseed conversion agar Conversion of dimorphic fungus Blastomyces dermatitidis
from mold to yeast form

3. Czapek’s agar For identification of Aspergillus species
4. Niger seed agar/bird seed

agar

Identification of Cryptococcus neoformans

5. Ascospore agar Detection of Ascospores in ascosporogenous yeasts such as

Saccharomyces species
6. Potato dextrose agar Demonstration of pigment production by Trichophyton

rubrum; preparation of microslide culture and

sporulation of dermatophytes

7. Rice medium Identification of Microsporum audouinii
8. Trichophyton agars 1–7 Identification of members of Trichophyton genus

9. CHROMagar Provides rapid presumptive identification of various

Candida species (also Trichosporon & Prototheca
species) on the basis of colony color and morphology

produced on this medium

10. Yeast extract agar For the isolation and recognition of Trichophyton
verrucosum
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9.3 Role of Serological Tests in Laboratory Diagnosis

of Fungal Infections

Serological procedures, together with clinical findings and patient’s history, are

often useful in obtaining an early diagnosis of the life-threatening systemic fungal

diseases (Kaufman et al. 1997). The use of serological tests to measure antibodies is

most useful in the diagnosis of acute, systemic, fungal diseases. Agglutination

(latex agglutination), precipitation (immunodiffusion), complement fixation test

(CFT), and enzyme immunosorbent assays (EIA) are widely available commer-

cially for use in the diagnosis of aspergillosis, blastomycosis, coccidioidomycosis,

histoplasmosis, and paracoccidioidomycosis. Serological procedure detect antibo-

dies to specified fungi; they are therefore of limited value in diagnosing disease in

immunocompromised patients. To overcome this drawback, considerable effort is

being directed towards developing tests to detect fungal antigens, in the serum and

other body fluids, as a means of diagnosing the increasing number of opportunistic

fungal diseases in immunocompromised patients (Yeo and Wong 2002).

9.4 Molecular Approaches in the Laboratory Diagnosis

of Fungal Infections

The limitations of antibody detection and the problems of sensitivity associated

with antigen detection have prompted the evaluation of polymerase chain reaction

(PCR) for the diagnosis of invasive aspergillosis (Alexander 2002; Kawazu et al.

2003). The main advantages of PCR appear to be that it detects low burden of

fungal genetic material and warns of the presence of possible invasive aspergillosis

(IA). Early reports described methods to amplify the gene for Aspergillus fumigatus
18 kDa ribonucleotoxin (Reddy et al. 1993). Subsequently, a PCR, based on

universally conserved sequences within fungal large rDNA, including that of

A. fumigatus, was described (Haynes et al. 1995). Amplification assays using

PCR have been developed to detect DNA of Aspergillus species (Lass-Florl et al.
2000; Buchheidt et al. 2001, 2002; Ferns et al. 2002). While most PCR systems for

the detection of aspergillosis use whole blood or bronchoalveolar lavage (BAL) as a

source, the possibility of using serum was investigated by Yamakami et al. (1996).

Walsh et al. (1995) reported the use of single-strand conformational polymorphism

(SSCP) as a technique for detecting and delineating differences between fungal

species and genera.

Light cycler technique combines rapid in vitro amplification of DNA in glass

capillaries with real-time species determination and quantification of DNA load.

Results are available within 1 hour of testing, and sensitivity is exquisite. Loeffler

et al. (2000a) has used this technology to develop assays for Aspergillus species.
One of the simplest approaches used has been in situ hybridization using specific

nucleic acid probes for the identification of organisms in patient specimens.
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Amplification assays using PCR allow for detection of small amounts of target DNA

in clinical specimens. Specific primers with or without specific probes have been

used with some success. Recently, Yeo andWong (2002) and Chen et al. (2002) have

summarized specific targets used and detection methods. Nucleic acid sequencing

has been used with great success for the identification of fungi in culture (Turenne

et al. 1999).

A comprehensive database of fungal sequences is available in MicroSeq 500

microbial identification system (Applied Biosystems, Foster City, CA, USA). This

database is not complete, but when used with GenBank and other public databases,

many fungi may be more easily identified than using traditional identification

methods. The use of molecular methods is important to investigate the epidemiol-

ogy and environmental sources of fungi that infect immunocompromised patients

and, in some instances, immunocompetent patients. Epidemiologic typing can

determine whether or not organisms share the same DNA profile, and this can be

related to environmental isolates to determine the point source. The use of molecu-

lar tools has permitted the reduction of hospital-acquired infections and their

spread.

9.5 The Laboratory Identification of Fungal Isolates

The identification of the isolates has been divided into four sections as shown below

covering (1) yeasts and yeast-like organisms, (2) dermophytes, (3) dimorphic fungi,

and (4) Aspergillus species.

9.5.1 Laboratory Identification of Yeasts and Yeast-Like
Organisms

Yeasts can be identified by morphological and biochemical methods (Fig. 9.1).

9.5.1.1 Media Used for Identification

Cornmeal Agar

The commonly used differential medium both for genus identification as well as

speciation is the cornmeal agar plate (Dalmau plate) supplemented with Tween 80

or rice agar (de Hoog et al. 2000). Production of large thick-walled, terminal,

chlamydospores is diagnostic of Candida albicans and C. dubliniensis (kindly

refer to Table 9.5).
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CHROMagar

An important development was introduced by Odds and Bernaerts (1994) consist-

ing of the CHROMagar system, which uses chromogenic substances (kindly refer to

Tables 9.5 and 9.6).

Bird Seed Agar/Niger Seed Agar

An isolate suspicious for C. neoformans can be confirmed by demonstrating the

production of caffeic acid, either through the production of a maroon-red pigment

on bird seed agar or directly by inoculating a reagent-impregnated filter paper strip

with a portion of the unknown colony and observing for the development of a black

pigment (Table 9.5).

Germ Tube Test

The principle of this test is the ability of C. albicans or C. dubliniensis blastospores
to produce true germ tubes (long tube-like projections extending from the yeast

cells, with no constriction at the point of origin from the yeast cell) under defined

conditions, i.e., a colony emulsified in 0.5 ml serum (sheep or human) and incu-

bated at 37�C for 2–4 h. C. tropicalis produces “pseudo-germ tubes” or pseudohy-

phae, which are constricted at the base or point of germ tube origin from yeast cell.

Yeast isolated in pure culture

Pseudohyphae and blastoconidia True hyphae and arthroconidia Hyphae absent

Produced produced

Germ Tube Test Urease test Urease test

– + + –+

+ – Trichosporon sp Geotrichum sp.

Chlamydospores No Chlamydospores Caffeic acid test Saccharomyces

On Cornmeal Agar on Cornmeal Agar + – species

CryptococcusCryptococcus

Candida species. neoformans species

Assimilation of
Sucrose Orange to red colonies

+ –

C. albicans C. stellatoidea Rhodotorula species

Fig. 9.1 The diagrammatic representation of steps of identification of an isolate of yeasts in pure

culture
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The demonstration of germ tube is also known as the Reynolds–Braude phenome-

non (Merz and Roberts 2003b).

9.5.1.2 Biochemical Tests for Identification

Rapid Urease Test

The rapid urease test is a most useful tool for screening for urease-producing yeasts

recovered from respiratory secretions and other clinical specimens. This test is a

presumptive means for identifying the yeasts as C. neoformans. As crytococci have
large amounts of urease, positive results using such tests can be seen within 15 min

(Zimmer and Roberts 1979).

Carbohydrate Utilization Tests

Candida species can utilize carbohydrates both oxidatively (assimilation) and

anaerobically (fermentation). Various techniques have been developed for asses-

sing the assimilation patterns. The classical method assessed assimilation by deter-

mining the ability of a given yeast isolate to grow in a set of defined minimal liquid

media supplemented with different carbohydrates. The other medium used for

identification of yeasts by determining carbohydrate assimilation is the yeast

nitrogen base agar (Wickerham and Burton 1948).

This method was later on replaced by the auxanographic technique (Hazen and

Howell 2003), which employs minimal media agar plates on which paper disks

impregnated with different carbohydrates are placed, and the growth ability of the

yeast around a specific disk is an indication of the yeast’s ability to assimilate that

carbohydrate. This method is simpler and quicker, and therefore more adapted for

routine use. Modifications of this principle are used by various commercial kits,

such as the API 20C, API ID32C, Vitek, Minitek, Uni-Yeast-Tek, and others.

Other methods such as the microscan yeast identification method have been

described (Land et al. 1991; St Germain and Beauchesne 1991). RapID yeast plus

system (Innovative Diagnostic Systems, Norcross, GA, USA) is a qualitative

micro-method using conventional and chromogenic substrates to identify the med-

ically important yeasts. Kitch et al. (1996) showed that the system correctly

Table 9.6 The CHROMagar

medium shows the following

colors of the colonies when

incubated at 30�C for 48–72 h

Species of Candida Colony color

Candida albicans Light-green

Candida parapsilosis Cream-colored

Candida tropicalis Blue with pink halo

Candida krusei Pink

Candida glabrata Purple

Candida dubliniensis Dark-green
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identified more than 90% of 286 strains tested within 5 h, without the need of

additional tests. Fermentation tests are more difficult to perform. The classical tests

involved liquid media supplemented with different carbohydrates, a color indicator

to assess pH changes to measure acid formation, and a tool to assess gas production

(inverted Durham tube). The medium used is yeast fermentation broth.

9.5.1.3 Serodiagnosis for Identification

Detection of Antigen

Detection of Candida antigens in the body fluids is an important diagnostic tool,

particularly in immunocompromised patients, who have difficulties in mounting

antibodies at a detectable level (Walsh and Chanock 1997). Antigen is generally

detected in serum; however, it can be found in other body fluids, such as urine

(Ferreira et al. 1990). Although several techniques have been described (De Bernardis

et al. 1993; Reboli 1993), currently the most widely used tests include latex

agglutination (LA) and ELISA (Fujita and Hashimoto 1992). Some of these are

commercially available, such as the Cand-Tec or Pastorex LA systems or the lately

introduced Platelia system, a modified ELISA method. The antigens detected

by different systems include mannan (Pastorex LA), an undefined glycoprotein

(Cand-Tec LA), a 47 kDa protein, enolase, and specific mannosides (Walsh and

Chanock 1997; Sendid et al. 2002).

Detection of Antibodies

Tests aimed at detecting antibodies to Candida antigens released and/or expressed

during deep-seated infections include the gel immunodiffusion (ID) or counter-

immunoelectrophoresis (CIE) techniques to detect antibodies to Candida cytoplas-

mic antigens, which are standardized by their protein content (Reiss et al. 2002).

Other systems used include the ELISA or LA tests. Detection of antibodies to

defined antigens believed to circulate in body fluids during infection, such as

enolase (Mitsutake et al. 1994), heat shock proteins (47-kDa breakdown of

HSP90) (Walsh and Chanock 1997), and specific mannosides (Poulain et al. 2002),

although not widely used has been evaluated. It has been suggested that concurrent

determination of both antigens and antibodies in clinical samples may increase the

sensitivity of the diagnosis of systemic Candidiasis (Sendid et al. 2002), in both

immunocompetent and immunocompromised patients.

9.5.1.4 Detection of Fungal Metabolites for Identification

Detection of arabinitol, a candidal metabolite which is released during infection into

the patient’s body fluids, possesses a diagnostic value (Reiss and Morrison 1993).
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Arabinotol as a fungal metabolite was first described by Kiehn and Bernard (1979).

Serum is generally used for the detection of arabinotol, although it is also found in

urine. Arabinitol is released by most of the pathogenic Candida species except

C. krusei and C. glabrata. The techniques to detect arabinitol include gas-liquid

chromatography (GLC) and enzymatic fluorometric measurements (Reiss and Mor-

rison 1993; Switchenko et al. 1994). Another Candidal metabolite is the cell wall

component (1!3)-beta-D-glucan (Miyazaki et al. 1995) which is used for diagnosis

of fungal infections. These metabolite-identification tests are known as G-test and

commercial kits for this test are available (Hossain et al. 1997). However, it should be

remembered that glucan is found in other fungi as well; therefore its value as a

diagnostic tool is debatable (Verweij et al. 1998; Chryssanthou et al. 1999).

9.5.1.5 Molecular Techniques for Identification

These techniques are based on detection of Candidal DNA in patient’s body

fluids, involving the use of specific DNA probes. This approach became more

promising as a possible diagnostic tool with the development of DNA-amplifica-

tion techniques, particularly PCR. Several possible probes have been described,

such as the actin gene, the gene encoding cytochrome P450 14-lanosterol

demethylase (Burgener-Kairuz et al. 1994), the chitin synthetase gene (Jordan

1994), SAP genes (Flahaut et al. 1998), mitochondrial DNA or the candidal DNA

repetitive elements (CARE). A widely used probe consists of the rRNA gene

complex (Maiwald et al. 1994; Kappe et al. 1998). Some of these are species-

specific, while others have wider specificity (Niesters et al. 1993). DNA probes

can be used for species identification after these have been isolated in cultures. An

example of such an approach is a study by Weissman et al. (1995) which used the

benomyl resistance gene for C. albicans molecular identification. PCR has been

developed to detect DNA of Candida (Chryssanthou et al. 1999; Loeffler et al.

2000b; Wahyuningsih et al. 2000; Ahmad et al. 2002). Yeasts in blood cultures

have been identified by using PCR, and most were species of Candida (Chang

et al. 2001).

9.5.2 Laboratory Identification of Dermatophytes

Any mold recovered in culture from specimens labeled skin, nail or hair should be

evaluated for the presence of dermatophytes (or ringworm fungi), which are the

commonest cause of superficial mycoses. However, not all superficial mycoses are

caused by dermatophytes; the yeasts give rise to intertrigos and infect moist skin

folds. Yeast infections are often associated with predisposing factors such as

diabetes, obesity, or constant immersion of hands in water (causing paronychia).
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The identification of these molds is made using a combination such as (a) growth

rate of the colony, (b) colony morphology, and (c) microscopic features. The

detailed characteristics of the most frequently encountered dermatophytes in the

diagnostic mycology laboratory are shown in Tables 9.7 and 9.8 (Rebell and Taplin

1974; Rippon 1988; Suarez et al. 1991; Weitzman et al. 1995; Larone 1995;

St-Germain and Summerbell 1996).

9.5.2.1 Primary Media for Identification of Dermatophytes

A primary medium for the isolation of dermatophytes should be selective against

bacteria and non-dermatophyte saprobic molds such as:

Mycosel/Mycobiotic Agar

This medium contains phytone peptone, dextrose, agar, cycloheximide, and chlor-

amphenicol, and is used for primary recovery of dermatophytes (Table 9.4).

Sabouraud’s Dextrose Agar with Antibiotics

SDA with chloramphenicol and cycloheximide is commonly used for primary

isolation of dermatophytes (Table 9.4).

Dermatophyte Test Medium (DTM)

DTM incorporates cycloheximide to inhibit saprobic contaminating molds, and is

used for primary isolation of dermatophytes. DTM incorporates gentamicin and

chloramphenicol to inhibit bacteria, and a phenol red indicator that changes color

from yellow to red when the medium becomes alkaline as the result of growth of

dermatophytes, usually within 2 weeks (Rebell and Taplin 1974). However, this

medium gives certain false-positive results i.e., a nonpathogenic fungi can turn

this medium red (Merz et al. 1970). Some systemically infecting fungi such as

Coccidioides immitis (Salkin 1973) can resemble a dermatophyte on this medium.

In addition, some dermatophytes, for example M. canis, may give a false-negative

reaction (Moriello and Deboer 1991). This has the disadvantage of not allowing

visualization of pigmentation on the reverse of the colony — a characteristic used

in identification. Therefore, DTM is a good screening medium for the isolation of

dermatophytes, but not a specific indicator of dermatophytes (Table 9.4).
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Dermatophyte Identification Medium (DIM)

DIM is used for presumptive identification of dermatophytes. If there is growth of

dermatophytes, the color of the medium changes from greenish blue to purple within

24–48 h after growth. It gives fewer false-positive results than DTM (Table 9.4).

9.5.2.2 Specific Media for Identification of Dermatophytes

Potato Dextrose Agar

This is a reference medium, especially for the production of pigment (Table 9.5).

Rice Medium

Rice grains are used to separateMicrosporum audouinii andM. canis, as the former

grows very poorly on this substrate (Table 9.5).

Casamino Acids/Erythritol/Albumin Medium

This medium is used for the isolation of dermatophytes from lesions heavily

contaminated with bacteria or with cycloheximide-tolerant C. albicans (Fischer

and Kane 1974).

Bromocresol Purple (BCP)/Casein Yeast Extract Agar

This medium is designed for the isolation and recognition of Trichophyton verru-
cosum in specimens (Kane and Smitka 1978). The addition of 0.1% yeast extract or

thiamine to Sabouraud’s agar may increase the isolation rate of dermatophytes,

especially of T. verrucosum (Aly 1994).

Bromocresol Milk Solids Glucose Agar

Depending on the type of growth and change of indicator color occurring on this

medium, one can easily identify the several dermatophytes (Weitzman et al. 1995).

Trichophyton Agars 1–7

A series of agar media (Trichophyton agars, Difco) (Table 9.9) incorporating

growth factors can be helpful in grouping species of Trichophyton by demonstrating

their requirements for special growth factors (Clayton and Midgley 1989).
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Sporulation-Stimulating Media

Cornmeal, potato flake, potato glucose, Sabouraud’s glucose þ 3–5% NaCl (Kane

and Fischer 1975), lactrimel (Kaminski 1985), and autoclaved polished rice grains

(McGinnis 1980).

9.5.2.3 Tests for Identification of Dermatophytes

In Vitro Hair Perforation Test

This test was originally devised to distinguish atypical isolates of T. mentagrophytes
and T. rubrum. It may also be used to distinguish M. equinum from M. canis. The
test is taken as positive when the dermatophyte species show wedge-shaped per-

forations in the hair. It is positive in T. mentagrophytes and M. canis, and negative

in T. rubrum andM. equinum. This test is helpful in identifying other dermatophyte

species (Clayton and Midgley 1989).

Urease Test

The ability to hydrolyse urea (Clayton and Midgley 1989), either in Christensen’s

urea agar or a broth medium, aids in the distinction of T. rubrum (urease-negative)

and T. mentagrophytes (urease-positive). The dermatophyte T. raubitschekii, con-
sidered to be a variant of T. rubrum (Kwon-Chung and Bennett 1992; Graser et al.

2000a, b) or as a distinct species by others, is urease-positive (Kane et al. 1981).

A broth medium is preferred over agar medium because it is more sensitive (Kane

and Fischer 1971). The test is considered negative if there is no color change from

straw to reddish purple within 7 days at 23–30�C. Cultures to be tested must be

Table 9.9 Shows Trichophyton agar medium used for dermatophytes

Trichophyton
agar no.

Contents Trichophytons which require

these nutrients

1 Vitamin-free casein basal medium Trichophyton rubrum, Trichophyton
mentagrophytes, Trichophyton
schoenleinii

2 Casien basal medium þ inositol Other Trichophyton species

3 Casein basal medium þ inositol þ
thiamine

Trichophyton verrucosum (16% isolates)

4 Casein basal medium þ thiamine T. verrucosum, Trichophyton tonsurans,
Trichophyton violaceum

5 Casein basal medium þ nicotinic

acid

Other Trichophyton species

6 Ammonium nitrate basal medium Other Trichophyton species

7 Ammonium nitrate basal

medium þ histidine

Other Trichophyton species
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pure, because bacterial contamination can produce a false-positive reaction. Hence,

when in doubt about the purity of the culture, incubate the test culture on a blood

agar medium to detect presence of bacteria, before carrying out the urease test.

Test for Temperature Tolerance and High-Temperature Enhancement of Growth

If T. verrucosum is suspected, two culture media enriched with thiamine are inocu-

lated and incubated at 37�C, as this is the only dermatophyte whose growth is

enhanced at this high temperature (Clayton andMidgley 1989;Weitzman et al. 1995).

9.5.2.4 Trichophytin Skin Test (Immunodiagnosis) for Dermatophytes

Skin test with dermatophytic antigen is important for the diagnosis of dermatophy-

tosis. Trichophytin is a crude extract from dermatophytes, producing positive

delayed-type hypersensitivity (DTH), tuberculin-like response in most adults.

DTH responses to intradermal injections of trichophytin are commonly observed

in the normal population (Grossman et al. 1975). A galactomannan peptide is the

reactive component of the antigen. Patients without the delayed-type or with an

immediate-type reaction are more susceptible to chronic dermatophytosis. Simi-

larly, experimental dermatophyte infections in animal models appear to result in

CMI to the antigens of the infecting dermatophyte (Green and Balish 1980).

9.5.2.5 Molecular Techniques for Dermatophytes

The conventional laboratory procedures for the identification of dermatophytes are

either slow or lack specificity; the application of nucleic-acid amplification tech-

nology has made rapid and precise identification of dermatophytes possible.

Recently, Liu et al. (2000) have shown that when one of the four random primers

(OPAA11, OPD18, OPAA17, and OPU15) was used in an arbitrarily primed

polymerase chain reaction (AP-PCR), up to 20 of the 25 dermatophyte species or

subspecies under investigation could be distinguished on the basis of characteristic

band patterns detected in agarose gel electrophoresis. Turin et al. (2000) have

developed new assays to detect DNA of dermatophytes.

9.5.3 Laboratory Identification of the Dimorphic Fungi

The dimorphic fungi are causative agents of “deep-seated” mycoses in humans.

Whenever a dimorphic fungus is suspected in a clinical specimen, it should be
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inoculated in two media and kept at 25–30�C and 35–37�C to obtain its mold form

and yeast form respectively. The mold form is the infective form but never found in

tissues; however, they are recovered on culture media. Only the yeast form (para-

sitic form) is seen in the tissues. The definitive identification of the dimorphic fungi

is traditionally made on the basis of the microscopic morphology of both mold and

parasitic (yeast or spherule) forms. The characteristic features of medically impor-

tant dimorphic fungi are shown in Table 9.10.

9.5.3.1 Microscopic Examination of Dimorphic Fungi

The quickest means of diagnosing most mycoses is by immediate microscopic

examination of infected host material. This approach is usually futile with sporotri-

chosis, because the cells of S. schenckii normally occur very sparsely within

infected material. However, staining the histological tissues with fluorescent anti-

body can quickly provide its specific identification. In the wet mount made from

clinical specimens, B. dermititidis appears as a round yeast cell with double wall

and often with a single broad-based bud, and all cells are of uniform size. Round-to-

oval yeast cells measuring 2–4 mm in diameter, characteristic of H. capsulatum,
may be seen in clinical specimens stained with fungal stains. Microscopic demon-

stration of C. immitis, particularly the endosporulating spherules, provides the most

direct and secure method of diagnosis. The direct microscopic observation of

multiple-budding yeast forms in 10% KOH preparations of clinical specimens is

the most recommended way for diagnosing the infection by P. braseliensis (Lacaz
et al. 2002). Rapid bedside diagnosis of Penicilliosis marneffei can be made by

microscopic examination of Wright’s stained bone marrow aspirates and/or touch

smear of skin biopsy or lymph node biopsy specimens (Supparatpinyo et al. 1994).

The yeast cells of P. marneffei can also be seen in peripheral blood smear of patient

with fulminant disease (Supparatpinyo and Sirisanthana 1994).

9.5.3.2 Media Used for Identification of Dimorphic Fungi

The dimorphic fungi have the capability of growing in culture media containing

cycloheximide (except P. marneffei, whose growth is inhibited by cycloheximide);

this is a valuable property in separating out the saprophytic filamentous molds,

particularly their environmental look-alike, which grow poorly or not at all. Thus

media used for primary isolation of dimorphic fungi include brain-heart infusion

(BHI) agar with or without antibiotics, brain–heart Infusion (BHI) agar þ 5–10%

sheep red blood cells (especially for the recovery of H. capsulatum), inhibitory
mold agar (IMA), Sabouraud’s brain–heart infusion agar (SABHI), and Sabour-

aud’s dextrose agar (SDA). The preferred medium for isolation of B. dermatitidis is
Emmon’s modified Sabouraud’s dextrose agar, as the decreased sugar content of

this medium favors its recovery. Colonies grow slowly; usually 7–14 days are

required for primary isolation. In cases in which spore concentration in a clinical

194 M. Shahid et al.



T
a
b
le

9
.1
0
C
h
ar
ac
te
ri
st
ic

fe
at
u
re
s
o
f
m
ed
ic
al
ly

im
p
o
rt
an
t
d
im

o
rp
h
ic

fu
n
g
i

D
im

o
rp
h
ic

fu
n
g
i:

B
la
st
om

yc
es

d
er
m
at
it
id
is

C
oc
ci
di
oi
de
s
im
m
it
is

H
is
to
pl
as
m
a

ca
ps
ul
at
um

Sp
or
ot
hr
ix

sc
he
nc
ki
i

P
ar
ac
oc
ci
di
oi
de
s

br
as
il
ie
ns
is

P
en
ic
il
li
um

m
ar
ne
ff
ei

R
at
e
o
f
g
ro
w
th

&

p
at
h
o
g
en
ic
it
y
:

S
lo
w
,
w
it
h
in

1
4
d
ay
s

M
o
d
er
at
e,
w
it
h
in

1
0
d
ay
s

S
lo
w
,
w
it
h
in

1
5
–
2
0

d
ay
s

R
ap
id
,
m
at
u
re
s
in

4
d
ay
s

V
er
y
sl
o
w
,
w
it
h
in

2
1
d
ay
s

R
ap
id

w
it
h
in

3
–
5
d
ay
s

C
au
se
s

B
la
st
o
m
y
co
si
s;

ch
ro
n
ic

in
fe
ct
io
n
,

ch
ar
ac
te
ri
ze
d
b
y

su
p
p
u
ra
ti
v
e
&

g
ra
n
u
lo
m
at
o
u
s

le
si
o
n
s
in

an
y
p
ar
t

o
f
b
o
d
y

C
au
se
s

C
o
cc
id
io
id
o
m
y
co
si
s;

w
h
ic
h
is
h
ig
h
ly

in
fe
ct
io
u
s
d
is
ea
se
.

C
u
lt
u
re
s
sh
o
u
ld

b
e

d
ea
lt
o
n
ly

in

B
io
lo
g
ic
al

S
af
et
y

C
ab
in
et

C
au
se
s

H
is
to
p
la
sm

o
si
s;

w
h
ic
h
m
ay

b
e

ac
u
te

b
en
ig
n

p
u
lm

o
n
ar
y
d
is
ea
se

o
r
ch
ro
n
ic

fa
ta
l

d
is
ea
se
.
It
m
ay

b
e

lo
ca
li
ze
d
o
r

d
is
se
m
in
at
ed

(p
ri
m
ar
il
y
to

re
ti
cu
lo
en
d
o
th
el
ia
i

sy
st
em

)

C
au
se
s

S
p
o
ro
tr
ic
h
o
si
s;

a
ch
ro
n
ic

in
fe
ct
io
n

b
eg
in
n
in
g
as

sk
in

in
fe
ct
io
n

an
d
th
en

in
v
o
lv
in
g

ly
m
p
h
at
ic
s

C
au
se
s

P
ar
ac
o
cc
id
io
id
o
m
y
co
si
s;

a
ch
ro
n
ic

g
ra
n
u
lo
m
at
o
u
s

d
is
ea
se

o
f
sk
in
,
m
u
co
u
s

m
em

b
ra
n
e
an
d
in
te
rn
al

o
rg
an
s

C
au
se
s
P
en
ic
il
li
os
is

m
ar
ne
ff
ei
;I
n
fe
ct
s

re
ti
cu
lo
en
d
o
th
el
ia
l

sy
st
em

.
E
m
er
g
in
g

p
at
h
o
g
en
,
in
fe
ct
s

im
m
u
n
o
co
m
p
ro
m
is
ed

p
ai
en
ts
(A

ID
S

p
at
ie
n
ts
)

C
o
lo
n
y

m
o
rp
h
o
lo
g
y
:

A
t
fi
rs
t
y
ea
st
li
k
e,

th
en

“p
ri
ck
ly
”,

fi
n
al
ly

co
tt
o
n
y

w
it
h
w
h
it
e
ae
ri
al

m
y
ce
li
u
m

C
o
lo
n
y
is
at

fi
rs
t
m
o
is
t,

g
ra
y
is
h
,

m
em

b
ra
n
o
u
s,
an
d

so
o
n
d
ev
el
o
p
s
a

w
h
it
e,
co
tt
o
n
y
ae
ri
al

m
y
ce
li
u
m

W
h
it
e
to

b
ro
w
n
o
r

p
in
k
is
h
,
w
it
h
a
fi
n
e

d
en
se

co
tt
o
n
y

te
x
tu
re

A
t
fi
rs
t
sm

al
l
an
d

w
h
it
e
w
it
h
n
o

co
tt
o
n
y
ae
ri
al

h
y
p
h
ae
.
L
at
er

o
n
b
ec
o
m
es

m
o
is
t,

w
ri
n
k
le
d
,

le
at
h
er
y
,
o
r

v
el
v
et
y
,
&

d
ar
k
en
s
to

b
ro
w
n
o
r
b
la
ck

C
o
lo
n
y
w
h
it
e,
h
ea
p
ed

co
m
p
ac
t,
u
su
al
ly

fo
ld
ed
,

al
m
o
st
g
la
b
ro
u
s
w
it
h

sh
o
rt
n
ap

o
f
w
h
it
e
ae
ri
al

m
y
ce
li
u
m
,
th
at

tu
rn
s

b
ro
w
n
w
it
h
ag
e

G
ra
y
is
h
-w

h
it
e
co
lo
n
ie
s

in
it
ia
ll
y
,
la
te
ro
n

b
ec
o
m
e
w
o
o
ly

to

g
ra
n
u
la
r
in

te
x
tu
re
,

y
el
lo
w
-o
ra
n
g
e,
o
r

g
re
en

ce
n
te
r,

p
er
ip
h
er
y
is
w
h
it
e

w
it
h
ra
d
ia
l
fo
ld
s

A
t
2
5
� C

o
n
S
D
A

R
ev
er
se

is
w
h
it
e

R
ev
er
se

is
w
h
it
e

R
ev
er
se

is
b
ri
g
h
t
ro
se

co
lo
r,
d
u
e
to

w
at
er

so
lu
b
le

re
d
p
ig
m
en
t,

th
at

d
if
fu
se
s
in

m
ed
iu
m

A
t
3
7
� C

o
n
B
H
I

ag
ar

C
re
am

to
ta
n
in

co
lo
r,

h
ea
p
ed

o
r

w
ri
n
k
le
d
&

w
ax
y

-d
o
-

M
o
is
t,
w
h
it
e,
y
ea
st
li
k
e

co
lo
n
ie
s.
Y
ea
st

p
h
as
e
m
ay

b
e

C
re
am

o
r
ta
n
,

sm
o
o
th
,
y
ea
st
-

li
k
e

C
o
lo
n
y
h
ea
p
ed
,
cr
ea
m

to

ta
n
,
b
ec
o
m
in
g
w
ax
y
,

y
ea
st
-l
ik
e

Y
ea
st
-l
ik
e
ce
re
b
ri
fo
rm

,

p
in
k
is
h
-w

h
it
e

co
n
v
o
lu
te
d
co
lo
n
ie
s

(c
on

ti
nu

ed
)

9 Laboratory Diagnosis of Fungal Infections: An Overview 195



T
a
b
le

9
.1
0
(c
o
n
ti
n
u
ed
)

D
im

o
rp
h
ic

fu
n
g
i:

B
la
st
om

yc
es

d
er
m
at
it
id
is

C
oc
ci
di
oi
de
s
im
m
it
is

H
is
to
pl
as
m
a

ca
ps
ul
at
um

Sp
or
ot
hr
ix

sc
he
nc
ki
i

P
ar
ac
oc
ci
di
oi
de
s

br
as
il
ie
ns
is

P
en
ic
il
li
um

m
ar
ne
ff
ei

in
ap
p
ea
ra
n
ce
.

Y
ea
st
p
h
as
e
m
ay

b
e
in
h
ib
it
ed

b
y

C
h
lo
ra
m
p
h
en
ic
o
l

&
C
y
cl
o
h
ex
im

id
e

in
h
ib
it
ed

b
y

C
h
lo
ra
m
p
h
en
ic
o
l

&
C
y
cl
o
h
ex
im

id
e

R
ed

p
ig
m
en
t
p
o
o
rl
y

p
ro
d
u
ce
d
o
r
n
o
t
at

al
l

M
ic
ro
sc
o
p
ic

m
o
rp
h
o
lo
g
y
:

M
o
ld

fo
rm

(a
t

2
5
� C

):

S
ep
ta
te

h
y
p
h
ae

w
it
h
,
cl
u
b
-s
h
ap
ed

co
n
id
ia

h
av
in
g

th
in
-s
m
o
o
th

w
al
ls
,b
o
rn
e
at
th
e

ti
p
s
o
f
lo
n
g

st
ra
ig
h
t

C
o
n
id
io
p
h
o
re
s

(L
o
ll
ip
o
p
)

S
ep
ta
te

h
y
p
h
ae

w
h
ic
h

se
g
m
en
t
in
to

b
ar
re
l

sh
ap
ed

ar
th
ro
co
n
id
ia
,

th
at

al
te
rn
at
e
w
it
h

em
p
ty

ce
ll
s
(g
iv
in
g

ri
se

to
al
te
rn
at
e

st
ai
n
in
g
)

S
ep
ta
te

h
y
p
h
ae

w
it
h

ti
n
y
m
ic
ro
co
n
id
ia

p
ro
d
u
ce
d
ea
rl
y
o
n
.

L
at
er
,
la
rg
e,
sp
ik
ed

sp
h
er
ic
al

m
ac
ro
co
n
id
ia

ar
e

d
ia
g
n
o
st
ic

S
ep
ta
te

h
y
p
h
ae

w
it
h
b
ra
n
ch
in
g

an
d
b
ea
ri
n
g

sm
al
l
p
ea
r-

sh
ap
ed

co
n
id
ia
,

p
ro
d
u
ce
d

ra
d
ia
ll
y
at

th
e

ti
p
o
f
st
ra
ig
h
t

co
n
id
io
p
h
o
re
s,

in
a
“r
o
se
tt
e-

li
k
e”

cl
u
st
er

S
ep
ta
te

b
ra
n
ch
ed

h
y
p
h
ae

w
it
h
so
m
e
in
te
rc
al
ar
y

an
d
te
rm

in
al

ch
la
m
y
d
o
sp
o
re
s.
F
ew

m
ic
ro
co
n
id
ia

se
en

o
cc
as
io
n
al
ly

S
ep
ta
te

b
ra
n
ch
ed

h
y
p
h
ae

w
it
h
ch
ai
n
s
o
f

el
li
p
ti
ca
l
o
r
le
m
o
n
-

sh
ap
ed
,
sm

o
o
th
-

w
al
le
d
p
h
ia
lo
co
n
id
ia

ar
is
in
g
b
as
ip
et
al
ly

fr
o
m

en
d
s
o
f
ta
p
er
ed

p
h
ia
li
d
es

(g
iv
in
g

sa
u
sa
g
e-
li
k
e

ap
p
ea
ra
n
ce
)
w
h
ic
h

h
av
e
p
ro
m
in
en
t
cr
o
ss
-

w
al
ls
(c
h
ar
ac
te
ri
st
ic
)

Y
ea
st
fo
rm

(a
t

3
7
� C

):

S
p
h
er
ic
al

y
ea
st
ce
ll
s,

1
0
–
1
5
mm

in

d
ia
m
et
er
,
w
it
h

si
n
g
le

b
ro
ad
-

b
as
ed

b
u
d
an
d

ap
p
ea
ri
n
g
to

b
e

d
o
u
b
le

co
n
to
u
re
d

L
ar
g
e
sp
h
er
u
le
s,

7
5
–
2
0
0
mm

in

d
ia
m
et
er
,
n
o
n
-

b
u
d
d
in
g
,
th
ic
k
-

w
al
le
d
,
co
n
ta
in
in
g

3
–
5
mm

en
d
o
sp
o
re
s.

E
m
p
ty

&
co
ll
ap
se
d

“g
h
o
st
”
sp
h
er
u
le
s

m
ay

b
e
se
en

S
m
al
l,
ro
u
n
d
o
r
o
v
al

b
u
d
d
in
g
ce
ll
s
an
d

o
cc
as
io
n
al

ab
o
rt
iv
e

h
y
p
h
ae

se
en
.
S
ee
n

in
tr
ac
el
lu
la
rl
y
in

b
o
n
e
m
ar
ro
w

st
ai
n
ed

w
it
h

W
ri
g
h
t
o
r
G
ie
m
sa

st
ai
n

R
o
u
n
d
,
o
v
al

&

fu
si
fo
rm

b
u
d
d
in
g
ce
ll
s,

co
m
m
o
n
ly

ca
ll
ed

“c
ig
ar

b
o
d
ie
s”

L
ar
g
e,
sp
h
er
ic
al
,
sm

o
o
th
,

th
ic
k
-w

al
le
d
m
o
th
er

ce
ll

w
it
h
si
n
g
le

an
d
m
u
lt
ip
le

b
u
d
d
in
g
s
re
se
m
b
li
n
g

“m
ar
in
er
’s

w
h
ee
l”

o
r

“s
te
er
in
g
w
h
ee
l”

S
m
al
l
2
–
6
mm

,
y
ea
st
-l
ik
e

ce
ll
s
th
at

h
av
e
si
n
g
le

tr
an
sv
er
se

se
p
tu
m

b
u
t

n
o
b
u
d
d
in
g
ce
ll
s
ar
e

p
ro
d
u
ce
d

196 M. Shahid et al.



specimen is particularly high in sputum, growth may be observed within 4–7 days.

Colony surface is gray-white and cob-web in consistency. The hyphae of dimorphic

fungi are delicate, septate and hyaline. Their arrangement in parallel bundles may

be seen. Species identification of the dimorphic fungi is based on the size, shape,

morphology, and arrangement of conidia. Species confirmation is done by yeast

conversion (or nucleic acid probe). The species of medical importance include

B. dermatitidis, Penicillium marneffei, Paracoccidioides brasiliensis, Sporothrix
schenckii, H. capsulatum, and C. immitis.

9.5.3.3 Tests for Identification of Dimorphic Fungi

Exoantigen Test

The exoantigen test was considered for many years as the method of choice for

definitive identification of dimorphic fungi (Kaufman and Standard 1978). This test

identifies the mycelia form of dimorphic fungi (Kaufman et al. 1983). This method

relied on the principle that soluble antigens are produced by fungi when grown in a

broth medium, which can be extracted and concentrated and subsequently reacted

with standardized antiserum. This is a double immunodiffusion reaction in agar.

This test with a proper antiserum is 100% specific for B. dermatitidis, and can be

applied for the identification of other dimorphic fungi. B. dermatitidis can be

specifically identified by this method, even when the extracted culture is contami-

nated (Di Salvo et al. 1981). However, the exoantigen test has been replaced by

specific nucleic acid probes that provide a more rapid and specific identification.

Direct Fluorescent Antibody Test (DFA)

The direct fluorescent antibody test for B. dermatitidis was developed by Kaplan

and Kaufman (1963). These fluorescent antibody reagents are, however, available

only at certain reference laboratories, and are not commercially offered.

Indirect Fluorescent Antibody Test

A specific indirect fluorescent antibody reagent was developed to facilitate the rapid

detection and identification of P. marneffei in histological sections (Kaufman et al.

1995). This test is specific, and shows no cross reaction with H. capsulatum.

Skin Tests

Individuals who become infected withHistoplasma or Coccidioides develop a DTH
reaction within 1–14 days which may persist for many years. This sensitization can
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be shown by skin tests in which induration and erythema occur 24–72 h following

intradermal inoculation of the appropriate fungal antigen (Histoplasmin and Coc-

cidioidin). However, this is usually not employed for diagnosis due to false-positive

reactions in endemic areas and cross-reactions that occur because of common

antigens shared by the major fungal pathogens (Edwards et al. 1969). The skin

tests may be falsely negative in disseminated disease, and skin tests boost the levels

of antibodies, thus causing confusion in the interpretation of serological tests

(Campbell and Hill 1964). The skin test is however useful for determining the

prevalence of infection in epidemiological studies.

9.5.3.4 Serodiagnosis for Dimorphic Fungi

Blastomyces Dermatitidis

The two serological tests in general use which detect antibodies to B. dermatitidis
and are useful for the diagnosis of blastomycosis are (a) the complement fixation

test (CFT), and (b) the immunodiffusion (ID) precipitin test. The EIA test is a more

recent development in the diagnosis of blastomycosis. A non-commercial radio-

immunoassay has been reported that incorporated BAD1, which is a target of both

antibody and T-cell responses (Klein and Jones 1990).

Histoplasma Capsulatum

For H. capsulatum, ID and CFT tests are used for the detection of antibodies. The

precipitin bands (H and M) are demonstrated by ID test using histoplasmin as

the antigen. H precipitin bands can be demonstrated in less than 25% of patients,

and are clear during the first 6 months after infection, whereas M bands appear in

about 75% of individuals and may persist for several years after the resolution of

infection (Wheat et al. 1982; Williams et al. 1994).The complement fixation test is

performed with both histoplasmin and whole yeast cell antigens. Titers of 1:8–1:16

are suggestive of active infection, and titers of 1:32 or higher are more suggestive of

active disease.

The most widely used is an immunoassay for the detection of Histoplasma
antigen (Durkin et al. 1997). This test has proven useful for the detection of

antigenemia in patients having disseminated disease (Wheat et al. 1986a), particu-

larly those with AIDS (Wheat et al. 1992). Histoplasma polysaccharide antigen is

found in blood, urine, CSF and bronchoalveolar lavage fluid of more than 90% of

individuals with disseminated histoplasmosis capsulate, and in urine of 75%

of those with extensive pneumonitis after acute exposure (Wheat et al. 1986b;

Wheat and Kaufman 2003).
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Coccidioidis Immitis

For C. immitis also, two assays, i.e., CFT and ID, are employed for diagnosis. The

precipitin antibody which is IgM in nature was detected by the tube precipitin (TP)

test (Smith et al. 1956). It can now be detected by immunodiffusion test

corresponding to tube precipitin test (IDTP). This antibody can be detected by

antigen-coated latex particles and by EIA. The antigen with which it reacts is

mainly polysaccharide, but it can also be a 120 kDa glucosidase (Kruse and Cole

1992) or a 21 kDa proteinase (Resnick et al. 1987) that can be released into the

culture medium (Zimmer and Pappagianis 1989). The antibodies detected by CFT

appear late and IgG in nature, and their titer clearly correlates with the extent and

severity of the disease. The reacting antigen is a chitinase (Johnson and Pappagianis

1992) which is released by the maturing, then rupturing spherules. This antibody

can be detected by EIA (Gade et al. 1992). CFT titers as low as 1:2–1:4 suggest

infection and titers greater than 1:16 are indicative of active disease with metapul-

monary dissemination, e.g., to skin, bone or even the meninges (Smith et al. 1956).

Paracoccidioides Brasiliensis

For paracoccidioidomycosis, several serological tests have been developed and

extensively studied. Agar gel immunodiffusion (ID), CFT, and CIE tests have

been employed extensively (Mendes-Giannini et al. 1994). Several other tests are

also available, such as indirect immunofluorescence, indirect hemagglutination,

ELISA, and dot blot immunobinding and Western blotting (Mendes-Giannini

et al. 1984; Taborda and Camargo 1993, 1994; Martins et al. 1997).

Penicillium Marneffei

A microimmunodiffusion test using mycelia culture filtrate antigen of P. marneffei
(Sekhon et al. 1982) has been used to monitor the serological response of an AIDS

patient with P. marneffei (Viviani et al. 1993). An indirect fluorescent antibody test
for detecting IgG antibody, using germinating conidia and yeast cells as antigens,

was able to detect the IgG titers of 160 or more in patients infected with

P. marneffei (Yuen et al. 1994). In addition, a gene (MP1) encoding a highly

antigenic cell wall mannoprotein (Mp1p) has been cloned, and purified recombi-

nant antigenic mannoprotein produced and tested in an ELISA for antibody detec-

tion (Cao et al. 1998). In order to assess the presence of antigen in the body fluids of

the patients affected with P. marneffei, rabbit polyclonal antibodies against arthro-
conidial filtrate (or yeast phase) were used in an immunodiffusion and latex

agglutination test, with a specificity of 100% (Kaufman et al. 1996). Encouraging

results were obtained with antibody reagent against the recombinant mannoprotein

Mp1p that was used to test sera from AIDS and non-AIDS patients with
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penicilliosis in an ELISA assay with specificity of 100% and sensitivity of 65%

(Cao et al. 1999).

9.5.3.5 Molecular Techniques for Dimorphic Fungi

Fungal cells are lysed, and the ribosomal RNA is hybridized to a DNA probe which

has been labeled with acridinium ester (Stockman et al. 1993). In short, the hybrids

are detected by the chemiluminescence of the attached probe. Amplification assays

using PCR have been developed to detect DNA of Histoplasma (Bialek et al. 2002;
Rickerts et al. 2002), Blastomyces (Sandhu et al. 1995; Bialek et al. 2003), Cocci-
dioides (Sandhu et al. 1995), Paracoccidioides (Gomes et al. 2000), P. marneffei
(Vanittanakom et al. 2002). Recently, real-time PCR has been used for the identifi-

cation of culture isolates of H. capsulatum (Martagon-Villamil et al. 2003), and the

detection ofH. capsulatumDNA has also been reported in a few clinical specimens,

but these are preliminary data and clinical trials will be needed to confirm the utility

of the test as a diagnostic tool. Oligonucleotide primers for selective amplification

of P. marneffei DNA were designed from the nuclear rDNA internal transcribed

spacer region (LoBuglio and Taylor 1995). Using nested PCR, the test was 100%

successful in amplifying P. marneffei DNA. It was possible to use the PCR-

hybridization technique to detect P. marneffei DNA in EDTA blood samples

collected from AIDS patients with penicilliosis. Recently, new PCR primers were

designed based on the 18SrDNA sequence, and were used in a single and nested

PCR method for the rapid identification of P. marneffei (Vanittanakom et al. 2002).

It was possible to perform a very young culture of P. marneffei (2-day-old filamen-

tous colony, 2 mm in diameter) by this assay. Another method which was developed

to provide rapid identification of dimorphic fungi including P. marneffei was a

PCR–EIA method (Lindsley et al. 2001). The DNA was amplified by using

universal fungal primers and was directed to the conserved regions of rDNA. The

PCR amplicons were then detected colorimetrically in an enzyme immunoassay

format for specific fungal species.

9.5.4 Laboratory Identification of Aspergillus Species

Direct microscopic examination of sputum preparations is often helpful in the diagnosis

of allergic aspergillosis. Microscopic examination of sputum is seldom helpful

in patients with suspected IA, but examination of bronchoalveolar lavage (BAL) speci-

mens is often rewarding (Delvenne et al. 1993). Typical mycelium may be detected

in wet preparations of necrotic material from cutaneous lesions or sinus washings,

but isolation of the etiologic agent in culture is essential to confirm diagnosis.

The definitive diagnosis of aspergillosis depends upon the isolation of the etiologic

agent in culture. Moreover, because Aspergillus species are commonly found in

the air, their isolation must be interpreted with caution (Nalesnik et al. 1980).
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Their isolation from sputum is more convincing if multiple colonies are obtained on

a plate, or the same fungus is recovered on more than one occasion. A positive

culture is indicative of infection, but may also merely represent colonization

(Delvenne et al. 1993). However, the isolation of A. fumigatus from the respiratory

tract specimens in heart transplant recipients is highly predictive of IA (Munoz

et al. 2003). Colony morphology and microscopic features of medically important

Aspergillus species are well-described in Table 9.11.

9.5.4.1 Media Used for Identification of Aspergillus Species

Czapek Agar

Subculture of an isolate to Czapek agar with incubation at 25–30�C allows identifi-

cation of Aspergillus species (Table 9.5).

Potato Dextrose Agar

Potato dextrose agar is particularly useful for inducing sporulation so that the

identification of the isolate becomes easier (Table 9.5).

9.5.4.2 Skin Test for Identification of Aspergillus Species

Skin tests with A. fumigatus antigen are useful in the diagnosis of allergic aspergil-

losis. Patients with uncomplicated extrinsic asthma caused by Aspergillus species
give an immediate type I reaction. Those with allergic bronchopulmonary aspergil-

losis (ABPA) give an immediate type I reaction, and may also give a delayed type IV

reaction.

9.5.4.3 Serodiagnosis of Aspergillus Species

Many potential systems for the immunodiagnosis of aspergillosis have been

described (Barnes 1993; Kappe and Seeliger 1993). Those based on detection of

antibody to the organism have been very successful in allergic aspergillosis and

aspergilloma, and those used for the detection of fungal antigen have great potential

for the diagnosis of IA (Manso et al. 1994).

Tests for Antibodies

Detection of specific precipitating antibodies to Aspergillus species by double

diffusion, CIE or ELISA has provided the basis for the most frequently used
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serological tests for the diagnosis of aspergillosis (Hopwood and Evans 1991;

Barnes 1993). The presence of one or more weak precipitin bands is one of the

diagnostic criteria accepted for the diagnosis of ABPA. It has been reported that all

serum specimens from patients with IA contain antibodies to a 58 kDa conconava-

lin A-binding antigen identified by SDS-PAGE and immunoblotting. However,

the specificity of this antigen has not been well-documented (Fratamico and

Buckley 1991).

Tests for Antigens

Methods have been sought for diagnosing IA infection in immunocompromised

hosts, which would rely on the measurement of a cell component (antigen) of fungal

origin and thereby be independent of the host’s ability to respond (Barnes 1993).

Aspergillus galactomannan circulates during infection and appears in the urine,

presumably after clearance by receptor-mediated process by Kupffer’s cell in the

liver. In addition to galactomannan, at least seven other aspergillus-related antigens

have been detected by immunoblotting, in the urine of patients with invasive

disease (Ansborg et al. 1994). The Platelia Aspergillus test system is a Sandwich

ELISA kit that is currently available in many reference laboratories, providing for

means for detection of Aspergillus circulating galactomannan early in the course of

progressive disease. Complement fixation test using aspergillin as antigen is also

used as a serological test, and titer �1:32 is suggestive of infection. The galacto-

mannan EIA (GM-EIA) assay offers promise of being an important test for IA

(Wheat 2003).

The value of granulocyte–macrophage (GM) detection by the Pastorex Asper-
gillus LA test (Sanofi Diagnostics Pasteur, Marnes-La-Coquette, France) has been

evaluated by a number of groups (Hopwood et al. 1995; Verweij et al. 1995a, b, c),

and the test showed sensitivities up to 95% with serum samples from patients with a

high index of suspicion for IA. ELISA is also used for detection of GM.

The detection of circulating b-1,3-D-glucan is another investigative strategy for

diagnosis of IA. The plasma concentration of b-1,3-D-glucan has been measured at

the time of routine cultures in febrile episodes (Obayashi et al. 1995). More recent

studies have confirmed the usefulness of this approach (Hossain et al. 1997).

9.6 Laboratory Safety Considerations

Biosafety in the clinical laboratory is of the utmost importance to the laboratory

worker and to those who work in adjacent areas. The fungi produce conidia that are

easily aerosolized and may contaminate the laboratory, air-handling specimens and

in some instance other cultures and specimens. Comprehensive safety guidelines

should be available to laboratory workers to minimize the risk of acquiring infec-

tion in this setting.
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The following are the guiding principles which should be remembered and

practiced by laboratory personnel:

(a) All clinical specimens should be considered as infectious, and universal pre-

cautions must be used to protect laboratory personnel.

(b) All mold cultures and clinical specimens must be handled in a class II bio-

logical safety cabinet (BSC), with no exceptions, to prevent aerosolization of

their conidia within the laboratory.

(c) An electric incinerator or a gas flame should be used to decontaminate the loop

used for transfer of yeast cultures. Flaming should be done on the entire wire or

loop and not only the tip.

(d) Cultures of organisms suspected of being pathogens should be sealed with tape

to prevent laboratory contamination, and should be autoclaved as soon as the

definitive identification is made.
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Chapter 10

Combinational Antifungal Therapy and Recent

Trends in Drug Discovery

Iqbal Ahmad, Mohd Sajjad Ahmad Khan, Maryam Zahin, Mohd Owais,

Mohd Shahid, Zafar Mehmood, and Aditya Bhushan Pant

Abstract Invasive fungal infections are a major problem in immunocompromised

patients. This has necessitated an increased interest in the development of new

antifungals to treat these life-threatening infections. However, our means of com-

bating fungal infections are still lagging behind those for bacterial infections, due to

toxicity and the lower clinical efficacy of available antifungals against some

invasive fungal infection. Thus, more efforts are needed in antifungal drug discov-

ery, as well as in developing effective ways of minimizing toxicity and improving

delivery of available antifungal drugs. One approach is the effective use of newer

antifungal agents in combination therapy against invasive aspergillosis, cryptococ-

cosis and candidiasis. On the other hand, identifying and validating new antifungal

drug targets is a prerequisite for new antifungal drug discovery. These new targets

might be discovered by both conventional but improved assays and genomic

approaches. Also, targeting virulence is expected to be a new paradigm for anti-

fungals. In this chapter, an attempt is made to describe recent progress in combina-

tional therapy and new approaches to antifungal drug discovery.
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10.1 Introduction

Fungal diseases in humans can be classified as (a) allergic reactions to fungal

proteins, (b) toxic reactions to toxins present in certain fungi, and (c) infection

(mycoses). Mycoses are of different types based on the site of infection and the

nature of causative agents. In healthy persons, common forms of mycoses are

superficial, cutaneous, or subcutaneous and in certain instances are systemic, caus-

ing a variety of conditions ranging from athlete’s foot and nail infections to severe

life-threatening disseminated diseases. On the other hand, immunocompromised

individuals are susceptible to a large number of opportunistic fungal pathogens

which cause systemic mycoses. Indeed, the last two decades have witnessed a

remarkable increase in the incidence of deep-seated disseminated mycoses (Barrett

2002). The reason for this increase is mainly due to the advent of aggressive cancer

chemotherapy, use of immunosuppressant for organ transplants, excessive and

indiscriminate use of broad-spectrum antibacterial agents, and the rise in the number

of cases of human immunodeficiency virus (HIV) infections. Candidiasis, aspergil-

losis, and cryptococcosis are the leading invasive fungal infections that cause

substantial morbidity and mortality in nosocomial settings and among immunocom-

promised patients (Truan et al. 1994). Candida spp. are considered to be the fourth

most common blood stream isolates in the United States (Magill et al. 2006).

Aspergillus spp. are the leading cause of pneumonic mortality in patients with

acute leukemia or bone marrow/hematopoietic stem cell transplants, and those

who have surpassed cytomegalovirus infections in this setting. These infections

are difficult to diagnose during lifetime, and, when diagnosed, often refractory to

treatment with existing therapy (Walsh et al. 2000). Furthermore, ongoing demo-

graphic trends would tend to strongly suggest that the number of fungal infections

will continue to increase due to the aging of the population in the developed

countries (Kauffman 2001). For many years, amphotericin B and fluconazole have

been the standard therapy for treatment of severe fungal infection (Dismukes 2000).

Unfortunately, these established agents suffer from a number of limitations such as

nephrotoxicity associated with amphotericin B, limited spectrum activity of flucon-

azole, and development of resistance amongCandida spp. (Dismukes 2000; Cha and

Sobel 2004).

Various antifungal drugs currently available for the treatment of systemic

fungal infections are amphotericin B and lipid formulations of amphotericin B,

5-fluorocytosine, and the azoles (miconazole, ketoconazole, fluconazole, and itra-

conazole). Currently the optimal properties being sought in new antifungal drug

candidates include inhibition of fungal cell wall biosynthesis, potency comparable

with that of amphotericin B, safety comparable with fluconazole, and fungicidal

activity both in vitro and in vivo (Andriole 1999). Interestingly, several new drugs

have recently been approved by the US Food and Drug Administration, including

voriconazole, caspofungin, and micafungin. Like two other triazoles (posacona-

zole, ravuconazole), caspofungin and micafungin represent the first new class (the

echinocandin lipopeptides) of antifungal agents approved after several decades of
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intensive research (Zaas and Steinbach 2005). In spite of these recent advances, the

currently marketed antifungals represent only three major chemical groups, i.e.,

polyenes, azoles, and echinocandins, and target only two cellular structures, namely

cell membrane and cell wall. However, to preclude wide-spectrum drug resistance

and to provide safe and more efficacious treatment of fungal infections, a wider

repertoire of antifungal drugs and new approaches for their identification and

development are still required.

Considering the complex nature of human fungal infection and host–fungi

interactions, multidimensional approaches are needed to develop ways and means

for effective management/treatment of fungal infections. Both classical (with

improved test methods), modern genomics, and proteomics-based approaches are

to be explored to identify new drug targets and develop simple assays for screening

natural products or transforming existing safe natural antifungals to enhance their

efficacy, as well as exploring combinational drug therapy against drug resistant

fungi. Recently, some progress has been made in using classical approaches to

discovering antifungal drugs from natural products, including microbial sources

(Marinelli 2009) which indicated that new antifungals could be developed if

systemic and improved strategies are used.

In this article, we review the recent progress made in combinational antifungal

therapy and current approaches such as genomic-based drug discovery. In order to

develop new antifungal drugs new targets and innovative delivery systems for

existing drugs are needed.

10.2 Combinational Antifungal Therapy

Recent advances in antifungal development have made available more pharmaco-

logic compounds to choose from for the management of these fungal infections.

The major challenges in management of invasive fungal infections should be kept

in mind before adopting any strategy to combat such refractory fungal infection.

These challenges, as described by Johnson and Perfect (2007), may include:

(a) Rapid and accurate diagnosis of infections

(b) Manipulating immune reconstitution, as too much or too little of a host immune

response can be problematic

(c) Optimizing pharmacokinetics/pharmacodynamics of drugs; poor drug bioavail-

ability, drug interaction, and toxicities can contribute to clinical failure

(d) Empiric/pre-emptive prevention strategies

(e) Surgical intervention and deciding between old and new antifungals

The role of combination antifungal therapy has been well-established for fungal

infections such as cryptococcal meningitis. The availability of new antifungals and

the increased incidence of mould infections such as hematopoiesis in stem cell

transplant recipients have stimulated interest in the clinical use of combination

antifungal therapy. In recent years, several authors have written excellent reviews
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covering both in vitro and in vivo antifungal combinations and the progress made in

the treatment of various fungal infections (Cuenca-Estrella 2004; Johnson and

Perfect 2007; Baddley and Pappas 2007; Espinel-Ingroff 2009). Here, we provide

a brief account of the concept and applications of combinational antifungal therapy

in combating fungal infection.

10.2.1 Principle of Combinational Therapy

A possible approach to overcoming antifungal drug resistance and high mortality

rates due to severe fungal infections is to combine two or three classes of anti-

fungals, especially drugs having different mechanisms of action. The overall goal

of combination antifungal therapy is to achieve increased clinical efficacy through

drug synergy and to avoid or minimize toxicity to the patient. Combination of drugs

may result in different outcomes defined as synergy, antagonism, additivity, and

indifference. When the combinational activity of drugs is greater than that of an

individual drug, it is defined as synergy. If it is lower, it is defined as antagonism.

Additivity is observed when efficacy in combination is no higher than the sum of

individual drugs, whereas indifference indicates no enhancement in efficacy at all.

There are several advantages and points to be considered in combination therapy, as

described by Baddley and Pappas (2005).

(a) Increased potency and extent of fungal killing

(b) Broader spectrum of activity targeting potentially resistant pathogens

(c) Counter-emergence of drug resistance

(d) Reduction of individual drug dosages to minimize their toxicities

In addition to the above advantages, there are several important strategies for

combinational antifungal therapy, each of which depends on a complex interaction

between antifungal agent, the host and the pathogens, such as the pharmacokinetics

and pharmacodynamics of the drugs (Medoff 1983; Lewis and Kontoyiannis 2001).

The disposition of the drug in the body in terms of absorption, distribution and

elimination should be considered when a combinational approach is required. For

example, use of an agent in combination that reduces the metabolic activity of a drug

would result in increased concentration of the drug, leading to enhanced efficacy.

Also, the use in combination of two antifungals with different target sites may result

in the active concentration of one being affected by the activity of the other.

However, it is generally assumed with combinational therapy that two drugs should

be administered at the same time. It is important to note that peak tissue concentra-

tions and optimal killing may vary between two antifungal drugs of different classes

depending on the antimicrobial activity pattern. For example, amphotericin B and

echinocandins exhibits their concentration-dependent killing, whereas azole and

flucytosine have a time-dependent pattern of killing (Andes 2003).

Drug combinations may be based on the different modes of action of two

antifungal drugs. Most of the antifungal drugs can be grouped into three major
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classes: (1) inhibitors of cell wall synthesis (echinocandin, nikomycin) (2) inhibi-

tors of cell membrane (azoles, polyenes), and (3) inhibitors of protein/DNA syn-

thesis (flucytosine, sordarin). Using a combination of drugs that act at different sites

may theoretically result in synergistic killing of the fungal pathogen, and several

examples are based on this principle (Eliopoulos and Moellering 1991; Lewis and

Kontoyiannis 2001; Barchiesi et al. 1998; Johnson et al. 2004). Combinations of

new agents together with more traditional antifungals have been shown to possess

some synergistic or at least additive activity against many pathogenic fungi in vitro
and in vivo. But caution is still needed since some antifungal combinations have

also demonstrated antagonistic activity. Well-controlled clinical trials are required

to define the most efficacious antifungal regimen. Furthermore, these trials should

evaluate the side-effect potential of combination therapy and the pharmaco eco-

nomic impact (Vazquez 2007).

10.2.2 In Vitro Antifungal Drug Interactions

Various methods are described in the scientific literature to determine the synergis-

tic interactions between two compounds in vitro and in vivo (Arroyo et al. 1997).

The most commonly used In vitro methods include the checkerboard method

(Eliopoulos and Moellering 1991), where a fractional inhibitory concentration

index (FICI) is calculated to determine combination efficiencies. Other methods

are time-kill assay, E-test, and the response surface model (Eliopoulos andMoellering

1991; Sugar 1995; Lewis and Kontoyiannis 2001). Each method has its own advan-

tages and limitations. However, checkerboard and time-kill assays are more popularly

used in vitro methods because of their ease of use.

The checkerboard method employs the testing of two antifungal agents in

microtitre plates, several dilutions (twofold) above and below their MICs, against

a given fungi being tested. The results are interpreted by the pattern obtained

on an isobologram which displays fractional inhibitory concentration indices

(FICI) on an arithmetic scale. FICI is calculated as the sum of FICs of individual

drugs.

FICI ¼ ðFICA þ FICBÞ ¼ ðA=AcÞ þ ðB=BcÞ;

where (A) is the minimum inhibitory concentration of drug A alone, (Ac) is the MIC

of drug A in combination, (B) is the MIC of drug B alone, and (Bc) is the MIC of

drug B in combination. The restriction with this method is that it can measure only

one-dimensional interaction, resulting in variation in data analysis, and thus may

not give actual FICs in certain cases (Meletiadis et al. 2003). It is generally agreed

by many experts in this field that an FICI value slightly lower or above the

theoretical cut-off value of 1.0 indicates no interaction (Odds 2003b), an FICI

value �0.5 indicates synergism, an FICI value >4 indicates antagonism, and an

FICI value >0.5 but �4 indicate no interactions.
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A more complex alternative to the checkerboard method is response surface

models (Te Dorsthorst et al. 2002; Meletiadis et al. 2003) that rely on data

generated by the three-dimensional nature of antifungal interactions, incorporating

interaction parameters and uncertainty of the estimates.

In vitro studies of combination antifungal therapy have been reported by various

workers, mainly against candidiasis, cryptococcosis and aspergillosis (Keele et al.

2001; Johnson et al. 2004; Cuenca-Estrella et al. 2005; Baddley and Pappas 2007).

The data obtained indicated variable results depending on the experimental

conditions, and nature and types of the fungal isolates. The interactions may be

synergistic, antagonistic, additive or no interaction. Some workers reported a

reduction in the emergence of flucytosine resistance in Candida spp. when used

in combination with amphotericine B (Polak 1978). The same combination has also

been reported to be synergistic or indifferent against Aspergillus spp. and Crypto-
coccus spp. (Denning et al. 1992; Keele et al. 2001). Combinations of terbinafine

and azoles have also produced synergistic interactions against Candida spp.

(Barchiesi et al. 1998). But azoles in combination with amphotericin B have mostly

shown indifference or antagonistic behavior against Aspergillus spp. (Denning et al.
1992), whereas caspofungin in combination with amphotericin B produced a

synergistic-to-indifferent effect (Arikan et al. 2002). Dannaoui et al 2004 reported

synergistic interaction of caspofungin with flucytosine and plus amphotericin B

or voriconazole in triple combination against Aspergillus spp. In a study by

Cuenca-Estrella et al. (2005), synergistic interaction between amphotericin B and

itraconazole. and between voriconazole and caspofungin, was observed against

itraconazole-resistant isolates of Aspergillus fumigatus, Voriconazole also exhib-

ited synergistic interaction with micafungin against Aspergillus isolates but was

indifferent for Candida albicans (Heyn et al. 2005). In a triple combination,

voriconazole, caspofungin, and amphotericin B showed synergy against Aspergillus
isolates (O’Shaughnessy et al. 2006). A report showed that inactivity of posacona-

zole against zygomycetes was overcome by combining it with caspofungin,

highlighting effective use of combinational therapy in treating newly emerging

pathogens in immunocompromised patients (Guembe et al. 2007). Also, concentra-

tion-dependent synergism and antagonism were observed for triple drug combina-

tion against Aspergillus spp. (Meletiadis et al. 2007). Lower concentrations of

voriconazole and amphotericin B and intermediate concentration of caspofungin

showed synergy, but a higher concentration produced an antagonistic effect. A

multi laboratory study from Chaturvedi et al. (2008) found reproducible results

showing synergistic interaction of amphotericin B, posaconazole, caspofungin,

and voriconazole against candida krusei, indicating successful application of com-

binational therapy. A recent study has highlighted the synergistic interaction of

micafungin with fluconazole, voriconazole, amphotericin B, and flucytosine against

Candida sp (Nishi et al. 2009). We have listed here some selected interaction

studies as an example in Table 10.1.

In addition to various fungal agents from different classes being tested in

combination, combinations of antifungals and antibacterials have recently been

exploited for effective therapy. For example, rifampicin, an antibacterial agent
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acting through blocking of DNA synthesis, exhibits no antifungal activity, but in

combination with amphotericin B it enters the fungal cell to inhibit DNA transcrip-

tion. Synergy for this combination has been reported against isolates of Candida
spp., Aspergillus spp., Fusarium spp., Mucorales, and C. neoformans, but no anta-

gonism is observed (Dannaoui et al. 2002). Likewise, some other studies have also

shown synergy between antifungal agents and the fluoroquinolones such as cipro-

floxacin, levofloxacin, and ofloxacin, and the macrolides against some fungal isolates

(Vitale et al. 2003). Recently, ciprofloxacin was shown to be interacting synergisti-

cally with amphotericin B against C. albicans and A. fumigatus (Stergiopoulou et al.
2008). Also, several nonantimicrobials have been evaluated in combination with

antifungals, such as cyclosporin and tacrolimus, the known calcineurin inhibitors,

which have increased the in vitro efficacy of both fluconazole and caspofungin

against Candida spp., Aspergillus spp., and C. neoformans (Kontoyiannis et al.

2003; Onyewu et al. 2003; Sun et al. 2008). An in vitro study for A. fumigatus
has also indicated synergy between itraconazole and amiodarone, and between

lansoprazole and nifedipine. In vitro combination of calcium pump blockers with

itraconazole has even shown synergy against resistant strains (Afeltra et al. 2004).

Recently, a report highlighted effective uses of amiodarone and cyclosporine

A in separate combination with azoles against drug-resistant C. albicans (Guo

et al. 2008; Li et al. 2008). Nikkomycin Z and retigeric acid had showed synergy

with voriconazole, caspofungin, and azoles respectively against C. albicans isolate
(Sandovsky-Losica et al. 2008; Sun et al. 2009). Anticarcinoma compound metho-

trexate has also been found interacting differently with antifungals against Asper-
gillus sp. It has shown synergy with terbinafine, no interaction with itraconazole

and amphotericin B, and indifferent action with voriconazole (Yang et al. 2009).

Table 10.1 List of various antifungal combinations tested in vitro against pathogenic fungi

Combinations Organisms

Candida spp. C. neoformans Aspergillus spp.

AMB þ azoles A, I I S, A, I

AMB þ echinocandins S, I S, I S, I

AMB þ 5-FC S, I S, A, I S, A, I

AMB þ TBF S, I NA S, A, I

Azoles þ echinocandins S, I S, I S, I

Azoles þ TBF S, I NA S

Azoles þ 5-FC S, A, I S, I I

TBF þ Cyclosporine A S NA NA

Azoles þ Cyclosporine A S, I NA NA

Azoles þ Amiodarone S NA NA

AMB þ Ciprofloxacin S NA S

Echino þ Nikkomycin Z S NA S

Source: Cuenca-Estrella (2004), Lewis and Kontoyiannis (2005), Oliveira et al. (2005), Fohrer

et al. (2006), Brun et al. (2007), Baddley and Pappas (2007), Guo et al. (2008), Li et al. (2008),

Sandovsky-Losica et al. (2008), Stergiopoulou et al. (2008)

AMB amphotericin B, FC flucytocine, TBF terbinafine, MCF micafungin, S synergy, A antago-

nism, I indifferent (includes both additive and no interaction), NA not available
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10.2.3 In Vivo Antifungal Drug Interactions and Clinical Trials

In vitro testing of drugs exhibits inherent susceptibility to pathogens, but in vivo
testing shows the efficacy with which this combination could be exploited in

clinical use, considering pharmacodynamic and kinetic parameters. However, addi-

tional factors also have an influence on clinical efficacy, such as the difficulty in

diagnosing deep mycosis, the heterogeneity of the patient affected, and the host

immunity, etc. Several animal models have been implicated for assessment of

synergy between antifungal compounds. However, the results obtained are variable

because of the divergence of methodologies adopted and differences in the animal

species involved; also, infection site and immune status have an effect on the real

infection situation. For example, many animal models rely on intravenous inocula-

tion of yeasts or conidia; this does not mimic the initiation and progress of the

majority of fungal infections in humans. In addition, some animal models raise

doubts about the validity of results because they employ lower doses of antifungal

agents than are recommended for clinical use. Therefore, numbers of reports on

in vivo and clinical trials are still limited, but some of the individual case reports are

available (Johnson et al. 2004; Baddley and Pappas 2007). Some reports state that,

similarly to in vitro studies of a combination of flucytosine and amphotericin B,

synergistic or indifferent results were obtained in vivo against Cryptococcus spp.
and Aspergillus spp. (Bava and Negroni 1992; Arroyo et al. 1997). Also, the in vivo
combination of azoles with amphotericin B against Aspergillus spp. has shown

similar to in vitro outcomes (Polak 1988). However, some in vitro combinations

have not resulted in consistency in vivo, as is the case with azoles and amphotericin

B against Candida spp. (Sugar et al. 1995). In general, combinations of echino-

candin with other antifungls have produced favorable results. Some of the in vivo
combination experimental data have been summarized in Table 10.2.

In addition, several clinical trials need to be conducted to evaluate the proposed

formulations. Various clinical studies and case studies have been conducted with

Table 10.2 List of various antifungal combinations tested in vivo against pathogenic fungi

Combinations Organisms

Candida spp. Cryptococcus spp. Aspergillus spp.

AMB þ FC S, I S, I S, I

AMB þ ICZ A, I S, I A

AMB þ FCZ A, I I I

AMB þ TBF NA NA I

AMB þ echinocandins I NA S, I

FCZ þ echinocandins NA NA NA

FC þ FCZ S, I S, I NA

PSZ þ echinocandins NA NA S

Source: Johnson et al. (2004), Cacciapuoti et al. (2006), Fohrer et al (2006), Baddley and Pappas

(2007)

AMB amphotericin B, FC flucytocine, TBF terbinafine, PSZ posaconazole, S synergy, A antago-

nism, I indifferent (includes both additive and no interaction)
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different combinations of antifungal drugs similar to those reported as being

successful in vivo. Clinical data for cryptococcosis have confirmed that amphoter-

icin B plus flucytosine is the most active combination for patients with cryptococcal

meningitis. Clinical trials in candidaemia also suggested improved outcomes

among patients receiving amphotericin B plus fluconazole versus fluconazole

alone. In aspergillosis, several experimental models suggest the benefit of a variety

of antifungal combinations (Baddley and Pappas 2005). Some of the in vivo studies
are summarized here. The first clinical application of combination therapy was

conducted for invasive candidiasis by oral administration of amphotericin B and

flucytosine, and found effective over fluconazole in a randomized study (Smego

et al. 1984). A double-blind study by Rex et al. (2003) on 219 patients for 14 days

demonstrated 69% successful outcome for combination therapy using amphotericin

B (0.6–0.7 mg Kg�1) and fluconazole (800 mg) compared to 56% for monotherapy

using fluconazole (800 mg) in treating non-neutropenic patients with candidemia

(p ¼ 0.043). A first large-scale clinical trial, in the pre-AIDS era, involving 51

patients over 4 years, was conducted for treating cryptococcal meningitis using a

combination of amphotericin B (0.3 mg Kg�1) and flucytosine (150 mg Kg�1)

versus amphotericin B alone (0.4 mg Kg�1) for 70 days, and showed marked

improvement for combinational therapy over monotherapy (p < 0.05). For the

same disease, with the advent of the AIDS pandemic, several pilot-scale or large-

scale studies comprising a combination of amphotericin B and flucytosine over

amphotericin B alone were conducted. Combination therapy was found

more effective in clearing CSF infections (Larsen et al. 1990). On the other hand,

a study from Saag et al. (1992) reported effective use of fluconazole alone over

amphotericin B used either alone or in combination with flucytosine in HIV patients

with acute cryptococcal meningitis. However, Brouwer et al. (2004) demonstrated

effective use of combinations therapy (amphotericin B with flucytosine, amphoter-

icin B with fluconazole, or amphotericin B with flucytosine and fluconazole) over

monotherapy (amphotericin B alone) for AIDS-associated cryptococcal meningitis.

Azoles have been exploited in combination with flucytosine to cure mainly

such infections (Mayanja-Kizza et al. 1998). However, some reports describe

effective use of fluconazole in combination with flucytosine in treating candidemia

due to fluconazole-resistant isolates (Girmenia et al. 2003). A double-blind rando-

mized study by Barbaro et al. (1996) involving treatment of esophageal candidiasis

revealed better efficacy of itraconazole along with flucytosine over monotherapy.

The combination of amphotericin B and azoles has also been evaluated success-

fully against candidal endocarditis (Thakur et al. 1994) and invasive aspergillosis

(Duchini et al. 2002). Invasive aspergillosis has responded well to the use of

caspofungin in combination with either itraconazole or lipid formulation of ampho-

tericin B (Rubin et al. 2002). The combination of amphotericin B with itraconazole

against aspergillosis is the most studied, appears to be safe, and is recommended

for use (Denning et al. 2003). A prospective, multicenter study by Singh et al.

(2006) on 40 patients with solid organ transplants suffering from invasive aspergil-

losis highlighted 67.5% survival success using a combination of voriconazole with

caspofungin, compared with 51% for the control treated with lipid formulation of
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amphotericin B. Recently, a retrospective study carried out on haematological

cancer patients for the period of 2001–2007 revealed successful implication

of liposomal amphotericin B with caspofungin in treating invasive fungal infections

(Rieger et al. 2008). Some of the selected clinical studies are listed in Table 10.3.

However, prior to recommendation of drugs after clinical trials, some issues

need to be considered, such as rapid and accurate diagnosis of mycoses, under-

standing or manipulation of the patient’s immunity, optimization of drug pharma-

cokinetics and dynamics in host tissue, empiric or pre-emptive prevention strategies

adopted against infections, surgical intervention, and activity of antifungals, whether

newer or old class drugs.

10.3 New Strategy for Antifungal Drug Discovery

In order to develop new approaches to antifungal therapy, new targets, novel

compounds and innovative delivery systems are required. In this regard, the cell

membrane, cell wall and associated virulence factors, and putative genes have been

targeted. Novel delivery systems consisting of cyclodextrins, cochleates, nanopar-

ticles/nanosphere and long-circulating (stealth) liposome substantially modulate

the pharmacokinetics of existing compounds and may also be useful in enhancing

the efficacy of antifungal agents (Walsh et al. 2000). In addition, some new targets

for antifungal agents may be identified involving fungal cell wall, a structure

essential to fungi but lacking in mammalian cells. Some of such major macromo-

lecular targets are chitin b-glucan and mannoproteins (Cabib et al. 1982; Cabib

et al. 1988; Klis 1994; Oehischiager and Czyrewska 1992). Similarly, plasma

membrane and targets based on synthesis of ergosterol, phospholipids, sphingolipid

and proton ATPase, efflux pump, protein synthesis, intermediary metabolism of

nucleic acid, signal transduction, and cell cycle, etc. can also offer new antifungal

drug targets (Sangamwar et al. 2008). In this chapter, we have focused on progress

made in antifungal drug discovery targeting virulence factors and genomics-based

approaches.

10.3.1 Targeting Virulence and Pathogenicity

The common themes of microbial pathogenicity, as described by Jones and Falkow

(1996), indicate that pathogenicity is the ability of a pathogen to cause disease, and

the degree of pathogenicity is called virulence. The term ‘virulence factors’ refers

to a set of genes that augment the ability of the parasite to survive and to grow

within the host and that are essential to the parasite’s ability to produce disease.

In a review article, Perfect (1996) emphasized the need for a broad definition

of virulence gene to encompass molecular antifungal targets. Various virulence
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factors, which include structure products of the microbial cell, play a significant

role in determining whether the microbial strain is virulent or avirulent. Various

virulence factors exist; interestingly, some of them are of obvious importance.

Therefore, virulence factors worth considering as an antimicrobial target should

fulfill Koch’s postulates (Falkow 1988), in so far as genetic disruption is linked to

attenuation.

In the recent past, effective antifungal therapy has become particularly important

as the number of immunocompromised patients with life-threatening fungal infec-

tions has increased. Further, due to the emergence of multi drug resistance, it has

been realized that it is not adequate only to target the essential processes of fungal

physiology, but also at least address the virulence process. The simple idea behind

this is no longer to try to kill the microorganisms acting as a pathogen by all means,

but rather to hinder them from causing any harm to the host. This in fact may offer a

kinder and gentler approach to antimicrobial chemotherapy (Alksne and Projan

2000). There has been a recent interest and enthusiasm for virulence factors as

antifungal targets among scientific workers (De Backer and Van Dijck 2003; Niimi

et al. 1999; Perfect 1996; Selitrennikoff et al. 2001). Various virulence factors of

pathogenic fungi have been known and characterized at molecular level (See

Chapter 2). For fungal virulence factors to be established, the corresponding

knockout strain should be shown to be a virulent one when assayed in an appropri-

ate animal model; reintroduction of the wild-type alleles should restore virulence.

An advantage of using virulence factors as drug targets is that they are usually

pathogen-specific and not found in the human host. However, a disadvantage is that

the chance of finding a virulence factor that is conserved among fungal pathogens is

difficult or low. On the other hand, virulence and pathogenicity of a pathogen is a

multifactorial phenomenon and targeting only single major virulence factors may

not be highly effective. Some workers believe that virulence factors are concep-

tually more likely to be targets for prophylactic rather than therapeutic agents and

may be highly specific to a single species or strain within a species.

Fortunately, during the last few years, virulence factors of fungi and their

inhibitors have, at least to some extent, been discovered and characterized. This

should provide new options for the development of potential antifungal therapeu-

tics, as described by Gauwerky et al. 2009. However, like many other antimicrobial

treatment strategies, the concept of virulence factor-oriented antimicrobial chemo-

therapy has its limitations, one being the fact that the inherent specificity makes

people expect a relatively narrow spectrum of action (Projan and Youngman 2002).

However, there are possible ways and means of overcoming such problems. Some

other studies have indicated that virulence factors of the fungal pathogen can

be altered. For example, aspartic proteinase (Sap), a prime virulence factor of

C. albicans, is upregulated in HIV patients treated with fluconazole at sub-MIC

concentration (Wu et al. 2000). Further, Navarathna et al. (2005) were able to show

in animal experiment that the virulence of C. albicans strains is increased upon

exposure to sub-MICs of fluconazole. A variety of virulence factors have been

observed in fungal pathogenesis (for detail see Chapter 2) and reported to be

targeted in vitro and in vivo for a possible new approach for describing new
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antifungals. Some of them are secretory aspartic proteinases (SAPs), the major

virulence factors of C. albicans. These are hydrolytic enzymes and encoded by a

gene family with ten members (Sap1–Sap10). Other virulence factors include

phospholipases (Mirbod et al. 1995; Birch et al. 1996; Ghannoum 2000), catalases

(Latge 2001; Paris et al. 2003), melanin (Brush and Money 1999; Huffnagle et al.

1995; Langfelder et al. 2003), calcineurin (Blankenship et al. 2003; Cramer et al.

2008), lipid signaling molecules (Sugimoto et al. 2004; Mare et al. 2005), and

several other putative virulence factors in one or other pathogenic fungi candidate

are in the development of new antifungal drugs targeting virulence. Several inhi-

bitors of these factors have been reported by various workers. Pepstatin A is a

specific aspartic proteinase inhibitor and reduces Candida adherence in vitro, but its
clinical application showed no value (Ollert et al. 1995). Didanosine (an antiretro-

viral agent) and squinavir (HIV proteinase inhibitors) were found effective in

clearance of oral candidiasis in HIV patients. Squinavir, retnovir and indinavir,

being HIV proteinase inhibitors, also inhibited candidal SAPs in vitro (Zingman

1996; Cauda et al. 1999). Among the SAPs, sap2 plays a greater role in pathogene-

sis, and was found to be inhibited by a congenitor of pesptatin named A-70450

(Ascencio et al. 2005). Some compounds, like alexidine hydrochloride, have been

found to inhibit phospholipases in C. albicans, C. neoformans, and A. flavus, as they
share structural similarity to phospholipid substrates (Ganendren et al. 2004). In

addition, some natural products such as tacrolimus, cyclosporine A inhibit calci-

neurin in C. albicans and C. neoformans (Liu et al. 1991; Huai et al. 2002). In

addition, olive extracts and saponins are reported to be inhibitors of elastases and

hyphal formation respectively in Candida infections (Battinelli et al. 2006; Zhang

et al. 2006). Furthermore, Aureobasdin A and Khafrefungin have been shown to

inhibit inositol phosphoryl ceramide synthase in Candida spp., C. neoformans, and
Aspergillus spp. (Gauwerky et al. 2009).

10.3.2 Use of Genomic Approaches in Antifungal Drug Discovery

Antifungal drug discovery is starting to benefit from the enormous advances in the

genomic field which have occurred in recent decades. The decline in the success of

the more classical drug-screening strategies in identifying potent, specific and

nontoxic antifungal therapeutics has highlighted the need of alternative approaches

(De Backer et al. 2002). One such approach using novel genetics and genomic-

based strategies will aid in the discovery of novel drug targets. The current

paradigm in the discovery of antifungal drug targets focuses on basically two

classes of targets to evaluate: genes essential for viability, and those for virulence

or pathogenicity. These genomic-based approaches, however, are in the stage of

infancy for antifungal drugs, but it is expected that recent advances in genetics and

genome-based technologies will allow us not only to identify and validate novel

fungal drug targets but hopefully in the longer run also to discover potent therapeu-

tic antifungal agents (De Backer and Van Dijck 2003).
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10.3.2.1 Principle of Genomic-Based Antifungal Drug Discovery

The application of fungal genomics offers an unparalleled opportunity to develop

novel antifungals. The release of the genome sequence of C. albicans in 2000

started a post-genomic era. The subsequent release of the sequence of many fungal

pathogens such as A. fumigatus and Cryptococcus neoformans and the emergence

of genome-wide characterization technologies have further improved its applica-

tion. At present more than ten fungal genomes have been sequenced including

those of Saccharomyces cerevisiae, C. albicans, Candida glabrata, A. fumigatus,
Cryptococcus neoformans, debaryomyces hansenii, Kluyveromyces lactis, Schizo-
saccharomyces pombe, Yarrwia lipolitica, and Eremothecium gossypii (Liu et al.

2006). Publicly available, there are complete fungal genome sequences, namely for

A. fumigatus, Cryptococcus neoformans, C. albicans, Saccharomyces cerevisae,
Neurospora carassa, Schizosaccharomyces pombe, andMagnaporthe grisea (Jiang
et al. 2002). These covers fungi from ascomycetes as well as basidiomycetes,

providing a wealth of comparative information. The concept and principle of

genomic-based antifungal drug discovery is similar to antibacterial or antiviral

drug discovery as described by Odds (2005). Some of the key features are determi-

nation of the complete DNA sequence of a pathogen followed by designation of the

open reading frames (ORFs) that encode functional products. However, it is a

difficult and time-consumingg process, and requires a combination of bioinformat-

ics and gene-expression technology. To define potential antimicrobial targets, the

sequence of microbial genes are compared with that of the human genome, and

microbial genes with a low degree of amino acid sequence homology to the human

gene are listed as potentially microbe-specific genes of the target. The next most

important task is the reduction of ORFs found by whole genome sequencing to a

short list of genes specific to the microorganisms. The assumption underlying

the genome approach is that an inhibitor of the products of microbial genes will

not have an equivalent target in human host and will therefore work as a specific

antimicrobial agent. Approaches to determining the functions of the unknown genes

include: (a) specific mutagenesis to determine phenotypic consequences or changes

in gene expression profile (De Backer and Van Dijck 2003), (b) transposon muta-

genesis to reveal gene functions (Firon et al. 2003), and (c) two-hybrid screening to

find sequences that interact with the gene of interest and post-transcriptional gene

silencing with antisense RNA (De Backer et al. 2001b, Gorlach et al. 2002; Liu

et al. 2002) and over expression of the gene in a foreign host.

Once a list of genes of interest has been compiled, the list is further reduced by

consideration of issues such as target function, patentability, and the ease with

which a high-throughput screen can be devised for inhibitors of the gene products

(Spaltmann et al. 1999). Different approaches for large-scale identification of

essential genes in C. albicans are used by Roemer et al. (2003). The applications

of comparative genomics for identification of antifungal targets are used by differ-

ent workers (Haselbeck et al. 2002; Willins et al. 2002). The next step is for the

investigator to design novel chemical compounds or classes that can be predicted to

inhibit the newly selected target (Anderson 2003) or screen existing compound
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libraries for the target inhibitor. The Hits (the first inhibitor not necessarily the

optimum molecules) can be optimized to leads (more potent inhibitor) by computer

analysis of drug target interaction and of predicted pharmacokinetics (adsorption,

distribution, metabolism excretion, etc).

10.3.2.2 Identification and Validation of New Antifungal Targets

A considerable amount of work is in progress in this direction especially in the

identification of essential genes as potential drug targets from key fungal pathogens

including C. albicans (De Backer et al. 2001a; Roemer et al. 2003; Sambrook

et al. 1989). It is believed that a more difficult task is target prioritization in terms

of, for example, degree of essentiality, broad spectrum potential, drug target

potential, fungal specificity, availability of functional assays, and amenability to

high-throughput screening (HTS). This would probably present a greater challenge

to the research community (Bruccoleri et al. 1998). Recently, excellent review

articles have been published covering recent progress made in this direction, and

the types of obstacles faced by a scientist when a fungal pathogen is subjected to

genomic strategies and target validation (Bays and Margolis 2004; Baddley and

Pappas 2005; Agarwal et al. 2008). There are several molecular genetic technolo-

gies being used to identify and validate antifungal drug targets, such as (a) gene

expression profiling approaches, (b) alternative methods to DNA microarray such

as serial analysis of gene expression (SAGE), (c) RNA mediated gene silencing

approaches, and (d) insertional mutagenesis-based approaches, as described by

De Backer and Van Dijck (2003).

The availability of genome sequence data for some fungi has made it possible to

identify new potential antifungal targets by using bio-information. These targets

may be identified on the basis that these functions are essential for viability, they are

conserved amongst fungal pathogens, and they have diverged significantly or are

absent in humans. Using a genome comparison (or concordance) tool, Liu et al.

(2006) identified 240 conserved genes as candidates for potential antifungal targets

in ten fungal genomes. To facilitate the identification of essential genes in

C. albicans, they developed a repressible C. albicans MET3 (CaMET3) promoter

system capable of evaluating gene essentiality on a genome-wide scale. The

CaMET3 promoter was found to be highly amenable to controlled gene expression,

a prerequisite for use in target-based whole-cell screening. Furthermore, Potential

targets involved in the process such as cell-wall biosynthesis and ergosterol bio-

synthesis are attractive partly because they are fungus-specific. Cell-wall modules

have been characterized which are involved in many fungus-specific physiological

processes, environmental protection, morphogenesis, and virulence (Hoyer 2001;

De Groot et al. 2005; Pardini et al. 2006). Many putative antifungal targets have

been reported by various workers; some of them are listed in Table 10.4.

Other types of drug target have been suggested on the basis that the target

molecule should not be conserved in humans. These include the translation initia-

tion factor and even central metabolic enzymes (Dominguez and Martin 1998;

Rodaki et al. 2006). A good example is heat shock protein 90 (HSp-90).
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This conserved molecule is the target of the therapeutic antibody, Mycograb.

However, a putative drug target identified by a bioinformatics approach might not

yet have yielded clinically useful antifungal drugs. Therefore, functional genomics

is proving useful in helping to define the mode of action of drugs (Weig and Brown

2007). Global effects of a drug upon gene expression are analyzed in this regard. In

C. albicans, this has been addressed at the level of transcriptome and the proteome

(Liu et al. 2005; Bruneau et al. 2003). For example, transcript profiling showed

that ketoconazole affects the expression of C. albicans genes involved in lipid, fatty
acid and sterol metabolism, and that caspofungin, a b-1,3-glucan synthase inhibitor,
influences genes involved in cell wall biosynthesis. These genomic datasets have

largely reinforced previous assumptions about the mode of action of these well-

characterized drugs. More to the point, these experiments have confirmed that

genomic approaches can provide valuable information about the mode of action of

a new antifungal by revealing which genes are regulated in response to the drug.

10.3.3 Progress in the Genomic Approach to Antifungal
Drug Discovery

The genomic approach to antifungal target discovery is not without pitfall. There

are many problems in identifying and validating an eligible gene target. There

are many uncertainties in gene annotation and functional assignment of genes

Table 10.4 Examples of some known putative genes exploited as targets for discovery of new

antifungal agents

Fungus Genes Product/function Inhibitors known

A. fumigatus, A. nidulans,
C. neoformans,
H. capsulatum

PRP8 Prp8 protein No

Candida spp., Aspergillus
spp.

Inositol phosphoryl-

ceramide synththase

Yes (natural

products)

A. fumigatus, C. neoformans
C. albicans

PMA1 Plasma membrane

H+-ATPase

Yes (ebselen)

A. fumigatus ERG11 Phenotypic No

C. albicans CDC68 Transcript elongation

factor

No

C. albicans VRG4 Golgi apparatus GDP-

mannose transporter

No

C. albicans CHS1 Chitin synthase 1 Yes (HWY-289)

C. albicans NMT N-myristoyl transferase Yes (RO-09-4609)

C. neoformans RAM1 Protein-farnesyltransferase

b-subunit homologue

Yes (FPT inhibitor 3,

calbiochem)

C. albicans, C. neoformans CNA1/CNB1 Calcineurin A or B Yes (cyclosporine

and PK506)

C. albicans FBA1 Fructose-1,6-bisphosphate

aldolase enzyme

No

Source: Odds (2005), Rodaki et al. (2006), Hu et al. (2007), Billack et al. (2009)
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(Stahura and Bajorath 2001). Genes of unknown function present a curious diffi-

culty when taking the rational approach to target discovery. Fungal pathogens

typically present significant obstacles when subjected to molecular genetics or

genomics strategies, as described by De Backer and Van Dijck (2003).

l Diploidy or polyploidy of strain requires multiple rounds of gene inactivation to

achieve a knockout mutant.
l Resistance to transformation in the fungal cell may require many independent

transformations to obtain mutant cells for screening.
l Use of different codon leads to incorrect expression of heterologous genes in

pathogens, and of genes from pathogens in hosts.
l Non-availability of functional mutagenesis vehicles, e.g., transposons force the

development of novel alternative means of mutagenesis
l Non-availability or incomplete genome sequence prevents efficient use of com-

parative genomics and genome expression profiling strategies

Good antifungal drug targets are typically considered to be either gene products

essential for viability or so-called virulence factors. Essential genes can be identi-

fied by creating a conditional gene-knockout strain in which one copy of a gene is

disrupted or deleted and other alleles are placed under the control of an inducible

promoter, so that the corresponding gene product is not made under repressed

conditions, and is subsequently monitored for viability and or growth. Various

molecular techniques are now available to identify and validate the novel antifungal

gene target. Various essential genes have been identified and validated as drug

targets; some of them are listed in Table 10.5.

Table 10.5 Examples of

some essential virulence

genes in pathogenic fungi

identified as targets for

antifungal drug discovery

Organism targeted Virulence

genes

Factors

Candida sp PHR1,2 pH-dependent

morphology

SAP1-7 Proteinases

PLB1 Phospholipases

Heme3 Porphyrin biosynthesis

Cryptococcus sp CnCal-A Calcineurin

Cap59 Capsule

NI Mannitol

CLC1 Melanin production

LAC1 Iron homeostasis

ENA1 ATPase

Histoplasma sp YP3 Transition phase

NI Heat shock

Aspergillus sp AFA/P Elastase

HYP1 Hydrophobin

LAE1 Hyphal formation

GLI Gliotoxin

ALB1 Conidial morphology

Source: Walsh et al. (2000), Idnurm et al. (2004), Bok et al.

(2005, 2006), Sugui et al. (2007), Idnurm et al. (2009)
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Three main molecular genetics technologies used to identify and validate anti-

fungal drug targets are based on gene expression profiling, RNA-mediated gene

silencing, and insertional mutagenesis. There are excellent review articles available

describing details of these techniques; our aim is to introduce the concept of

genomics in antifungal drug discovery. However, gene expression profiling

approaches as described by De Backer and Van Dijck (2003) are illustrated here

as an example.

A major tool used to identify novel drug targets is genome-wide transcriptome

analysis (expression profiling at the RNA level using DNA microarrays) or prote-

ome analysis (expression profiling at the protein level using two-dimensional gel

electrophoresis). Several papers have described the application of these technolo-

gies for the model yeast Saccharomyces cerevisiae and some of the reported

approaches are also very useful in the field of antifungal drug research (De Backer

et al. 2002). Gene expression profiling studies in pathogenic organisms are limited

but expanding rapidly on C. albicans (Enjalbert et al. 2003). Earlier work used a

subset of annotated C. albicans genes, but now DNA microarrays containing most

or all of the C. albicans genes are available. Gene expression profiling studies in

C. albicans or other pathogens are classified in four categories on the basis of

experimental set- up (Conway and Schoolnik 2003).

In a first category, cells are treated with a drug or other stresses and the gene

expression profile is compared with nontreated control cells (De Backer et al.

2002). When drugs are used, the expression profile is referred to as a drug-specific

gene expression signature, and studies have shown that DNAmicroarray analysis of

a mutant in which the target of the drug has been deleted results in a similar

signature. In a study by De Backer et al. (2001b), 296 genes differentially expres-

sing after treatment of C. albicans with itraconazole were identified, indicating that
the mechanism of action of a drug, or its molecular point of intervention, can be

identified through the use of gene expression profiling experiments with DNA

microarrays. Many genes of the ergosterol biosynthesis pathway, targeted by

itraconazole, were upregulated in the drug-treated cells. To identify alternative

molecular targets for the drug, it would be interesting to determine the expression

profile of erg11 or conditional erg5 deletion mutants (two direct targets of azole

drugs) after treatment.

In a second category, gene expression profiling of transcription factor mutants

is used to identify cellular targets that play a central role in the control of

metabolism and virulence, for example, the yeast-to-hyphae transition (Nantel

et al. 2002). Disruption of many transcription factors results in strains that

are affected in yeast-to-hyphae transition. For example, disruption of TUP1

and NRG1 results in constitutive pseudo-hyphal and hyphal growth, whereas

disruption of EFG1, CPH1 and CPH2 results in strains that are defective in

yeast-to-hyphae induction. Reduction in virulence from these mutants confirms

involvement of those genes in pathogenesis. DNA microarray analysis of these

deletion mutants allows the identification of many targets regulated by the

corresponding transcription factors.
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A third category involves the comparison of global expression profiles of two

phenotypic variants of the same strain. For example, the comparison of expression

profiles of white (W) and opaque (O) switch phenotypes of the C. albicans WO-1

strain revealed that these phenotypes differ in their ability to form hyphae, in their

surface properties, and in their drug susceptibility, and showed a completely

different metabolic gene expression pattern (Lan et al. 2002). The W cells are

more fermentative, whereas the O cells seem to be more respirative. This high-

frequency switching (white-to-opaque cells at 10�4–10�2 and opaque-to-white at

10�2–10�1) demonstrates that combined therapy with drugs that prevent expression

of genes important for virulence in both cell types as opposed to one cell type would

be the better option. The observation that the virulence of W and O cell types is also

dependent on the infection site in the host (Kvaal et al. 1999) supports this theory.

In addition, the infection site itself could result in differential expression, thus

illustrating the interplay between pathogen and host (Mukherjee et al. 2003).

In a fourth category, RNA is isolated directly from the pathogen within the host

(Kato-Maeda et al. 2001). In most cases, there is a correlation between the ability to

change morphology in vitro and virulence in vivo, but genes have been identified

that are either nonessential or have no effect on yeast-to-hyphae induction in vitro,
but which when deleted reduce virulence (Kato-Maeda et al. 2001). Experiments

using implanted dialysis chambers of cell cultures that mimic the host environment

are being conducted. The interaction between macrophages and S. cerevisiae cells
has been used to study gene expression following ingestion of the yeast cells by

macrophages (Lorenz and Fink 2001). Genes of the glyoxylate pathway, such as

ICL1, MLS1, MDH2 and CIT2, were found to be strongly upregulated. C. albicans
cells, which are not killed by the macrophage, react similarly to such ingestion by

strongly inducing genes of the glyoxylate pathway, permitting the use of C2

compounds. The C. albicans icl1 D/icl1D strain has no apparent phenotype under

laboratory conditions, but it is strongly affected in virulence in a mouse model for

systemic candidiasis. This finding, together with the fact that these genes are not

essential during normal growth and that the glyoxylate pathway does not occur in

human cells, makes these enzymes prime targets for specific antifungal and anti-

bacterial drugs.

Recently, an approach for screening of Candida genome was adapted by Xu

et al. (2007), which is a fitness test using reverse genetic assay, and genes related to

the mechanism of action of the probe compounds were clearly identified, support-

ing their functional roles and genetic interactions. In this report, chemical–genetic

relationships were provided for multiple FDA-approved antifungal drugs (flucona-

zole, voriconazole, caspofungin, 5-fluorocytosine, and amphotericin B) as well as

additional compounds targeting ergosterol, fatty acid and sphingolipid biosynthe-

sis, microtubules, actin, secretion, rRNA processing, translation, glycosylation, and

protein-folding mechanisms. They also demonstrated how chemically induced

haploinsufficiency profiles could be used to identify the mechanism of action of

novel antifungal agents, thereby illustrating the potential utility of this approach to

antifungal drug discovery.
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10.4 Conclusion

In recent years, the data generated on antifungal combination therapy, in both

in vitro and in vivo models, have been encouraging in many cases. However,

many in vitro studies are not useful in animal models and many animal studies

are not effective in clinical trials. In vitro data provide a base line for drug

combination, but they can only be useful if such interactions are demonstrated

under animal and clinical evaluation. Since the nature of fungal infection and its

treatment require a multi-dimensional approach, combination therapy seems to be

an attractive option for specific cases. It should not be generalized, as an injudicious

use may create a serious problem of multi-drug resistance in fungi. On the other

hand, there is a need to generate data on possible synergy interaction of antifungal

with other natural and safe compounds in vitro and evaluate them in animal models

for their efficacy and safety in combating fungal infections.

Furthermore, there is a need for new antifungal drugs to be addressed in a more

holistic and productive way. This requires a continuous and concerted effort to

develop more productive, traditional, hit-and-miss whole microbe-screening

approaches for identifying new compounds, and the molecular mechanism of

action of the compound could be explored through molecular tools and techniques

(Odds 2003a). The assumption by certain groups of workers that classical

approaches for drug discovery have become unproductive is not correct. There

is a need to redesign strategies for more productive outcomes. The genomic

approach at present is enriching much-needed basic molecular information

which will hopefully become very useful in drug development in the future.

Odds (2005) pointed out that the refined, rational, scientific approaches do not

yet necessarily accelerate the process of antifungal discovery, since compounds

with high activity against molecular targets would need to be designed to work

against intact cells. Their molecular activities commonly fail to extrapolate to

intact fungi, often because they are unable to gain access to an intracellular target.

And, of course, not all compounds that work against intact fungi show activity in

animal models of fungal infection. Clearly a combination of technologies, old and

new, provides the optimum platform for antifungal discovery. So far, molecular

approaches to target identification and the input of genomic information have

successfully validated many targets for new inhibitory drugs. No antifungal drugs

that are in clinical use have been developed through genomics, since several

constraints are being faced in identifying and validating targets for drug develop-

ment or heading to clinical development. The genomic era is still in its infancy

with regad to its role in drug discovery. It takes many years to develop, validate

and test a new antifungal drug. Hence, it is too early to decide the impact of

genomics on antifungal drug development. Furthermore, it is clear that genomics

is proving useful by defining the global effects of antifungal drugs upon the fungal

cell, and the mechanism of cellular adaptation to antifungals. Genomic

approaches are also helping to define potentially useful tools for the diagnosis

and prognosis of systemic fungal infection (Weig and Brown 2007).
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We therefore suggest that our efforts should not be directed only to one approach

for combating fungal infection. A holistic and multidimensional approach is

required to provide new treatment strategies and novel drugs and drug combina-

tions. Whatever be the future of the genomics-based approach for antifungal drug,

one thing is very clear; that it would be a very powerful tool for studying the

molecular mechanism of drug action and gaining in-depth understanding of gene

expression and functions, both in host and pathogen, under disease conditions,

which may open new dimensions in combating fungal infection in the future.
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Chapter 11

Role of De-Escalation and Combination Therapy

Strategies in the Management of Invasive Fungal

Infection: A Multidisciplinary Point of View

Rafael Zaragoza, Javier Pemán, Miguel Salavert, Amparo Solé,

Isidro Jarque, Emilio Monte, Eva Romá, and Emilia Cantón

Abstract The high morbidity, mortality, and healthcare costs associated with

invasive fungal infections, especially in the critical care setting and immunocom-

promised host, have made them an excellent target for prophylactic, empiric, and

preemptive therapy interventions, principally based on early identification of risk

factors. Early diagnosis and treatment are associated with a better prognosis. In

recent years there have been important developments in antifungal pharmacother-

apy. An approach to the new diagnosis tools in the clinical mycology laboratory and

an analysis of the use of new antifungal agents and their application in different

clinical situations has been made. Furthermore, an attempt at developing a state of

the art in each clinical scenario (ICU, hematological and solid organ transplant

patients) has been performed, with the aim of choosing the best strategy for each

clinical situation (prophylaxis, preemptive, empirical or targeted therapy). The high
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mortality rates in these settings make mandatory the application of early de-

escalation therapy in critically ill patients with fungal infection. In addition, the

possibility of antifungal combination therapy might be considered in solid organ

transplant and hematological patients.

11.1 Introduction

Hospital medicine has advanced greatly in the past few decades. Patients with

complex medical and surgical disorders are surviving longer due to equally com-

plex medical and surgical interventions, which often involve the “collateral dam-

age” of avoiding normal body defensive mechanisms.

Invasive fungal infections (IFIs), especially in the critical care setting, and solid

organ transplant (SOT) and hematological patients have become an excellent target

for prophylactic, empiric, and pre-emptive therapy interventions due to their

increasing incidence, high morbidity and mortality rates, and associated healthcare

costs. Early diagnosis and treatment are associated with a better prognosis.

Although at present the number of systemic antifungal agents has increased signifi-

cantly, the choice of antifungal drug must be based on the individual characteristics

of the patient, clinical scenario and the presence of hemodynamic instability. A

tailored therapy (de-escalation) must also be considered in some clinical situations.

The aim of this multidisciplinary review was to analyze the best option for

treating this special population patients, describing the antifungal armamentary,

and developing an state of the art in each clinical scenario (ICU, hematological and

transplant patients) in an attempt to choose the best strategy for each clinical

situation (de-escalation and/or combination therapy).

11.2 Systemic Antifungal Agents Today

According to their mechanism of action, antifungal agents can be classified as:

l Antifungals targeting fungal cell membrane

– Polyenes: amphotericin B, nystatin

– Azoles:

Imidazoles: miconazole, ketoconazole

Triazoles: fluconazole, itraconazole, voriconazole, posaconazole, ravuconazole

– Alilamines: terbinafine
l Antifungals targeting fungal cell wall:

– Echinocandins: caspofungin, micafungin, anidulafungin

– Nikkomycin Z (peptide-nucleoside antibiotic)
l Antifungals targeting DNA/RNA and antimetabolites

– Flucytosine
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l Antifungals targeting protein synthesis:

– Flucytosine

– Sordarins

The main characteristics of the antifungals most used for IFIs are shown in

Tables 11.1 and 11.2 (DRUGDEX® System 2008; Mensa et al. 2007; Richardson

et al. 2007).

11.3 Antifungal Administration Routes

The existing systemic antifungals permit mainly intravenous (IV) administration,

but only fluconazole, itraconazole, and voriconazole have oral formulation, allow-

ing sequential administration. However, the IV route remains the main administra-

tion route for treatment of most IFIs. Over the last few years, inhalers have been

added as an innovative administration route for some antifungal drugs.

11.3.1 Intravenous (IV) Route

General recommendations for preparation and administration of IV solutions are

indicated in Table 11.3, as well as the usual dose interval.

Although intermittent perfusions are recommended, continuous infusion adminis-

tration has been proposed over the past few years, with claims it could reduce the risk

of nephrotoxicity associated with amphotericin B (AmB). The preliminary results of

an open study, including 80 neutropenic patients with randomized hematologic

neoplasias during 4 h infusion versus continuous infusion, suggest more advantages

for continuous infusion. The maximum average daily dose was 0.95 mg/kg and

0.96 mg/kg respectively. A significantly lower incidence of reactions related to the

infusion was found (fever, shivers, migraine, etc.) in the case of continuous adminis-

tration, which also favored the creatinine clearance values (Eriksson et al. 2001).

Another cohort study on 81 febrile neutropenic hematological patients, includ-

ing those with bone marrow transplant with a higher IFI risk, evaluated the

administration of AmB in intermittent infusion during 4 h, (average daily dose of

0.69 � 0.2 mg/kg), compared to a continuous infusion (dose 0.79 � 0.2 mg/kg/

day). Kidney failure, defined as the duplication of baseline creatinine, was seen in

45% and 10% of the patients respectively (OR 0.14; IC 95% 0.04–0.5; p < 0.001).

The result was similar in patients with allogenic transplant and in those who were

given other nephrotoxic drugs. A multivariate logistic regression showed that

continuous infusion was the only variable significantly associated with kidney

failure, with a protective effect (Peleg and Woods 2004).

The first experiences with lung transplant and hematological patients with IFI

also evidenced that continuous infusion is well-tolerated, safe, and efficient in these
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patients (Schulenburg et al. 2005; Speich et al. 2002). A recent publication analyz-

ing the use of continuous infusion in cases of IFI affecting central nervous system,

showed that administration of higher doses of AmB has an acceptable safety profile

(Redmond et al. 2007).

Nevertheless, the use of continuous infusion is still controversial. Whilst some

authors defend this strategy before opting for lipid or liposomic formulations

(Johnson 2004; Schneemann and Bachli 2004), others do not consider it totally

acceptable because of limited experience of its application. Moreover, the phar-

makodynamics pattern of AmB (depending on concentration) favors the use

of fractionated higher doses (Lewis and Wiederhold 2003). In the same way,

Altmannsberger et al. (2007), when repeating the experience provided by Peleg

and Woods (2004), found no significant advantages between intermittent and

continuous infusion in patients with a high IFI risk.

11.3.2 Oral Route

The main characteristic data about antifungal oral administration are summarized

in Table 11.3.

11.3.3 Inhalation Route

To date, the use of inhaled administration of antifungal drugs is limited. The scarce

clinical experience with this route, and the complexity of establishing both the

correct dose and ideal formulation makes it difficult to reach firm conclusions for

their indications in patients at risk. Nevertheless, this route has the advantage of

reaching high concentrations of the antifungal in the site of infection (lung),

reducing systemic adverse reactions (Clemente et al. 2007). AmB has been used

for more than a decade in the IFI prophylaxis of immunocompromised patients

(neutropenic, TPH especially allogenic, lung transplant and other transplant

patients at high risk) (Sole and Nieto 2007). Published results for the use of

inhalated AmB for prophylaxis of IFI in lung transplant patients have demonstrated

a reduction of episodes of IFI and a safety profile in this population (Alexander et al.

2006; Clemente et al. 2007; Drew 2006; Drew et al. 2004; Lowry et al. 2007;

Mohammad and Klein 2006; Palmer et al. 2001)

Recently, the in vitro suitability of caspofungin for aerosol administration has

been characterized (Wong-Beringer et al. 2005). Caspofungin solution with adjust-

ments appears to have physicochemical and aerodynamic characteristics suitable

for aerosolization. However, further in vivo testing is warranted.

In conclusion, aerosolized antifungal therapy is a promising route of drug delivery

for pulmonary aspergillosis, due to attainment of high localized concentrations

(Mohammad and Klein 2006; Sole and Nieto 2007).
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11.4 Treatment of Invasive Candidiasis in ICU Patients

and De-Escalation Therapy

A 2006 publication has shown a shift toward the use of antifungal drugs other than

fluconazole due to the increasing number of non-C.albicans (NCA) isolates (Sendid
et al. 2006). Consequently, the application of an early de-escalation therapy in

critically ill patients with fungal infection should be recommended (Zaragoza and

Pemán 2006). For this reason, the increasing prevalence of NCA isolates vorico-

nazole (due to its broad spectrum and good profile in the ICU setting), caspofungin,

anidulafungin, and micafungin (particularly in renal dysfunction) could be attrac-

tive options in critically ill patients. Finally, the choice of antifungal drug must be

based on the individual characteristics of the patient, and particularly focus on the

presence of renal or hepatic failure, hemodynamic instability, and possible inter-

actions with other drugs. The presence of hemodynamic instability is a major factor

for choosing empirical therapy. This fact has been considered by guidelines pub-

lished recently enhancing a tailored therapy (de-escalation), especially with severe

sepsis or septic shock (Fluckiger et al. 2006; Pappas et al. 2004). All these guide-

lines, including the last ongoing IDSA guidelines, heavily recommend the use of

echinocandins in noneutropenic patients with IC when hemodynamic instability is

present. The high rate of clinical success of these agents in candidemia, their low

toxicity, their excellent safety profile and their broad spectrum against non-albicans
species make this recommendation feasible. A recent publication has corroborated

the use of caspofungin in critically ill patients (DiNubile et al. 2007).

In conclusion, IFIs, especially in the critical care setting, have become an

excellent target for prophylactic, empiric, and pre-emptive therapy interventions

due to high morbidity and mortality rates, an increasing incidence, and associated

healthcare costs. Early diagnosis and treatment are associated with a better progno-

sis in IC. Invasive candidiasis in critically ill patients can be treated with flucona-

zole, voriconazole, AmB, or echinocandins. Finally, the choice of antifungal drug

must be based on the individual characteristics of the patient, and particularly focus

on the presence of renal or hepatic failure and possible interactions with other

drugs. A strategy for the de-escalation of antifungal drugs, and the diagnosis

status–treatment protocol, are proposed in Fig. 11.1.

11.5 Combination Therapy

11.5.1 ICU Patients

The availability of new antifungal agents with single mechanisms of action and

improved tolerability has widened the possibility for the use of combination

antifungal therapy (i.e., a combination of two antifungal drugs) for difficult-to-treat,
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opportunistic mycoses. Furthermore, additive in vitro interactions of voriconazole

and the echinocandins have been observed. Few randomized clinical trials have

examined the role of this type of therapy for invasive mycoses, and no prospective

randomized trial of antifungal combinations has been completed for invasive mold

infections. The results of in vitro studies and animal models suggest that combination

therapy with azoles and echinocandins may have additive activity against Aspergillus
species and suggest a great potential for combination therapy, confirming the need for

further investigation (Marr 2004). However, the possible benefit of combination

therapy with voriconazole for disseminated cryptococcosis and invasive candidiasis

(or other emerging yeasts) needs to be elucidated. At present, a combination of Amb

plus flucytosine or monotherapy with fluconazole, caspofungin, voriconazole, or

Amb may be more desirable in these settings.

We must also consider the association of other drugs with antifungal agents as

combination therapy. For instance, Mycograb (NeuTec Pharma, Manchester, UK),

a human recombinant monoclonal antibody against heat-shock protein 90, has been

shown to act synergistically with Amb in vitro against a broad spectrum of Candida
species (Matthews et al. 2003). Subsequently, a double-blind, randomized study

was conducted to determine whether lipid-associated Amb plus Mycograb was

superior to Amb plus placebo in patients with culture-confirmed invasive candi-

diasis (Pachl et al. 2006). Patients received a lipid-associated formulation of Amb

Previous azole prophylaxis, and/or previous documented
C. krusei or C. glabrata infection, and/or hemodynamic

instability, and/or multiple colonization by non-C. albicans
species, and/or ICU admission

• Fluconazole: 400–800 mg IV daily
(consider sequential therapy to oral

route, 400 mg daily)

Consider broad-spectrum
activity coverage

YES NO

• Caspofungin: 70 mg in 24 hours on day 1 + 50 mg daily
• Anidulafungin: 200 mg in 24 hours on day 1 + 100 mg daily
• Micafungin: 100 mg daily

Consider de-escalation, if possible to fluconazole

Fig. 11.1 Hospital algorithm for antifungal drug use for suspected or proven invasive candidiasis,

based on a de-escalation strategy. ABLC: amphotericin B lipid complex; BID: twice daily; ICU:
intensive care unit; IV: intravenous
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plus a 5-day course of Mycograb or placebo, having been stratified on the basis of

Candida species (C. albicans vs NCA). A favorable overall response was defined as

a complete clinical and mycologic response, with resolution of all signs and

symptoms of candidiasis and culture-confirmed eradication of the pathogen.

At day 10, a favorable response was obtained for 29 of 61 patients (48%) in the

Amb-alone group, compared with 47 of 56 patients (84%) in the Mycograb combi-

nation-therapy group [odds ratio (OR) 5.8, 95% confidence interval 2.41–13.79;

P < 0.001]. A greater percentage of patients in the combination-therapy group,

compared with the Amb-alone group, met individual efficacy criteria, including

clinical response (86% vs 52%, OR 5.4, 95% confidence interval 2.21–13.39;

P < 0.001), mycologic response (89% vs 54%, OR 7.1, 95% confidence interval

2.64–18.94; P < 0.001), Candida-attributable mortality rate (4% vs 18%, OR 0.2,

95% confidence interval 0.04–0.80; P = 0.025), and rate of culture-confirmed

clearance of the infection (hazard ratio 2.3, 95% confidence interval 1.4–3.8;

P = 0.001). These results underscore the potential of combination therapy in cri-

tically ill patients. Nevertheless, further clinical trials are required to clarify this

issue in the ICU setting.

11.5.2 Hematological Patients

It is difficult to say something specific of hematological patients because most of

our current knowledge on IFI comes from patients with hematological malignancies

treated with myelotoxic chemotherapy followed in most instances by an allogeneic

hematopoietic stem cell transplant (HSCT). However, from a hematological point

of view, several considerations can be made. Firstly, it should be remembered that

hematological patients are prone to IFI since most of them receive myelotoxic

chemotherapy and usually have more than one of the well-known risk factors for IFI

(e.g., long-lasting neutropenia, older age, active cancer, corticosteroid therapy,

administration of broad spectrum antibiotics, allogeneic HSCT, central venous cath-

eter, or organ dysfunction). Secondly, hematological patients are usually polymedi-

cated and are thus exposed to harmful drug interactions. Thirdly, it is important to

emphasize that the same individual patient will be at risk at several time-points

through the entire treatment plan for his/her underlying disease. Thus, the planned

antineoplastic treatment should be kept in mind when designing antifungal strategies

for hematological patients. Historically, outcomes for IFI have been disappointing

and associated with a high mortality rate.

Poor response rates for primary and salvage monotherapy therapy for IFI and the

availability of increasingly safer agents with differing mechanisms of action have

prompted hematologists to use early combination therapy. Arguments for consid-

ering combination therapy include enhanced fungal killing (synergy), an enhanced

spectrum of activity, prevention of development of resistance, and reduction of

drug-related toxicities (Kontoyiannis and Lewis 2004). Favorable responses were

observed among HSCT patients failing polyene-based therapy for IA with a
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combination of voriconazole and caspofungin compared to voriconazole monother-

apy (Marr et al. 2004). Recently, a French multicenter randomized study comparing

combination therapy with AmB-L (3 mg/kg/d) plus caspofungin (70 mg/day and

50 mg/d thereafter) versus high-dose AmB-L monotherapy (10 mg/kg/d) for primary

treatment of IA was published (Caillot et al. 2007). A favorable overall response

was observed in 67% of combination therapy recipients compared to 27% of high-

dose therapy recipients (P = 0.028). The results of this small pilot, representing the

first prospective study of combination therapy in IA, are encouraging but need

confirmation. Combination antifungal therapies are expensive and potentially toxic

and, despite some recent encouraging reports, there are limited well-designed

randomized-controlled trials to guide the practicing clinician faced with managing

these problems.

Because echinocandins and triazoles are different classes of antifungal drugs

with different modes of action, the use of this two-drug combination has recently

received much attention in medical mycology. Several in vivo and in vitro studies
with echinocandins and voriconazole against aspergilli have been evaluated and

all show a lack of antagonism. Considering the advent of antifungal combination

in hematological patients, it will be highly interesting to investigate the use of

voriconazole with anidulafungin. At present, only a few data are available on the

use of this combination therapy in IFI. In 5 years, we will have a better

understanding of the in vitro–in vivo correlation of anidulafungin against infec-

tions due to Aspergillus spp. Further clinical trials are warranted to define

whether anidulafungin is a useful candidate for combination with voriconazole

for antifungal therapy. Therefore, well-defined clinical trials are necessary to

define the most efficacious antifungal combination. In these clinical trials, the

evaluation of an adverse event profile, as well as the pharmaco-economic impact,

should also be taken into account. The answers to these and other questions will

help define the future directions in antifungal therapy in leukemia and HSCT

patients.

11.5.3 Solid Organ Transplant Recipients

Renal, liver, heart, and lung transplantations are now considered to be the standard

therapeutic interventions in patients with end-stage organ failure. Infectious com-

plications following solid organ transplantation are relatively common due to the

transplant recipients’ overall immunosuppressed status. The incidence of invasive

mycoses following solid organ transplant ranges from 5 to 60% depending on the

organ transplanted. Moreover, invasive fungal infection accounts for significant

morbidity and mortality in solid organ transplantation, ranging between 25 and 95%

depending on the type of fungus and its organ localization. For diverse reasons, it is

therefore better to consider in the following section differentiating between patients

with lung transplant (LT) and the recipients of other types of non-pulmonary solid

organ transplantation.
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11.5.3.1 Lung Transplantation

IFI occur in 15–35% of patients after lung transplant (LT) and over 80% are caused

by Candida spp. and Aspergillus spp., with an overall mortality rate of nearly 60%

(Alexander and Tapson 2001; Kotloff et al. 2004; Marik 2006; Segal and Walsh

2006; Singh and Husain 2003; Sole et al. 2005). However, the overall incidence of

invasive mycoses in LT has declined over the past decade. This may be related to

improved surgical techniques, decreases in the length of operations, units of blood

transfused, more effective prophylactic strategies, and refinements in immunosup-

pressive regimens.

Data from the compilation and synthesis of existing studies give a variable

incidence of Aspergillus infection of 6% in the published series (ranging from 2.2 to

30%). Thesewide ranges translate thedifferences in definition criteria for IA, immuno-

suppressive therapy, and antifungal prophylaxis existing in each lung transplant

program. It is known that infection by Aspergillus may manifest in lung transplant

recipients in three different forms: colonization, tracheobronchitis/anastomotic infec-

tions, or invasive pulmonary/disseminated aspergillosis (Nicod et al. 2001). Although

cases of allergic bronchopulmonary aspergillosis (ABPA) have been reported, this is

a rare eventy that only occurs in transplant patients with CF (Helmi et al. 2003).

To prevent invasive pulmonary aspergillosis, multiple strategies and antifungal

drugs have been utilized such as oral itraconazole, voriconazole, or aerosolized

AmB used alone or in combination. Aerosolized-medication regimens are an

attractive option, as drug interactions and systemic toxicities are likely to be limited

(Drew 2006). Several centers have reported on the safety of aerosolized AmB with

a variety of dosing regimens (Calvo et al. 1999; Monforte et al. 2003; Reichenspurner

et al. 1997), and others with aerosolized Amb lipid formulations (Drew et al. 2004;

Lowry et al. 2007; Palmer et al. 2001). Our institution has used aerosolized AmB as

part of the post-lung transplant protocol since 1994 (Calvo et al. 1999). For the last

3 years we have also been using Amb lipid complex, with the same respiratory

tolerability and safety as aerosolized AmB, but the Amb lipid complex results in

patients being more comfortable for long periods of time (50 mg inhaled/weekly),

and they are more likely to adhere to the treatment. With regard to oral prophylaxis,

a study (Husain et al. 2006) was recently published which examined the efficacy

and toxicity of a strategy of universal de novo antifungal prophylaxis with vorico-

nazole compared to targeted antifungal prophylaxis. The main finding of this study

was that the overall rate of IA at 1 year decreased to 1.5% with universal vorico-

nazole prophylaxis as compared to 23.5% with a targeted prophylaxis strategy.

Interestingly, the rate of Candida colonization, particularly non-albicans species, in
the voriconazole group was significantly higher. In the voriconazole prophylaxis

cohort, 27% of the lung transplant recipients had normal liver enzymes throughout

the course of the study. The main handicap of this azole therapy is the strong

interaction with immunosuppressors which makes it necessary to monitor calci-

neurin inhibitors to avoid toxicity or rejection. Another interesting finding was that

universal voriconazole prophylaxis did not increase the rate of non-Aspergillus
fungal infections (especially zygomycosis).
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Newer azoles (voriconazole, posaconazole) with predictable bioavailability

should be preferred over the azole (itraconazole) with erratic bioavailability. Avail-

able echinocandins (caspofungin, micafungin, and anidulafungin) may have an

important role in antifungal prophylaxis because of their antifungal profile, pharma-

cokinetics and security; however, they are expensive and need intravenous adminis-

tration. Lipid preparations of Amb appear to be ideal for inhalational administration;

however, there are not rigorous pharmacokinetic studies in lung transplant recipients

to determine the appropriate dose and schedule of their administration. Monforte and

colleagues have demonstrated that aerosolized AmB and lipid preparations of Amb

are safe and achieve high concentrations in BAL fluid for the first 24 h and 14 days

respectively, following nebulisation (Monforte et al. 2003, 2005). These lipid for-

mulations permit delayed administration (every 7–14 days), which results in a bête

acceptance by the patient. Although the incidence of IFI seems to be reduced with

aerosolized AmB prophylaxis, the efficacy of this approach has not been determined

in a large prospective clinical trial. Furthermore, without detectable levels of AmB in

the circulation, extrapulmonary fungal infections may not be prevented by this

strategy. In addition, it is important to take into consideration the type of delivery

systems used for inhaled drugs (Corcoran et al. 2006; Hagerman et al. 2006).

Contamination of the nebulization systems used in the prophylaxis with AmB

nebulized in LT has also been described (Monforte et al. 2003). Contamination of

the nebulizing systems may be the origin of respiratory infections, and occurs

frequently when no strict cleaning and disinfection protocol is followed.

Another question is how long prophylaxis should be maintained. The majority of

centers agree to apply universal prophylaxis during the first period post transplant

(3 months); after this time, each center uses a tailored prophylaxis. It is also

recommended to use nebulized antifungal prophylaxis and/or pre-emptive therapy

with antifungal agents (voriconazole) in patients with chronic rejection and respi-

ratory samples positive for Aspergillus, even without clinical or radiological signs,

mainly in single lung transplant patients due to the high risk of IA (Sole et al. 2005).

This pre-emptive treatment should last for at least 6 months, the time-period over

which colonization has been shown to precede disseminated infection (Singh and

Husain 2003), and in some cases for life.

With regard to the treatment, voriconazole, an extended-spectrum highly lipo-

philic triazole with 98% oral bioavailability, is actually the first choice for initial

therapy of IA in LT patients and other immunosuppressed hosts. Other potentially

effective therapies include lipid formulations of Amb and echinocandins. Combi-

nation therapy using a triazole and an echinocandin has been evaluated in SOT,

with a significant reduction in mortality in those patients with renal failure and

infected by A. fumigatus (Singh et al. 2006).

11.5.3.2 Non-Pulmonary Solid Organ Transplantation

Frequency, incidence, and clinical and epidemiological characteristics of IFIs

in recipients of non-pulmonary solid organ transplantation (NP-SOT) are very
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different from those which occur in patients with lung transplantation (LT) and

hematopoietic stem cells transplantation (HSCT). The incidence of fungal infection

varies with type of SOT Table 11.4, though Candida spp. and Aspergillus spp.

account for most IFI in SOT recipients (Silveira and Husain 2007). Liver transplant

recipients have the highest reported incidence of Candida infections, while lung

transplant recipients have the highest rate of Aspergillus infections ( Singh 2005;

Table 11.4 Etiological and clinical characteristics of IFI according to the type of SOT

Organ Incidence

of IFI (%)

Usual etiologic

agent (s)

Variables portending higher risk

of IA

Mortality

(%) of IA

Renal 0–20 76–95% Candida
(mainly urinary

tract

infections),

0–25% Aspergillus

Graft failure requiring hemodialysis,

high level and prolonged

duration of corticosteroids

77

Heart 5–20 70–90%

Aspergillus,
8–25% Candida

Isolation of Aspergillus species in
respiratory tract cultures,

reoperation, post-transplant

hemodialysis, CMV disease

78

Liver 5–40 35–90% Candida,
9–45% Aspergillus

Retransplantation, renal failure

(particularly requiring renal

replacement therapy), fulminant

hepatic failure as an indication

for transplantation, primary

allograft failure, high transfusion

requirements, use of monoclonal

antibodies,

87

Lung/Heart-

Lung

10–45 43–72% Candida,
25–50%

Aspergillus

Single lung transplant, CMV

infection, rejection and

augmented immunosuppression,

obliterative bronchitis, Aspergillus
colonization, acquired

hypogammaglobulinemia,

presence of bronchial stents,

reperfusion injury, airway ischemia

68

Pancreas

(+ kidney)

10–40 >90% Candida,
0–3% Aspergillus

Similar factors to the liver and

kidney transplant, graft lost

(vascular graft thrombosis, post-

reperfusion pancreatitis), enteric

drainage, alemtuzumab-

containing immunosupressive

regimen

100

Small bowel 30–60 80–100%

Candida,
0–5% Aspergillus

Not clearly determined, similar

factors to others intra-abdominal

SOT recipients; Graft rejection/

dysfunction, enhanced

immunosuppression ,

anastomotic disruption, multi-

visceral transplant

66

SOT solid organ transplantation/solid organ transplant recipients, IFI invasive fungal infection, IA
invasive aspergillosis, CMV cytomegalovirus
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Singh and Paterson 2005; Sole et al. 2005; Sole and Salavert 2008). Recent

epidemiological studies suggest the emergence of resistant strains of Candida as

well as mycelial fungi other than Aspergillus in these patients. Moreover, signifi-

cant percentages of fungal infections are occurring late in the course of transplan-

tation. SOT recipients are also at risk for Cryptococcus infections (Singh et al.

2007) and reactivation of endemic mycoses such as histoplasmosis and coccidio-

mycosis. Recent changes in the epidemiology of fungal infections in SOT recipients

have occurred and newer data on the diagnosis, prophylaxis, and treatment of

fungal infections in these patients have appeared in the last years. Emergence of

newer and more potent antifungal agents with lower toxicity potentially changes the

concept of antifungal prophylaxis (Metcalf and Dockrell 2007; van Burik 2005).

Targeted prophylaxis against Candida and Aspergillus species is recommended

in all SOT, with the exception of LT, where universal prophylaxis against Asper-
gillus species is recommended owing to the lack of prospective data on the risk

factor analysis. Fluconazole should be used for prophylaxis against Candida spe-

cies unless the institution has a high rate of non-albicans infections. In this case,

Amb preparations, echinocandins, or newer azoles should be used. Voriconazole

can be used for prophylaxis against Aspergillus species; alternatives include posa-
conazole, echinocandins, and Amb preparations. Inhaled Amb can also be used in

NP-SOT, as is the case in LT, but there are not sufficient data to justify this type of

prophylaxis. In any case, the accurate duration of prophylaxis still remains poorly

defined owing to the lack of randomized clinical trials.

Therefore, the recommendations for prophylaxis against Aspergillus in NP-SOT
(especially in liver transplant recipients) are a lipid formulation of Amb (at doses of

2.5–5 mg/kg/day), voriconazole, or caspofungin, with a duration of 3–4 weeks or

until resolution of risk factors. Antifungal prophylaxis may be warranted whenever

more than one risk factor is present. Routine antifungal prophylaxis is not war-

ranted in heart transplant recipients, although in patients deemed to be at high risk

(Table 11.4), itraconazole may be an option (Munoz et al. 2004). Oral itraconazole

at 400 mg daily from day 5 after transplantation for 3–6 months has been associated

with a significantly lower incidence of IA than in an earlier cohort that did not

receive antifungal prophylaxis (2 vs 9.6%; P < 0.05).

The availability of new antifungal agents with unique mechanisms of action and

improved tolerability has widened the possibilities for the use of combination

antifungal therapy for difficult-to-treat opportunistic mycoses (Chamilos and

Kontoyiannis 2006), especially against serious and disseminated forms of invasive

aspergillosis.

An important advance in the antifungal armamentarium is the availability of the

newer broad-spectrum azoles voriconazole and posaconazole, which have been

studied for IA (Raad et al. 2007; Walsh et al. 2007). Researchers have studied the

echinocandin class as a salvage therapy in IA, and results have been encouraging,

making potential combination therapy with these drugs attractive (Denning et al.

2006; Maertens et al. 2004, 2006). Generally, for in vitro studies, combinations of

AmB and azoles against Aspergillus spp show indifference or antagonism. Studies

of AmB in combination with echinocandins have ranged from indifference to
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synergy (Arikan et al. 2002). Combinations of the echinocandins with triazoles

range from synergistic activity to indifference, but, importantly, no antagonism has

been reported (Perea et al. 2002). Animal models of IA generally confirm results

predicted by in vitro combination tests. Antagonism is often seen in the combina-

tion of AmB plus azoles (Clemons et al. 2005; Polak et al. 1982). Recently, several

important in vivo studies evaluating newer azoles and echinocandin combinations

have suggested that combination therapy is superior to single therapy by clinical

parameters such as survival, galactomannan antigenemia, and reduced colony

counts in tissues (Kirkpatrick et al. 2002; Petraitis et al. 2003). Importantly, no

antagonism was demonstrated in these studies. Other studies have evaluated AmB

and echinocandin combinations with favorable results, showing that combination

therapy resulted in reduced kidney burden of organisms, increased survival, and

improved histopathologic findings with combination therapy. However, a study by

Petraitis et al. (1999) found neither synergy nor antagonism with the combination of

micafungin and AmB. These in vivo studies demonstrated that combinations of

expanded-spectrum triazoles plus an echinocandin or AmB plus an echinocandin

have clinical potential and warrant further clinical investigation.

Antifungal combinations are increasingly used in clinical practice to improve

outcomes for refractory mycoses. However, the use of this therapy is largely

governed by empiricism (Kontoyiannis and Lewis 2004). Although important

clinical trials have used monotherapy for the treatment of aspergillosis, data from

clinical studies on the use of combination antifungal therapy for aspergillosis are

lacking. Most information on combination therapy for the treatment of aspergillosis

is derived from retrospective case series and reviews, especially in hematological

patients (Aliff et al. 2003; Kontoyiannis et al. 2003) or HSCT recipients, which do

not allow for appropriate critical analyses. Only a small number of clinical studies

report on the use of combination therapy of expanded-spectrum triazoles plus

echinocandins or AmB preparations plus echinocandins for IA (Marr et al. 2004).

Most studies are limited by retrospective evaluation, use of historical controls, and

use of combination therapy as salvage treatment. Nevertheless, these studies,

reviewed below, bring attention to toxicity concerns and important design issues

that are necessary for future successful combination therapy clinical trials.

No single randomized study on antifungal combination therapy in SOT patients

has been performed (Baddley and Pappas 2005). Existing information does not

support the use of combination therapy in invasive candidiasis in SOT patients.

Indeed, initial combination therapy with Amb and flucytosine is recommended for

SOT patients with central nervous system cryptococcosis. The combination of

voriconazole and terbinafine may be an attractive option for S. prolificans infections.
The aggregate of current data does not support the primary use of combination

antifungal therapy for IA infections. However, for patients who develop breakthrough

infections while receiving first-line monotherapy or have more resistant molds,

combination antifungal therapy may provide additional antifungal activity and may

be warranted (Wirk and Wingard 2008). A prospective study of voriconazole plus

caspofungin as initial therapy for IA in SOT patients found that combination therapy

was independently associated with reduced mortality in patients with renal failure
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and in those with A. fumigatus infection, even when adjusted for other predictive

factors of mortality in the study population (Singh et al. 2006). Investigators treated

40 IA patients with voriconazole plus caspofungin and compared them to 47 his-

torical controls treated with a lipid formulation of AmB. Survival at 90 days was

67.5% (27/40) in the voriconazole and caspofungin group and 51% (24/47) in the

control group (P = 0.117). Successful outcome was greater in the voriconazole and

caspofungin group compared to historical controls (70% vs 51%; P = 0.08), but the

difference was not statistically significant. In a multivariate analysis of factors

associated with survival, in patients with renal failure (HR 0.32, 95% CI,

0.12–0.85, P = 0.02), or A.fumigatus infection (HR 0.37, 95% CI, 0.16–0.84,

P = 0.019), combination therapy was independently associated with improved sur-

vival. This study is important because it included many solid organ transplant

recipients, but it is limited by the use of a historical control group.

Because of the previously mentioned limitations, responses with combination

therapy must be interpreted with caution. Importantly, these studies suggest that

combination therapies are relatively safe and lack antagonism, but the superiority of

combination therapy has not yet been determined. Moreover, drug interactions and

health care costs associated with combination antifungal therapy have not been

fully elucidated. Considering the in vitro, in vivo, and available clinical data for

AmB plus echinocandins and triazoles plus echinocandins, these important clinical

research questions require a randomized clinical trial.

In summary, combination therapy, sometimes including surgical resection,

should be considered for severe forms of IFI and IA in SOT patients (Table 11.5);

however, multicenter studies of such patients are urgently needed. A large clinical

trial studying combination therapy for IA is feasible but would require a collabor-

ative international effort and substantial support from both the pharmaceutical

industry and clinicians.

11.6 Conclusion

In summary, combination therapy, sometimes including surgical resection, should

be considered for severe forms of IFI in critically ill, hematological, and SOT

patients (Table 11.5) according to the type of invasive fungal infection, especially

when Aspergillus spp is involved; however, multicenter studies of such patients

are urgently needed. A large clinical trial studying combination therapy for IA is

feasible but would require a collaborative international effort and substantial

support from both the pharmaceutical industry and clinicians in order to clarify

the potential benefits of this strategy and more specifically the role of azoles and

echinocandins combination.

The application of this approach should always be considered in the severe

forms of these infections. De-escalation strategy offers a complementary role to

combination therapy, allowing the narrowing of the spectrum of the antifungal

therapy when the clinical situation of the patient has been improved.
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Doyma S.L., Barcelona

Mensa J, de la CR, Carreras E, Cuenca EM, Garcia Rodriguez JA, Gobernado M, Picazo J, Aguado

JM, Sanz MA (2009) Treatment of fungal infections in patients with hematologic neoplasia.

Med Clin (Barc) 132:507–521

Metcalf SC, Dockrell DH (2007) Improved outcomes associated with advances in therapy for

invasive fungal infections in immunocompromised hosts. J Infect 55:287–299

Mohammad RA, Klein KC (2006) Inhaled amphotericin B for prophylaxis against invasive

Aspergillus infections. Ann Pharmacother 40:2148–2154

Monforte V, Roman A, Gavalda J, Lopez R, Pou L, Simo M, Aguade S, Soriano B, Bravo C,

Morell F (2003) Nebulized amphotericin B concentration and distribution in the respiratory

tract of lung-transplanted patients. Transplantation 75:1571–1574

Monforte V, Roman A, Gavalda J et al (2005) Prophylaxis for Aspergillus infection in lung

transplantation: pharmacokinetics, safety and efficacy. J Heart Lung Transplant 24:

S108–S109, Abstract

Mukherjee PK, Sheehan DJ, Hitchcock CA, Ghannoum MA (2005) Combination treatment of

invasive fungal infections. Clin Microbiol Rev 18:163–194

Munoz P, Rodriguez C, Bouza E, Palomo J, Yanez JF, Dominguez MJ, Desco M (2004) Risk

factors of invasive aspergillosis after heart transplantation: protective role of oral itraconazole

prophylaxis. Am J Transplant 4:636–643

Munoz P, Singh N, Bouza E (2006) Treatment of solid organ transplant patients with invasive fungal

infections: should a combination of antifungal drugs be used? Curr Opin Infect Dis 19:365–370

Nicod LP, Pache JC, Howarth N (2001) Fungal infections in transplant recipients. Eur Respir J

17:133–140

Pachl J, Svoboda P, Jacobs F, Vandewoude K, der HB Van, Spronk P, Masterson G, Malbrain M,

Aoun M, Garbino J, Takala J, Drgona L, Burnie J, Matthews R (2006) A randomized, blinded,

multicenter trial of lipid-associated amphotericin B alone versus in combination with an

antibody-based inhibitor of heat shock protein 90 in patients with invasive candidiasis. Clin

Infect Dis 42:1404–1413

Palmer SM, Drew RH, Whitehouse JD, Tapson VF, Davis RD, McConnell RR, Kanj SS, Perfect

JR (2001) Safety of aerosolized amphotericin B lipid complex in lung transplant recipients.

Transplantation 72:545–548

Pappas PG, Rex JH, Sobel JD, Filler SG, Dismukes WE, Walsh TJ, Edwards JE (2004) Guidelines

for treatment of candidiasis. Clin Infect Dis 38:161–189

Pappas PG, Chetchotisakd P, Larsen RA, Manosuthi W, Morris MI, Anekthananon T,

Sungkanuparph S, Supparatpinyo K, Nolen TL, Zimmer LO, Kendrick AS, Johnson P, Sobel

270 R. Zaragoza et al.



JD, Filler SG (2009a) A phase II randomized trial of amphotericin B alone or combined with

fluconazole in the treatment of HIV-associated cryptococcal meningitis. Clin Infect Dis

48:1775–1783

Pappas PG, Kauffman CA, Andes D, Benjamin DK Jr, Calandra TF, Edwards JE Jr, Filler SG,

Fisher JF, Kullberg BJ, Ostrosky-Zeichner L, Reboli AC, Rex JH, Walsh TJ, Sobel JD (2009b)

Clinical practice guidelines for the management of candidiasis: 2009 update by the Infectious

Diseases Society of America. Clin Infect Dis 48:503–535

Peleg AY, Woods ML (2004) Continuous and 4 h infusion of amphotericin B: a comparative study

involving high-risk haematology patients. J Antimicrob Chemother 54:803–808

Perea S, Gonzalez G, Fothergill AW, Kirkpatrick WR, Rinaldi MG, Patterson TF (2002) In vitro

interaction of caspofungin acetate with voriconazole against clinical isolates of Aspergillus
spp. Antimicrob Agents Chemother 46:3039–3041

Perkhofer S, Lass-Florl C (2009) Anidulafungin and voriconazole in invasive fungal disease:

pharmacological data and their use in combination. Expert Opin Investig Drugs 18:

1393–1404

Petraitis V, Petraitiene R, Legit RJ (1999) Combination antifungal therapy with FK463 plus

amphotericin B in treatment of experimental pulmonary aspergillosis. 39th Interscience Con-

ference on Antimicrobial Agents and Chemotherapy, San Francisco (Abstract 2003)

Petraitis V, Petraitiene R, Sarafandi AA, Kelaher AM, Lyman CA, Casler HE, Sein T, Groll AH,

Bacher J, Avila NA, Walsh TJ (2003) Combination therapy in treatment of experimental

pulmonary aspergillosis: synergistic interaction between an antifungal triazole and an echino-

candin. J Infect Dis 187:1834–1843

Polak A, Scholer HJ, Wall M (1982) Combination therapy of experimental candidiasis, crypto-

coccosis and aspergillosis in mice. Chemother 28:461–479

Raad II, Hanna HA, Boktour M, Jiang Y, Torres H, Afif C, Kontoyiannis DP, Hachem RY (2007)

Novel antifungal agents as salvage therapy for invasive aspergillosis in patients with hemato-

logic malignancies: posaconazole compared with high-dose lipid formulations of amphotericin

B alone or in combination with caspofungin. Leukemia 22:496–503

Redmond A, Dancer C, Woods ML (2007) Fungal infections of the central nervous system: a

review of fungal pathogens and treatment. Neurol India 55:251–259

Reed C, Bryant R, Ibrahim AS, Edwards J Jr, Filler SG, Goldberg R, Spellberg B (2008)

Combination polyene–caspofungin treatment of rhino-orbital-cerebral mucormycosis. Clin

Infect Dis 47:364–371

Reichenspurner H, Gamberg P, Nitschke M, Valantine H, Hunt S, Oyer PE, Reitz BA (1997)

Significant reduction in the number of fungal infections after lung-, heart–lung, and heart

transplantation using aerosolized amphotericin B prophylaxis. Transplant Proc 29:627–628

Richardson M, Jones B, Rautema R (2007) Therapeutic guidelines in systemic fungal infections,

4th edn. Remedica, London

Salavert M, Zaragoza R (2009) Future role of micafungin in the treatment of invasive mycoses

caused by filamentous fungi. Rev Iberoam Micol 26:81–89

Schneemann M, Bachli EB (2004) Continuous infusion of amphotericin B deoxycholate: a cost-

effective gold standard for therapy of invasive fungal infections? Clin Infect Dis 38:303–304

Schulenburg A, Sperr W, Rabitsch W, Knobl P, Thalhammer F (2005) Brief report: practicability

and safety of amphotericin B deoxycholate as continuous infusion in neutropenic patients with

hematological malignancies. Leuk Lymphoma 46:1163–1167

Segal BH (2009) Aspergillosis. N Engl J Med 360:1870–1884

Segal BH, Walsh TJ (2006) Current approaches to diagnosis and treatment of invasive aspergillo-

sis. Am J Respir Crit Care Med 173:707–717

Sendid B, Cotteau A, Francois N, D’Haveloose A, Standaert A, Camus D, Poulain D (2006)

Candidaemia and antifungal therapy in a French University Hospital: rough trends over a

decade and possible links. BMC Infect Dis 6:80

Silveira FP, Husain S (2007) Fungal infections in solid organ transplantation. Med Mycol

45:305–320

11 Role of De-Escalation and Combination Therapy Strategies in the Management 271



Singh N (2005) Invasive aspergillosis in organ transplant recipients: new issues in epidemiologic

characteristics, diagnosis, and management. Med Mycol 43(Suppl 1):S267–S270

Singh N, Husain S (2003) Aspergillus infections after lung transplantation: clinical differences in

type of transplant and implications for management. J Heart Lung Transplant 22:258–266

Singh N, Paterson DL (2005) Aspergillus infections in transplant recipients. Clin Microbiol Rev

18:44–69

Singh N, Limaye AP, Forrest G, Safdar N, Munoz P, Pursell K, Houston S, Rosso F, Montoya JG,

Patton P, del Busto R, Aguado JM, Fisher RA, Klintmalm GB, Miller R, Wagener MM, Lewis

RE, Kontoyiannis DP, Husain S (2006) Combination of voriconazole and caspofungin as

primary therapy for invasive aspergillosis in solid organ transplant recipients: a prospective,

multicenter, observational study. Transplantation 81:320–326

Singh N, Alexander BD, Lortholary O, Dromer F, Gupta KL, John GT, del Busto R, Klintmalm

GB, Somani J, Lyon GM, Pursell K, Stosor V, Munoz P, Limaye AP, Kalil AC, Pruett TL,

Garcia-Diaz J, Humar A, Houston S, House AA, Wray D, Orloff S, Dowdy LA, Fisher RA,

Heitman J, Wagener MM, Husain S (2007) Cryptococcus neoformans in organ transplant

recipients: impact of calcineurin-inhibitor agents on mortality. J Infect Dis 195:756–764

Sloan D, Dlamini S, Paul N, Dedicoat M (2008) Treatment of acute cryptococcal meningitis in

HIV infected adults, with an emphasis on resource-limited settings. Cochrane Database Syst

Rev CD005647

Sole A, Nieto M (2007) Nebulized antifungal prophylaxis: role of amphotericin B lipid complex.

Med Intensiva 5:64–70

Sole A, Salavert M (2008) Fungal infections after lung transplantation. Transplantation Rev

22:89–104

Sole A, Morant P, Salavert M, Pemán J, Morales P (2005) Aspergillus infections in lung transplant
recipients: risk factors and outcome. Clin Microbiol Infect 11:359–365

Speich R, Dutly A, Naef R, Russi EW, Weder W, Boehler A (2002) Tolerability, safety and

efficacy of conventional amphotericin B administered by 24-hour infusion to lung transplant

recipients. Swiss Med Wkly 132:455–458

Spellberg B, Walsh TJ, Kontoyiannis DP, Edwards J Jr, Ibrahim AS (2009) Recent advances in the

management of mucormycosis: from bench to bedside. Clin Infect Dis 48:1743–1751

Steinbach WJ, Perfect JR, Cabell CH, Fowler VG, Corey GR, Li JS, Zaas AK, Benjamin DK Jr

(2005) A meta-analysis of medical versus surgical therapy for Candida endocarditis. J Infect

51:230–247

van Burik JA (2005) Role of new antifungal agents in prophylaxis of mycoses in high risk patients.

Curr Opin Infect Dis 18:479–483

Walsh TJ, Raad I, Patterson TF, Chandrasekar P, Donowitz GR, Graybill R, Greene RE, Hachem

R, Hadley S, Herbrecht R, Langston A, Louie A, Ribaud P, Segal BH, Stevens DA, van Burik

JA, White CS, Corcoran G, Gogate J, Krishna G, Pedicone L, Hardalo C, Perfect JR (2007)

Treatment of invasive aspergillosis with posaconazole in patients who are refractory to or

intolerant of conventional therapy: an externally controlled trial. Clin Infect Dis 44:2–12

Walsh TJ, Anaissie EJ, Denning DW, Herbrecht R, Kontoyiannis DP, Marr KA, Morrison VA,

Segal BH, Steinbach WJ, Stevens DA, van Burik JA, Wingard JR, Patterson TF (2008)

Treatment of aspergillosis: clinical practice guidelines of the Infectious Diseases Society of

America. Clin Infect Dis 46:327–360

Wirk B, Wingard JR (2008) Combination antifungal therapy: from bench to bedside. Curr Infect

Dis Rep 10:466–472

Wong-Beringer A, Lambros MP, Beringer PM, Johnson DL (2005) Suitability of caspofungin for

aerosol delivery: physicochemical profiling and nebulizer choice. Chest 128:3711–3716

Zaragoza R, Pemán J (2006) Invasive fungal infections in critically ill patients: different therapeu-

tic options and a uniform strategy. Rev Iberoam Micol 23:59–63

272 R. Zaragoza et al.



Chapter 12

Challenges to the Management of Pulmonary

Mycoses in Allogeneic Hematopoietic Stem

Cell Transplantation

Michael Koldehoff

Abstract Pulmonary mycoses are counted among the most dangerous complica-

tions in allogeneic hematopoietic stem cell transplantation. Despite the establish-

ment of antifungal chemoprophylaxis and empirical antifungal treatment, they

frequently leads to respiratory failure and are still associated with an extraordinarily

poor prognosis. However, the emergence of new antimycotics with alternative

mechanisms of action and decreased toxicity in combination with the development

of new non-culture-based diagnostic techniques may allow earlier, more aggres-

sive, and more effective antifungal treatment approaches. In addition, the optimized

use of new technologies designed to augment spontaneous breathing efforts by

patients, mechanical ventilation, as well as the advantages of early tracheostomy,

contributes to the hope for a considerable improvement in the outcome of respira-

tory failure due to pulmonary mycoses following allogeneic hematopoietic stem

cell transplantation.

12.1 Introduction

Allogeneic hematopoietic stem cell transplantation (HSCT) has been established as

a curative treatment for a multitude of malignant and nonmalignant disorders.

However, this procedure may cause life-threatening complications, especially in

the early post-transplant phase. Depending on risk factors, the incidence of invasive

fungal infections (IFI) in allogeneic HSCT recipients ranges from 14% to 25%

(Martino et al. 2002; Cornely et al. 2003). Pulmonary complications are one of the

major causes of respiratory failure in this context (Cooke and Yanik 2004; Hamza

et al. 2004; Kojima et al. 2005). Despite recent published guidelines for treatment
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of IFI based on etiology, these infections retain a high morbidity and mortality

in the HSCT setting (Barnes and Stallard 2001; Bach et al. 2001; CDCP 2000;

Huaringa et al. 2000; Cornely et al. 2009). Based on the risk factors, physicians

have attempted to predict IFI and focus prophylaxis on high-risk recipients. The

introduction of a variety of new antifungal compounds over the past decade has

focused attention on strategies as a means to decrease the threat of IFI. Weaning of

allogeneic HSCT recipients off artificial ventilation (AV) is a clinical challenge,

particularly in the light of IFI, duration of neutropenia, conditioning regimen-

related toxicity, graft-versus-host disease (GVHD), immunosuppressive therapy,

and steroid-induced myopathy. The rising incidence of IFI, especially invasive

aspergillosis, compromises therapeutic outcomes in hematologic cancer patients

and in transplant recipients. Additionally, early diagnosis of IFIs is critical (Greene

et al. 2007), but usually diagnosis is delayed, which hampers the outcome of further

treatment.

12.1.1 Spectrum of Fungal Pathogens

The most common pathogens responsible for pulmonary mycoses in recipients of

allogeneic HSCT are Candida and Aspergillus species (Wald et al. 1997; Chamilos

et al. 2006). The most prevalent Candida species are albicans (accounting for

50%–60% of Candida infections), krusei, glabrata, tropicalis, lusitaniae, and

parapsilosis. Among the Aspergillus species fumigatus is the most prevalent,

followed by flavus, terreus, and niger. However, the emergence of less common

but medically important fungal pathogens has contributed to the rate of morbidity

and mortality in allogeneic HSCT recipients. These pathogens include septate

filamentous fungi (e.g., Fusarium spp., Acremonium spp., Scedosporium spp.,

dark-walled molds) and aseptate or hyposeptate zygomycetes spp. (Walsh et al.

2004a; Jahagirdar and Morrison 2002). Other comparatively rare fungal pathogens

that may cause invasive infections include Cryptococcus spp., Histoplasma spp.,

Coccidioides spp., Trichosporon spp., and Pseudallescheria spp. (Wingard 1999;

Marr and Bowden 1999; Marr et al. 2002b).

12.1.2 Pathogenesis and Risk Factors of Pulmonary Mycoses
Following Allogeneic HSCT

The occurrence of IFI is limited to immunocompromised individuals, indicating

that an impaired host defense is a prerequisite for the development of pulmonary

mycoses. These infections develop either from endogenous organisms colonizing

mucosal surfaces such as Candida spp., whose proliferation is facilitated by antibi-

otic suppression of the bacterial flora, or through exposure to an environmental
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source and subsequent acquisition by respiratory inhalation (e.g., in pulmonary

aspergillosis). Successful competition with other microbial pathogens enables

fungal organisms to grow in sufficient numbers to overcome phagocytes. Mucosal

injury due to conditioning-related mucositis additionally facilitates the breakdown

of the mucosal barrier. Having overcome the mucosal barrier, various virulence

properties of the respective fungal organisms allow these pathogens to invade and

cause tissue damage in the immunocompromised host (Wald et al. 1997; Huaringa

et al. 2000; Chamilos et al. 2006; Walsh et al. 2004a). Invasive pulmonary infec-

tions with Candida spp. present frequently in the context of a disseminated disease,

often with positive blood cultures. In contrast, pulmonary aspergillosis may cause

isolated nodular lesions, multiple lesions, or diffuse pulmonary infiltrates (Wald

et al. 1997; Chamilos et al. 2006). The time-distribution of the incidence of

pulmonary mycoses following allogeneic HSCT is characterized by an early peak

as a consequence of neutropenia (increase starts in the second week of neutropenia)

and a later peak which is explained by the development of acute GVHD and steroid

treatment, resulting in a suppression of cell-mediated immunity and phagocytosis

(Nichols 2003). Recent trends show an increase in the late IFI, which now accounts

for the majority of cases of IFI (Marr et al. 2002a) (Table 12.1).

12.1.3 Prevention of IFI Following Allogeneic HSCT

A high standard of hygienic precautions and infection control measures is crucial in

allogeneic HSCT. The nosocomial acquisition of Aspergillus spores may be pre-

vented by the use of high-efficiency particulate air filters or laminar airflow (CDCP

2000). Since Candida infections usually develop as endogenous infections, preven-
tion of environmental exposure does not reduce the risk of candidiasis. To prevent

invasive candidal disease, the CDC guidelines and the Infectious Diseases Working

Party of the German Society for Hematology and Oncology recommend the use of

fluconazole 400 mg day�1 orally or intravenously for fungal prophylaxis of flucon-

azole-susceptible Candida spp. (CDCP 2000; Cornely et al. 2009; Hughes et al.

2002; Pappas et al. 2004). This approach has been supported by two randomized

trials which showed a decrease in IFIs after HSCT subsequent to fluconazole

prophylaxis. Fluconazole 400 mg d�1 was significantly superior to placebo in

both the reduction of breakthrough IFI and the decrease of IFI-attributable mortality

Table 12.1 Risk factors for pulmonary mycoses following allogeneic HSCT

Prior to engraftment Post-engraftment General risk factors

Prolonged neutropenia

Conditioning regimen related

mucosal damage

Fungal overgrowth

GVHD

Steroid therapy

Advanced age

Unrelated or mismatched donors

IFI in the past medical history

Concomitant respiratory infections

Concomitant CMV infections

12 Challenges to the Management of Pulmonary Mycoses 275



(Goodman et al. 1992; Slavin et al. 1995). In a longitudinal observation survival

benefit extended beyond the period of fluconazole treatment (75 days) and was

accompanied by a lower incidence of intestinal graft-versus-host disease (Marr

et al. 2002c). Moreover, fluconazole has been reported to protect from cyclophos-

phamide toxicity (Upton et al. 2007). On the other hand, since the introduction of

fluconazole prophylaxis a shift to azole-resistant Candida species in post-transplant
IFI has been observed (Fukuda et al. 2003). A recent study comparing fluconazole

with itraconazole for the prevention of fungal infections in allogeneic HSCT

recipients indicated that itraconazole provided a better protection against molds,

but toxicities and intolerance limited its use (Marr et al. 2004).

Aspergillus prophylaxis is reasonable in certain high-risk groups such as patients
with severe GVHD who require prolonged immunosuppressive therapy or patients

with a previous history of invasive aspergillosis. Although the prophylactic use of

amphotericin B has been evaluated in various studies, data are limited and the CDC

guidelines do not recommend its routine use in the prophylaxis of aspergillosis.

Amphotericin B inhalation in the deoxycholate formulation was considered active

in reducing invasive pulmonary aspergillosis on the basis of noncomparative

studies (Hertenstein et al. 1994). The only large multicenter trial did not confirm

these results (Schwartz et al. 1999). In a noncomparative evaluation of inhalational

amphotericin B lipid complex (ABLC) 50 mg d�1 and concomitant fluconazole

400 mg d�1 were found to be safe in allogeneic stem cell recipients (Alexander

et al. 2006). A placebo-controlled trial on aerosolized liposomal amphotericin B

(LAmB) resulted in a significant reduction of invasive pulmonary aspergillosis, but

did not improve survival. All patients received fluconazole at an undisclosed dose

and route (Rijnders et al. 2008). Aerosolized LAmB appears to be effective, but

does not prevent IFI other than pulmonary. Adverse events in these trials included

coughing, bad taste and nausea.

Prophylactic use of LAmB remains attractive, due to its lower toxicity. Recently

a randomized clinical trial compared LAmB 50 mg q48h with no prophylaxis in a

population with hematologic malignancies. In this reasonably sized and dosage

study on the prophylactic properties of the drug, the investigators observed a

significant reduction in the rates for proven and probable IFI as well as IFI-

attributable mortality rates (Penack et al. 2006). However, neither approach of

amphotericin B formulations has been sufficiently evaluated and cannot be recom-

mended at present. A recent study conducted in allogeneic HSCT recipients com-

pared itraconazole versus fluconazole from day +1 to +100 post-transplant. Proven

IFI occurred in 9% treated with itraconazole versus 25% in recipients treated with

fluconazole during the first 6 months post-transplant (p < 0.01) and translated for

lower fungal-related mortality (Winston et al. 2003). Posaconazole has been com-

pared to fluconazole or itraconazole in a randomized, open-label clinical trial in

patients undergoing induction chemotherapy for acute myelogenous leukemia or

myelodysplastic syndrome. At a dose of 600 mg d�1 posaconazole resulted in a

significant reduction in proven and probable IFI, mainly by reducing the incidence

rate of aspergillosis. Attributable and overall mortality were significantly reduced

as well. Safety, including the overall rate of patients with serious adverse events,

276 M. Koldehoff



was comparable between the three drugs. The only difference was a higher rate of

patients on posaconazole experiencing possibly or probably related serious adverse

events than patients on fluconazole or itraconazole prophylaxis. However, these

events did not translate into a higher rate of study-drug discontinuation (Cornely

et al. 2007). In another trial, allogeneic HSCT recipients with severe graft-versus-host

disease were randomly allocated to receive posaconazole or fluconazole in a double-

blinded fashion. Recipients receiving posaconazole prophylaxis had reduced rates of

proven and probable IFI and attributable mortality. Posaconazole was found to be as

safe and tolerated as fluconazole in this trial (Ullmann et al. 2007). These studies offer

the first hope that the broad-spectrum azoles may indeed reduce the risk of serious

mold infections in high-risk patient groups. Prophylaxis with posaconazole

600 mg d�1 is recommended during induction chemotherapy induced neutropenia

in patients with AML or MDS due to its effects on the rate of reduction of IFI and

death. Posaconazole 600 mg d�1 is recommended in HSCT recipients with GVHD

because of the reduction in the rates of IFI and attributable mortality. Several

immunomodulatory strategies to enhance host defense mechanisms against IFI

have been investigated in recent years including hematopoietic growth factors,

granulocyte infusions, gamma interferon, and keratinocyte growth factor (Walsh

et al. 2004a). The possible contribution of these new treatment approaches to an

improved control of IFI remains to be evaluated by clinical studies.

12.2 Diagnosis of Pulmonary Mycosis

The first clinical sign of IFI is persistent fever refractory to broad-spectrum antibi-

otic treatment. A consensus definition for possible, probable and proven IFI was

published by Ascioglu et al. in Ascioglu et al. (2002). The proposed criteria are

somewhat complex, but the criteria that will certainly apply to most patients are

summarized in Table 12.2.

Table 12.2 Main diagnostic criteria for IFI used in the EORTC/MSG diagnostic criteria

Category, type

of IFI

Description

Proven IFI Positive histopathologic examination of infected tissues

�
Positive microbiologic culture of the same specimen (this criteria is required

for the genus and species-specific definition of the IFI)

Probable IFI Clinical criteria for having an IFI

þ
Radiological findings suggestive of an IFI

þ
Positive microbiological sample obtained from the site of disease

Possible IFI Clinical criteria for having an IFI

þ
Radiological findings suggestive of an IFI

(For full details see Ascioglu et al. 2002)

12 Challenges to the Management of Pulmonary Mycoses 277



Diagnosis of fungal pneumonia includes radiological imaging (X-ray, thoracic

CT scans including high-resolution or spiral CT scans), microscopy and microbio-

logic cultures (blood, throat swabs, washes from mouth and nose, sputum, salvia

and bronchial secretions, and tissue biopsy obtained by BAL). However, the

culture-based diagnostic tools are characterized by a low sensitivity and specificity

and often, if at all, only become positive at a late stage of infection (Verweij and

Meis 2000). In recent years, new molecular non-culture-based diagnostic techni-

ques have been established in order to provide a definitive diagnosis of IFI at an

earlier stage of infection. These new methods include PCR detection of fungal

DNA and a variety of serologic tests such as detection of circulating fungal antigens

or antifungal antibodies. For instance, the fungal cell-wall component galactoman-

nan has been shown to be a sensitive marker for invasive aspergillosis (Kontoyian-

nis et al. 2002; Becker et al. 2003; Spiess et al. 2003; McLintock and Jones 2004).

The accuracy of the b-glucan assay (a cell-wall component of many fungi) for

diagnosis of aspergillosis and candidiasis and its role in IFI diagnosis remain

unclear, in part because the few published studies report widely varying specificity

(Wheat 2006). These new diagnostic tests may not only be of considerable benefit

for high risk patients who should be screened for fungal infections at regular

intervals, but they have also proven to be useful in monitoring the response to

antifungal therapy (Verweij and Meis 2000; McLintock and Jones 2004). However,

more prospective studies are required to establish the utility and accuracy of non-

culture-based tests for early diagnosis and improved outcome in allogeneic HSCT

recipients suffering from IFI.

12.3 Antifungal Agents Used in the Treatment of IFI

in Allogeneic HSCT

Conventional amphotericin B (amphotericin B deoxycholate) has long been the

standard treatment for pulmonary mycoses, although responses are suboptimal in

severely immunosuppressed patients and toxic effects often limit its use. The

development of lipid-based delivery technologies offered the possibility of reduced

toxicity and resulted in the birth of three lipid formulations of amphotericin

(LFAB): ABLC, amphotericin B colloidal dispersion, and LAmB (Herbrecht

et al. 2003; Ostrosky-Zeichner et al. 2003). These agents have the same antifungal

spectrum and activity as amphotericin B deoxycholate. The pharmacokinetic prop-

erties differ between these formulations, with remarkable differences in the tissue

distribution. To date, the clinical significance of these observations has not been

fully elucidated. Preclinical data suggest that, compared to conventional amphoter-

icin, higher concentrations of lipid formulations are needed to exert similar anti-

fungal effects. However, since the antifungal activity of all LFAB is equivalent to

conventional amphotericin B and the drug-related toxicity is reduced significantly,
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lipid formulations should generally be preferred to conventional amphotericin B

in allogeneic HSCT patients. Interestingly, a recent trial showed that initial use of

higher doses of LAmB at 10 mg kg�1 b.w day�1 did not improve efficacy and was

associated with more toxicity (Muñoz et al. 2008).

Itraconazole has a wide spectrum of activity, including Aspergillus spp., Candida
albicans, and non-albicans species, but cross-resistance to fluconazole-resistant

Candida spp. has been shown (Bagg et al. 2003). Two large studies have recently

been reported comparing the use of itraconazole with fluconazole for primary

prophylaxis in high-risk patients who were recipients of allogeneic HSCT. These

have confirmed that itraconazole is effective in this setting in reducing the rate of

IFI. However, there are concerns with regard to increased toxicity and the potential

for drug interaction with itraconazole compared with fluconazole (Winston et al.

2003; Marr et al. 2004).

Additionally, bioavailability differs among patients. The shift to fluconazole-

resistant non-albicans Candida infections increased research efforts into newer

antifungal agents. In recent years three new antimycotics, voriconazole, posa-

conazole and caspofungin, have been established and are nowadays used fre-

quently in allogeneic HSCT recipients with IFI. Voriconazole or posaconazole

are members of the triazole family of antifungal agents and interact with ergos-

terol synthesis. Voriconazole has the broadest antifungal spectrum of clinically

used azoles. It is available in oral and injectable solution. Posaconazole is a

second-generation azole that has a similar constitution to that of itraconazole.

Caspofungin belongs to the echinocandin class of antimycotics which inhibit

b-1,3-D-glucan synthesis in the fungal cell wall. Both azole (voriconazole or

posaconazole) and caspofungin are effective in the therapy of Aspergillus and

Candida (including non-albicans Candida species) infections (Chiou et al. 2000;

Groll and Walsh 2001; Walsh et al. 2002; Herbrecht et al. 2002; Pfaller et al. 2001;

Pfaller et al. 2002). In examination using clinical isolates, posaconazole had more

potent fungicidal activity than amphotericin B, itraconazole, or voriconazole, and

its characteristics include its effectiveness against Zygomycetes and Rhizopus (Van
Burik et al. 2006).

In a randomized, multicenter trial comparing LAmB with voriconazole for

empirical antimycotic therapy in patients with neutropenia and persistent fever,

voriconazole was as effective as, and better tolerated than, LAmB (Walsh et al.

2002). Another recent randomized study compared voriconazole with amphotericin

B in immunocompromised patients with proven or probable invasive aspergillosis,

and demonstrated the superiority of voriconazole as initial therapy in terms of

response rate, survival rate, and safety (Herbrecht et al. 2002). Voriconazole is a

substrate and inhibitor of hepatic cytochrome P450 isoenzymes, with a stronger

drug interaction than fluconazole or itraconazole. Possible side-effects include

hallucinations, visual disturbances, and liver toxicity, which is obviously related

to increased voriconazole blood levels. Severe nephrotoxicity has not been reported

so far, but dose adjustments have to be undertaken in patients with preterminal renal

failure.
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A multicenter, randomized trial evaluating posaconazole versus fluconazole

for the treatment of oropharyngeal candidiasis in subjects with HIV/AIDS

demonstrated that posaconazol was as effective as fluconazole in producing a

successful clinical outcome. Adverse events were similar between treatment

arms. On day 14, mycological success was 68% in both arms, but by day 42

significantly more posaconazole recipients than fluconazole recipients continued

to have mycological success (40.6% vs. 26.4%; p < 0.04). Fewer posaconazole

recipients than fluconazole recipients experienced clinical relapse (31.5% vs.

38.2%). The observation reported here indicated that oral posaconazole has a

tolerability profile and may offer a beneficial alternative to other antifungal

agents currently in clinical use for treating oropharngeal candidiasis (Vazquez

et al. 2006). Posaconazole inhibits cytochrome P450 isoenzyme 3A4 and is highly

interactive with other drugs. Concomitant use of phenytoin, among others, is

contraindicated. Transfer to the cerebrospinal fluid is low and the rate of protein

binding is high. In an open-label, multicenter study in patients with invasive

aspergillus and other mycoses, who were refractory to or intolerant of conven-

tional antifungal therapy, posaconazole demonstrated an overall success rate of

42% vs. 26% for the control subjects (p < 0.06). These findings indicate that

posaconazole is an alternative to salvage therapy for patients with invasive asper-

gillosis who are refractory to or intolerant of previous antifungal therapy (Walsh

et al. 2007).

In studies comparing caspofungin with LAmB for empirical antimycotic

therapy in patients with persistent febrile neutropenia, the overall response was

similar. However, the subgroup with proven IFIs responded significantly better

to caspofungin, resulting in an improved overall survival rate (Walsh et al.

2004b). In patients with invasive candidiasis, caspofungin was superior to con-

ventional amphotericin B in terms of all drug-related adverse effects such as

nephrotoxicity, hypokalemia, infusion-related events, and the need for drug-

related discontinuation in general (Mora-Duarte et al. 2002). The most clinically

relevant adverse event of caspofungin is its interaction with calcineurin inhibi-

tors: though caspofungin has no effect on the pharmacokinetics of cyclosporin,

their concomitant use was associated with an increased risk for hepatic dys-

function. These data imply a need for reduction of caspofungin doses in HSCT

recipients with elevated liver function tests. In contrast to this, caspofungin

reduces tacrolimus blood levels by up to 20% so that upward tacrolimus dose

adjustments may be necessary (Sable et al. 2002). Nephrotoxicity related to

caspofungin has not been reported so far. A reliable method for the measurement

of caspofungin blood levels has not been published so far. Micafungin at a dose

of 50 mg d�1 has been compared to fluconazole in a large double-blind trial

undergoing autologous or allogeneic HSCT. Invasive candidiasis was effectively

prevented by both regimes, and the rate of aspergillosis was lower in the mica-

fungin group but did not reach significance in those subgroups despite the fact

of successful prophylaxis in the primary composite endpoint. No significant

reduction of the overall and attributable fungal mortality was detected (Van

Burik et al. 2004).
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12.4 Respiratory Support

In HSCT recipients with pulmonary infections, the early initiation of augmented

spontaneous breathing with continuous positive airway pressure (CPAP) can delay

the development of acute respiratory failure (Ghosh et al. 1999). However, artificial

respiration may be necessary with further respiratory deterioration. The need for

AV in patients with hematologic malignancy significantly worsens prognosis

(Peters et al. 1998). In recent years, however, survival has improved and AV is

no longer considered futile therapy (Ferrà et al. 2007). Weaning off AV can be

difficult in patients with hematologic malignancies and HSCT recipients because of

a variety of factors including regimen-related pulmonary toxicity and steroid-

induced critical illness myopathy (Koldehoff and Zakrzewski 2005). HSCT reci-

pients should undergo tracheostomy within 10 days after initiation of AV in all

cases requiring prolonged ventilatory assistance (MacIntyre et al. 2001). The

advantages of early tracheostomy include improved weaning off AV and reduced

sedation, especially in patients suffering from steroid induced myopathy, the

possibility of supportive intermittent ventilator assistance [biphasic positive airway

pressure (BIPAP)/CPAP], less exhaustion due to decreased airway resistance;

enhanced patient mobility, facilitated recovery of the patient’s physical condition,

and a reduced incidence of ventilator associated pneumonias (Heffner 2001; Jaeger

et al. 2002). We reported on four cases of pulmonary IFI in the early posttransplant

HSCT recipients showing various risk factors associated with a poor prognosis

(pretransplant fungal infections, myeloablative chemotherapy, hepatic dysfunction,

renal failure, vasopressor support, and AV). Through early tracheotomy in combi-

nation with optimized anti-infective regimens including new antimycotic, all

patients recovered from respiratory failure and were brought back to spontaneous

breathing. Even though our observations are based on only four cases and have

therefore to be interpreted with caution, their potential clinical importance is

evident (Koldehoff et al. 2005).

12.5 Conclusions

The extraordinarily high morbidity and mortality associated with pulmonary myco-

ses and subsequent respiratory failure is still one of the major issues in our effort to

improve the outcome of allogeneic HSCT. However, with the substantial progress

that has been made in recent years, including the development of new antimycotics,

we now have an increased opportunity to control these infections and stabilize the

pulmonary condition of these high-risk patients. The choice of the appropriate

antifungal agent will always depend on efficacy, the toxicity profile, and economic

considerations (see Table 12.3). Yet current experience with new antimycotics

suggests that their use should be seriously considered in post-transplant IFIs such

as pulmonary mycoses.
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In allogeneic HSCT patients with proven invasive candidiasis, the first-line

therapeutic options are fluconazole (restricted to patients who did not receive

prophylactic fluconazole) and caspofungin. Second-line treatment consists of

LFAB and posaconazole. Central lines should be removed whenever possible. In

allogeneic HSCT patients with proven invasive aspergillosis the first therapeutic

choices are voriconazole or LFAB with posaconazole or caspofungin being

the second-line treatment (Michallet and Ito 2009). The establishment of non-

culture-based molecular diagnostic techniques, and the availability of new anti-

mycotics with alternative mechanisms of action and decreased toxicity, allow for

earlier, more aggressive and thus potentially more effective antifungal treatment

approaches (Table 12.4).

In nonresponders to first-line and second-line single-agent antimycotic therapy,

combination therapy involving these agents can still be effective. Reasonable

combinations include caspofungin/LFAB, caspofungin/azoles, and azoles/LFAB

(Kontoyiannis et al. 2003; Rubin et al. 2002; Damaj et al. 2004). Empirical

antifungal therapy covering azole-resistant Candida species and molds should be

initiated immediately in allogeneic HSCT recipients with suspected IFI since

delayed treatment is associated with an increased mortality. Patients should be

evaluated extensively for fungal infections including early thoracic CT. Voricona-

zole is still often used as the first-line agent in these high-risk settings for IFI, but

LFAB is an adequate alternative (Wingard and Leather 2004; Walsh et al. 1999).

Otherwise, caspofungin or posaconazole can be used as an alternative.

Table 12.4 Therapy of proven invasive fungal infections

Invasive candidiasis Invasive aspergillosis

1. Line Fluconazole 400–800 mg day�1

Caspofungin 50 mg day�1

(70 mg day�1)

Voriconazole 3–4 mg kg�1 b.w. q12h�1

(6 mg kg�1 b.w. q12h day�1)

LFAB 1–6 mg kg�1 b.w. day�1

2. Line LFAB 1–6 mg kg�1 b.w. day�1

Posaconazole 400 mg q12h�1
Caspofungin 50 mg day�1

(70 mg day�1)

Posaconazole 400 mg q12h�1

Table 12.3 Efficacy, toxicity and costs of conventional amphotericin B (cAmB), lipid formula-

tions of amphotericin B (LFAB), fluconazole, itraconazole, voriconazole, posaconazole, and

caspofungin

Efficacy Overall toxicity Costs

Candida Aspergillus

cAmB High High High Low

LFAB High High Moderate Very high

Fluconazole Higha None Very low Moderate

Itraconazole Higha High Low High

Voriconazole Higha High Low High

Posaconazole High High Low High

Caspofungin High High Low Very high
aMay not be effective in Candida krusei and Candida glabrata
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In combination with the optimized use of augmented spontaneous breathing and

mechanical ventilation, including early tracheostomy, the above-described diag-

nostic and therapeutic advances contribute to a considerable improvement in

management, and will subsequently lead to a better outcome of respiratory failure

due to pulmonary mycoses following allogeneic HSCT. In order to precisely

demonstrate the effect of the new antimycotics on the outcome of pulmonary

mycoses during allogeneic HSCT, further prospective studies and systematic ana-

lyses are needed.
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Chapter 13

Aspartic Peptidase Inhibitors as Potential

Bioactive Pharmacological Compounds

Against Human Fungal Pathogens

André Luis Souza dos Santos

Abstract The development of novel antifungal drugs is becoming more demand-

ing every day since existing drugs either have too many side-effects or they tend to

lose effectiveness due to resistant fungal strains. In view of this, a number of new

strategies to obstruct fungal biological processes have emerged; one of them is

focused on peptidase inhibition. This particular class of hydrolytic enzymes cleaves

peptide bond in proteinaceous substrates, a reaction extremely important in main-

taining the physiology of all living cells. Interestingly, peptidases are also essential

virulence factors for prokaryotic and eukaryote micro-organisms, including fungi,

during all stages of the infection process. Consequently, peptidases are potential

targets for the development of future antifungal drugs. This chapter will focus on

the potential use of aspartic peptidase inhibitors against human fungal pathogens,

showing the capability of these bioactive pharmacological compounds to arrest

vital fungal processes such as growth, differentiation, nutrition, and interaction with

host components.

13.1 Introduction

Recent decades have seen a significant increase in the incidence of invasive fungal

infections. Fungi can cause life-threatening diseases, particularly in patients with

weakened immunological systems. Although treatment options are available for

these individuals, dose-limiting toxicity and the appearance of drug-resistant
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organisms are growing problems. Fungi are eukaryote cells with conserved gene

sequences closely related to metazoans, including humans, which reflects in simi-

larities at both biochemical and immunological levels. For these reasons, the

generation of specific, effective, and nontoxic drugs against human fungal patho-

gens is extremely complicated. Up to now, the antifungal armamentarium for the

treatment of serious fungal infections remains limited. In this context, the need for

the discovery of novel fungal targets as well as new bioactive compounds is

extremely urgent. With this task in mind, extensive studies have revealed a globally

conserved role for proteolytic enzymes in crucial biological processes during

different steps of the fungi cell cycle, such as growth, proliferation, differentiation

and nutrition. Similarly, a conserved and essential role for peptidases in fungal

virulence has been established, for instance in helping the fungal cells in the

interaction with key host components and in the evasion of host immune response.

Taken together, this fungal target provides a robust platform from which novel

antimicrobial compounds should be developed for therapeutic approaches in a

variety of clinical settings. In this scenario, aspartic peptidases are already the

targets of some clinically useful drugs (peptidase inhibitors), and a variety of

factors make these enzymes appealing to those seeking novel antifungal therapies.

An example that highlights the recent success of the application of aspartic pepti-

dase inhibitors has been the use of highly active antiretroviral therapy (HAART) in

individuals with the acquired immunodeficiency syndrome (AIDS), which has

drastically reduced the prevalence of fungal infections, especially candidiasis and

cryptococcosis. This result seems to be due to aspartic peptidase inhibitors of the

human immunodeficiency virus (HIV) included in HAART, which directly bind to

essential aspartic peptidases produced by some fungi, interfering with vital meta-

bolic processes of these fungal cells. This chapter describes the knowledge in the

area of aspartic peptidase inhibitors, with special emphasis on their role in fungal

development and virulence.

13.2 Proteolytic Enzymes and Proteolytic Inhibitors

According to the Nomenclature Committee of the International Union of Bio-

chemistry and Molecular Biology, proteolytic enzymes are classified in subgroup

4 of group 3 (hydrolases) (EC 3.4.). A redundant set of terms is used by the

scientific community to refer to proteolytic enzymes, including the terms protease,

peptide hydrolase, and peptidase. Of these, peptidase is the most recent proposed

terminology (Barrett et al. 2001). Peptidases are degradative enzymes that catalyze

the cleavage of peptide bonds in macromolecular proteins and oligomeric peptides.

All peptidases bind their substrates in a groove or cleft, where amide bond hydro-

lysis occurs. Amino acid side chains of substrates occupy proteolytic enzyme

subsites in the groove, designated as S3, S2, S1, S1
0, S2

0, S3
0, that bind to

corresponding substrate/inhibitor residues P3, P2, P1, P1
0, P20, P30 with respect to

the cleavable amide bond (Fig. 13.1).
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Peptidases are classified on the basis of three major criteria: (1) type of reaction

catalyzed, (2) chemical nature of the catalytic site, and (3) evolutionary relationship

with reference to amino acid sequence and protein structure (Rao et al. 1998;

Barrett et al. 2001, 2003; Rawlings et al. 2004a). Peptidases are broadly subdivided

into two major groups depending on their site of action: exopeptidases and endo-

peptidades. Exopeptidases cleave the peptide bond proximal to the amino (NH2) or

carboxy (COOH) termini of the proteinaceous substrate, whereas endopeptidases

cleave peptide bonds within a polypeptide chain. Based on their site of action at the

NH2, the exopeptidases are classified as aminopeptidases, dipeptidyl peptidases, or

tripeptidyl peptidases which act at a free NH2 terminus of the polypeptide chain and

liberate a single amino acid residue, a dipeptide or a tripeptide respectively.

Carboxypeptidases or peptidyl peptidases act at the COOH terminal of the poly-

peptide chain and liberate a single amino acid or a dipeptide. Carboxypeptidases

can be further divided into three major groups: serine, metallo, and cysteine

carboxypeptidases, based on the functional group present at the active site of the

enzymes. Similarly, endopeptidases (also known as proteinases) are classified

according to essential catalytic residues at their active sites in: serine, metallo,

glutamic, threonine, cysteine, and aspartic endopeptidases (Fig. 13.2). Conversely,

there are a few miscellaneous peptidases that do not precisely fit into the standard

classification (Rao et al. 1998; Barrett et al. 2001).

In terms of enzyme specificity, the cleavage of peptide bonds by peptidases

may be specific, e.g., limited proteolysis, which depends on the amino acid

sequence surrounding the hydrolyzed site, or unspecific, which results in com-

plete degradation of proteins to oligopeptides and/or amino acids. By cleaving

peptide bonds, peptidases may change the biological properties of polypeptide

chains. Specific proteolysis often results in protein and peptide activation or

inactivation, and unspecific proteolysis in their degradation, and thus these

enzymes are potentially dangerous for cells, and may alter their environment.

The activity of a peptidase is regulated at multiple levels including the level of

production, the activation of the peptidase generally synthesized in an inactive

proform, and the production of specific inhibitors (Rao et al. 1998; Barrett et al.

2001; Rawlings et al. 2004b).

NHNH 22

S1
S2

S3
S1’ S2’

S3’

P1
P2

P3
P1’ P2’

P3’NHNH 22 COOH

Peptidase

S1
S2

S3
S1’ S2’

S3’

P1
P2

P3
P1’ P2’

P3’

scissile bond

catalytic site

Fig. 13.1 Schematic

representation of binding

region and catalytic site of a

hypothetical peptidase with

six subsites (S1–S3 and

S1
0–S30), recognizing a

sequence of six amino acids

(P1–P3 and P1
0–P30) in the

substrate
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Recently, the MEROPS database (http://www.merops.sanger.ac.uk) has pro-

vided a catalog and structure-based classification of proteolytic enzymes and their

inhibitors. In this novel classification system, the peptidases are grouped into

families on the basis of statistically significant similarities between the protein

sequences in the part termed “peptidase unit” that is most directly responsible for

hydrolytic activity. Families that are thought to have common evolutionary origins

and are known or expected to have similar tertiary folds are grouped into clans

(Barrett et al. 2001; Rawlings et al. 2004a, b).

The class of a peptidase is routinely determined according to the effects of

proteolytic inhibitors on the enzymatic activity. The proteolytic inhibitors can be

divided into two functional classes on the basis of their interaction with the target

peptidase: (1) irreversible trapping reactions and (2) reversible tight-binding reac-

tions (Fig. 13.3). Inhibitors which bind through a trapping mechanism change

conformation after cleaving an internal peptide bond and “trap” the enzyme mole-

cule covalently; neither the inhibitor nor peptidase can participate in further reac-

tions. In tight-binding reactions, the inhibitor binds directly to the active site of the

peptidases; these reactions are reversible and the inhibitor can dissociate from the

proteolytic enzyme in either the virgin state, or after modification by the peptidase.

Based on their structural dichotomy, the proteolytic inhibitors can be generally

classified in two large groups: low molecular weight peptidomimetic inhibitors and

protein peptidase inhibitors composed of one or more peptide chains. Proteolytic
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Fig. 13.2 Classification of peptidases. Open circles represent amino acids and gray circles
indicate the amino acid sequence that is bond to the peptidase. White arrows point to the site of

cleavage. The gray arrows indicate the classes of endopeptidases and carboxypeptidases accord-

ing to the chemical group present in their catalytic sites
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Fig. 13.3 Mechanisms of peptidase inhibition. The peptidase inhibitor competes with the substrate

to bind to the active site of a peptidase, and two distinct possibilities arise: (1) substrate binds to the

catalytic site and then is cleaved by the peptidase, which releases the products, or (2) inhibitor

binds to the active site and by steric hindrance blocks the substrate attachment. In this second case,

the inhibitor can promote an irreversible (the conformational structure of the peptidase is

completely lost) or reversible inhibition (in this second case, for example, when the inhibitor

disconnects to the enzyme, the substrate can bind to it)
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inhibitors can be further classified into five groups (metallo, serine, threonine,

cysteine, and aspartic peptidase inhibitors) according to the mechanism employed

at the active site of peptidases they inhibit. Some proteolytic inhibitors interfere

with more than one type of peptidase (Rawlings et al. 2004b).

Peptidases are the single class of enzymes that occupy a pivotal position with

respect to their applications in both physiological and commercial fields (Rao

et al. 1998). Additionally, peptidases play several physiological roles and are

essential factors for homeostatic control in both prokaryotes and eukaryotes. They

are responsible for the complex processes involved in the normal physiology of

the cell as well as in abnormal pathophysiological conditions, accounting for

�2% of the genes in humans, infectious organisms, and other forms of life

(Barrett et al. 2001). Since peptidases are physiologically necessary for living

organisms, they are ubiquitous, being found in a wide diversity of biological

systems, including fungi. The fungal life cycle requires the successful execution

of several difficult tasks, including invasion across the host integuments, procure-

ment of nutrients for growth and development, and evasion of host immune

defenses (van Burik and Magee 2001). In this context, both surface and secreted

peptidases produced by fungal cells could facilitate the colonization and infection

of the host and contribute to the production of disease (Fig. 13.4). So, fungal

peptidases can play a variety of roles in establishing, maintaining, and exacerbat-

ing an infection.

antimicrobialpeptides surfacemolecules structuralcomponentsserumproteins antimicrobial peptidesantimicrobial peptides surface moleculessurface molecules structural componentsstructural componentsserum proteinsserum proteins

dissemination adhesion escape nutrition immunomodulation

cleavage of proteinaceous componentscleavage of proteinaceous components

escapeadhesiondissemination nutrition immunomodulation

Fig. 13.4 Microbial peptidases (surface and/or secreted forms) are able to cleave different host

components such as serum proteins, antimicrobial peptides, surface molecules, and structural

proteinaceous compounds. The degradation of host proteins can help the micro-organisms in

several steps of their life cycle and pathogenesis, including dissemination, adhesion, escape,

nutrition, and immunomodulation of the host immune response
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13.2.1 Aspartic-Type Peptidases

Aspartic peptidases (EC 3.4.23.X) are a family of proteolytic enzymes characterized

by two essential catalytic aspartic acid residues at the active site, which are located

in an extended cleft that can accommodate at least seven amino acids of a substrate

molecule that have high-sequence homology, three-dimensional structure similar-

ity, low optimal pH value, and a scission preference between large and hydrophobic

amino acids (Davies 1990; Blundell and Johnson 1993; Coates et al. 2006). While

most aspartic peptidases conform to these characteristics, substantial differences

exist in terms of catalytic properties, cellular localization, and biological functions

(Koelsch et al. 1994). In general, the most widely accepted catalytic mechanism is

an acid-based system involving two active aspartic acid residues in the active site

and a water molecule that resides between them (Fig. 13.5). These two aspartic acid

residues act as a proton donor and acceptor respectively, to catalyze the hydrolysis

of peptide bonds in substrates. The water molecule is partly activated by an

aspartate and makes a nucleophilic attack at a specific carbonyl carbon in the

substrate. The carbonyl oxygen, in turn, captures a proton from another aspartic

acid in the active site, resulting in a tetrahedral intermediate. This intermediate is the

crucial transition state. Restabilizing from the transition state, the amino moiety

from the substrate becomes a better leaving group, and the substrate is cleaved into

two peptide fragments (Nguyen et al. 2008) (Fig. 13.5).

All aspartic peptidases are produced as inactive precursors (zymogens) which

require activation either by autolysis caused by a change in pH upon secretion or by

the action of other proteolytic enzymes. Aspartic peptidases are characteristically

inhibited by the microbial peptide pepstatin A (Fig. 13.6), which contains the
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Fig. 13.5 Catalytic mechanism of aspartic-type peptidases proposed by Nguyen et al. (2008). A

water molecule tightly bond to the aspartates in the native enzyme is proposed to nucleophilically

attack the scissile bond carbonyl. The resulting tetrahedral intermediate is stabilized by hydrogen

bonds to the negatively charged carboxyl of aspartate 32. Fission of the scissile C–N bond is

accompanied by transfer of a proton to the leaving amino group either from Asp 215. Dashed lines
indicate hydrogen bonds
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unusual amino acid statine. Statine is an analog of L-leucine, differing from this

amino acid by the insertion of a –CHOH–CH2– group between the Ca and the main

chain carbonyl group. Diazoacetylnorleucine methyl ester, 1,2-epox-3-(p-nitrophe-
noxy) propane, and p-bromophenacyl bromide have also been used as diagnostic

reagents for aspartic endopeptidases (Fig. 13.6).

The aspartic peptidases are classified in clan A in the MEROPS database, which

classifies peptidases and their inhibitors based on similarities at the tertiary and

primary structural levels (Rawlings et al. 2006). There are 15 families and 17

subfamilies of aspartic peptidases that are widely distributed in vertebrates, plants,

fungi, protozoa, bacteria, and viruses. Most eukaryotic aspartic peptidases are mono-

meric and consist of a single chain of around 330 amino acids that forms two similar

domains with the active site located in between. In contrast, retroviral aspartic

peptidases are dimeric, consisting of two identical subunits, each roughly equivalent

to one domain of a eukaryotic aspartic peptidase (Davies 1990; Takahashi 1995;

Hill and Phylip 1997; James 1998; Rao et al. 1998; Cooper 2002; Fruton 2002;

Dash et al. 2003). Mammalian aspartic peptidases are classified into two clans, AA

and AD, based on differences in tertiary structure. While clan AA contains the

classical aspartic peptidases, clan AD contains peptidases that hydrolyze peptide

bonds within biological membranes. Clan AA is further divided into the two

families A1 and A2. Family A1 includes pepsin-like enzymes such as pepsin,

gastricin, rennin, cathepsin D and E, plasmepsins, and histo-aspartic peptidase.

The A2 family, also termed the retropepsin family, includes HIV retropepsin

(Rawlings et al. 2006). Most fungal aspartic peptidases are classified into clan

AA and family A1 (Rawlings et al. 2006), as summarized in Table 13.1.
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Based on their importance in health and disease, peptidase inhibitors have

already been developed into blockbuster drugs and diagnostics, many others are

in clinical trials, and some peptidases are themselves being trialed as vaccines or

diagnostics (reviewed by Abbenante and Fairlie 2005). In this context, several

positive reasons are proposed for the use of aspartic peptidases as validated drug

targets: (1) good experimental tools including recombinant enzymes and inhibitors

are already available, (2) there is a large body of data on host and other aspartic

Table 13.1 Fungal aspartic peptidases deposited in the MEROPS database

Fungal species MEROPS database

Peptidase name Clan Family (subfamily,

identifier)

Penicillium janthinellum Penicillopepsin AA A1 (A, A01.011)

Rhizopus microsporus Rhizopuspepsin AA A1 (A, A01.012)

Rhizomucor miehei Mucorpepsin AA A1 (A, A01.013)

Candida albicans Candidapepsin SAP1 AA A1 (A, A01.014)

Saccharomyces cerevisiae Barrierpepsin AA A1 (A, A01.015)

Aspergillus saitoi Aspergillopepsin I AA A1 (A, A01.016)

Cryphonectria parasitica Endothiapepsin AA A1 (A, A01.017)

Saccharomyces cerevisiae Saccharopepsin AA A1 (A, A01.018)

Aspergillus fumigatus Peptidase F AA A1 (A, A01.026)

Hypocrea lixii Trichodermapepsin AA A1 (A, A01.027)

Saccharomyces cerevisiae Yapsin-1 AA A1 (A, A01.030)

Saccharomyces cerevisiae Yapsin-2 AA A1 (A, A01.031)

Saccharomyces cerevisiae Yapsin-3 AA A1 (A, A01.035)

Yarrowia lipolytica Axp peptidase AA A1 (A, A01.036)

Candida tropicalis Canditropsin AA A1 (A, A01.037)

Candida parapsilosis Candiparapsin AA A1 (A, A01.038)

Syncephalastrum racemosum Syncephapepsin AA A1 (A, A01.042)

Podospora anserina Podosporapepsin AA A1 (A, A01.044)

Schizosaccharomyces pombe Yps1 protein AA A1 (A, A01.056)

Candida albicans Candidapepsin SAP2 AA A1 (A, A01.060)

Candida albicans Candidapepsin SAP3 AA A1 (A, A01.061)

Candida albicans Candidapepsin SAP4 AA A1 (A, A01.062)

Candida albicans Candidapepsin SAP5 AA A1 (A, A01.063)

Candida albicans Candidapepsin SAP6 AA A1 (A, A01.064)

Candida albicans Candidapepsin SAP7 AA A1 (A, A01.065)

Candida albicans Candidapepsin SAP8 AA A1 (A, A01.066)

Candida albicans Candidapepsin SAP9 AA A1 (A, A01.067)

Aspergillus oryzae Oryzepsin AA A1 (A, A01.072)

Candida parapsilosis Sapp2p peptidase AA A1 (A, A01.076)

Aspergillus niger CtsD peptidase AA A1 (A, A01.077)

Filobasidiella neoformans CnAP1 peptidase AA A1 (A, A01.078)

Aspergillus niger PepAa peptidase AA A1 (A, A01.079)

Aspergillus niger PepAb peptidase AA A1 (A, A01.080)

Aspergillus niger PepAc peptidase AA A1 (A, A01.081)

Hypocrea lixii SA76 peptidase AA A1 (A, A01.082)

Candida albicans Candidapepsin SAP10 AA A1 (A, A01.085)

Saccharomyces cerevisiae GPI-anchored aspartic peptidase AA A1 (A, A01.A61)

Saccharomyces cerevisiae Yapsin-6 AA A1 (A, A01.A62)
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peptidases, and (3) relevant expertise exists in academia and industry in order to

synthesize potential aspartic inhibitors; some of them are actually employed in the

medical arena.

13.3 Aspartic Peptidases of Human Pathogenic Fungi:

A New Target for Fungal Drug Development

All pathogenic micro-organisms have developed mechanisms that allow successful

colonization or infection of the host (Finlay and Falkow 1989; van Burik and

Magee 2001). Consequently, most pathogens have developed an effective battery

of putative virulence factors and specific strategies to assist in their ability to

colonize host tissues, cause disease, and overcome host defenses. Aspartic pepti-

dases are involved in a myriad of biochemical processes in a variety of fungal cells

(Stewart and Abad-Zapatero 2001; Monod et al. 2002; Naglik et al. 2003a). A

number of fungi are able to produce both surface and/or secreted aspartic-type

peptidases that facilitate penetration into the host organism and counteract its

defense systems. Thus there is interest in the design of therapeutic inhibitors for

controlling such pathogens. A considerable amount of information is now available

on the aspartic extracellular peptidases of human fungal pathogens, especially those

produced by the genus Candida.

13.3.1 Candida spp

The production and secretion of aspartic peptidases, generally designated as Saps,

have been demonstrated or suggested as virulence attributes in opportunistic patho-

gens of the genus Candida (De Bernardis et al. 2001; Hube and Naglik 2001; Naglik
et al. 2003a, 2004) Recently, genome mining and phylogenetic analyses revealed

the presence of new members of the SAP superfamily in Candida tropicalis (SAPT,
n = 8), Candida guilliermondii (SAPGU, n = 8), Candida parapsilosis (SAPP,
n = 11) and Candida lusitaniae (SAPLU, n = 3) in comparison to Candida albicans
(SAP, n = 10) and Candida dubliniensis (SAPDU, n = 8) (Parra-Ortega et al. 2009).

Interestingly, construction of a phylogenetic tree of the Sap superfamily generated

12 families of genes from six Candida species: SAP1-3/SAPDU1-3 and SAPT4;
SAP4-6; SAPP1-3; SAPT1 and SAP8/SAPDU8; SAPT2; SAPGU and SAPLU;
SAPT3; SAPP (two distinct families); SAP7/SAPDU7; SAP10/SAPDU10; and

SAP9/SAPDU9 (Parra-Ortega et al. 2009). No typical SAP genes have been

described in Candida glabrata, a species more phylogenetically related to Saccha-
romyces cerevisiae than other pathogenic Candida species. However, both C.
glabrata and S. cerevisiae possess several yapsins, which are nonsecreted, glyco-

sylphosphatidylinositol (GPI)-anchored aspartic peptidases involved in cell wall
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integrity and cell–cell interactions (Krysan et al. 2005). Among the Candida
species that produce Sap, a huge volume of experiments have certainly been

conducted cincerning C. albicans which generated a tremendous knowledge

about Sap production and function.

Saps are differentially secreted, depending on the C. albicans strain and envi-

ronmental conditions (White and Agabian 1995; Costa et al. 2003; Santos et al.

2006) (Fig. 13.7). Studies of the biochemical properties of Sap isoenzymes have

been performed by using the purified protein from culture supernatants (Fig. 13.7)
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Fig. 13.7 Modulation of peptidase expression in Candida albicans according to the culture growth
conditions. When cultured in nitrogen-rich condition, such as brain–heart infusion medium, yeast

cells secreted metallo and/or serine peptidases, but no aspartic ones (for review see Costa et al.

2003 and Santos et al. 2006). Conversely, yeast cells grown in yeast carbon base supplemented

with bovine serum albumin (YCB-BSA), as the sole source of nitrogen, extracellularly released

aspartic peptidases, especially Sap2 isoenzyme, which can be purified by several chromatographic

procedures such as pepstatin A-agarose. After SDS-PAGE, a predictable polypeptide with 43 kDa

(White and Agabian 1995) was evidenced by silver staining (�) or by western blotting using anti-

Sap1-3 antibody (�). Line � shows the molecular masses of the protein standards expressed in

kilodaltons. Sap2 is capable in hydrolyzing different protein substrates, like BSA, in acidic pH

conditions. This fragmentation generates low molecular mass peptides (�). However, pepstatin A

at micromolar range fully inhibited the BSA cleavage (�). Line � represents the intact BSA

molecule incubated only with buffer
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or by recombinant expression in heterologous systems. Eight of these peptidases

(Saps1–8) are secreted into the extracellular environment, while Sap9 and Sap10

are membrane GPI-anchored proteins (Hube and Naglik 2001). Saps1–3 are

expressed predominantly in yeast cells, whereas Saps4–6 are expressed in hyphal

forms. Saps1–3 have optimal activity in a pH range of 2.5–5.0, in contrast to

Saps4–6 that have greater activity at a higher pH range (Hube et al. 1994). Another

difference is the net charge: while Saps1–3 are negatively charged on the whole,

Sap5 is positive (Borelli et al. 2008). Enzymatic studies of some isoenzymes

(Sap1–3 and Sap6) have also revealed significant differences in substrate specifi-

cities (Fusek et al. 1997; Smolenski et al. 1997; Koelsch et al. 2000), suggesting that

the large set of isoenzymes provides C. albicans with a capacity to hydrolyze a

variety of substrates under a wide range of conditions. Furthermore, detailed

analysis of the in vitro expression of SAP genes revealed that the major peptidase

gene expressed in C. albicans yeast forming at 30�C–37�C in medium-containing

proteins such as BSA or hemoglobin, as the sole nitrogen source, is SAP2 (Hube et al.
1994). However, at 25�C, levels of Sap8 protein and SAP8 transcripts increase,

suggesting that the expression of this gene is temperature-regulated (Monod et al.

1998). Expression of SAP9 and SAP10 appears to be independent of environmental

conditions, since both genes are constitutively expressed in all growth forms (Felk

et al. 2002; Schaller et al. 2003). Expression of SAP1 (Morrow et al. 1992) and

SAP3 (White et al. 1993) is regulated during phenotypic switching; the isoenzymes

are expressed in the “opaque” but not in the “white” form of strain WO-1. By

modulating the expression of several molecules, including Saps, Candida possesses
the remarkable ability to survive and proliferate in a radically changing environ-

ment, adapting their growth to physiological extremes of pH, osmolarity, avail-

ability of nutrients, and temperature (Naglik et al. 2003a).

Sap2 is the most abundant virulence factor expressed during C. albicans infec-
tion, and the principal protein known to induce antibody response during Candida
infection in humans. Individuals with candidiasis have high titers of antibodies to

Sap2, with soluble antigens present in their serum (Na et al. 1999). However, no

evidence was found to demonstrate that specific or nonspecific antibodies in serum

or saliva could inhibit C. albicans Sap2 activity using a BSA hydrolysis assay

(Naglik et al. 2005). Evidence was also found of the presence of Sap antigen in all

organs of immunocompromised patients who had died of systemic C. albicans
infections, such as the mucosa, central nervous system, lung, heart, liver, pancreas,

and kidney (R€uchel et al. 1991). Mice immunized with C. albicans extracts

enriched with Sap2 have shown a decrease in mucosal tissue fungal burden (Na

et al. 1999). Intradermal administration of purified Sap2 with alum to BALB/c

mice, which have been infected intraperitoneally with C. albicans, has resulted in a
20-fold decrease in kidney colonization (Vilanova et al. 2004). Therefore, Sap2 is

considered to be a candidate for a vaccine against systemic candidiasis.

Sap2 has broad substrate specificity (Hube 1996). Extracellular matrix and

host surface proteins such as keratin, human stratum corneum, collagen, laminin,

fibronectin, vimentin, and mucin are efficiently degraded by this Sap isoenzyme.

Several host defense proteins, such as salivary lactoferrin, the peptidase inhibitor

300 A.L.S. dos Santos



a2-macroglobulin (a natural peptidase inhibitor in human plasma), cystatin A (a

cysteine peptidase inhibitor found in human epidermal tissue and fluids), human

endothelin-1 precursor (a vasoconstrictive peptide that alters vascular homeostasis),

enzymes of the respiratory burst of macrophages, C3 complement protein, and

almost all immunoglobulins, including secretory IgA (which is normally resistant to

most bacterial peptidases) can also be efficiently hydrolyzed by Sap2 (reviewed by

Hube 1996; Naglik et al. 2003a). In addition, Villar et al. (2007) demonstrated that

C. albicans is able to degrade E-cadherin, the major protein in the epithelial cell

junction, and that the degradation was mediated by Sap5. Sap9 and Sap10 play a

role in adhesion, cell separation during budding, and cell surface integrity (Albrecht

et al. 2006). Moreover, deletion of SAP9 and SAP10 modified the adhesion proper-

ties of C. albicans to epithelial cells and caused attenuated epithelial cell damage

during experimental oral infection, suggesting a unique role for these peptidases in

both cellular processes and host–pathogen interactions. A recent study has shown

that Sap9 produced by C. albicans cells efficiently and rapidly degrades histatin-5, a
salivary antimicrobial peptide, resulting in loss of its anticandidal potency (Meiller

et al. 2009).

The importance of specific Sap isoenzymes for the pathogenicity of C. albicans
has been investigated by comparing the virulence of mutants deleted for individual

or multiple SAP genes with that of a wild-type control strain in different infection

models. For instance, sap1D, sap2D and sap3D single mutants as well as triple

mutants lacking the highly homologous SAP4–SAP6 genes exhibited attenuated

virulence after intravenous infection of mice, indicating that all these genes have

important roles for the normal progression of a systemic infection (Hube et al. 1997;

Sanglard et al. 1997). Mutants deleted for either SAP1, SAP2 or SAP3 were also

found to be less virulent in a rat model of Candida vaginitis, whereas mutants

lacking SAP4–SAP6 did not exhibit a detectable virulence defect under these

conditions (De Bernardis et al. 1999a). On the other hand, only the latter mutants

showed reduced virulence in a murine model of Candida peritonitis, while deletion
of SAP1, SAP2 or SAP3 had no significant effect in this infection model (Kretschmar

et al. 1999). The importance of Saps for tissue invasion and damage seems to

depend on the infection model used. For example, when the interaction of mutants

lacking one of the SAP1–SAP3 genes with endothelial cells was investigated, only

Sap2, but not Sap1 or Sap3, was found to contribute to the ability of C. albicans to
damage endothelial cells (Ibrahim et al. 1998). Furthermore, Candida peptidases

have been shown to activate the pro-inflammatory cytokine interleukin-1b from its

precursor, suggesting a role for Saps in the activation and maintenance of the

inflammatory response at epithelial surfaces in vivo (Beausejour et al. 1998). Saps

may also contribute to the pathogenesis of inflammatory mucosal lesions in an

in vitro model of vaginal candidiasis based on reconstituted human vaginal epithe-

lium (RHVE) by inducing the upregulation of epithelial proinflammatory cytokines

including interleukin (IL)-1a, IL-1b, IL-6, IL-8, IL-10, granulocyte-macrophage

colony-stimulating factor, gamma interferon (IFN-g), and tumor necrosis factor-

alpha (TNF-a) responses in comparison with cytokine expression in noninfected

tissue (Schaller et al. 2005). Addition of the aspartic peptidase inhibitor pepstatin A,
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a hexapeptide from Streptomyces, strongly reduced the cytokine response of

RHVE. Also, SAP-null mutants lacking either SAP1 or SAP2 caused reduced tissue
damage and had a significantly reduced potential to stimulate cytokine expression.

These data show that the potential of specific Saps to cause tissue damage correlates

with an epithelium-induced proinflammatory cytokine response, which may be

crucial in controlling and managing Candida infections at the vaginal mucosa

in vivo (Schaller et al. 2005). In another work, SAP7 gene transcript was detected

in 60% of oral candidiasis patients as opposed to 25% of Candida carriers by means

of RT-PCR (Naglik et al. 1999). Felk et al. (2002) found that SAP7 transcript was

not induced in response to an intraperitoneal model of C. albicans infection that

examined invasion of parenchymal organs. Vaginal samples examined for the

presence of SAP7 transcript showed that strains collected from patients with vaginal

candidiasis induced SAP7 significantly compared to samples collected from carriers

(Naglik et al. 2003b). Furthermore, a study examining infection of RHVE found

induction of SAP7 transcript after 24 h of infection (Schaller et al. 2003). Taylor

et al. (2005) reported that SAP7 of C. albicans was induced after vaginal infection

of mice. Conversely, virulence during vaginal infection was not affected in a

Dsap7/Dsap7 mutant strain; only a partial virulence phenotype was detectable

after intravenous injection.

There are several reports indicating that invasive strains of C. albicans produced
significantly more extracellular proteolytic activity than the commensal strains did

(Chakrabarti et al. 1991; De Bernardis et al. 2001; Y€ucel and Kantarcıoglu 2001).

The mean secretory peptidase activity of C. albicans isolates from the oropharyn-

geal candidiasis in an HIV-positive group was significantly higher when compared

with the isolates from the control group (P < 0.05). Peptidase activity within the

population of C. albicans isolates from HIV-positive individuals was independent

of the patient’s clinical disease stage and no correlation of the peptidase activities

with the C. albicans serotype was found. Because C. albicans isolates from HIV-

positive subjects invariably have elevated Sap production, it appears that HIV, or a

factor related to its infection, exerts a positive selective pressure for high Sap

production by C. albicans. In this way, HIV-1 envelope proteins (gp160 and

gp41) enhance the virulence of C. albicans by increasing the secretion and activity

of Sap and induce a dysfunction of phagocytic cells (Gruber et al. 1998). Addition-

ally, Gokce et al. (2007) detected higher levels of extracellular peptidase activity in

C. albicans strains than non-albicans Candida strains (89.7% vs. 25.8%, P < 0.05),

which is consistent with the findings (40% vs. 10%, P < 0.05) of Ozkan et al.

(2005). De Bernardis et al. (1999b) found that cutaneous isolates of C. parapsilosis
had uniformly elevated Sap activity, more than four times higher than the enzyme

activity of the blood isolates. Similarly, Cassone et al. (1995) detected a higher

proteolytic activity in vaginal C. parapsilosis isolates when compared with blood

isolates. Fotedar and Al-Hedaithy (2005) demonstrated that only 32% of the

C. dubliniensis isolates (n = 87) exhibited moderate activity of secretory aspartic

peptidase whereas a vast majority (68%) of them were nonproteolytic. Conversely,

a strong peptidase activity was observed for 79% of C. albicans strains

(n = 52) while the remaining 21% isolates showed moderate peptidase activity.
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Interestingly, a positive correlation of peptidase activity to antifungal susceptibility

was evident. The C. albicans isolates from the HIV-positive group that were

characterized by higher levels of peptidase activity were also less susceptible to

the widely used azole antifungal agents ketoconazole and fluconazole (Ollert et al.

1995). C. albicans strains exposed to subinhibitory concentrations of antifungals

belonging to the azole, echinocandin, and pyrimidine analog classes showed an

elevated activity of Sap2 in the culture filtrates (Wu et al. 2000; Ripeau et al. 2002).

In addition, the expression of SAP2 and activity of the secreted Sap2 gene product

was upregulated in fluconazole-exposed yeast cells (Copping et al. 2005). In fact,

Navarathna et al. (2005) showed in animal experiments that the virulence of

C. albicans strains is increased upon exposure to subinhibitory concentrations of

fluconazole.

The ability of Candida species to form biofilms has important clinical repercus-

sions due to their increased resistance to antifungal therapy and the ability of yeast

cells within the biofilms to withstand host immune defenses (Silva et al. 2009).

Mendes et al. (2007) showed that biofilms of C. albicans consistently secrete more

Saps than their planktonic counterparts, suggesting that increased Sap production is

yet another mechanism by which yeasts persist on host surfaces, in addition to the

expression of the foregoing virulence attributes. Another intriguing observation is

that the Sap-encoding genes SAP1-10 were differentially expressed in C. albicans
oral isolates that possess distinct genome backgrounds, referred to as b and c
karyotype profiles, in which the c karyotype express a higher number of SAP1-10
genes than b-type strains during their in vitro propagation (Tavanti et al. 2004). The
host immune system is the major factor determining whether this opportunistic

yeast behaves as a commensal or as a pathogen. In this sense, Tavanti et al. (2006)

demonstrated that all c-type C. albicans strains were able to develop hyphal forms,

resist intracellular killing, replicate and escape from macrophage cells. Conversely,

the b-type isolates, which were shown to be more efficiently ingested by macro-

phages than the c-type strains, were susceptible to intracellular killing and predom-

inantly found as blastoconidia inside macrophages, suggesting that the c type

strains are better suited to behave as a more virulent strain cluster.

Most of the clinical isolates of C. parapsilosis, C. tropicalis, C. dubliniensis, and
C. lusitaniae are peptidase producers and usually have more than one Sap isoen-

zyme (Monod et al. 1994; Dostál et al. 2003; Naglik et al. 2003a). However, the role

of Saps in the virulence of non-albicans Candida has not been fully clarified. For

instance, C. tropicalis secretes dominantly Sapt1p in vitro in a medium containing

BSA as the sole source of nitrogen. Sapt1p was isolated from the culture medium

and its three-dimensional structure was determined (Symersky et al. 1997). Fusek

et al. (1993) isolated two aspartic peptidases secreted by C. parapsilosis that have
similar molecular masses, though they vary in their N-terminal sequences and

isoelectric points. The substrate specificities detected with a synthetic peptide

also varied. Weak proteolytic activities of aspartic peptidase secreted by two

C. lusitaniae strains were detected in culture media using fluorogenic substrate

(Capobianco et al. 1992). As previously mentioned, C. glabrata does not produce

any aspartic peptidase belonging to the Sap superfamily; however, it possesses
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several yapsin genes (named YPS). The S. cerevisiae yapsins are a family of five

GPI-linked aspartic peptidases (Yps1–3, Yps6 and Yps7) that have been shown to

cleave peptides C-terminal to basic residues both in vitro and in vivo (Krysan et al.

2005). Transcript profiling of C. glabrata yeast cells ingested by macrophages

reveals global changes in metabolism as well as increased expression of YPS
gene family (Kaur et al. 2007). Genetic analysis evidenced that the C. glabrata
YPS genes were required for survival during the stationary phase or under condi-

tions of cell wall stress, for adherence to mammalian cells, for survival in macro-

phages, and for virulence in a murine model of disseminated candidiasis. By

monitoring the processing of a cell wall adhesin named Epa1, the authors showed

that Yps peptidases play an important role in cell wall remodeling by removal and

release of GPI-anchored cell wall proteins in response to different host environ-

ments. Alternatively, the Yps peptidases might protect C. glabrata from immune

recognition by acting to remove GPI-cell-wall protein targets of the innate or

adaptive immune responses (Kaur et al. 2007).

13.3.2 Other Pathogenic Fungi

Although a significant amount of information is known about the aspartic pepti-

dases produced by C. albicans, knowledge of the aspartic-type proteolytic system

of most other human pathogenic fungi is still in its early stages. In this area, most

studies focus on the detection, identification, and biochemical/molecular character-

ization of both cellular and extracellular aspartic-type peptidases; however, there is

a paucity of information regarding the biological role of this class of hydrolytic

enzyme. Table 13.2 summarizes the published data about the aspartic peptidase

produced by human pathogenic/opportunistic fungi, including species belonging to

the following genera: Aspergillus, Coccidioides, Cryptococcus, Fonsecaea, Histo-
plasma, Paracoccidioides, and Sporothrix.

13.4 Aspartic Peptidase Inhibitors: A Novel Alternative

for Fungal Treatment?

The last decade has witnessed an effervescence of research interest in the develop-

ment of potent inhibitors of various aspartic peptidases (reviewed by Dash et al.

2003; Horimoto et al. 2009). As an enzyme family, aspartic peptidases are a

relatively small group that has received enormous interest because of their signifi-

cant roles in human diseases, such as involvement of renin in hypertension (Scott

et al. 2006), cathepsin D in metastasis of breast cancer (Benes et al. 2008), cathepsin

E in the immune system (Zaidi and Kalbacher 2008), BACE (b-site amyloid

precursor protein cleaving enzyme) in Alzheimer’s disease (Vassar 2002), pepsin
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in various gastric disorders such as peptic ulcer disease (Cooper 2002), plasmepsins

in malaria (Coombs et al. 2001), HIV-1 peptidase in AIDS (Cooper 2002), and

Saps in candidal infections (Stewart and Abad-Zapatero 2001). Some of these

diseases are major causes of death in both the developed and developing countries.

As cited above, aspartic peptidases play pivotal roles in many diseases and the

development of inhibitors to this class of hydrolytic enzymes raises many prospects

for the treatment of these pathological conditions.

The advent of HIV peptidase inhibitors in late 1995 was hailed as a major step

forward in the battle against HIV/AIDS (Flexner 1998). The drug combination in

HAART involving HIV peptidase inhibitors has revolutionized the treatment of

AIDS (Sepkowitz 2001). There are at present ten peptidase inhibitors licensed for

clinical use in the treatment of HIV infections: saquinavir, ritonavir, indinavir,

nelfinavir, amprenavir (fosamprenavir), lopinavir, atazanavir, brecanavir, tiprana-

vir, and darunavir (Fig. 13.8). The HIV peptidase inhibitors were the first success of

structure-based drug design (Wlodawer and Erickson 1993). All of the clinically

successful ones are competitive active site inhibitors. They interact with the active

site in such a way as to keep the flaps of the enzyme tightly closed over the active
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site, thus mimicking the transition state and thereby effectively inactivating the

enzyme. With the exception of tipranavir, which is based on a coumarin scaffold,

all the HIV peptidase inhibitors are based on the “peptidomimetic” principle, that

is, they contain a hydroxyethylene scaffold which mimics the normal peptide

linkage (cleaved by the HIV peptidase) but which itself cannot be cleaved. Chemi-

cally, these inhibitors have generally hydrophobic moieties that interact with the

mainly hydrophobic S2–S2
0 pockets in the active site. HIV peptidase inhibitors

prevent cleavage of gag and gag–pol protein precursors in acutely and chronically

infected cells, arresting maturation and thereby blocking the infectivity of nascent

virions (Roberts et al. 1990; Flexner 1998). The main antiviral action of HIV

peptidase inhibitors is thus to prevent subsequent waves of infection. Therapeuti-

cally useful HIV peptidase inhibitors bind to the active site with an affinity several

orders of magnitude greater than peptide substrates. These agents are active against

clinical isolates of HIV types 1 and 2, with the in vitro concentration of drug

required to reduce viral production by 50% (IC50) ranging from 2 nM to 60 nM

(Roberts et al. 1990; Flexner 1998).

Inhibitors of HIV-encoded peptidase, combined with nucleoside analogs with

antiretroviral activity, caused profound and sustained suppression of viral replica-

tion, increased CD4+ T lymphocyte cell counts, reduced morbidity and mortality,

promoted an improvement in the quality and prolongation of life, arresting the

progression of the HIV/AIDS condition, with a dramatic fall in HIV-related oppor-

tunistic infections (UNAIDS/WHO 2005). These breakthroughs were seen not only

in clinical trials but in the clinical setting and provided new hope for those with

HIV. There was a shift from HIV representing an acute, rapidly fatal infectious

disease to a chronic manageable illness (Palella et al. 1998; Randolph and DeGoey

2004; Crum et al. 2006; Mastrolorenzo et al. 2007; Walmsley 2007). In addition to

direct antiviral effects, the HIV peptidase inhibitors also modulate apoptosis. A

growing body of work demonstrates the antiapoptotic effects of HIV peptidase

inhibitors on CD4+ and CD8+ T cells during HIV infection (Vlahakis et al. 2007).

Some of the HIV peptidase inhibitors, such as ritonavir, have also been reported to

have effects in non-HIV-related systems, showing inhibition of TNF-a-mediated

cell death in Jurkat cells (Wolf et al. 2003), antiatherogenic properties on vascular

smooth muscle cells (Kappert et al. 2004), and inhibition of brush-border microvilli

assembly in Escherichia coli (Potter et al. 2003), as well as having antitumorigenic

properties (Gaedicke et al. 2002; Sgadari et al. 2002). Since these drugs have

already been shown to be safe for humans, the potential for using them in the

treatment of conditions other than HIV infection has led to these effects being

further studied. In this context, since the introduction of HAART in 1996, the

mortality and morbidity for a wide variety of opportunistic viral, bacterial, para-

sitic, and fungal infections have decreased dramatically among HIV-infected indi-

viduals in economically developed countries (Palella et al. 1998; Centers for

Disease Control and Prevention 2001). In a multinational cohort study involving

6941 HIV-positive individuals from Australia and ten European countries, when

comparing the periods 1997–2001 and 1994–1996, there was a significant HAART-

induced decrease in progression to all AIDS-defining diseases (e.g., candidiasis
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from 17.0% to 5.7%, cryptosporidiosis from 3.1% to 0.2%, cytomegalovirus from

5.9% to 0.6%, Pneumocystis carinii pneumonia from 17.0% to 4.4%, toxoplasmosis

from 3.4% to 1.4%, and tuberculosis from 6.4% to 2.6%) (Babiker et al. 2002;

Pozio and Morales 2005).

13.4.1 Candida albicans

The fact that C. albicans is capable of adhering to plastic surfaces and to cells in

various target tissues has widely been accepted as a first step in the pathogenesis of

candidiasis and can be regarded as an important virulence factor of this fungus.

Experimental studies suggested that elevated Sap production is an important aspect

of C. albicans interaction with host tissue and strain virulence (Ghannoum and Abu

Elteen 1986; Cassone et al. 1987; Kobayashi et al. 1989; Louie et al. 1994; De

Bernardis et al. 2001). For example, C. albicans yeast cells efficiently adhered to

primarily cultured human keratinocytes. In parallel, more than 95% of all yeast

cells displayed germ tubes after a 60-min exposure to keratinocytes in adherence

assays. However, C. albicans adherence was blocked by the acid peptidase inhibitor
pepstatin A at 1 mM (45% inhibition) (Ollert et al. 1993), as was already shown for

attachment and invasion to oral mucosa epithelium (Borg and Ruchel 1988) and

exfoliated corneocytes (El-Maghrabi et al. 1990). Pepstatin A also reduced the

adherence of C. albicans to vaginal mucosa epithelial cells (53.1%, 48.7% and

59.9% respectively to isolates from asymptomatic, vulvovaginal candidiasis,

and recurrent vulvovaginal candidiasis patients) (Consolaro et al. 2006). Borg and

Ruchel (1988) reported the capability of pepstatin A to block invasion of host tissue

by hyphal cells at neutral pH. Interestingly, inhibition of Saps with pepstatin A

prevents the initial penetration of C. albicans through mucosal surfaces, but not the

dissemination of the fungus once the cells have already reached the blood vessels

(R€uchel et al. 1990; Fallon et al. 1997; Naglik et al. 2004). These results suggest

that the Saps are important in the early stages of infection but might not play such a

significant role in the progression and dissemination of infection from the blood-

stream to deeper host tissues. However, the lack of complete protection by pepstatin

A might also be caused by its rapid clearance from the bloodstream (R€uchel et al.
1990; Dash et al. 2003). Additionally, the route of Candida challenge rather than

the route of pepstatin A administration might be more relevant for observing the

protective effects of this inhibitor. Another intriguing study showed that the pre-

treatment of C. albicans yeasts with pepstatin A also led to a significant decrease in

the number of cells adhering to poly-L-lysine-coated slides, which represent a

homogeneous and positively charged surface, and to Matrigel (which is a solubi-

lized extract of basement membrane from Engel-Horm Swarm transplantable

mouse tumor and therefore contains a variety of important components of endothe-

lial cell layers), but did not affect the adherence to human buccal epithelial cells

(Watts et al. 1998). All these results suggest a nonenzymatic role for the Sap in the

adherence to both biotic and abiotic surfaces.
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Pepstatin-like drugs, however, are not used clinically because of their metabo-

lism in the liver and rapid clearance from blood. Since the introduction of HAART,

researchers have noticed a concurrent reduction in the incidence of oral candidiasis

(Zingman 1996). The reduction in candidal infections in HIV-infected patients in

the HAART era might not have resulted solely from improved immunological

status, such as increased CD4+ T-cell count or decreased viral load, but could

also be as a result of direct inhibition of Candida Saps, which belongs to the

same family as HIV peptidase, by the HIV peptidase inhibitors in HAART. In

this context, Hoegl et al. (1998) published a case of a patient receiving HAART

who recovered from a Candida infection but maintained a low CD4+ T cell count, a

finding that corroborates the hypothesis that HAART might have a direct effect on

C. albicans. These findings led to studies showing that HIV aspartic peptidase

inhibitors indeed led to a direct attenuating effect on C. albicans Saps in vitro and

in vivo.
Korting et al. (1999) showed that saquinavir and indinavir were able to inhibit

the Sap activity in a dose-dependent manner, when BSA, hemoglobin, or human

stratum corneum were used as protein substrates. These inhibitory effects were

observed in a therapeutically relevant dose range. Evidence for a direct protective

role of saquinavir during experimental oral candidiasis was also demonstrated by a

strong attenuated histological phenotype. The authors showed that without saquin-

avir, at 12 h after infection with C. albicans, a powerful epithelial lesion was

observed with vacuolation, edema, and detachment of all epithelial layers; in

addition, C. albicans was able to invade the epithelium. All the morphological

alterations were robustly reduced when saquinavir was added at a concentration of

0.3 mM (Korting et al. 1999). In parallel, Cassone et al. (1999) demonstrated that

indinavir and ritonavir exerted a marked dose-dependent inhibition of Sap produc-

tion and activity when evaluated both antigenically and as direct enzyme activity on

BSA as substrate. Also, both peptidase inhibitors noticeably inhibited growth of

C. albicans in a medium with BSA as the sole nitrogen source, at acidic pH. As

expected, in nitrogen-unlimited complex media, where SAP expression is not

required for growth, the inhibitors did not arrest C. albicans growth. Of more

importance, indinavir and ritonavir exerted a therapeutic effect in an experimental

model of vaginal candidiasis (estrogen-dependent rat vaginitis), with an efficacy

comparable to that of fluconazole, a well-known anticandidal agent (Cassone et al.

1999). In the same year, Borg-von Zepelin et al. (1999) showed that purified Sap1,

Sap2 and Sap3 were inhibited by four distinct HIV aspartic peptidase inhibitors

(ritonavir, saquinavir, indinavir, and nelfinavir) in a concentration-dependent man-

ner, in which ritonavir was by far the most effective inhibitor of these Sap

isoenzymes. In contrast, only a slight inhibition of activity was detected for purified

Sap4, Sap5 and Sap6. These antiretroviral agents were able to inhibit C. albicans
Saps1–3, which are involved in Candida adherence. In this study, the authors

testified that ritonavir and saquinavir inhibited the adhesiveness of yeasts to Vero

cells, whereas indinavir had no effect (Borg-von Zepelin et al. 1999). Corroborating

these findings, ritonavir, indinavir, and saquinavir attenuated the adherence of

C. albicans to human vaginal epithelial cancer cell line HeLa S3; however, no
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effect in the phagocytosis by polymorphonuclear leukocytes (PMNLs) was

observed (Bektić et al. 2001). Interestingly, the adhesion process between

C. albicans and human umbilical vein endothelial cells (HUVEC) was not reduced

by ritonavir, indinavir, or saquinavir (Falkensammer et al. 2007), suggesting that

inhibition of C. albicans adhesion by HIV peptidase inhibitors is clearly epithelial

cell-specific. Compounding this group of experimental tests, Gruber et al. (1999a, b)

described that indinavir promoted a dose-dependent decrease of cell wall-bound Sap

antigen by flow cytometry analysis. In addition, while C. albicans yeast cells treated
with or without indinavir retained their ability to form hyphae, hyphal elongation of

drug-treated cells was delayed after incubation with indinavir.

It is also important to note that the inhibitory effects of HIV aspartic peptidase

inhibitors in both in vitro and in vivo experiment models were observed at substan-

tial inhibitor concentrations (of the mM order), much higher than those needed for

HIV peptidase inhibition (of the nM order). This probably reflects a much lower

affinity of these drugs for Sap compared with their high affinity for HIV peptidase

(Flexner 1998). Another explanation is that in contrast to the very small and

structurally simplified HIV peptidase, Saps are larger and more complex (Kato

et al. 1987; Abad-Zapatero et al. 1996). They possess a relatively large active site

which might be responsible for the broader substrate specificity and also their

susceptibility to distinct aspartic peptidase inhibitors (Abad-Zapatero et al. 1996).

Nevertheless, the above concentrations may be achieved under current HAART

regimens both in the blood (Flexner 1998) and (at least for indinavir) in human

saliva, as shown by Hughens et al. (1998). In future, derivatives of HIV aspartic

peptidase inhibitors, being more specific for the fungal Saps, may form an alterna-

tive in the treatment of mucosal candidiasis insensitive to currently available

antimycotics.

Tsang and Hong (2010) have investigated whether HIV peptidase inhibitors

affect C. albicans adhesion to acrylic substances. In this study, C. albicans suspen-
sions were pretreated with different concentrations of saquinavir, ritonavir, or

indinavir for 1 h and allowed to adhere on acrylic strips that had been pretreated

with pooled human saliva for 30 min, plus another hour in the presence of each

drug. The test groups showed a significantly lower degree of adhesion than the

controls. Adhesion was reduced by 50% at drug concentrations of 100 mM, 100 mM
and 20 mM for saquinavir, ritonavir, and indinavir respectively.

13.4.2 Cryptococcus neoformans

C. neoformans is ubiquitous encapsulated yeast that is responsible for morbidity

and mortality in patients with impaired cell-mediated immunity, especially in those

with AIDS. Human infection begins with inhalation of desiccated yeasts or basi-

diospores followed by a local pulmonary infection. In immunocompetent indivi-

duals, primary lung infections with C. neoformans usually resolve without therapy,
but in immunocompromised individuals, C. neoformans can disseminate to the
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central nervous system, causing cryptococcal meningitis, which if untreated is

always fatal (reviewed by Lin 2009). As previously mentioned in this review,

HAART has beneficial effects on some opportunistic infections by fungal patho-

gens, known to be major causes of morbidity and mortality in AIDS patients,

including C. neoformans.
In respect of C. neoformans, Mussini et al. (2004) showed that HIV-infected

patients who experienced a cryptococcal meningitis taking HAART have a lower

risk of relapse when the CD4+ cell count increases to >100 cells/ml, even in the

absence of antifungal maintenance therapy. As reported for C. albicans, the pepti-
dase inhibitor present in the HAART directly inhibits the aspartic-type peptidase

produced by C. neoformans. To test this hypothesis, the researchers evaluated the

effect of HIV peptidase inhibitors on the secretory aspartic peptidase as well as on

several parameters, such as fungal viability, growth, and susceptibility to immune

effector cells. For this purpose, indinavir is the main peptidase inhibitor studied

against C. neoformans, especially due to its diffusion through the blood–brain

barrier (Haas et al. 2000).

The cultivation of C. neoformans cells for 48–72 h in the presence of 10 mM
indinavir or 100 mg/ml pepstatin A considerably diminished the extracellular

peptidase activity measured in the cell-free culture supernatant in comparison

with yeast grown in the absence of these peptidase inhibitors. These data imply a

direct inhibitory effect of indinavir on C. neoformans secreted peptidase(s). Indin-

avir did not inhibit C. neoformans growth until 48 h of incubation, but a significant

decrease was observed after this time. In addition, this inhibition is a strictly dose-

dependent phenomenon, reaching about 75% growth reduction at 50 mM dose

(Blasi et al. 2004). These authors also evaluated the effects of indinavir on crypto-

coccal susceptibility to murine microglial cell line BV2, which is a prototype of

immune effector cell. Nontreated yeast cells were phagocytosed by approximately

6% of the microglial cells, while C. neoformans cells pre-exposed to indinavir

(10 mM) or pepstatin A (100 mg/ml) were ingested to a higher extent. In addition,

the pretreatment of C. neoformans cells with indinavir enhanced the microglia-

mediated anticryptococcal activity, resulting in damaging of ingested yeasts. In

contrast, control yeasts exposed to BV2 cells, though being ingested, still retained a

well-conserved morphology (Blasi et al. 2004).

Indinavir also selectively inhibited the production of some virulence factors of

C. neoformans, including: urease, which promotes survival of the fungus within

mammalian hosts, and peptidase activities, but not melanin and phospholipase

synthesis. Moreover, indinavir interfered with capsule formation. As is well-

known, the polysaccharide capsular size is important in influencing the anticrypto-

coccal function of phagocytic cells; therefore, impairment of capsule formation

could contribute to increased susceptibility to killing (Vecchiarelli et al. 1994). This

effect could be particularly relevant in vivo because, apart from its antiphagocytic

activity, the C. neoformans capsule is also endowed with immunosuppressive

properties (Vecchiarelli 2000). Cooperatively, these effects led to increased sus-

ceptibility of C. neoformans to intracellular killing by PMNLs and peripheral blood

mononuclear cells (PBMCs), which are natural effector cells. This phenomenon
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was also correlated with the increase of respiratory burst, which enhanced the

production of superoxide anion (O2
�) in both cell types. Additionally, the antimi-

crobial capacity of granule extracts from PMNLs killed the indinavir-treated C.
neoformans more efficiently than nontreated ones (Monari et al. 2005). In parallel,

Pericolini et al. (2006, 2008) demonstrated that the inoculation of immunosup-

pressed mice with C. neoformans previously exposed to indinavir, in comparison to

untreated C. neoformans, resulted in several beneficial effects, such as: (1) a more

pronounced secretion of IL-12 by splenic dendritic cells, suggesting a more effi-

cient Th1 protective response, (2) reduction of CD14 and FcgRs expression on

splenic dendritic cells, and upregulation of CD86 and CD80 molecules, suggesting

the maturation and activation of this ultimate antigen-presenting cell, (3) enhance-

ment of IFN-g and IL-2 production by splenic T cells and increase in their

proliferation in response to fungal antigens, (4) survival from an otherwise lethal

challenge, correlated with a drastic decrease in colony-forming units from two

target organs, brain and liver, and (5) induced an expansion of dendritic cell with

CD8a phenotype in spleens of infected hosts, resulting in an efficient T-cell-

protective response. Collectively, these results showed that C. neoformans exposed
to indinavir can somehow bypass or attenuate some immunosuppressive effects

normally induced by the unexposed fungus.

Tipranavir, a nonpeptidic peptidase inhibitor that exhibits antiviral activity

against many peptidase inhibitor-resistant HIV-1 isolates, induced in C. neofor-
mans and C. albicans a significant reduction of both peptidase and phospholipase

production. However, this inhibitor showed an opposite effect on the major viru-

lence factors of C. neoformans and C. albicans: in the former, it inhibited the

expression of the polysaccharide capsular, while in C. albicans it promoted the

mycelial transition. Curiously, tipranavir impaired in vitro growth of C. neofor-
mans, but not of C. albicans. Moreover, tipranavir-treated C. neoformans, but not
C. albicans, proved more susceptible to killing by human neutrophils. Finally,

tipranavir showed a therapeutic effect in experimental systemic cryptococcosis,

as evaluated by reduced fungal burden in brain and liver of immunocompetent and

immunodepressed mice. These data indicate that tipranavir could act in multiple

ways by diversifying its effects on various opportunistic pathogenic fungi (Cenci

et al. 2008).

Combined therapy has developed to diminish the fungal resistance phenomenon.

The combination of peptidase inhibitors and antimycotic drugs could help in

enhancing the therapeutic treatment against mycoses. In this context, the combina-

tion of antimycotic agents and saquinavir both at subinhibitory concentrations was

effectively demonstrated against strains of C. albicans and C. neoformans isolated
from HIV-seropositive patients. The results described by Casolari et al. (2004)

showed that the interaction between saquinavir and different antimycotic drugs

(amphotericin B, 5-fluorocytosine, miconazole. and fluconazole) did not result in

antagonism, and fluconazole acts in a more synergistic way. The advantage of the

synergic effect of the combination is to attenuate the resistance and accompanying

toxic phenomena, above all in the event of long-term therapy, thanks to the use of

low dosages of both antiviral and antimycotic drugs.
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13.4.3 Fonsecaea pedrosoi

F. pedrosoi is the principal etiologic agent of chromoblastomycosis, a fungal

disease whose pathogenic events are poorly understood. Chromoblastomycosis is

a chronic, suppurative, and progressive mycosis of the skin and subcutaneous

tissues. Current therapy for chromoblastomycosis is suboptimal due to the toxicity

of the available therapeutic agents and the emergence of drug resistance. Com-

pounding these problems is the fact that endemic countries and regions are eco-

nomically poor (reviewed by Santos et al. 2007). The first report on peptidase

production by F. pedrosoi was described by Palmeira et al. (2006a), who demon-

strated that the pattern of peptidase secretion by F. pedrosoi conidial cells was

highly dependent on the culture medium composition. In this way, conidia cultured

on Kauffman complex medium secreted a peptidase, whose activity was restrained

by some metallopeptidase inhibitors and which functioned over a large pH range

encompassing both acidic and alkaline values. Conversely, in culture supernatant

derived from chemically defined medium an extracellular aspartic peptidase was

identified, which was active at very low pH and totally sensitive to pepstatin A.

Moreover, mycelial forms of F. pedrosoi also released aspartic peptidase extra-

cellularly (Palmeira et al. 2006b). Both conidial and mycelial aspartic peptidases

were able to hydrolyze important serum proteins as well as extracellular matrix

components. Therefore, the extracellular proteolytic enzymes produced by F. pedro-
soi cells could support the initial development of this fungus inside the host, and the

existence of two biochemically distinct secretory peptidases makes it possible to

cover a wide range of host conditions. The effect of saquinavir, ritonavir, indinavir,

and nelfinavir on the secreted proteolytic activity of F. pedrosoi cells was recently
evaluated (Palmeira et al. 2006b, 2008). These compounds inhibited the extracellular

aspartic proteolytic activity produced by both conidial and mycelial forms in a dose-

dependent manner. Interestingly, recent isolated strains of F. pedrosoi produced
higher levels of extracellular peptidase activity when compared with a laboratory-

adapted strain (Palmeira et al. 2006b, 2008), suggesting that the production of

secreted aspartic-type peptidases may be stimulated by interaction with the host.

Aspartic peptidases are apparently key regulators of the in vitro growth in

F. pedrosoi (Palmeira et al. 2006b, 2008). Pepstatin A demonstrated a fungicidal

activity against conidia in a cell-number and dose-dependent fashion. Accordingly,

the HIV aspartic peptidase inhibitors mentioned above also abrogated the growth of

conidial forms as well as their transformation into mycelial cells (Palmeira et al.

2008), an essential step during the F. pedrosoi life cycle and virulence (Santos et al.
2007). Probably the aspartic peptidase may be involved in the early transformation

or remodeling of the conidia after it enters the host cells. Conidia-into-mycelia

transformation in F. pedrosoi is accompanied by dramatic morphologic changes

that could require peptidase-mediated degradation of several proteins, including

conidia cytoskeleton components. The synergistic action on growth ability between

nelfinavir and amphotericin B, when both were used at subinhibitory concentra-

tions, was also observed. Interestingly, HIV peptidase inhibitor-treated conidial
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cells presented irreversible ultrastructural alterations, as shown by transmission

electron microscopy. After 1 h of treatment, both nelfinavir and saquinavir induced

several morphological alterations, including: invaginations in the cytoplasmic

membrane and withdrawal of the cytoplasmic membrane from within the cell

wall, disorder and detachment of the cell wall, rupture of internal organelles, and

the presence of large and irregular cytoplasmic vacuoles, some of them containing

small vesicles. In some cells, the enlargement of intracellular vacuoles was so

intense that they occupied almost the entire cytoplasm area. Furthermore, abnormal

division disfiguring regular conidia morphology could be observed in cells treated

with nelfinavir, while the saquinavir treatment seemed to induce breakage of the

cell wall starting from extracellular environmental. Ritonavir and indinavir also

promoted some of these aberrant cellular alterations, but in a lower proportion when

compared to nelfinavir and saquinavir treatment. Furthermore, the aspartic pepti-

dase inhibitors drastically reduced the adhesion and endocytic indexes during the

interaction between F. pedrosoi conidia and epithelial cells (Chinese hamster

ovary), fibroblasts, or macrophages, in a cell type-dependent manner. Moreover,

these peptidase inhibitors arrested the conidia-into-mycelia transformation when in

contact with CHO cells and enhanced the susceptibility killing by macrophage

cells, promoting a significant reduction in the number of viable intracellular conidia

(Palmeira et al. 2008).

13.4.4 Sporothrix schenckii

S. schenckii yeast cells, the morphological stage that is found in affected host

tissues, are able to produce two distinct extracellular peptidases when grown in

liquid medium containing albumin or collagen as a unique nitrogen source: a

serine-type peptidase inhibited by chymostatin and an aspartic-type peptidase

strongly blocked by pepstatin A (Tsuboi et al. 1987, 1988). The addition of

pepstatin or chymostatin to the culture medium did not inhibit the cell growth

of S. schenckii, but the addition of both inhibitors at a concentration of 10 mg/ml

robustly inhibited yeast growth (Tsuboi et al. 1988). Thus, these enzymes could

act synergistically, degrading collagen of the dermis and consequently helping

the fungus to obtain nitrogen source for its in vivo proliferation. In order to

corroborate this speculation using a sporotrichosis model, Lei et al. (1993)

examined the effects of peptidase inhibitors on the cutaneous lesions of mice.

Ointments containing 0.1% chymostatin, 0.1% pepstatin A, and 0.1% chymosta-

tin plus 0.1% pepstatin A were applied twice daily on the inoculation site of

hairless mouse skin, and the time courses of the lesions were examined. The

inhibitory effect in vivo on S. schenckii was similar to that demonstrated in an

in vitro study. Compared to the control, the time-course curve of the number of

nodules present after the application of either pepstatin A or chymostatin was

slightly suppressed. However, the application of both pepstatin A and chymos-

tatin powerfully suppressed nodule formation. The infection of mice with
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S. schenckii resulted in high titers of antibodies against both peptidases, showing

that both enzymes were antigenic and produced in vivo. The time course of the

antibody titers to both peptidases was paralleled to those macroscopic and micro-

scopic observations in an experimental mouse sporotrichosis model (Yoshiike et al.

1993). Taken together, these results pointed out to the direct action of peptidase

inhibitors on the S. schenkii and may lead to their use as possible topical therapeutic

agents.

13.4.5 Histoplasma capsulatum

Before the era of HAART, the prevalence ofH. capsulatum infections reached up to

30% of HIV-infected patients in hyperendemic areas of the southeastern part of the

United States (McKinsey et al. 1997). The infection occurs more often in patients

with a CD4 count <50 cells/mm3 and is usually disseminated (Carme et al. 1990).

An extremely interesting study showed that the treatment of a patient with AIDS

and disseminated histoplasmosis with a combined therapy of itraconazole and HIV

peptidase inhibitors (atazanavir, 300 mg once daily, and ritonavir, 100 mg once

daily) promoted an improvement in the desired urinary Histoplasma antigen level

and plasma itraconazole concentration, leading to a mycological cure (Koo et al.

2007).

13.5 Conclusions

To date, antifungal drug design has predominantly been based on targeting a

singular cellular metabolic or biosynthetic process. However, because of frequent

relapses and the ever-rising emergence of drug resistance, this strategy appears to

be inadequate and the pressing demand for new approaches to drug discovery can

no longer be neglected. In this sense, there have been substantive advances in our

understanding of the use of peptidase inhibitors as therapeutic agents. Exploration

of natural inhibitors and synthesis of peptidomimetic molecules have provided

many promising compounds performing successfully in animal studies. Several

peptidase inhibitors are undergoing further evaluation in human clinical trials. By

combining new technology in molecular biology, X-ray crystallography, computer

graphics, and biochemistry, structure-based drug design provides a parallel and

cost-effective strategy for identification of new antifungal chemotherapy. In this

context, aspartic peptidase-inhibitor crystal structures are currently available on the

Protein Data Bank (PDB) database (http://www.rcsb.org/pdb/home/home.do) for

some fungal peptidases, including penicillopepsin (Penicillium janthinellum),
aspergillopepsin (Aspergillus phoenicis and A. niger), mucorpepsin (Rhizomucor
miehei), saccharopepsin (S. cerevisiae), rhizopuspepsin (Rhizopus chinensis), and
Saps (C. albicans, C. parapsilosis, and C. tropicalis), and these data could help in
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the development of novel and potent antifungal compounds. Furthermore, future

research into the synergistic capabilities of inhibitors will help elucidate the most

effective combination therapies. Perhaps we can learn from the treatment of HIV

where combination therapies targeting more than one essential factor have been

successful. Combination therapies that target not only essential genes but also

important virulence factors that are essential for certain steps in infection could

be attractive in the treatment of fungal infections. Finally, peptidase inhibitor

research should be viewed as a promising field in which medical advances are

likely to be realized.
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W€urzner R (2007) Absent reduction by HIV protease inhibitors of Candida albicans adhesion
to endothelial cells. Mycoses 50:172–177

Fallon K, Bausch K, Noonan J, Huguenel E, Tamburini P (1997) Role of aspartic proteases in

disseminated Candida albicans infection in mice. Infect Immun 65:551–556

Felk A, Kretschmar M, Albrecht A, Schaller M, Beinhauer S, Nichterlein T, Sanglard D,

Korting HC, Schafer W, Hube B (2002) Candida albicans hyphal formation and the expression

of the Efg1-regulated proteinases Sap4 to Sap6 are required for the invasion of parenchymal

organs. Infect Immun 70:3689–3700

Finlay BB, Falkow S (1989) Common themes in microbial pathogenicity. Microbiol Rev

53:210–230

Flexner C (1998) HIV-protease inhibitors. N Engl J Med 338:1281–1292

Fotedar R, Al-Hedaithy SS (2005) Comparison of phospholipase and proteinase activity in

Candida albicans and C. dubliniensis. Mycoses 48:62–67

Fruton JS (2002) A history of pepsin and related enzymes. Quart Rev Biol 77:127–147

Fusek M, Smith EA, Monod M, Foundling SI (1993) Candida parapsilosis expresses and secretes
two aspartic proteinases. FEBS Lett 327:108–112

Fusek M, Smith EA, Monod M, Dunn BM, Foundling SI (1997) Extracellular aspartic proteinases

from Candida albicans, Candida tropicalis, and Candida parapsilosis yeasts differ substan-
tially in their specificities. Biochemistry 33:9791–9799

Gaedicke S, Firat-Geier E, Constantiniu O, Lucchiari-Hartz M, Freudenberg M, Galanos C,

Niedermann G (2002) Antitumor effect of the human immunodeficiency virus protease inhibi-

tor ritonavir: induction of tumor-cell apoptosis associated with perturbation of proteasomal

proteolysis. Cancer Res 62:6901–6908

Ghannoum M, Abu Elteen K (1986) Correlative relationship between proteinase production adher-

ence and pathogenicity of various strains of Candida albicans. J Med Vet Mycol 24:407–413

13 Aspartic Peptidase Inhibitors as Potential Bioactive Pharmacological Compounds 319



Gokce G, Cerikcioglu N, Yagci A (2007) Acid proteinase, phospholipase, and biofilm production

of Candida species isolated from blood cultures. Mycopathologia 164:265–269

Gruber A, Lukasser-Vogl E, Borg-von Zepelin M, Dierich MP, W€urzner R (1998) Human

immunodeficiency virus type 1 gp160 and gp41 binding to Candida albicans selectively

enhances candidal virulence in vitro. J Infect Dis 177:1057–1063
Gruber A, Lukasser-Vogl E, Zepelin MB, Dierich MP, W€urzner R (1999a) Human immunodefi-

ciency virus type 1 gp160 and gp41 binding to Candida albicans selectively enhances candidal
virulence in vitro. J Infect Dis 177:1057–1063

Gruber A, Speth C, Lukasser-Vogl E, Borg-von Zepelin M, Dierich MP, W€urzner R (1999b)

Human immunodeficiency virus type 1 protease inhibitor attenuates Candida albicans viru-
lence properties in vitro. Immunopharmacology 41:227–234

Haas DW, Stone J, Clough LA, Johnson B, Spearman P, Harris VL, Nicotera J, Johnson RH,

Raffanti S, Zhong L, Bergqwuist P, Chamberlin S, Hoagland V, Ju WD (2000) Steady-state

pharmacokinetics of indinavir in cerebrospinal fluid and plasma among adults with human

immunodeficiency virus type1 infection. Clin Pharmacol Ther 68:367–374

Hill J, Phylip L (1997) Bacterial aspartic proteinases. FEBS Lett 409:357–360
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Chapter 14

Metabolic Pathways as Drug Targets:

Targeting the Sulphur Assimilatory Pathways

of Yeast and Fungi for Novel Drug Discovery

Anand Kumar Bachhawat and Amit Kumar Yadav

Abstract The incidence of fungal infections is increasing worldwide, and the

management and treatment of fungal infections has become increasingly important.

The antifungals which are currently available target only a few pathways, and their

persistent use has resulted not only in increased drug resistance but also in the

emergence of newer fungal pathogens with intrinsic resistance. There is thus an

urgent need for novel antifungals. Among the metabolic pathways, the sulphur

assimilatory pathways of the pathogenic yeasts and fungi appear to be suitable for

antifungal development, due to the essential requirement of sulphur to the organism

and the significant differences from the corresponding pathways in humans. In this

chapter, we present the current understanding of the sulphur assimilatory pathways

in different pathogenic yeast and fungi, and discuss several targets that are currently

being investigated or have the potential for antifungal development.

14.1 Introduction

Among the 1.5 million yeast and fungi estimated to be in existence, only a small

fraction (0.1%) cause disease in mammals, and among these only a few are fre-

quently encountered as pathogens (Hawksworth 2001; Kwon-Chung and Bennett

1992). Many yeast and fungi, however, are commensals, in that they inhabit the

human host without causing pathogenesis. Under certain conditions or in immuno-

compromised hosts, these can become pathogenic, and thus they are called oppor-

tunistic pathogens. With an increasing incidence of HIV, these opportunistic

pathogens have become a major cause of morbidity and mortality.
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Fungal infections can be superficial, subcutaneous or invasive. Superficial infec-

tions (or cutaneous infections) affect hair, nails, and skin, and are caused by

dermatophytes. Trichophyton rubrum, Epidermophyton floccosum, Trichophyton
mentagrophytes and Microsporum gypseum are examples of common dermato-

phytes infecting humans (White et al. 2008, Venkatesan et al. 2007). Subcutaneous

infections are caused by the infection of the dermis, for example the disease

sporotrichosis caused by Sporothrix schenckii. The disseminated fungal infections,

endemic and opportunistic are the most life-threatening. Invasive fungal infections

are increasingly being caused by opportunistic pathogens in immunocompromised

hosts. Among the most common opportunistic pathogens in this category are the

commensals Aspergillus, Candida, and Cryptococccus (Pfaller and Diekema 2004).

Currently there are only a limited number of antifungal agents (Table 14.1), and

persistent use of these has led to an increased resistance to antifungals and also the

emergence of several new fungal pathogens that have intrinsic resistance to these

antifungals. Candida krusei and Candida glabrata, for example, are intrinsically

resistant to fluconazole, and an increased mortality rate has been reported with these

species compared to Candida albicans (Cheson 1995).

There is therefore, an urgent need to discover newer and better antifungals. An

ideal antifungal should not only have broad antifungal activity, and be fungicidal

rather than fungistatic, but it should also be non-toxic, have low frequency of either

acquired or intrinsic resistance, have minimal drug interactions, and also be inex-

pensive (Chapman et al. 2008).

Two different approaches are being taken towards discovering new antifungals.

In the first approach, chemical libraries and natural product libraries are directly

screened against different pathogenic yeast and fungi to identify potential antifun-

gals. In a second approach, potential target proteins are first identified and validated

in vivo, and then high-throughput screens based on the target protein are set up to

screen different compound libraries to identify lead compounds which are then

further developed.

Metabolic pathways are important targets of antifungals, and in fact most of the

current antifungals in use target two key metabolic pathways of fungi — the

Table 14.1 Pathways targeted by currently used antifungals in humans

Pathway Target enzyme Drug class Example

Ergesterol

biosynthesis

pathway

14a-Demethylase Azoles (imidazole and

triazoles)

Ketoconazole, fluconazole

Squalene epoxidase Allylamine Terbinafine

D14 Reductase and

D7,8 isomerase

Phenylmorpholine Amorolfine

Ergesterol Polyene Amphotericin B

Cell wall

biosynthesis

b-1, 3 Glucan

polysaccharides

Echinocandins Micafungin, caspofungin,

anidulafungin

Nucleic acid

biosynthesis

Nucleic acid

biosynthesis

– Flucytosine

Mitosis Microtubule assembly – Griseofulvin
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ergosterol biosynthetic pathway and the cell-wall biosynthesis pathway (Table 14.1).

However, not all metabolic pathways can be exploited for antifungal development.

Only those targets or pathways which are essential for the pathogen’s survival

in vivo, and where the mammalian equivalents are not present or are significantly

different, are likely to be useful targets. Thus, the cell-wall biosynthetic pathway

which is essential for fungal survival is a pathway absent in mammalian cells, while

the ergosterol pathway has been the major target for antifungals because fungi make

ergosterol (essential component of fungal membranes), as opposed to cholesterol in

humans. However, owing to the similarity in the enzymes of ergosterol and

cholesterol pathways, these antifungals also have a significant level of toxicity.

Surprisingly, very few other pathways have been targeted for antifungal devel-

opment till recently. The explosion in whole genome sequences, including genome

sequences of several pathogenic yeast and fungi (Jung et al. 2008), has made the

target-based approach for antifungal development very attractive (Willins et al.

2002). Comparative genomics at the whole genome level has made it possible to

identify potential targets in silico. These can then be validated in vivo, saving
significant time and effort. This has led to many more enzymes being considered

as potential drug targets (Wang and Shuman 2005; Rodaki et al. 2006), but they

need careful validation.

14.2 The Sulphur Assimilatory Pathway of Humans

is Distinct from Fungi: A Potential for Drug Discovery

The sulphur metabolic pathway of humans is significantly different from the

pathway in yeasts and fungi. The salient features of the sulphur assimilatory

pathway of humans and selected fungi/yeast are schematically shown in

Fig. 14.1. The two major differences that can be immediately discerned are firstly

the ability of yeast and fungi to reduce and incorporate inorganic sulphates, and

secondly the reversibility of the transsulphuration pathways from methionine

to cysteine that is seen in most fungi. This gives these organisms far greater

Fig. 14.1 Schematic representation of key features of sulphur assimilatory pathway in different

organisms: S. cerevisiae (a), N. crassa and A. nidulans (b), S. pombe (c), and humans (d)
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flexibility in the utilization of sulphur compounds, and thus, not only do they utilize

inorganic sulphates, but they can also use different organic sulphur compounds

such as cysteine, methionine, and glutathione as sources of sulphur. This is in

contrast to humans, where methionine becomes an essential amino acid and has to

be provided to meet the sulphur requirements in humans. Humans are thus not only

unable to use inorganic sulphates, but are also unable to use organic sulphur sources

such as cysteine and glutathione.

As sulphur is also an essential nutrient requirement of all living cells, being a

component of the two sulphur-containing amino acids cysteine and methionine,

as well as of several other sulphur compounds, such as glutathione and enzyme

CoA, the sulphur pathway is essential for survival, and has the potential to be

exploited for the development of new antifungals. In addition to yeast and fungi,

parasitic protozoans (Nozaki et al. 2005; Walker and Barrett 1997) and patho-

genic bacteria (Senaratne et al. 2006; Ejim et al. 2004) also have sulphur path-

ways that are more complex than in humans, and they also have the potential, and

are currently being explored, for discovery of newer antifungals; but these will

not be discussed here.

14.3 The Sulphur Assimilatory Pathways of the Yeast

Saccharomyces cerevisiae and Other Model Yeast

and Fungi

Detailed investigations on the sulphur assimilatory pathways have been carried out

over the years in the yeast S. cerevisiae (reviewed in Thomas and Surdin-Kerjan

1997), and to a lesser extent in the fission yeast Schizosaccharomyces pombe and

the fungi Neurospora crassa and Aspergillus nidulans.
In S. cerevisiae, transport of sulphate from the extracellular environment is

mediated through two high-affinity sulphate transporters SUL1 and SUL2 (Cherest

et al. 1997). The sulphate is acted upon by ATP sulphurylase (MET3) to form

adenosine phosphosulphate (APS), followed by APS kinase (MET14) that acts on

APS to form phosphoadenosine phosphosulphate (PAPS). PAPS reductase (MET16)

reduces PAPS to form sulphite. Sulphite reductase (MET 1,5,8,10) reduces sulphite

to sulphide, followed by incorporation of the sulphide into O-acetylhomoserine

(formed by the esterification of homoserine with the O-acetyl group from acetyl-

CoA using MET2 gene product) by the enzyme O-acetylhomoserine sulphydrylase

(MET15) to generate the four-carbon chain of homocysteine (Fig. 14.2). Although

sulphide is only incorporated into homocysteine in S. cerevisiae, many yeasts and

fungi can also incorporate sulphide directly into cysteine by the action of O-acetyl
serine-sulphydrylase (OAS-SH) or cysteine synthase using O-acetyl serine (OAS).
N. crassa and A. nidulans preferentially use the OAS pathway, although both

pathways exist in these fungi.
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Humans also have sulphate transporters and the enzymes for sulphate activation.

Interestingly, in humans the enzyme PAPS synthatase contains both APS kinase

and ATP sulphurylase activity in a single polypeptide chain (Venkatachalam 2003).

Humans however, lack the enzymes PAPS reductase and sulphite reductase, thus

preventing them from reducing inorganic sulphur compounds.

Cysteine synthesis from homocysteine requires two enzymatic steps carried

out by cystathionine beta synthase (STR4; Cherest and Surdin-Kerjan 1992; Ono

et al. 1992) and cystathionine gamma lyase, (STR1; Cherest and Surdin-Kerjan

1992). The pathway from homocysteine to cysteine also exists in humans. Methi-

onine is formed from homocysteine by the action of homocysteine methyl trans-

ferase or methionine synthase encoded by MET6 (Csaikl and Csaikl 1986).

S. cerevisiae methionine synthase is cobalamine-independent (Burton et al. 1969).

In contrast, methionine synthase in mammals is cobalamine-dependent (Chen et al.

1995). Methionine can also be converted to homocysteine by the action of S-adenosyl

methione synthase (SAM1/SAM2) and the enzyme S-adenosyl homocysteine hydro-

lase (SAH1).

Cysteine can be converted to homocysteine, (and subsequently to methionine)

by the action of two enzymes, cystathione gamma synthase (STR2) and cystathio-

nine beta lyase (STR3) in S. cerevisiae. Most yeasts have this pathway. Interest-

ingly, S. pombe lacks the reverse transsulphuration pathway for the conversion of

homocysteine to cysteine (lacks STR4, STR1). S. pombe incorporates sulphide

directly into cysteine and homocysteine, and has thus both the OAS-SH and

OAH-SH pathways (Brzywczy and Paszewski 1994; Fujita and Takegawa 2004;

Fig. 14.1).

The presence of the forward and reverse transsulphuration pathways in most

yeasts and fungi, and the consequent interconvertibility of methionine and cysteine,

allows not only sulphate, but any of the other sulphur compounds, such as cysteine,

methionine, homocysteine or glutathione to be also used as a sole source of sulphur

Fig. 14.2 Sulphur assimilatory pathways in S. cerevisiae
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in these yeasts. Studies with S. cerevisiae, have revealed that indeed each of these

sulphur compounds have specific transporters for their uptake. Thus, methionine is

preferentially taken up by MUP1 and MUP3 (Isnard et al. 1996), cysteine and

homocysteine preferably by YCT1 (Kaur and Bachhawat 2007), and glutathione by

HGT1 (Bourbouloux et al. 2000). Once transported, they can then be converted into

the other sulphur compounds by the transsulphuration pathways. In the case of

glutathione, it has been shown that the tripeptide is broken down into cysteine by

the action of the DUG1, DUG2 and DUG3 proteins functioning as a DUG complex

(Ganguli et al. 2007).

N. crassa has been shown to have the capability of utilizing several other sulphur
compounds such as choline sulphates and aromatic sulphates (as well as other

sulphate and sulphonate esters) as sources of sulphate. These are first transported,

and then by the action of specific sulphatases such as arylsulphatases release the

sulphate for subsequent assimilation. Furthermore, both N. crassa and A. nidulans
can also obtain sulphur from the extracellular medium by secreting an alkaline

protease into the growth medium to hydrolyse extracellular proteins and then

transporting the peptides to fulfil their sulphur requirement (Hanson and Marzluf

1973, 1975).

The regulation of sulphur assimilation in S. cerevisiae occurs through the

sulphur regulatory network involving the transcriptional activator, MET4 which

is a basic leucine zipper protein. MET4 lacks DNA binding ability, and requires

either CBF1 or one of the two transcription factors MET31/MET32 for promoter

association. Thus MET4 forms an activation complex either with CBF1 (MET4–

CBF1–MET28) or with MET31/MET32 (MET4–MET28–MET31/MET32). These

complexes are activated during sulphur limitation, leading to their binding to the

recognition sequences upstream of the sulphur assimilatory genes, and thus

leading to their transcriptional activation. An inhibitory protein, MET30 (Kuras

et al. 1996), is the substrate recognition subunit of the ubiquitin ligase complex

SCFMET30 which causes ubiquitination of the transcriptional activator MET4.

Transcriptional activation in N. crassa and A. nidulans occurs via CYS3 (Paietta

et al. 1987) and METR (Natorff et al. 2003) respectively, which are the equivalents

of S. cerevisiae MET4.

14.4 Studies on the Sulphur Assimilatory Pathways

in the Pathogenic Yeasts/Fungi

As described in the earlier sections, studies with model yeasts and fungi have

revealed that, unlike humans, these organisms have the ability to use a wide variety

of sulphur sources. It is possible that some pathways might be important at some

stages of infection, while others may be important at other stages of infection. This

is especially so since the availability of the sulphur sources changes in the different

tissues. The concentrations of sulphur amino acids in the plasma, for example, are
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quite different from the intracellular concentrations within the cell (Table 14.2).

Sulphur assimilation is also the route to the biosynthesis of glutathione that plays an

important role in the oxidative stress response. As most pathogens face an oxidative

stress in vivo, the sulphur pathway for this reason has also become important for the

pathogens survival in vivo.
The importance of the sulphur assimilatory pathways in vivo is revealed from

the observation that the sulphur pathways are up-regulated in conditions that

mimic the in vivo conditions. During biofilm formation in C. albicans (Murillo

et al. 2005; Garcia-Sanchez et al. 2004), many enzymes of the sulphur pathway

were found to be up-regulated. Several genome-wide expression studies have

been carried out in different C. albicans infection models showing the induction

of sulphur pathway genes. These include studies with macrophages, neutrophils,

and blood. It was observed that in neutrophils and in macrophages C. albicans up-
regulates some sulphur and glutathione metabolism genes (Rubin-Bejerano et al.

2003; Lorenz et al. 2004; Enjalbert et al. 2003; Hromatka et al. 2005; Rogers and

Barker 2003). In a study involving different components of blood, genes involved

in the methionine biosynthesis were found to be up-regulated in the blood, in the

mononuclear fraction (lymphocytes and monocyte) and in polymorphonuclear

cells (eosinophils, basophils and neutrophils), but not in the plasma of blood

(Fradin et al. 2005).

In genome-wide studies with another fungal pathogen prevalent in South Amer-

ica Paracocciodiodes brasiliensis, it was observed that in the yeast form and in cells

undergoing transition from mycelium to the yeast form several genes of the

inorganic pathway were induced (Felipe et al. 2005; Andrade et al. 2006; Bastos

et al. 2007), while in a similar study during the mycelium-to-yeast transition and

during the yeast phase of growth, both the pathways of inorganic and organic

sulphur assimilation were found to be induced (Ferreira et al. 2006).

In the intracellular pathogen H. capsulatum, the yeast form showed up-regulation

of sulphur assimilatory and glutathione metabolism genes (Hwang et al. 2003).

Furthermore, under nitrosative stress and under iron limitation, enzymes of the

sulphur assimilation were induced (Winters et al. 2008; Nittler et al. 2005).

Table 14.2 Concentration

of sulphur compounds in

mammals (Markovich 2001;

Jones et al. 2000; Guttormsen

et al. 2004; Triguero et al.

1997)

Sulphur compound Plasma

conc.a (mM)

Intracellular

conc.b,c

Inorganic sulphate 300 –

Cystine 40–50 �20 mM
Cysteine 8–10 �200 mM
Methionine 22 �100 mM
Homocysteine 7 �100 mM
Cystathionine 0.125 �60

Glutathione 1–3 10 mM
aHuman
bRat
cIntracellular concentrations of cysteine, cystine, methionine,

homocysteine and cystathionine converted to mM conc. from

nmol/g, taking intracellular conc. of glutathione inmMas standard
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Similarly, in Cryptococcus neoformans during heat shock or nitrosative stress

or during phagocytosis by macrophage, genes of sulphur pathway and glutathione

metabolism were found to be induced (Chow et al. 2007; Missall et al. 2006;

Fan et al. 2005).

These studies highlight the importance of these pathways in vivo, the need to

investigate the pathogenic microbes for their ability to assimilate sulphur, and also

the need to evaluate the relative importance of the existing pathways inside the host.

However, very limited studies have been carried out on pathogenic organisms. A

brief outline of what we know in respect to the sulphur pathways of a few fungal

pathogens is given below.

14.4.1 Candida glabrata and Candida albicans

C. albicans and C. glabrata are the most frequently isolated Candida species from

patients suffering from candidiasis. They are frequently found as a commensal

inside the human host, being found on the mucosal surface of the gastrointestinal

and urogenital tract, along with other microorganisms. However, when there is

intestinal tissue damage caused by antibiotic treatment or some other medication

like chemotherapy, they escape into the blood of the host. Once inside the blood,

they go to all the vital organs of human and colonize them, causing severe case of

bloodstream infection.

The genome sequence of C. albicans suggests that the sulphur assimilatory

pathways of C. albicans are quite similar to S. cerevisiae. However, when the

gene for the enzyme OAH-SH (CaMET15 ) was disrupted in C. albicans, although
it led to a severe defect of growth on sulphate it did not lead to complete organic

sulphur auxotrophy, as seen in S. cerevisiae met15D strains (Viaene et al. 2000;

Ganguli et al. unpublished data). This suggests that a second pathway for the

generation of cysteine (such as OAS-SH, CysK) might exist in C. albicans, but
this has not yet been investigated.

Comparative analysis of the sulphur assimilatory pathways of C. glabrata with
S. cerevisiae reveals that C. glabrata follows the sulphur assimilatory pathways

of S. cerevisiae. Similar to S. cerevisiae (but unlike C. albicans), deletion of

OAH-SH (CgMET15) led to strict organic sulphur auxotrophy in C. glabrata, and
it was not able to grow on inorganic sulphate (Yadav and Bachhawat unpublished

data).

Studies with the met15D strains of both C. glabrata and C. albicans have

revealed that both yeasts can utilize methionine and cysteine, suggesting the

presence of both forward and reverse transsulphuration pathways in these yeasts.

Both yeasts can utilize cystine as a sulphur source, although S. cerevisiae fails to
utilize cystine (Yadav and Bachhawat unpublished data). Interestingly, only

C. albicans but not C. glabrata utilizes glutathione as a sulphur source. The inability
to utilize glutathione is due to the absence of a glutathione transporter in C. glabrata
(Yadav and Bachhawat, unpublished data).
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14.4.2 Histoplasma capsulatum

H. capsulatum causes the systemic fungal disease, histoplasmosis. The pathogenic

fungi H. capsulatum occurs in two distinct morphological forms, the saprophytic

mycelial form, and the pathogenic yeast form. At 23�25�C, H. capsulatum grows

as a mycelium, while inside the human host at 37�C the mycelium gets converted

into the yeast form. This dimorphism is caused by increase in temperature as well as

the presence of compounds having sulphydryl groups (Scherr 1957). It has been

shown that the mycelial form is prototrophic for cysteine, while the yeast form is

auxotrophic for cysteine, and the maintenance of the yeast phase requires cysteine

or cystine (Salvin 1949). The requirement for organic sulphur forms was found to

be because of sulphite reductase, which was constitutive in the mycelial phase but

was repressed in the yeast phase (Stetler and Boguslawski 1979).The lack of

sulphite reductase activity in the yeast phase was subsequently shown to be due

to its temperature sensitivity (Howard et al. 1980).

Histoplasma, was also shown to be able to take up cysteine and cystine, but

mutants defective in the uptake of cysteine and cystine had no effect on the

morphogenesis (Maresca et al. 1978; Jacobson and Harrell 1981). The presence

of a cystine reductase for the utilization of cystine has also been proposed, but the

gene has not been identified (Maresca et al. 1978).

14.4.3 Paracocciodiodes brasiliensis

P. brasiliensis is another dimorphic fungal pathogen which is the causative agent

for the human systemic disease paracocidioidomycosis, which is most prevalent in

South America. Infection occurs through the inhalation of conidia, which then

transforms itself into the yeast form inside the human host.

The yeast form of P. braseliensis is unable to utilize the inorganic form of

sulphur, while the hyphal form can (Paris et al. 1985). It was thus expected that the

genes for the inorganic sulphur assimilation would be repressed, in the yeast-phase.

However, genome-wide expression profiling revealed that in P. braseliensis during
the mycelium-to-yeast transition and also during the yeast phase of growth, the

pathways, both inorganic and organic, are up-regulated (Ferreira et al. 2006). It has

therefore been suggested that the yeast form might not be able to transport

the inorganic form of sulphur in the yeast form, thereby showing an organic sulphur

requirement.

14.4.4 Dermatophytes (Trichophyton, Microsporum,
and Epidermophton)

Dermatophytes cause fungal infection of skin, hair and nails, and these groups of

diseases are called Tinea. Tinea infections are usually localized to the surface, and

14 Metabolic Pathways as Drug Targets 335



are rarely systemic or disseminated. Early studies with these organisms have

revealed that M. gypseum can utilize cysteine, cystine, methionine, and inorganic

sulphate for its growth (Stahl et al. 1949). Among different inorganic sulphur forms,

M. gypseum seems to utilize sulphate and sulphite preferentially (Kunert 1981). In

the ecological niche of dermatophytes, keratin, which is rich in cystine, is present in

abundance. Dermatophytes secrete sulphite during keratin degradation, and the

secreted sulphite provides the reducing environment for the reduction of cystine

in keratin to cysteine and S-sulphocysteine (Kunert 1972, 1976). The reduced form

of keratin is then acted upon by the secreted exopeptidases and endopeptidases to

release peptides and amino acids for their subsequent absorption.

14.4.5 Cryptococcus neoformans

C. neoformans is a saprophytic, dimorphic fungus which in its natural habitat is

found in pigeon droppings and in contaminated soil. It is the causative agent of

cryptococcosis. Cryptococcal infection begins with the inhalation of the yeast cells

into lungs. Primary infections in lungs are asymptomatic in immunocompetent

hosts. C. neoformans normally affects immunocompromised patients, causing

pulmonary infections in them, and when the infection is disseminated it goes to

the central nervous system and causes meningoencephalitis.

Some studies have been done to characterize the sulphur assimilatory pathways

in this pathogen. A few genes of sulphur assimilation that include MET2, MET3

and MET6 have been targeted in this pathogen to attenuate its virulence. Interest-

ingly, MET2, MET3 and MET6 gene deletions have provided some insights about

the status of sulphur pathways in this yeast.

The met3D deletion of C. neoformans has been observed to grow well on

cysteine and methionine, indicating that C. neoformans contains both forward and

reverse transsulphuration pathways (Yang et al. 2002). However, the C. neoformans
met3D did not grow as well as S. cerevisiae met3D in the presence of exogenous

methionine, suggesting poor transport for methionine in this yeast as compared

to S. cerevisiae. The met6D mutant of C. neoformans, like S. cerevisiae, required
methionine for its growth, which was not replaced by homocysteine or cysteine.

In contrast, the met3D mutant of C. neoformans was able to satisfy its nutritional

requirement by homocysteine, methionine, and cysteine, and it showed better

growth when proline was used as a nitrogen source, suggesting that the uptake

of these amino acids is under nitrogen repression. The expression of MET3 was

not transcriptionally regulated by methionine; however, unlike MET3, MET6

expression was found to increase seven-fold in the presence of methionine (Pascon

et al. 2004).

The met2D strain of C. neoformans, like the met6D and met3D strains, was a

methionine auxotroph, and as with the met3D strain its growth on methionine was

better when proline was used as a nitrogen source instead of ammonium sulphate

(Nazi et al. 2007).
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14.5 Metabolic Targets in the Sulphur Assimilatory Pathway

Although only a limited number of studies have been carried out on sulphur

homeostasis with pathogenic yeasts and fungi, many steps in sulphur assimilation

have the potential for targeting by antifungals. Listed below are some of the

enzymes, transporters, and transcription factors that are being, and could possibly

be, targeted for antifungal development.

14.5.1 Homoserine O-Acetyl Transacetylase (MET2)

MET2 encodes homoserine O-acetyl transacetylase (HAT) which is the first

enzyme in the biosynthesis of methionine. HAT activates homoserine to form

O-acetylhomoserine through esterification. In C. neoformans, met2D (like met6D)
is a methionine auxotroph, and has been found to be avirulent in the mice inhalation

infection model (Nazi et al. 2007), suggesting that MET2 could be an attractive

antifungal target.

To identify inhibitors against MET2, compounds from a protein kinase inhibitor

library were screened. Protein kinase inhibitors are built around a scaffold which

mimics nucleotide substrates. HAT has a nucleotide recognition region for its

substrate CoA. Out of 1,000 compounds screened, 40 were pursued further, based

upon the inhibition they caused against HAT (50% inhibition). These compounds

were further screened for their ability to compete for the substrate acetyl-CoA. Four

compounds were selected as competitive inhibitors for acetyl-CoA. Among these,

CTCQC (6-carbamoyl-3a,4,5,9b-tetrahydro-3H-cyclopenta[c]quinoline-4-carboxylic

acid) appeared to be the most promising, as the remaining compounds posed solubil-

ity problems. CTCQC was found to be a competitive inhibitor of the substrate acetyl-

CoA and non-competitive inhibitor of L-homoserine for the enzyme HAT. CTCQC

had no effect on C. neoformans growth in minimal medium up to 128 mg/ml;

however, this could be due to poor bioavailability of the compound, and thus the

lead compound would need further modifications to increase its bioavailability and

potency as an antifungal.

14.5.2 Methionine Synthase (MET6)

MET6 encodes methionine synthase which converts methionine to homocysteine.

The MET6 encoded protein of fungi is a cobalamine-independent protein, in

contrast to the human enzyme, which is cobalamine-dependent. Furthermore, the

human and yeast enzymes have no sequence similarity, and have different evolu-

tionary origins. The met6D of C. neoformans was found to be avirulent in the

murine inhalation infection model compared to the wild-type (Pascon et al. 2004).

The growth rate of met6D was also found to be much slower than that of met3D.
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When met3D and met6D mutants were starved of methionine, met3D mutants

remained viable up to 96 h, while CFU of met6D mutant declined after 96 h to

58% of the initial CFU. This slow growth rate caused delay in the production of

melanin. However, unlike met3D, met6D deletion caused substantial reduction in

capsule formation. The thick capsule of C. neoformans made of polysaccharides

prevents phagocytosis of C. neoformans by macrophages and neutrophils, and thus

met6D strains could have a secondary phenotype affecting virulence, further

strengthening its potential use as a target.

As methionine synthase converts homocysteine to methionine, met6D mutants

would have elevated levels of homocysteine. Homocysteine accumulation is known

to inhibit sterol biosynthesis (Hatanaka et al. 1974; McCammon and Parks 1981;

Parks and Casey 1995). The antifungal drug flucanozole inhibits sterol biosynthesis,

and examining the effects of flucanozole on met6D mutants revealed that met6D
mutants were two to four times more sensitive to the drug flucanozole. Calcineurin

inhibitors act synergistically with flucanozole (Del Poeta et al. 2000). As met6D
would also affect the sterol biosynthesis, they could be used in the combinatorial

therapy with calcineurin inhibitors. This was indeed found to be the case, as the

met6D mutants were four times more sensitive to FK506 (a calcineurin inhibitor).

Interestingly, attempts to make a strain of C. albicans deleted in both alleles of

MET6 were not successful, even in the presence of exogenously added methionine

(Suliman et al. 2007). This suggested that MET6 might be an essential gene in

C. albicans. This observation was in contrast to what was seen in C. neoformans,
where met6D could be rescued by exogenously added methionine. To verify this,

the first allele was disrupted and the second allele was placed under a regulatable

promoter (Gal promoter). The conditional mutant grew well under inducing con-

ditions, even in the absence of methionine. However, under repressing conditions

the conditional mutant could only grow in presence of methionine. It thus appears

that the gene is essential in C. albicans, and that a minimal level of methionine

synthase expression is required for growth, which would probably limit homocys-

teine accumulation and homocysteine induced toxicity.

MET6 is thus an attractive antifungal drug target owing to its dual effect of not

only causing methionine auxotropy but also homocysteine accumulation, which is

harmful as it causes aberrations in sterol biosynthesis. Furthermore, the human

analogue is significantly different.

14.5.3 ATP Sulphurylase (MET3)

MET3 encodes ATP sulphurylase, which converts sulphate to APS in the inorganic

sulphur assimilation in yeasts. This enzyme was evaluated in C. neoformans for its
role in virulence (Yang et al. 2002). The met3D of C. neoformans showed a slow-

growth phenotype which caused a defect in a known virulence factor, melanin

(Kwon-chung and Rhodes 1986). Melanin is a hydrophobic compound that pro-

tects the pathogen against the harsh host environment. Melanin protects against
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hypochlorite and hydrogen peroxide, which are products of the innate immunity

(Wang et al. 1995). The met3D mutant in the murine inhalation infection model

showed avirulence, and was deficient in survival in mice. The wild-type strain caused

mortality in mice in 28 days, in contrast to the met3D strain, in which the mice

survived up to 60 days post infection. This indicated that Met3p is required for both

virulence and survival of C. neoformans in the murine infection model. It was thus

concluded that the defect in virulence is because of lack of formation of cysteine and

methionine in the met3D strain of C. neoformans. Thus, MET3 could be an attractive

drug target. However, MET3-like activity exists in humans as part of the PAPS

synthase enzyme. The effectiveness of MET3 targeting antifungals would therefore

need to be carefully evaluated in terms of their effect on the human host.

14.5.4 Homoserine Dehydrogenase HOM6

HOM6 encodes homoserine dehydrogenase (HSD), which catalyzes the conversion

of L-aspartate-semialdehyde (ASA) to L-homoserine. HSD is a part of the aspartate

pathway that synthesizes the essential amino acids methionine, threonine, and

isoleucine in fungi. A drug, 2-amino-4-oxo-5hydropentanoic acid (HON), which

targets HSD enzyme has been used against fungal pathogens (Jacques et al. 2003).

This drug was isolated from streptomyces species over 40 years ago in an anti-

mycobacterial screen. HON has been shown to be effective against the human

fungal pathogen C. neoformans (Yamaguchi et al. 1988), the plant pathogen

Cladosporium fulvus (Yamaki et al. 1990), and Candida albicans. HON forms an

adduct with the cofactor NADP+ in the active site of HSD. The HONlNADP�

adduct remains effectively irreversibly bound to the HSD active site, thus causing

its inhibition. The aspartate pathway in which HSD participates is absent in

mammals, making it an excellent drug target.

14.5.5 Transcription Factor Protein (MET4)

MET4 is a transcriptional activator for the sulphur assimilatory genes under sulphur

starvation conditions. The antifungal drug azoxybacilin was found to target the

inorganic sulphur assimilation pathway of fungi (Aoki et al. 1996) and cause the

down-regulation of MET4 mRNA. This resulted in repression of genes involved in

the inorganic sulphur assimilation (MET3, MET14, MET16, MET10, and MET25),

which otherwise would have been up-regulated in sulphur starvation conditions.

Interestingly, azoxybacilin caused moderate decrease in the mRNA level of these

enzymes, with a maximal decrease seen for MET10 mRNA under sulphur starva-

tion conditions. It was thus concluded that azoxybacilin, apart from acting at the

transcriptional level of MET10 through MET4, is also acting post-transcriptionally

on MET10 to cause its inhibition. As the inorganic sulphur assimilatory pathway is

absent in humans, it could be an attractive target for drug designing.
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14.5.6 Sulphite Transporter

As described in an earlier section, growth of dermatophytes on skin, hair and nails

requires the secretion of sulphite. S. cerevisiae has a sulphite efflux pump SSU1

(Avram and Bakalinsky 1997). Its orthologue, AfuSSU1 was identified as the

sulphite efflux pump in Aspergillus fumigatus (Lechenne et al. 2007). Subse-
quently, sulphite efflux pumps were found in the dermatophytes T. rubrum
(TruSSU1) and Arthroderma benhamiae (AbeSSU1). It was also observed that

the expression of TruSSU1 and AbeSSU1 (transporters in T. rubrum and

A. benhamiae) was quite high compared to that of AfuSSU1 (transporter in

A. fuigatus), which probably renders these fungi (T. rubrum and A. benhamiae)
more pathogenic then Aspergillus. However, this sulphite transporter was surpris-

ingly not picked up in a microarray study done with the cells of T. rubrum grown on

soy and keratin protein (Zaugg et al. 2009). Despite this, it seems likely that these

transporters would be good antifungal targets, since inhibition of these transporters

would prevent dermatophytes from hydrolysing keratin. Moreover, these sulphite

transporters belong to the tellurite-resistance/dicarboxylate transporter (TDT) fam-

ily, which is absent in humans.

14.5.7 Cystine Transporter

Cystine is one of the prominent sulphur compounds in blood plasma (Table 14.2).

C. albicans, C. glabrata, H. capsulatum, P. braseliensis and dermatophytes such as

T. rubrum and A. benhamiae all have the ability to utilize cystine. Other fungi may

also have pathways for cystine utilization but have not been investigated. It thus

appears that intervention in the cystine utilization pathway could be a possible

antifungal drug target. This could be either in the recently identified cystine

transporter found in C. glabrata and C. albicans, which lacks homologues in

humans (Yadav and Bachhawat, unpublished data), or in the proposed cystine

reductase. However, the cystine reductase may not be a specific reductase, and

thus needs to await more definitive identification.

14.5.8 Glutathione Utilization Pathway and Glutathione
Biosynthesis Pathway

Glutathione utilization in yeast and fungi requires the Dug complex (Dug1p,

Dug2p, and Dug3p) and the yeast glutathione transporter Hgt1p. As glutathione

is an abundant intracellular sulphur source, pathogens which have an intracellular

location are likely to depend on glutathione as a source of sulphur. As both the
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transporter and the Dug2p, Dug3p proteins lack homologues in humans, they

could potentially be good drug targets, but that needs to be evaluated. In contrast

to the intracellular concentrations, glutathione levels are low in plasma

(Table 14.2). In such a case, GSH biosynthesis can possibly become essential

for survival. Although yeast gamma glutamyl cysteine ligase, the first enzyme for

the biosynthesis of glutathione, is in the same lineage as that of the humans, it is

significantly different. Thus this enzyme could also be a potential drug target, but

this needs validation. Interestingly, glutathione reductase (GLR1), which reduces

the oxidized form of glutathione to the reduced form, has been shown to be

important for virulence in C. neoformans, as glr1 deletion was found to be

avirulent, along with being sensitive to nitrosative stress and macrophage killing

(Missall et al. 2006). This further highlights the importance of glutathione bio-

synthesis and utilization.

14.6 Concluding Remarks

Major differences between the sulphur assimilatory pathways of humans and

human pathogens which include not only yeast and fungi but also parasitic

protozoas and bacteria, makes the sulphur assimilatory pathway enzymes very

attractive targets for antifungal (and also antibacterial and antiparasitic) drug

development. As fungi have multiple pathways for assimilating sulphur, it is

possible that different pathways become important at different stages of infection

— especially since fungal infections occur at different levels from superficial to

systemic. However, surprisingly, very little work has been done to determine

which sulphur sources are important for a particular pathogen. In many cases, if

multiple options exist for the pathogen, drugs should target multiple pathways to

be effective in vivo. Although many pathways such as the cystine utilization

pathway or the GSH utilization and even GSH biosynthesis pathway appear

potentially good targets, these targets have to be evaluated in vivo before they

can be conclusively considered as good targets for drug development. Finally, it

must be mentioned that much of the work being done in the development of the

sulphur pathway as an antifungal target has been based upon initial work done

with model yeasts and fungi. However, there are bound to be significant differ-

ences and variations with the pathogenic fungi. The MET6 gene, which is

essential in C. albicans but does not appears to be essential in either S. cerevisiae
or the pathogenic C. neoformans, is a clear example. Therefore, care needs to be

taken in extrapolating results from the model yeast and fungi. Nevertheless, it is

clear that the sulphur pathways are bound to yield many targets for antifungal and

antimicrobial activity. While in many cases the target may be very specific for an

organism or a group of organisms, in other cases they may be able to act in a

broader manner.
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Chapter 15

Innate Immunity in Pathogenesis

and Treatment of Dermatomycosis

Mohammad Owais, Mairaj Ahmed Ansari, Iqbal Ahmad,

Qamar Zia, Gerald Pierard, and Arun Chauhan

Abstract Innate and cell-mediated immunity are considered as the principal

defense lines against fungal infections in humans. Most opportunistic mycoses

occur in individuals with defective innate and/or adaptive cellular immunity. Skin

and nail infections caused by dermatophyte fungi have become more common in

recent years. The capacity of the skin (mainly stratum corneum) to resist infection

depends on the innate, cutaneous production of molecules known as antimicrobial

peptides (AMPs), and expression of some AMPs further increases in response to

microbial invasion. Emerging evidence suggests that some of these peptides are

important to immune defense by acting not only as natural antibiotics but also as

cell-signaling molecules. Cathelicidins are unique AMPs that protect the skin.

Therapies targeting control of cathelicidin and other AMPs might provide new

approaches in the management of infectious skin diseases. A better understanding

of reciprocal regulation between innate, humoral, and adaptive immune responses

in the development of an optimal antifungal immunity may lead to a clarification of

the mechanisms involved in host immunity to fungal infections. In this chapter, we

review some of the dermatomycosis diseases, their casual agents, the role of innate

immunity in pathogenesis, and treatment.
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15.1 Introduction

Infection caused by dermatophytic fungi in man and animals is common throughout

the world, and causes a wide spectrum of diseases in humans. The majority of these

are caused by a closely related group of keratinophilic fungi called dermatophytes,

which cause ringworm infection or Tinea infection. Tinea infections are superficial

fungal infections caused by the three genera of dermatophytes, Trichophyton,
Microsporum, and Epidermophyton (Weitzman and Summerbell 1995). Dermato-

phytes are highly specialized pathogenic fungi, which primarily affect the stratum

corneum (SC). Infection is generally cutaneous, and restricted to the nonliving

cornified layers because of the inability of the fungi to penetrate the deeper tissues

or organs of immunocompetent hosts (Dei Cas and Vernes 1986; King et al. 1975).

Reactions to a dermatophyte infection may range from mild to severe as a conse-

quence of the host’s reactions to the metabolic products of the fungus, the virulence

of the infecting strain or species, the anatomic location of the infection, and local

environmental factors. Clinically, superficial dermatomycosis causes erythema and

scaling of the skin. In the United States, dermatophytosis is second only to acne as

the most frequently reported skin disease (Stern 1999). Indeed, in some areas of the

world, Trichophyton infection is now considered a major public health problem

(Fuller et al. 2003; Ghannoum et al. 2003; Gupta and Summerbell 1998; Hay

et al. 2001).

The skin’s first line of defense against invasion by microbial agents is the SC,

a nonviable, desiccated layer of the epidermis (Jackson and Elias 1993). However,

this physical barrier is susceptible to injuries that allow the entry of opportunistic

microbial agents into the skin. Microbes have evolved a wide variety of mechan-

isms to breach the epidermis and induce disease. The innate immune system can

immediately respond to this intrusion by helping to prevent further invasion. This

immune response includes phagocytosis by neutrophils and macrophages, and

their production of reactive oxygen intermediates that kill microbial agents

(Fearon and Locksley 1996). A number of endogenous antimicrobial peptides

(AMPs) have been shown to play an integral part in innate immunity (Lehrer et al.

1993). Two major classes of peptides in mammalian skin, b-defensins (Harder

et al. 1997; Stolzenberg et al. 1997) and cathelicidins (Gallo et al. 1994; Frohm

et al. 1997), have antimicrobial activity against bacterial, fungal, and viral

pathogens (Harder et al. 1997; Frohm et al. 1997; Gropp et al. 1999). These

peptides, which are produced by keratinocytes in the skin (Harder et al. 1997;

Frohm et al. 1997), disrupt the membrane of the target microbe or penetrate the

microbial membrane, interfering with intracellular functions. Similarly, the

recruitment of circulating immune effector cells is also an absolute requirement

for adequate protection against infection, but many pathogens have evolved

systems to evade the cellular immune system (Gallo and Huttner 1998). Neutro-

phils play an important role in host defense by killing ingested microorganisms, and

this mechanism includes the action of AMPs. Various neutrophil-derived AMPs have

been identified, including the human cathelicidin cationic antimicrobial protein
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(hCAP)3-18 and the neutrophil defensins. Neutrophils that have been stimulated to

degranulate may release these peptides and other granule components into the

extracellular environment. Here we discuss various types of infections caused by

dermatophytes, how suppressed innate immunity helps in spreading of fungus, and

the role of innate immunity including TLRs and AMPs in the prevention of the

disease.

15.2 Dermatomycosis: An Increasing Problem

Dermatomycosis is a superficial infection or colonization of the keratinized tissue

skin, hair, nails and furs in animal and man by a group of closely related fungi

termed dermatophytes. Dermatophytes include three genera, Epidermophyton,
Microsporum, and Trichophyton (Weitzman and Summerbell 1995). The genera

and their descriptions are as follows.

15.2.1 Epidermophyton spp.

The type species is Epidermophyton floccosum. The macroconidia are broadly

clavate, with typically smooth, thin to moderately thick walls with one to nine

septa, 20–60 by 4–13 mm in size. They are usually abundant and borne singly or in

clusters. Microconidia are absent. Only two species of this genus have been

reported, and only E. floccosum is pathogenic.

15.2.2 Microsporum spp.

The type species is Microsporum audouinii. Macroconidia are having rough walls

which may be asperulate, echinulate, or verrucose. Originally, the macroconidia

were described by Emmons as spindle-shaped or fusiform, but the discovery of new

species extended the range from obovate (egg-shaped) as in Microsporum nanum
(Fuentes 1956) to cylindrofusiform as in Microsporum vanbreuseghemii (Georg
et al. 1962). The macroconidia may have thin, moderately thick to thick walls and

1–15 septa, and range in size from 6–60 to 6–25 mm (Borelli 1965).

15.2.3 Trichophyton spp.

The type species is Trichophyton tonsurans. Macroconidia, when present, have

smooth, usually thin walls and 1–12 septa, are borne singly or in clusters, and may
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be elongate and pencil shaped, clavate, fusiform, or cylindrical. They range in size

from 8–86 to 4–14 mm. Microconidia, usually more abundant than macroconidia,

may be globose, pyriform or clavate, or sessile or stalked, and are borne singly

along the sides of the hyphae or in grape-like clusters (Rippon 1988).

15.2.4 Infections

Tinea is the name given to a fungal skin infection (Fig. 15.1). Tinea is a fungus that

can grow on skin, hair or nails. As it grows, it spreads out in a circle, leaving

normal-looking skin in the middle. This makes it look like a ring. At the edge of the

ring, the skin is lifted up by the irritation and looks red and scaly. Because of the

way it looks, tinea infection is often called “ringworm” (the infection looks like a

worm under the skin). Fig. 15.2 depicts pictures showing the types and distribution

of infection on different part of body.

15.2.4.1 Tinea barbae

Tinea barbae, an infection of the bearded area, may be mild and superficial or a

severe inflammatory pustular folliculitis, the latter form more commonly caused by

Ringworm of the scalp
(tinea capitis) Ringworm of the face

(tinea faciei)

Ringworm of the groin
(tinea cruris)

Ringworm of the hand
(tinea manus)

Ringworm of the foot
(tinea pedis)

Ringworm of the Reard
(tinea barbae)

Ringworm of the body
(tinea corporis)

Ringworm of the nails
(tinea unguium)

Fig. 15.1 A diagrammatic representation of the distribution of different dermatophytes
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Fig. 15.2 Pictures showing the types and distribution of infection on different part of body.

Clockwise from above, the feet (Tinea pedis), face area (Tinea faciei), scalp (Tinea capitis),
ringworm of the body (Tinea manuum), invasion of the nail plate (Tinea unguium), bearded area

(Tinea barbae)
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the zoophilic dermatophytes Trichophyton verrucosum, T. mentagrophytes var.

mentagrophytes, and T. mentagrophytes var. erinacei (Kwon-Chung and Bennett

1992).

15.2.4.2 Tinea faciei

This represents the superficial dermatophyte infection limited to the glabrous skin

of the face. In pediatric and female patients, the infection may appear on surface of

face. The causative agents are same as tinea barbae infection in men.

15.2.4.3 Tinea capitis

Members of the two genera Microsporum and Trichophyton cause the infection of

the scalp, Tinea capitis. The infection may range from mild to severe, almost

subclinical, with slight erythema and a few patchy areas of scaling with dull gray

hair stumps, to a highly inflammatory reaction with folliculitis, kerion formation,

and extensive areas of scarring and alopecia, sometimes accompanied by fever,

malaise, and regional lymphadenopathy. Both the skin surface and hairs are

involved. Infection of the hair may be described as ectothrix (sheath of arthroco-

nidia formed on the outside of the hair shaft) or endothrix (arthroconidia formed

within the hair shaft). The current predominant cause of tinea capitis in most of

North, Central, and South America is T. tonsurans (endothrix), replacing

M. audouinii (ectothrix) (Rippon 1988).

15.2.4.4 Tinea corporis

Commonly known as ringworm of the body, Tinea corporis involves the shoulders,

trunk, or limbs, and occasionally the face (excluding the bearded area). It may

be caused by any dermatophyte. The infection may range from mild to severe,

commonly appearing as annular, scaly patches with sharply marginated, raised

erythematous vesicular borders.

15.2.4.5 Tinea cruris (Jock Itch)

Infection of adult men in the groin, perianal, and perineal areas, and occasionally

the upper thighs is known as Tinea cruris. Etiologic agents are T. rubrum and

E. floccosum. Lesions are erythematous to yellowish-brown, and covered with thin,

dry scales. They are usually bilateral and often asymmetric, extending down the

sides of the inner thigh and exhibiting a raised, sharply marginated border that is

frequently studded with small vesicles.
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15.2.4.6 Tinea favosa

Tinea favosa, generally caused by Trichophyton schoenleinii, is severe and chronic;
presence on the scalp and glabrous skin of yellowish, cup-shaped crusts called

scutula, which is composed of epithelial debris and dense masses of mycelium, is a

characteristic feature of it.

15.2.4.7 Tinea imbricata

Tinea imbricata, a specialized manifestation of tinea corporis, is a chronic infection

which is characterized by concentric rings of overlapping scales scattered through-

out the body. T. concentricum is the only etiologic agent.

15.2.4.8 Tinea manuum

The causative agent is T. Rubrum. Palmar and interdigital areas of the hand are the

regions affected, the infection most often presenting as unilateral diffuse hyperker-

atosis with prominence of the flexural creases.

15.2.4.9 Tinea pedis (Athlete’s Foot)

In tinea pedis, the feet (soles and toe webs) are the most frequently infected regions.

The most common clinical manifestation is the intertriginous form, which presents

with maceration, peeling, and fissuring, mainly in the spaces between the fourth and

fifth toes.

Another common presentation is the chronic, squamous, hyperkeratotic type in

which fine silvery scales cover pinkish skin of the soles, heels, and sides of the foot

(moccasin foot). An acute inflammatory condition, characterized by the formation

of vesicles, pustules, and sometimes bullae, is most frequently caused by

T. mentagrophytes. The more chronic agents of tinea pedis are T. rubrum,
T. mentagrophytes var. interdigitale, and E. floccosum.

15.2.4.10 Tinea ungium

Invasion of the nail plate by a dermatophyte is referred to as tinea unguium;

infection of the nail by non-dermatophytic fungi is called onychomycosis (nail

infection). There are two main types of nail involvement: invasive subungual (distal

and proximal) and superficial white mycotic infection (leukonychia trichophytica).

It is important to note that non-dermatophytes and yeasts may infect the sites

mentioned above. For example, tinea unguium is only a subset of the onychomy-

coses, which include other types of fungal infections of the nails. Similarly, tinea
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corporis refers only to dermatophyte infection of the skin, and not to other superfi-

cial fungal infections such as candidiasis. Although tinea versicolor is commonly

called a tinea, it is caused by the non-dermatophyteMalassezia furfur (also referred
to as Pityrosporum orbiculare and Pityrosporum ovale), and is not a true tinea

infection (Roberts 1969).

15.3 Fungal Infections and Immunity

Patients with weak immunity are much susceptible to opportunistic fungal infec-

tions. In this regard, patients with neoplasms, AIDS, cancer, and autoimmune

diseases, and transplant recipients are particularly at risk, due to their weak/altered

immunity. Only a small percentage of the 100,000 fungal species in existence is

known to cause human infection. Patients with hematological or solid malignancies

and transplant recipients are especially vulnerable. Filamentous fungi, including

species of Aspergillus and Fusarium, the Zygomycetes, and the dark-walled fungi,

generally cause invasive disease in neutropenic hosts and solid organ transplant

recipients. At highest risk are patients with prolonged and profound neutropenia

after treatment with highly cytotoxic chemotherapy for hematological malignan-

cies, and recipients of hematopoietic stem cell transplantation. In the latter group,

infections with filamentous fungi are increasingly encountered during the post-

engraftment period. The immune response varies depending on the fungal species

encountered. The relative importance of specific innate and adaptive defense

mechanisms depends upon the organism and anatomical site of infection. Within

a species, the fungal morphotype (e.g., yeast, pseudohyphae and hyphae of Candida
albicans) may be an important determinant of the host response. Whereas yeasts

and spores are often effectively phagocytosed, the larger size of hyphae precludes

effective ingestion. Pathogenic fungi have developed mechanisms to elude and

subvert host defences. Some fungi have evolved as intracellular parasites, and can

survive within phagocytes by using them to evade fungal killing and to disseminate

throughout the host. Major characteristics of the immune response are the interde-

pendence of various arms of the immune system and the interplay between host

defenses and fungal pathogenic mechanisms. Several shared defense mechanisms are

operative in response to a range of fungi. Neutrophils, macrophages and monocytes

are fundamentally important antifungal effector cells. Phagocytes, already residing in

target organs at the time of infection, attempt to kill or damage fungi. Additional

effector cells, including neutrophils and monocytes, are recruited to sites of infection

by the action of inflammatory signals, such as cytokines, chemokines, and comple-

ment components. Fungi are killed or damaged by production and/or release of

reactive oxygen intermediates and AMPs (Diamond et al. 1980; Mambula et al.

2000). Whether the cells use intracellular or extracellular antifungal mechanisms

depends upon the infecting species, morphotype, and route of exposure (Diamond

et al. 1978; Kan and Bennett, 1988). Dendritic cells (DC) initiate innate and adaptive

immunity to a range of microorganisms (Huang et al. 2001). These cells capture and
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process antigens, express lymphocyte co-stimulatory molecules, migrate to lymphoid

organs, and secrete cytokines to initiate immune responses (Banchereau and Stein-

man 1998). DCs play a vital role in linking innate and adaptive responses to a range of

pathogenic fungi, including Aspergillus fumigatus, Cryptococcus neoformans, and
C. albicans (Bauman et al. 2000; Braedel et al. 2004). Signals transmitted by DCs

can vary depending upon the encountered fungus or morphotype, with resultant

differences in the nature of adaptive immune responses elicited. Differentiation of

CD4+ T cells along a T-helper (Th) cell type 1 (Th1) or type 2 (Th2) pathway,

and development of specific Th responses, are essential determinants of the host’s

susceptibility or resistance to invasive fungal infections. Development of Th1
responses is influenced by the concerted action of cytokines, such as interferon

(IFN)-g, interleukin (IL)-6, tumor necrosis factor (TNF)-a, and IL-12, in the

relative absence of Th2 cytokines, such as IL-4 and IL-10 (Romani 2002). The

predominance of Th1 over Th2 type cytokines correlates with protection against

various mycoses (Romani et al. 1994; Roilides et al. 1999). Within this framework,

however, are subtleties relating to quantitative and temporal production of cyto-

kines and the ultimate development of particular T-cell responses, as well as a role

for modulation of immunity so as to limit autoimmune injury.

15.4 Therapy of Fungal Infection and Immune Response

This is a great problem in drug development against any pathogen which resembles

the host; as we know, both human and fungal cells are eukaryotic, as opposed to

bacteria, which are prokaryotes. There should be some molecules or anatomic sites

different from the host to be targeted by the drug. Thus, in addition to anatomic

similarities (such as possessing a nucleus surrounded by a nuclear membrane, 80S

ribosomes, and Golgi apparati), fungal and human cells have similar mechanisms

for DNA, RNA, and protein synthesis. This greatly limits the number of potential

antifungal drug targets, because the vast majority of compounds that inhibit fungi

are also toxic to human cells. Therefore, antifungal drugs tend to target the few

features of fungal cells that differ from human cells; they are very few in number.

Most fungal cell membranes contain ergosterol, rather than cholesterol, which is the

sterol found in human cell membranes. Amphotericin B directly binds to ergosterol,

whereas the “azoles” and terbinafine target ergosterol synthesis. However, the

major distinguishing feature is that fungal cells have a rigid cell wall containing

chitin, mannans and glucans (the target of the echinocandin class of antifungal

drugs). The fungal cell wall imparts physical protection to the fungus, making it

resistant to certain host defenses, such as complement-mediated lysis.

Innate immune defenses, including b-glucan receptors, mannose receptors, and

toll-like receptors (TLRs), have evolved to recognize and respond to components of

fungal cell walls. For example, at the phagocytic cell surface there are TLRs that

identify conserved molecular patterns found on microbial (including fungal) pro-

ducts (Akira et al. 2001; Mambula et al. 2002; Levitz 2004). These receptors are
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composed of an extracellular domain that distinguishes microbial products, and a

cytoplasmic domain that transmits signals to intracellular adapter proteins. One

such adapter, MyD88, initiates a signaling cascade leading to the expression of

microbicidal molecules and cytokines. The proportional role of individual recep-

tors, such as TLR2, TLR4, and TLR9, in MyD88 activation varies depending upon

the infecting fungus and the site of infection. Specific receptors differentially

activate antifungal functions, which may result in dissimilar responses and suscep-

tibility to infection (Bellocchio et al. 2004; Braedel et al. 2004).

15.5 Skin and Innate Immunity

Human skin is the largest organ of the human body, and it is the first to bear all kind

of challenges from its surroundings. Dermatophytes may contaminate or colonize

the skin surface without always producing evidence for clinical infection. This

limitation in the infectious process largely relies on the effect of the innate ability

controlling the skin surface biocene (Braff et al. 2005; Izadpanah and Gallo 2005).

Sebum is another skin product weakening dermatophyte growth. By contrast, it

stimulates the growth of lipophilic yeasts. The natural AMPs are evolutionarily

conserved compounds of the innate immune system. More than 500 peptides have

been described as part of the innate immunity in both plants and animals.

In humans, they encompass various defensins as well as cathelicidins, complement

and toll-like receptors in the epidermis (Harder et al. 2004; Baroni et al. 2006;

Bowdish et al. 2006; Kanzler et al. 2007, and Zheng et al. 2007). They are able to

inactivate a broad spectrum of microorganisms, including bacteria, fungi, and

viruses. Mammalian defensins constitute one of the most common AMP families.

They encompass the two subgroups of a-and b-defensins. These compounds differ

from one another by the spacing and the connections of their six cysteine residues

(Harder et al. 2004; Sawaki et al. 2002). Human a-defensins are predominantly

found in neutrophils granules, whereas the human b-defensins hBD1, hBD2 and

hBD3 are localized at the surface of epithelial cells (Abiko et al. 2002; Hubert et al.

2007). The AMP hBD1 is constitutively expressed in normal human skin.

By contrast, hBD2 and hBD3 are induced predominantly following contact with

microbial products such as endotoxins or proinflammatory cytokines, and are

highly expressed by differentiated keratinocytes at sites of inflammation and

infection (Pernet et al. 2005). Overexpression of b-defensins is associated in vivo
with activation of keratinocytes and release of epidermal cytokines (Roilides et al.

1999; Akira et al. 2001; Mambula et al. 2002), such as the macrophage inflamma-

tory Protein-3a (MIP3a/CCL20), a member of the CC-chemokine family. MIP3a is

further produced by keratinocytes activated by proinflammatory cytokines (Roeder

et al. 2004; Droschner et al. 2004). MIP3a as well as b-defensins bind to, and

activate the chemokine receptor CCR6, which is expressed by immature DCs and

memory T cells. Thus, they promote adaptive immune responses by recruiting DCs

and T cells to the site of microbial invasion. The findings that defensins act as
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chemokines, and the in vivo co-expression of hBD2 and MIP3a, suggest an

important and complementary role in both the innate and adaptive immune

response against some microbial invasions, including fungal cells (Jensen et al.

2007; Donnarumma et al. 2004; Quatresooz et al. 2008; Pierard et al. 2006).

15.5.1 Stratum corneum

The stratum corneum is the specific host for dermatomycoses. Superficial dermato-

mycoses are confined to the SC, with possible extensions to hairs and nails. Very

rarely, deeper infections are encountered in immunocompetent patients. The corni-

fied structures exhibit specific characteristics, permitting the adhesion followed by

the invasion of a series of dermatophytes, yeasts, and more rarely nondermatophyte

molds (Degreef 2008). Various workers have performed antifungal susceptibility

tests (AST), using a corneocyte-based or -enriched growth substrate to assess the

efficacy of antifungals against pathogens responsible for dermatomycoses. Indeed,

AST relevant to the in vivo situation should combine the triple association between

the specific fungi, the corneocytes, and the antifungals (Knight 1972; Knight 1973;

Faergemann 1989; Rurangirwa et al. 1989; Osborne et al. 2004). This work has

proved that the SC is a privileged growth medium for keratinophilic fungi. This

permissive effect, however, can be limited by the presence of molecular compounds

inhibiting fungal growth (Droschner et al. 2004; Jensen et al. 2007; Kawai et al.

2006). This opposite dual situation influences both the spontaneous ability of fungal

cells to invade the tissue, and the effect of both antifungal drugs and possibly their

active metabolites reaching the SC (Pierard et al. 2007, 2008) (Fig. 15.3).

15.6 Pathogenesis and Innate Immunity

The kinetics of adherence to the skin or nail surface has been investigated in

several Trichophyton and Microsporum species, using different experimental

models and microscopy techniques. These studies showed a time-dependent

Fig. 15.3 a Chain of arthroconidia of a dermatophyte confined to the stratum corneum (periodic

acid–Schiff stain). b Dermatophytes inside the stratum corneum as seen in a cyanoacrylate skin

surface stripping (toluidine blue–basic fuschin stain). Adapted from (Quatresooz et al. 2008)
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increase in the number of adhering spores, followed by germination and invasion

of the SC by hyphae growing in multiple directions. Some workers have observed

that maximum adherence of Trichophyton spp. arthroconidia to keratinocytes in

suspension occurred within 3–4 h (Zurita and Hay 1987). Use of stripped sheets of

SC or separate keratinocytes demonstrated that adherence of Trichophyton men-

tagrophytes arthroconidia is at its maximum after 6 h, and that germination of

these spores begins in the first 4 h (Aljabre et al. 1992; Aljabre et al. 1993). In a

nail plate model, adherence and germination of T. mentagrophytes arthrospores
were observed at 6 h and side branches at 16 h (Rashid et al. 1995). The early

stages of T. mentagrophytes infection were investigated using skin explants of full
epidermis thickness (Duek et al. 2004). Adherence was maximum at 12 h, germi-

nation had started by 24 h, and penetration of the SC occurred after 3 days. Little

is known about the factors that mediate adherence of dermatophytes. The ability

of T. rubrum to adhere to epithelial cells has been attributed to carbohydrate-

specific adhesins, expressed on the surface of microconidia (Esquenazi et al.

2004). From a morphological point of view, fibrillar projections have been

observed in T. mentagrophytes during the adherence phase. At the skin surface,

long and thin fibrils connect fungal arthroconidia to keratinocytes and to each

other, while in the inner skin layers, newly formed arthroconidia show thin and

short appendices covering their entire surface; the latter begin to vanish as a large

contact area is established between conidia and skin tissue (Aljabre et al. 1993;

Kaufman et al. 2007). Based on the findings made in the yeast C. albicans, where
secreted aspartic proteases (Saps) have been shown to play a fundamental role in

fungal adherence to epithelia (Ollert et al. 1993; Monod and Borg-von Zepelin

2002; De Bernardis et al. 2007), some workers formulated the hypothesis that

dermatophytic-secreted proteases could facilitate or even be necessary for effi-

cient adherence, using the reconstructed feline epidermis (RFE). In that context,

M. canis-secreted subtilisins, metalloproteases, and dipeptidyl-peptidases are

now being investigated for their potential involvement in adherence and early

invasion steps, using the RFE model and several specific inhibitors such as protein

prosequences. The unique dipeptidyl-peptidase IV (DppIV) has been identified in

Trichophyton spp. (Monod et al. 2005). Although this phenomenon is independent

from enzymatic activity, membrane-associated DppIV from this pathogenic bac-

terium mediates adherence to fibronectin.

Dermatophytes are provided with an arsenal of proteases aimed at the digestion

of the keratin network into assimilable oligopeptides or amino acids. These fungi

secrete multiple serine and metallo-endoproteases (subtilisins and fungalysins

respectively) (Brouta et al. 2002; Descamps et al. 2002; Jousson et al. 2004a, b),

formerly called keratinases. In contrast, little information is available about other

hydrolases, such as lipases and a ceramidase, produced by these fungi (Hellgren

and Vincent 1981; Giddey et al. 2007). A direct relationship between keratinases

and pathogenicity was established by Viani et al. (Viani et al. 2001). They showed

that, unlike for other hydrolases, M. canis strains with the highest keratinolytic

activities in vitro were responsible for the more symptomatic infections; mean-

while, since the more severe lesions also resolved faster, these results raise the
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question whether keratinases or skin damage they cause are linked with inflammation

and immunity.

The importance of dermatophytic, keratinolytic proteases for pathogenicity is

thus well-established. Nevertheless, they cannot act before disulfide bridges are

reduced within the compact protein network that constitutes keratinized tissues

(Kunert 1992). This was recently shown to depend upon a sulfite efflux pump

encoded by the Ssu1 gene (Lechenne et al. 2007). Sulfite excretion by this trans-

porter allows sulfitolysis of proteins, rendering them accessible for proteases, and

functions in the same time as a possible detoxification pathway. It could therefore

be a target for new anti-fungal treatments. Fungal-secreted proteases are produced

at high levels when the sole available carbon and nitrogen source is made of

complex proteins as opposed to glucose or peptidic digests (Jousson et al. 2004a, b;

Mignon et al. 1998). The mechanisms by which the expression of the corresponding

genes are induced or repressed are not clearly elucidated. Keratinolytic activity of

dermatophytes is probably induced, at least in part, by a restricted supply of

assimilable nutrients. The switch in gene activation that would occur at this moment

could be controlled by a transcription factor from the GATA family. Indeed, in

many fungi, these zinc-finger transcription factors induce the expression of a whole

series of genes in response to a change in nitrogen source (Marzluf 1997; Scazzocchio

2000). Among these factors are the products of the areA and nit-2 genes from

Aspergillus nidulans and Neurospora crassa, respectively; they induce the produc-

tion of numerous enzymes and permeases, including extracellular proteases, con-

ferring the ability to utilize a more complex substrate. Furthermore, in several

human and plant pathogenic fungi, areA/ nit-2-like genes have been incriminated

in pathogenicity (Hensel et al. 1998; Limjindaporn et al. 2003; Pellier et al. 2003);

however, this is not always the case (Froeliger and Carpenter 1996). Recently, the

equivalent of these genes in M. canis, dnr1, was isolated and functionally investi-

gated by gene disruption. Its inactivation led to impaired growth when keratin was

the sole nitrogen source (Yamada et al. 2006). In T. rubrum, expression of endo-

proteases is upregulated by another zinc-finger transcription factor, PACC, which is

activated by elevated pH. Disruption of the PACC gene hindered both the secretion

of keratinolytic activity and the fungal growth on nail fragments as the sole

substrate (Ferreira-Nozawa et al. 2006). Alternatively, Kaufman et al. proposed

that constitutively expressed enzymes could release inducers from host skin pro-

teins (Kaufman et al. 2007). AMPs play a very important role as a barrier to the

spread of fungal infections, but some superinfections diminish the production of

AMPs and defensins, and alter the cytokine profile (Howell et al. 2006). In

particular, Th2 cytokines, such as IL-4 and IL-13, suppress the induction of

AMPs and contribute to a disturbed cutaneous antimicrobial response. Thus, in

this disorder a decrease in the amount of AMPs released by the skin barrier

contributes to disease.

The different ways in which dermatophytes may counter the immune system, or

induce damage via immune defenses, are briefly described here. They include

lymphocyte inhibition by cell-wall mannans, macrophage function alteration, dif-

ferential activation of keratinocytes and, putatively, differential secretion of
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proteases. Some dermatophytes, such as T. rubrum and T. tonsurans, are highly

adapted to humans, and can evade or silence the immune response, causing chronic

dermatophytosis. Trichophyton rubrum cell-wall mannans (TRM) seem to be

involved in an immunosuppression phenomenon. In a dose-dependent manner,

TRM are able to inhibit in vitro lymphoproliferative response of mononuclear

leukocytes in response to several antigens (dermatophytic or not) and mitogens

(Blake et al. 1991a, b); paradoxically, they are a major T-cell antigen (MacCarthy

et al. 1994). Although specific suppressor T cells are eventually activated during

persistent infections, target cells for TRM action appear to be monocytes rather

than lymphocytes (Grando et al. 1992a). TRM may also inhibit SC turnover,

directly or via lymphocyte function alteration (Grando et al. 1992b; Dahl 1993).

The fine chemical structure of T. rubrum and T. mentagrophytes mannans has

been further characterized by Ikuta et al. (Ikuta et al. 1997), who pointed out

potentially significant differences when comparing these to mannans from other

fungal species. Moreover, Blake et al. indicated that the amount and inhibitory

properties of TRM were different from those of other dermatophyte species

(Blake et al. 1991a, b). Despite these numerous investigations, the mechanism

underlying immunomodulatory properties of TRM remains poorly understood.

This point was recently investigated by Campos et al., who suggested that the

observed inhibitory effect could simply result from the saturation of mannose

receptors at the surface of macrophages, and subsequent impairment of phagocy-

tosis (Campos et al. 2006).

15.7 Treatment

The fungal cell wall imparts physical protection to the fungus, making it resistant to

certain host defences, such as complement-mediated lysis. Innate immune

defences, including b-glucan receptors, mannose receptors, and TLRs, have

evolved to recognize and respond to components of fungal cell walls. For example,

at the phagocytic cell surface are TLRs that identify conserved molecular patterns

found on microbial (including fungal) products (Akira et al. 2001; Mambula et al.

2002; Levitz 2004). These receptors are composed of an extracellular domain that

distinguishes microbial products and a cytoplasmic domain that transmits signals to

intracellular adapter proteins. One such adapter, MyD88, initiates a signaling

cascade, leading to the expression of microbicidal molecules and cytokines. The

proportional role of individual receptors, such as TLR2, TLR4, and TLR9, in

MyD88 activation varies depending upon the infecting fungus and the site of

infection. Specific receptors differentially activate antifungal functions, which

may result in dissimilar responses and susceptibility to infection (Bellocchio et al.

2004; Braedel et al. 2004).

Dermatomycosis is typically confined to the superficial keratinized tissue and,

thus, can often be treated with topical antifungal medications. Because these agents

do not penetrate hair or nails, tinea capitis, tinea barbae, and tinea unguium usually
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require systemic therapy (Dei Cas and Vernes 1986; Gupta et al. 1998). An increase

in antibiotic resistance and the emergence of new pathogens has led to an urgent

need for alternative approaches to infection management. Immunomodulatory

molecules that do not target the pathogen directly, but rather selectively enhance

and/or alter host defense mechanisms, are attractive candidates for therapeutic

development. Natural cationic host defense peptides represent lead molecules that

boost innate immune responses and selectively modulate pathogen-induced inflam-

matory responses. Cationic host defense peptides are diverse in their sequence and

structures. They are generally amphipathic (having hydrophobic and charged,

hydrophilic patches on their surfaces) and small (12–50 amino acids), and have at

least two positive charges (as arginine or lysine residues). They can be broadly

distributed into four classes based on structure; (1) amphipathic a-helical, (2)
b-sheet structures stabilized with two or three disulphide bonds, (3) extended

structures, and (4) loop structures with one disulphide bond. Cationic amphipathic

peptides are able to interact with and insert into biomembranes, a property that is

influenced by their hydrophobicity and net positive charge, conformational flexi-

bility, and secondary structure. Cationic host defense peptides are also known as

antimicrobial proteins (AMPs), and were first described in the 1970s and 1980s as

gene-encoded molecules responsible for disease resistance in plants and insects.

Later, with the identification of defensins in neutrophil granules, it became clear

that similar peptides might also be important to the mammalian immune system.

Cationic host defense peptides are gene-encoded, and in mammals are expressed in

a variety of cell types, including monocyte/macrophages, neutrophils, epithelial

cells, keratinocytes, and mast cells. They are generally expressed as pro-peptides

that undergo subsequent proteolytic processing to release the biologically active,

mature host defence peptide. We now know of more than 20 AMPs in the skin,

including cathelicidins, b-defensins, substance P, RANTES, RNase 2,3,7, S100A7,
and several others (Braff et al. 2005). Cutaneous production of AMPs is a primary

system for protection, and expression of some AMPs further increases in response

to microbial invasion.

Cathelicidins are unique AMPs that protect the skin through two distinct path-

ways: (1) direct antimicrobial activity, and (2) initiation of a host response, result-

ing in cytokine release, inflammation, angiogenesis, and reepithelialisation

(Fig. 15.4). Some may play a specific role against certain microbes in normal

skin, whereas others act only when the skin is injured and the physical barrier

disrupted. Some other peptides may play a larger role to signal host responses

through chemotactic, angiogenic, growth factor, and immunosuppressive activity.

Neutrophils produces the cathelicidin, including the human cathelicidin cationic

antimicrobial protein (hCAP)3-18 and the neutrophil defensins. Human CAP-18,

the only human cathelicidin identified to date, was first identified in neutrophils

(Sørensen et al. 1997), and later shown to be expressed in various squamous

epithelia (Frohm et al. 1999), surface epithelial cells of the conducting airways,

and serous and mucous cells of the submucosal glands (Bals et al. 1998), by

keratinocytes in inflamed skin (Frohm et al. 1997) and by specific lymphocyte

and monocyte populations (Agerberth et al. 2000).
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Neutrophils that have been stimulated to degranulate may release these peptides

and other granule components into the extracellular environment. They belong to

the cathelicidin family of AMPs that are characterized by a conserved N-terminal

cathelin domain and a variable C-terminal antimicrobial domain. This C-terminal

domain can be cleaved off from the precursor by proteinases, releasing the active

peptide. Exocytosed material from neutrophils contains hCAP-18 that has been

proteolytically cleaved by proteinase-3, yielding the 4.5 kD active helical peptide

LL-37 (Sørensen et al. 2001). LL-37 displays antimicrobial activity against a broad

spectrum of microorganisms (Zanetti et al. 1995), and neutralizes LPS bioactivity

(Larrick et al. 1995; Nagaoka et al. 2001). The importance of cathelicidins for an

effective host defense against infection is illustrated by a recent study showing that

mice deficient in the murine cathelicidin-related AMP suffer from more severe

bacterial skin infections (Nizet et al. 2001). The LL-37 activates the airway

epithelial cells, as demonstrated by ERK1/2 activation and increased IL-8 release

Cathelicidin Peptides

STAT1

IL-18

Ca2+

IL-6
IL-10
IP-10
MCP-1
MIP3a
RANTES

ERK

TLR

Target Cells

TLR

EGF-R
G-Protein

Coupled receptors

Proliferation
Migration

Cytokine
response

p38/MAPK
STAT 3

Fig. 15.4 Models for cell activation by cathelicidins. Multiple mechanisms have been proposed

for cathelicidins to stimulate a cellular response. Responses are dependent on activation of G

protein-coupled receptors and transactivation of the epidermal growth factor receptor or secondary

to intracellular Ca21 mobilization or a change in cell membrane function, leading to alterations in

receptor responses. Finally, cathelicidins can influence the function of TLRs through both direct

and indirect pathways. EGF-R, epidermal growth factor receptor; IP-10, IFN-g-inducible protein
10; MCP-1, monocyte chemoattractant protein 1; MIP3a, macrophage inflammatory protein 3a;

ERK, extracellular signal-regulated kinase;MAPK, mitogen-activated protein kinase; STAT, signal
transducer and activator of transcription
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(Van Wetering et al. 1997). Furthermore, this activation involves EGFR activation,

metalloproteinase activity, and EGFR ligands. In addition to antimicrobial and

chemotactic activity, LL-37 might play an important role in innate immunity by

activating airway epithelial cells, suggesting that LL-37 plays a regulatory function

in the antimicrobial and inflammatory response of airway epithelial cells. Gallo

et al. proposed three different alternative models for the activation of epithelial cells

by LL-37 (Hiemstra et al. 1998). These observations, and recent findings that show

an association between LL-37 expression and human disease, suggest that LL-37

may form a target for new antimicrobial and anti-inflammatory treatment strategies

for skin.

Three major mechanisms have been proposed to explain how LL-37 activates

mammalian cells (Fig. 15.5). In the transactivation model, LL-37 stimulates the

release of a membrane-bound growth factor. This then binds its high affinity

receptor and activates it. In the receptor-binding model, LL-37 serves as a surrogate

ligand for a specific receptor. This direct binding initiates receptor activation. In the

receptor-activation model, LL-37 associates with and modifies the membrane

containing the receptor. This membrane activity indirectly results in a change in

receptor function, such that it can signal without a ligand or becomes insensitive to

binding by its specific ligand. Evidence to support the transactivation model has

Fig. 15.5 Alternative models for cell activation by antimicrobial peptides. Antimicrobial peptides

such as LL-37 are typically small and cationic, and can interact with hydrophobic membranes
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been reported in keratinocytes and pulmonary epithelial cells; receptor binding is

supported in monocytes and endothelia, and receptor activation in DCs.

15.8 TLR and Dermatomycosis

The AMPs including cathelicidin induce various molecules, which in turn activate

the TLRs. Here, we are describing the same process, particularly in concern with

innate immunity. Innate immune responses begin with TLR [or other pattern

recognition receptors (PRR)] recognition of specific microbial components widely

expressed by bacteria, fungi, protozoa, and viruses. Pathogen-encoded TLR ligands

are divided into three broad categories: lipids and lipopeptides (TLR2/TLR1;

TLR2/TLR6; TLR4), proteins (TLR5), and nucleic acids (TLR3, TLR7, TLR8,

TLR9) (Akira et al. 2006; Akira and Takeda 2004; Marshak-Rothstein 2006). They

recognize groups of structurally similar and widely distributed molecules, in con-

trast to the highly selective molecular-level recognition of T- and B-cell receptors.

Therapeutic applications to date have used either synthetic versions of natural TLR

ligands with optimized pharmacologic properties, or small molecule agonists

derived from drug screening efforts.

15.8.1 The TLR and Functions of the Innate Immune System

Themajor roles played by TLR in regulation of immune and inflammatory responses

should be understood very carefully to evaluate the potential of drugs that stimulate

or inhibit TLR signaling. Pathogen recognition through TLR and other PRR serves

three distinct, although intertwined functions: (1) sensing the presence and type of

the pathogen, (2) provoking an immediate antipathogen response, and (3) stimulat-

ing the development of long-lasting adaptive response with effector functions

appropriate to the type of pathogen (Janeway and Medzhitov 2002; Sansonetti

2006; Akira et al. 2006).

15.8.1.1 Sensory Functions

The detection and classification of invading pathogens by TLR and other PRR are

carried out largely by cell types such as DCs and macrophages that continually

sample both the external environment at skin and mucosal surfaces, and the internal

environment through cells circulating in the blood and lymph (Iwasaki andMedzhitov

2004). Epithelial cells at portals of entry can similarly sense pathogen invasion by

PRR (Hornef and Bogdan 2005). Recognition mediates rapid production of cyto-

kines and chemokines that signal the presence of a pathogen, and the specific

combination of PRR engaged can convey basic information concerning the type
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of pathogen encountered (for example, TLR4 stimulation indicates a gram-negative

bacterial infection).

15.8.1.2 Effector Functions

This localized response to infection through TLR initiates rapid recruitment of

inflammatory cells to the site of infection, and activates them to induce an arsenal of

antimicrobial functions (Hayashi et al. 2003). The migration of leukocytes from the

blood into tissue requires the induction of a variety of chemotactic and cell surface

adhesion molecules. TLR signals induce these molecules in both circulating hema-

topoietic cells and vascular endothelial cells, both directly and through TLR-

induced cytokines, principally IFNs and TNF-a. Each of the leukocytes develops

a characteristic set of effector functions: for neutrophils, reactive oxygen radicals;

for macrophages, AMPs and cytokines, reactive nitrogen radicals, and active

phagocytosis; for NK cells, perforin-mediated killing. Some functions are specific

for microorganisms or viruses, others are less discriminating, and some, such as NK

killing, specifically target infected host cells. Consequently, innate responses have

the potential for causing significant tissue damage, locally and systemically. Most

often, a rapid defense justifies this cost; however, responses that are too intense or

prolonged can lead to acute or chronic inflammatory disease states.

15.9 Conclusion

The dermatophytes infect the epidermal layer and are projected to the SC. The

epidermis functions at least in part as a protective barrier, and the majority of the

protection occurs at the level of the SC. The SC is formed by lipid-depleted

corneocytes and a lipid-rich extracellular matrix. This creates a barrier that is

able to keep water within the body and prevent the entrance of pathogens and

allergens. In addition to the SC, there are so many innate immune factors that

blocks the easy entrance and spreading of these dermatophytes. Innate immune

defenses, including b-glucan receptors, mannose receptors, and TLRs, have

evolved to recognize and respond to components of fungal cell walls. Neutrophils

produce the reactive oxygen radicals; macrophages produce the AMPs, various

kind of cytokines, and reactive nitrogen radicals, and most importantly they phago-

cytose the altered cells; NK cells are responsible for perforin-mediated killing of

infected cells. The capability of DCs and macrophages to recognize pathogens as

foreign particles using TLRs and PRRs initiates the signal for innate immunity. The

cathelicidins, a specific AMP, can provoke a prominent innate immunity, and can

be used for the therapy purpose against dermatomycosis. From the details given

above, it is very clear that innate immunity has a very significant role in checking

both fungal and bacterial growth. Although, theoretically, all kinds of infection can

be partially or completely blocked by innate immunity; but it is not so in patients,
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hence, there should be some cause of spread and growth of dermatophytes in the

presence of innate immunity. Some facts like alteration, weakness, and a failure to

provoke innate immunity on time are responsible for their free growth and dis-

persal. Immunocompromised individuals are very susceptible to these infections.

The positive aspect of choosing innate immunity for treatment of any kind of

dermatophyte is that it does not need any specific antigen for the activation, i.e., it is

not specific for any particular organism; if it is provoked at the perfect time, then it

can be helpful for the host. Although much study have been done on innate

immunity, nevertheless studies pertaining to dermatomycoses and innate immunity

are still to be accomplished. If we are searching for a cure for dermatophytes with

the help of innate immunity, a lot of effort is needed to reveal details about the

dermatophytes such as their metabolomics, their resistant capability against innate

immunity, their interaction with host, and their susceptibility to various kinds of

immune factors. When the unrevealed facts emerge, they will help us to control

these pathogens either from local or systemic infections.
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Chapter 16

Cytokine Therapy: Possible Tools

in Management of Fungal Infection

Mohammad Shahid, Trivendra Tripathi, Nancy Khardori, Anwar Huq,

and Iqbal Ahmad

Abstract Despite the availability of several new antifungal agents, invasive

fungal infections (IFIs) continue to escalate. In the past few years, currently

available antifungal chemotherapies have not been optimal, especially for dis-

eases in immunocompromised patients. However, coinciding with the aggressive

use of antibiotics, immunosuppressive treatments, and acquired immunodefi-

ciency syndrome, the frequency of severe fungal infections and the diversity of

the causal agents have continued to increase until the present day. Hence, there

has been increased interest in the use of immunomodulation, primarily with

cytokines, as an adjunct to antifungal agents. In this chapter, we endeavor to

find the potential role for cytokines and their therapy in treating IFIs, and also

mechanisms for synergy between antifungal therapy and immune responses. It is

hoped that this will definitely stimulate further discussions and researches on this

important aspect.
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16.1 Introduction

Candida and Aspergillus species have been consistently renowned as the most

important fungal pathogens. A large autopsy series on patients with cancer found

that 58% of fungal infections were caused by Candida species and 30% by

Aspergillus species. A previous study of bone marrow transplantation (BMT)

patients showed that the incidence of invasive aspergillosis (IA) among them

increased from 5.7% to 11.2%, while in another study of patients with hematologic

malignancies it increased from 7% to 21%. The mortality associated with IA in

BMT patients, even after engraftment, was close to 90% despite maximal antifun-

gal therapy. Such findings are not encouraging and reflect the severe loss of host

defenses in these patients, as well as the relatively poor performance of currently

available antifungal drugs in such infectious situations. Thus, novel therapeutic

strategies are urgently needed (Rodriguez-Adrian et al. 1998; Trick et al. 2002).

Despite the availability of several old and new antifungal agents, invasive fungal

infections (IFIs) continue to escalate (Chen and Sorrell, 2007). These agents include:

(1) polyenes: amphotericin B deoxycholate, amphotericin B lipid formulations (lipo-

somal amphotericin B, amphotericin B colloidal dispersion, amphotericin B lipid

complex), aerosolized amphotericin B, and liposomal nystatin, (2) azoles such as

imidazoles (clotrimazole, miconazole and ketoconazole), (3) triazole agents: first

generation triazole agents (fluconazole, itraconazole) and second generation triazoles

(voriconazole, posaconazole, ravuconazole), (4) echinocandins such as caspofungin,

micafungin and anidulafungin, (5) allylamines and thiocarbamates (terbinafine), (6)

nucleoside analogs such as flucytosine, (7) newer antifungal agents such as pneumo-

candins, pradimicins and benanomicins, nikkomycins, sordarins, and cationic pep-

tides, and (8) antibiotics such as echinocandin-related lipopeptides, benzo-(a)-
nepthacenequinones, cyclic depsipeptides, polyoxins and nikkomycins). In the past

few years, currently available antifungal chemotherapies have not been optimal,

especially for diseases in immunocompromised patients. However, coinciding with

the aggressive use of antibiotics, immunosuppressive treatments, and acquired immu-

nodeficiency syndrome (AIDS), the frequency of severe fungal infections (such as

candidiasis, cryptococcosis, aspergillosis, and zygomycosis), and the diversity of the

causal agents have continued to increase until the present day. Hence, there has been

increased interest in the use of immunomodulation, primarily with cytokines, as an

adjunct to antifungal agents.

16.2 Immune System in Fungal Infections

The presence of an activated innate immunity, such as the ability of phagocytic

cells to inhibit fungal growth, is required for the induction of CD41 Th1 cells

(Mencacci et al. 1998a). However, an activated innate immune system is not always

sufficient to clear the infection. Thus, a proper integration between the innate and
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the adaptive immune systems is required for efficient control of Candida albicans
infections. Resistance to C. albicans infection is determined by phagocytic mechan-

isms, the activity of which is augmented or reinforced by Th1 cytokines and

impaired by Th2 cytokines. It has been observed that cytokines produced by Th1

cells can activate phagocytes to a fungicidal state, whereas those produced by Th2

cells exacerbate the disease because of their deactivating properties for fungicidal

effector cells (Romani et al. 1997a). Th1 and Th2 cells are instrumental in mobiliz-

ing and activating the proper anticandidal effector mechanism at the site of the

infection. Studies in humans have strengthened this concept, by showing that

acquired immunity to C. albicans correlates with the expression of local or periph-

eral Th1 reactivity (La Sala et al. 1996). Susceptibility to infection can be seen in

thermally injured patients (Kobayashi et al. 1998), and also in patients with human

immunodeficiency virus (HIV) infection (Leigh et al. 1998), or in patients with

chronic mucocutaneous (Kobrynski et al. 1996). This susceptibility correlates with

a biased Th2 response to the fungus. The complexity of the spectrum of Candida
diseases in humans with the deterministic and apparently reductionist approach can

be provided by the Th1/Th2 paradigm in experimental animals. The highly polar-

ized cytokine responses which have been induced by injection of large yeast inocula

into inbred mice with widely different degrees of susceptibility can reflect the

extremes of testing conditions. This explains the yeast commensalistic relationship

with humans and its ability to modulate the host’s response, and it may also clarify

several aspects of fungal pathogenicity and immunopathology mechanisms. Human

studies have revealed several effector mechanisms that result in Candida killing.

No convincing link has yet been established between a particular clinical condition

and any specific effector mechanism (Ashman and Papadimitriou 1995), despite the

long-recognized associations between systemic candidiasis and neutrophil defi-

ciency, and between chronic mucosal infections and abnormalities in the cell-

mediated response (Odds 1988). Therefore, despite recent evidence indicating

some differences in cell and cytokine requirements for expression of resistance at

mucosal or systemic levels (Wagner et al. 1996), this regulation emphasizes the fact

that the anticandidal responses that have been characterized in systemic and

mucosal infections are not unique to either condition (Romani 2000).

16.3 Role of Cytokine in Regulation of Immune Cells

in Fungal Infections

16.3.1 Lymphocytes

Cytokines play a major role, acting not only as modulators of antifungal effector

functions but also as key regulators in the development of the different Th subsets

from precursor Th cells. The development of protective anticandidal Th1 responses

requires the concerted actions of several cytokines, such as interferon (IFN)-g
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(Cenci et al. 1998), transforming growth factor (TGF)-b (Spaccapelo et al. 1995),

interleukin (IL)-6 (Romani et al. 1996), tumor necrosis factor (TNF)-a (Mencacci

et al. 1998a), and IL-12 (Romani et al. 1994), in the absence of inhibitory Th2

cytokines, such as IL-4 and IL-10, which inhibit development of Th1 responses

(Tonnetti et al. 1995). Studies have suggested that immunomodulatory functions of

IL-12 can play a role in promoting endogenous protective responses during infec-

tions. IL-12 can facilitate the development of T-helper type 1 (Th1) lymphocytes

required for late protection of fungi. Negative relation of IL-12 during infections

can play a key role to establish the chronic infection and protect against harmful

excessive cellular immune response (Romani 2000). Studies on mice have sug-

gested that mice with TNF/lymphotoxin (LT)-a and IL-6 deficiencies are highly

susceptible to C. albicans infections. Resistance to primary and secondary infec-

tions cannot be impaired in the absence of IL-1b or IL-10, as occurs in IL-

1-converting enzyme (ICE)- or IL-10-deficient mice respectively (Del Sero et al.

1999; Mencacci et al. 1998b). Resistance or susceptibility to infections can be

correlate with the levels of Candida growth in target organs, and also with the type

of Th cytokine production by specific CD41 T-lymphocytes. Lower production of

IL-4 and IL-10 and higher production of IFN-g and IL-2 can be observed in mice

that resist primary and secondary infections such as ICE- and IL-10-deficient mice.

In contrast, high-level production of IL-4 and IL-10 and low-level production of

Th1 cytokines can be observed in TNF/lymphotoxin (LT)-a- and IL-6-deficient

mice succumbing to primary infection, and in IL-12p40-, IFN-gR-, and IL-4-

deficient mice succumbing to secondary infection (Mencacci et al. 1998c). These

data demonstrate that susceptibility to primary and secondary C. albicans infections
in cytokine-deficient mice results in failure to develop anticandidal, protective Th1

responses and in the occurrence of unprotective IL-4- and IL-10-producing Th2

cells. The production of some proinflammatory cytokines (TNF-a and IL-6) rather

than others (IL-1b) can to be essential for the successful control of infection and the

resulting protective Th1-dependent immunity. IL-12 production is required for the

development of Th1-cell responses, which is maintained in the presence of physio-

logical levels of IL-4 and IL-10 (Mencacci et al. 1998a,c). Thus, a regulated balance

of directive cytokines, such as IL-4, IL-10, and IL-12, rather than the relative

absence of opposing cytokines, appears to be required for optimal development

and maintenance of Th1 reactivity in mice with candidiasis (Romani 2000).

16.3.2 Neutrophils

In candidiasis, the initial handling of fungal pathogen by cells of the innate immune

system plays a major role in determining CD41 Th development. Indeed, qualita-

tive or quantitative defects of antifungal effector and immunoregulatory functions

of phagocytic cells result in the development of anticandidal Th2, rather than Th1,

cell responses (Romani et al. 1997a). Regulation of the early fungal burden

(Mencacci et al. 1996), cytokine production (Romani et al. 1997b), and expression
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of costimulatory molecules (Mencacci et al. 1998a) are possible pathways through

which the innate immune system may control CD41 Th development. Professional

mononuclear phagocytes (Vasquez-Torres and Balish 1997) and phagocytes such

as epithelial cells (Fidel and Sobel 1998) have been found to have an important role

in primary and acquired Th1 reactivity to C. albicans. However, an important

immunoregulatory role has recently been attributed to neutrophils. Neutrophils

have the ability to produce directive cytokines such as IL-10 and IL-12. Most

importantly, it has been found that IL-12 released in response to a low-virulence

Candida strain that initiates Th1 development in vivo, but IL-10 released in

response to a virulent strain (Romani et al. 1997b). Human neutrophils can also

produce bioactive IL-12 in response to a mannoprotein fraction of C. albicans,
which is capable of inducing Th1 cytokine expression in peripheral blood mononu-

clear cells (Cassone et al. 1997). Production of IL-12 by neutrophils occurred

independently of TNF-a (Mencacci et al. 1998b) and IFN-g (Cenci et al. 1998). It

was impaired upon iron overload (Mencacci et al. 1997) but increased upon in vitro
priming with IL-4 (Mencacci et al. 1998c) through upregulation of IL-4 receptor

expression. Thus, the IL-12-promoting activity of IL-4 may account for its require-

ment in sustaining memory Th1-cell responses to the fungus (Mencacci et al.

1998c). Cytokine production by neutrophils has also been demonstrated in vivo in

infected mice; Th1-mediated resistance is increased upon IL-12 administration in

neutropenic mice or IL-10 neutralization in non-neutropenic mice. Because of the

large number of neutrophils present in the blood or inflammatory tissues in infec-

tion (Romani et al. 1997c). Neutrophil production of cytokines can influence the

development and maintenance of the Th cell in response to C. albicans. It has
recently been shown that neutrophils can quickly release Candida antigens upon

phagocytosis (Ashley et al. 1997). Thus, it is likely that the immunoregulatory role

of neutrophils in candidiasis may go beyond its cytokine production, to include

signaling through antigen presentation and costimulation. Human studies have

shown the multiple and complex role of neutrophils in candidiasis. First, risk factors

for IFIs are not the same in all neutropenic patients (Walsh et al. 1994). Secondly,

chronic systemic candidiasis initiated by neutropenia may persist against normal

neutrophil counts and adequate antifungal therapy (Bodey and Anaissie 1989).

Thirdly, some patients, particularly transplant recipients who have adequate or

even normal neutrophil counts, may be at high risk for invasive mycoses (Bow

et al. 1995; La Rocco and Burgert 1997; Romani 2000).

16.3.3 Dendritic Cells

The recognition that the dendritic cells (DC) are uniquely able to initiate responses

in Naı̈ve T cells and that they also participate in Th-cell response (Benchereau and

Steinman 1998) and prompted investigators to investigate whether DC interact with

C. albicans, in its different forms, and to find out the possible mechanisms

and importance of this interaction. The fungus behaves as a commensal and true
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pathogen of skin and mucosal surfaces, which are known to be highly enriched with

DC. For adaptive immune responses against fungi, it has been found necessary that

DC be phagocytic at some stage in their life cycle (Romani 1997). The advantage of

an immature myeloid DC cell line established from fetal mouse skin is to stimulate

T cells in vitro and in vivo upon cytokine treatment (Girolomoni et al. 1995; Lutz

et al. 1996). Devoid of contaminating cells, DC ingest yeasts and hyphae of the

fungus through different phagocytic mechanisms. Engulfment of yeasts can occur

via coiling or overlapping phagocytosis, eventually leading to phagolysosome

formation, where different stages of progressive yeast degradation can be seen. In

contrast, internalization of hyphae has been found to occur through a more conven-

tional zipper-type phagocytosis. After phagocytosis of yeasts or hyphae, the down-

stream cellular events are clearly different. Ingestion of yeasts, but not hyphae, can

activate DC for IL-12 and nitric oxide production. In vivo, generation of antifungal
protective immunity can be observed upon injection of DC ex vivo-pulsed with

C. albicans yeasts but not hyphae (d’Ostiani et al. 2000). These results indicate that
dendritic cells fulfill the requirement of a cell uniquely capable of sensing the two

forms of C. albicans in terms of the type of immune response elicited. This

accumulated evidence points to the unique role of dendritic cells in infections,

because they are regarded as a protector of innate recognition and an initiator of Th-

cell differentiation and functional commitment (Reis e Sousa et al. 1999). In

candidiasis, this behavior requires that DC be exquisitely sensitive to the different

forms of the fungus (Kopp and Medzhitov 1999), considering that DC are phago-

cytos to C. albicans and can activate T-cell responses to the fungus (Romani 2000).

Thus, these findings provide important and novel insights into the general mechan-

isms of immunoregulation in fungal infections. Moreover, as the morphogenesis of

C. albicans is activated in vivo by a wide range of signals (Brown and Gow 1999),

DC may also act as key regulators of Th reactivity in saprophytism (Romani 2000).

16.4 Role of Cytokines in Treating IFIs

16.4.1 Immunomodulatory Role of Cytokine

Antifungal agents, selective towards ergosterol, can modulate the function (poly-

enes) or biosynthesis (azoles) of mammalian sterols, and also the host immune

response. Azoles have been found to inhibit chemotaxis and superoxide production

by polymorphonuclear leukocytes (PMNLs) (Ray and Anand 2000). It has been

observed that azoles can sensitise fungal cells to oxidative metabolites produced by

phagocytes by inhibiting P-450DM (Georgopapadakou and Walsh 1996). Augmen-

tation of the host defense response, improvement of the underlying disease, and

resolution of the principal immune impairment are paramount for successful treat-

ment of invasive mycoses in immunocompromised patients. Systemic mycoses are

associated with high morbidity and mortality rates, despite advances in antifungal
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chemotherapy (Ray and Anand 2000). Immunomodulatory strategies can be

applied in two different modes:

1. Prevention: In this mode, a specific patient population at risk for an IFI receives

an immunomodulator, such as a vaccine.

2. Therapy of established disease: In this therapy, an immunomodulator is used to

treat invasive fungal disease. The immunomodulator is used as adjunctive

therapy in combination with an antifungal agent.

Immunomodulatory strategies that target innate and antigen-specific immunity

are described as follows (Walsh and Giri 1997):

1. To increase the number of neutrophils in recombinant hematopoietic human

cytokines (RHHCs) such as CSFs (G-CSF and GM-CSF), granulocyte transfu-

sions, myeloid progenitors (common myeloid progenitors, granulocyte–monocyte

progenitors), and thymosin-a1 are useful.

2. To activate of neutrophils RHHCs such as CSFs (G-CSF and GM-CSF), IFN-g,
chemokines, TLR activation can be essential.

3. For activation macrophages and dendritic cells, RHHCs such as colony-stimulating

factors (macrophage colony-stimulating factor and GM-CSF), IFN-g, and TRL

activation are essential

4. To heighten cellular immunity, RHHCs such as IFN-g, TLR activation, pen-

traxin 3, thymosin-a1, and vaccines are required.

5. To heighten humoral immunity, RHHCs such as vaccines, antibody administra-

tion (e.g., monoclonal antibody 18B7 for Cryptococcus neoformans) are useful
for augmenting the immune response to fungal infection.

Though several immunomodulatory strategies exist which target innate and

antigen-specific immunity, evidence of efficacy in well-designed clinical trials is

sparse (Walsh and Giri 1997).

16.4.2 Therapeutic Role of Cytokines

The innate host defense against fungal diseases is based on the action of phago-

cytic cells such as PMNLs and macrophages (Rodriguez-Adrian et al. 1998). The

colony-stimulating factors (CSFs) can regulate both the number and the function

of these cells. On the other hand, acquired defense involves cellular and humoral

immunity that requires interactions between antigen-presenting cells, T-lymphocytes,

B-lymphocytes, and NK cells which can be driven and regulated by cytokines such

as IL-2 and IFN-g. The potential role of immune activation via cytokines in the host

defense against opportunistic fungi is the subject of several studies and has raised

some intriguing questions about novel antifungal strategies for Candida and

Aspergillus infections (Rodriguez-Adrian et al. 1998). Different potential roles

of cytokines have been described. First, exposure to fungi and their antigens may

include release of IL-2, INF-g, TNF-a, and also some CSFs such as granulocyte
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colony-stimulating factor (G-CSF), granulocyte–macrophage colony-stimulating

factor (GM-CSF), and macrophage colony-stimulating factor (M-CSF) (Rodriguez-

Adrian et al. 1998). These cytokines can in turn activate or enhance the antifungal

function of phagocytes against Candida and Aspergillus species (Rodriguez-

Adrian et al. 1998). Exogenous administration of some cytokines is now possible,

thus permitting therapeutic bypass needed for direct host response. Cytokines can

play an indirect role, via activation of a leukocyte, rather than by any direct action

on the fungus; they can be most effective if adequate numbers of circulating

leukocytes are present. Cytokines can be used to ensure adequate numbers of

leukocytes by speeding recovery of the patient’s bone marrow function as well as

by permitting novel approaches to transfusion therapy (Rodriguez-Adrian et al.

1998).

16.4.2.1 IFN-g

INF-g, a polypeptide secreted by T-lymphocytes, NK cells, alveolar macro-

phages, and fibroblasts, is the main cytokine produced during a Th1-type

response. IFN-g is approved for administration to humans and also for enhancing

the oxidative metabolism and antifungal activity of human macrophages and

PMNLs in vitro against a broad range of relevant fungal pathogens: Candida
species, Aspergillus fumigatus, C. neoformans, Paracoccidioides brasiliensis
and Blastomyces dermatitidis (Rodriguez-Adrian et al. 1998). IFN-g activates

antigen-presenting cells, stimulates proliferation of T- and B-lymphocytes, and

enhances cytotoxicity by T-lymphocytes and NK cells. It can be beneficial as an

in vivo adjunct when given either prophylactically or after establishment of

experimental infections with A. fumigatus and C. neoformans (Rodriguez-Adrian
et al. 1998). IFN-g can promote TNF-a production and can also enhance PMNLs

and mononuclear cell-induced damage by increasing the oxidative burst of

PMNLs in response to stimuli such as nonopsonized hyphae of A. fumigatus.
Both IFN-g and G-CSF can enhance the oxidative bursts and fungicidal activity

in vitro of human PMNLs against A. fumigatus hyphae, with the combination

of the two cytokines showing an additive effect. IFN-g can also restore the

corticosteroid-suppressed fungicidal activity of human PMNL and elutriated mono-

cytes. IFN-g-treated human monocytes can enhance oxygen radical production and

damage to A. fumigatus hyphae (Steinbach and Stevens 2003). Exogenous admin-

istration of IFN-g and TNF-a has resulted in protective effects in a murine model

of IA by decreasing mortality and the number of organs affected by Aspergillus.
Conversely, IFN-g and TNF-a neutralization resulted in increased disease and

increased expression of IL-10 (Steinbach and Stevens 2003). Although IFN-g is

better than G-CSF or GM-CSF at enhancing PMNL hyphal damage, and both

IFN-g and GM-CSF result in enhanced hyphal damage by PMNLs in vitro,
combination treatment does not increase damage. One recent case report details

use of liposomal amphotericin B and both GM-CSF and IFN-g in successful
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treatment of sinocerebral aspergillosis, with the addition of the IFN-g temporally

related to clinical resolution (Steinbach and Stevens 2003).

16.4.2.2 The CSFs

Three CSFs relevant to phagocytes have been approved for administration to

humans: G-CSF, GM-CSF, and M-CSF (Rodriguez-Adrian et al. 1998). CSFs are

responsible not only for the replication of bone marrow stem cells but also for the

differentiation of granulocytes and monocytes into their mature forms. Cellular

sources of these powerful cytokines include monocytes, T-lymphocytes, fibro-

blasts, and endothelial cells (Rodriguez-Adrian et al. 1998). CSFs enhance chemo-

taxis, phagocytosis, and killing activity of precursor and mature effector cells

(Rodriguez-Adrian et al. 1998). All three CSFs have been observed in multiple

studies to enhance the activity of phagocytic cells against Candida species,

A. fumigatus, C. neoformans, and Histoplasma capsulatum (Rodriguez-Adrian et al.

1998). Despite the several similarities among these cytokines, the CSFs also have

some distinctive features, as described below:

Granulocyte Colony-Stimulating Factor

Human recombinant G-CSF has been accepted for clinical use since 1991 (Welte

et al. 1996). The potential of exogenously administered G-CSF therapy seems to

maintain the innate signal for longer production of PMNLs, or to initiate that

signal earlier if endogenous production is decreased or is insufficient during a

specific time, such as during neutropenia after BMT (Hartung 1998). One fear is

the unwanted side-effect of increased inflammatory products, such as the prob-

lematic release of reactive oxygen species and lysosomal contents, with G-CSF

use (Hartung 1999). However, in vivo and human studies have shown that G-CSF

can reduce the production of inflammatory mediators such as IL-1, TNF-a, and
IFN-g (Hartung 1998). In addition to increasing the number of mature circulating

PMNLs, G-CSF can enhance phagocytic activity and oxidative burst metabo-

lism. Human G-CSF affects the function of granulocytes only, but not macro-

phages, and also has a protective effect in murine models of IA. Prophylaxis with

human G-CSF and amphotericin B or itraconazole has shown some additive

effect in neutropenic animal models of IA but not in those immunosuppressed

with cortisone, which has a greater effect against macrophages. In a neutropenic

(cyclophosphamide-induced) murine model, human G-CSF alone was found

ineffective, but with amphotericin B it showed synergy in survival greater than

with itraconazole and G-CSF (Polak-Wyss 1991). Pretreatment of neutrophils

with G-CSF and/or IFN-g can attenuate the inhibitory effect of corticosteroids on

PMNL-induced hyphal damage (Roilides et al. 1993). G-CSF administered to

human volunteers can increase the fungicidal activity through enhanced respira-

tory bursts of their PMNLs against Aspergillus conidia of their PMNLs by
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fourfold (Liles et al. 1997). However, no clear evidence has been reported that

G-CSF benefits patients with aspergillosis (Steinbach and Stevens 2003).

Granulocyte–Macrophage Colony-Stimulating Factor

This factor almost doubles the life span of neutrophils, exerts a stimulatory effect

upon them, and enhances their attachment to endothelial cells and epithelial cell

membranes (Rodriguez-Adrian et al. 1998). It also extends the lifespan and

enhances the antibody-dependent cytotoxicity of eosinophils (Lopez et al.

1986; Rodriguez-Adrian et al. 1998). GM-CSF can promote differentiation,

proliferation, and activation of cells in the macrophage/ monocyte system,

prevents the defective in vitro antifungal activity of corticosteroid-treated mono-

cytes (Roilides et al. 1996; Steinbach and Stevens 2003), and also enhances the

phagocytic activity of PMNLs (Rodriguez-Adrian et al. 1998; Steinbach and

Stevens 2003). GM-CSF has been found to increase spleen cellularity in mice,

indicating potent stimulation of hematopoietic cells, and increased IFN-a
production by concanavalin-A compared with control cells (Khatami et al.

2001). In a study of a murine model, the antifungal activity of bronchoalveolar

macrophages treated with dexamethasone was observed to be less than that of

macrophages from dexamethasone plus GM-CSF-treated mice. It has also been

demonstrated that GM-CSF administered before dexamethasone blocked the

deleterious effects but, if given after dexamethasone, GM-CSF could not reverse

the outcome on macrophages (Brummer et al. 2001). In a further study, both

murine and human GM-CSF were shown to counteract dexamethasone suppres-

sion of murine macrophage function (Brummer et al. 2002). GM-CSF can act

synergistically with TNF-a (Bodey 1994). GM-CSF has been revealed to offer

some protection against IA in a clinical trial of patients with acute myelogenous

leukemia, decreasing the fungal infection-related mortality from 19% to 20%

(Rowe et al. 1995). One study of GM-CSF in combination with amphotericin

B (1 mg/kg/day) for treatment of proven fungal infection included two patients

with refractory aspergillosis. One patient with pulmonary IA who underwent

BMT because of breast cancer showed a partial response, whereas the other

patient, with acute myelogenous leukemia and sinopulmonary IA, had treatment

failure (Bodey et al. 1993). In another case, a child with IA received GM-CSF to

overcome neutropenia and, after bone marrow recovery, developed pulmonary

cavitation and fatal hemoptysis (Groll et al. 1996). Bone marrow recovery

may lead to liquefaction of pulmonary foci and to potential erosive bleeding

resulting from an increased inflammatory response, especially in the first week

following cavitation (Albelda et al. 1985; Steinbach and Stevens 2003). Thus,

GM-CSF would have a theoretical advantage in infections where monocyte–

macrophage function is critical, although formal proof is lacking (Rodriguez-

Adrian et al. 1998).
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Macrophage Colony-Stimulating Factor

M-CSF can modulate mononuclear phagocyte functions such as H2O2 production

and phagocytosis, and enhances production of IL-1, IFN-g, and TNF-a (Roilides

et al. 1995, 1998a). M-CSF has been found to enhance the nonoxidative mechanism

of macrophages to inhibit germination, but while it can draft more macrophages to

ingest conidia, it cannot be found to effect ingestion of more conidia (Roilides et al.

1995). A neutropenic rabbit model demonstrated that prophylactic administration

occurred 3 days before inoculation, and then neutropenia augmented the pulmonary

host defense against IA. Rabbits receiving M-CSF have been found to have

increased survival rates and greater numbers of activated pulmonary alveolar

macrophages than as observed in control animals (Gonzalez et al. 2001). A phase

I trial of M-CSF has suggested some benefit in patients with Aspergillus infections,
but an insufficient number of patients have been treated to show a statistical benefit

(Nemunaitis et al. 1991; Steinbach and Stevens 2003).

16.4.2.3 TNF-a

TNF-a is a pro-inflammatory cytokine secreted by various macrophage populations

and is demonstrated as a critical initiator in innate immunity against respiratory

pathogens including A. fumigatus (Mehrad et al. 1999; Steinbach and Stevens

2003). In vitro TNF-a has shown an increase in early host defense against

Aspergillus invasion, with a slight increase in oxygen radical production by macro-

phages, upregulation and activation of alveolar macrophage phagocytosis, and also

enhanced production of other cytokines such as GM-CSF. By producing oxygen

radicals, it can increase a late defense with increased PMNL hyphal damage

(Roilides et al. 1998a, b). In vitro GM-CSF and TNF-a administration has been

observed to hinder dexamethasone-induced immunodeficiency (Steinbach and

Stevens 2003). The mechanism by which TNF-a inhibition can augment suscepti-

bility to IFIs includes inhibition of IFN-g production, decreased expression of

pattern-recognition receptors, and leukocyte apoptosis (van der Meer et al. 2005).

After revelation to a fungal antigen, naı̈ve T cells have been found to differentiate

into distinct helper T-cell subsets (Th1 and Th2), which can generate signature

cytokines to determine the nature of the effector response. Consequently, the

Th1-cell response can be defined by production of the cytokine IFN-g, as well as
IL-2 and lymphotoxin, and stimulates cell-mediated effector responses and IgG2a

production, while Th2 cells have been known to produce IL-4, IL-5, IL-9, and IL-13

and to promote mastocytosis, eosinophilia, and production of IgE and IgG1

(Tsiodras et al. 2008). IFN-g is crucial for proper activation of phagocytosis and

killing of intracellular pathogens, and its production is stimulated by TNF-a (Djeu

et al. 1986; Bekker et al. 2001). Hence, TNF-a blockade leads to decreased IFN-g
levels and subsequently to a defective cellular immune response. Both TNF-a and

IFN-g potentiate the expression of toll-like receptor 4 (TLR-4) on the cell
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membrane (Bosisio et al. 2002). TLR-4 expression is essential for recognition of

such fungal pathogens as C. albicans and A. fumigatus by host cells such as

dendritic cells and macrophages (Tsiodras et al. 2008). Patients receiving anti-

TNF-a therapy could be at augmented risk for IFIs because of an inability to

recognize fungal antigens through toll-like receptor signaling. TNF-a blockade

has been found to reduce TLR-4 expression on dendritic cells from patients with

rheumatoid arthritis and from healthy control participants (Netea et al. 2003). TNF-

a is essential for granuloma formation and maintenance, and to defend the host

against intracellular pathogens such as several fungi (Allendoerfer and Deepe

2000). TNF-a blockers are associated with increased apoptosis of peripheral

blood monocytes which can be observed shortly after introduction of such agents

as infliximab (L€ugering et al. 2001). Regulation of monocyte chemokine and matrix

metalloproteinase secretion is partially mediated by TNF-a and IL-1 in granuloma-

tous mycobacterial diseases (Wright and Friedland 2004). Failure to classify myco-

bacteria in granulomas results in disseminated disease and poor outcome and could

be operative in IFIs associated with TNF-a blockade (Tsiodras et al. 2008).

16.4.2.4 RANTES

RANTES (regulated on activation, normal T cell expressed and secreted), has

been found to have a crucial role in trafficking and activating leukocytes toward

sites of infection and inflammation (Schall 1991; Sozzani et al. 1997). RANTES

adheres to inflamed vascular endothelium, causing accumulation of leukocytes

(von Hundelshausen et al. 2001). Nonhematological patients dying with severe

sepsis have lower circulating RANTES concentrations in comparison to survi-

vors, suggesting a protective role for it (Cavaillon et al. 2003). No information has

been observed in patients with hematological malignancy. Platelets are detected

as a major source of RANTES. These patient groups are characterized by pro-

found thrombocytopenia and contain higher risk for IFI morbidity and mortality.

Research has been conducted into alternatives to RANTES in those patients with

IFIs (Ellis et al. 2005).

16.5 Which Patients Are Likely to Respond to Cytokine

Therapy?

Despite the abundance of preclinical in vitro and in vivo data on the role of

cytokines in the host response against IFIs, current evidence from their use in

the treatment of fungal infections in clinical practice is limited, involving mainly

the hematopoietic growth factors (HGFs) and IFN-g. Both G-CSF and GM-CSF

have been approved by the US Food and Drug Administration (FDA) in 1991.

Current indications of their use include the reduction of duration of neutropenia
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and neutropenic fever in AML patients receiving induction therapy and, in HSCT

recipients, the mobilization of hematopoietic progenitors into peripheral blood for

stem cell harvest, as well as the reduction of neutropenic complications in patients

with severe chronic neutropenia (Komrokji and Lyman 2004). In contrast to

G-CSF and GM-CSF, which are widely used worldwide, clinical experience

with M-CSF remains limited (Hubel et al. 2002). G-CSF and GM-CSF are

available as recombinant human products. Depending on the vector used for the

recombinant DNA production (Escherichia coli, yeast, Chinese hamster ovary

cells), G-CSF is available in two preparations, filgrastim and lenograstim, while

GM-CSF is available as sargramostim, molgramostim, and regramostim. They may

be administered subcutaneously or intravenously, with the former route providing

prolonged delivery. They are metabolized by binding to their receptors, with

subsequent internalization, by liver enzymes and by renal clearance (Komrokji

and Lyman 2004). Recently a pegylated, long-acting form of G-CSF (pegfilgrastim)

has become available. Pegylation of filgrastim results in a large-size molecule that

prevents renal clearance. The elimination of the drug is thus predominantly through

neutrophil-mediated clearance, with a self-regulating mechanism allowing stimula-

tion of neutrophil production during neutropenia and rapid clearance as neutrophil

counts recover (Komrokji and Lyman 2004). In oncology, HGFs have been used as

primary and secondary prophylaxis and for treatment of neutropenia. Primary

prophylaxis refers to their use before the onset of neutropenia, during the first

cycle of chemotherapy. Secondary prophylaxis implies the use of HGFs after the

occurrence of severe or febrile neutropenia in a previous chemotherapy cycle where

no HGFs were used. Treatment of neutropenia implies the use of HGFs after

establishment of neutropenia in order to shorten its duration, prevent infectious

complications, and reduce associated morbidity and mortality (Komrokji and

Lyman 2004). Both G-CSF and GM-CSF have been shown to be effective in

reducing the incidence and duration of neutropenia associated with malignancy or

hematological disorders (Hubel et al. 2002, Komrokji and Lyman 2004). Despite the

documented efficacy of HGFs in enhancing neutrophil recovery, their routine use as

prophylaxis or treatment for neutropenia is not advocated in the guidelines of the

American Society of Clinical Oncology (ASCO), which separately address the use

of these cytokines in certain groups of hematological patients [acute lymphoblastic

leukemia (AML), myelodysplastic syndrome and HSCT patients] (Ozer et al. 2000).

The ASCO guidelines, updated in 2000, however, suggest that the use of HGFs in

patients with febrile neutropenia should be considered in the presence of certain risk

factors, including profound neutropenia, uncontrolled primary disease, pneumonia,

hypotension, multi-organ dysfunction (sepsis syndrome), and IFIs (Ozer et al. 2000).

One study conducted by the Eastern Cooperative Oncology Group has suggested

that the mortality in eight acute lymphoblastic leukemia (AML) patients aged >55

years with documented IFIs, mainly aspergillosis and candidiasis, who received

GM-CSF, was significantly lower than the mortality of 12 patients of the placebo

group (Rowe 1998). In a prospective comparative study of empiric amphotericin

B versus amphotericin B with G-CSF in 59 neutropenic adults with hematological

malignancies and antimicrobial-refractory fever or clinical evidence of IFIs, patients
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who received adjunctive treatment with G-CSF had a significantly higher response

rate (Hazel et al. 1999). In a small noncomparative study, administration of GM-CSF

was found to associate with a complete or partial response in six of eight neutropenic

patients with documented IFIs (Bodey et al. 1994). The survival of bone marrow

transplant patients with invasive candidiasis and a Karnofsky score >20% who

received recombinant human M-CSF as adjunctive therapy was significantly higher

than that of historical controls (Nemunaitis et al. 1993). In a noncomparative pilot

study of AIDS patients with fluconazole-refractory oropharyngeal candidiasis,

adjunctive treatment with GM-CSF (sargramostim) appeared to exert a beneficial

effect (Vazquez et al. 2000). There have been a number of case reports on the use of

G-CSF or GM-CSF as adjunctive treatment for IFIs (Abu Jawdeh et al. 2000; Ma

et al. 2001). Compared with studies of HGF use as adjunctive therapy, systematic

evaluation of their efficacy as prophylaxis against IFIs has been even more limited.

In a retrospective study of GM-CSF use among 141 autologous bone marrow

transplant recipients, a trend towards fewer fungal infections and significantly

fewer days of amphotericin B treatment was observed in the GM-CSF-treated

group compared with control patients (Nemunaitis et al. 1998). A role for GM-

CSF in the prevention of IFIs was suggested by another retrospective study of

patients receiving high-dose chemotherapy with or without autologous HSCT

(Peters et al. 1996). In a randomized trial, 119 patients with hematological malig-

nancies and febrile neutropenia received either antibiotics alone or antibiotics and

G-CSF. Although only four IFIs occurred, they were all encountered in the group

receiving antibiotics alone (Avilés et al. 1996). Prophylactic administration of G-

CSF (filgrastim) in AML patients has been observed to associate with a reduction in

the requirement for systemic antifungal therapy and with a nonsignificant reduction

of mortality related to fungal infections (Heil et al. 1997). In another study of G-CSF

(lenograstim) administration in elderly patients with AML, IFIs occurred in four

patients from the lenograstim group but in no patients from the placebo group

(Dombret et al. 1995). Apart from their direct administration in patients suffering

from or at risk for IFIs, an additional role for HGFs has recently been developed in

the field of granulocyte transfusions. Granulocyte transfusion therapy is another

approach which has long been considered for the prevention or treatment of infec-

tious diseases in severely neutropenic patients. The efficacy of this strategy in early

studies, however, was compromised by limitations in collecting adequate doses of

leucocytes from healthy steroid-mobilized donors. The use of G-CSF has markedly

enhanced the yield of leucocytes from healthy donors, thus renewing interest in

granulocyte transfusions. GM-CSF treatment has been associated with a greater

frequency of side-effects, compared with G-CSF, presumably as a consequence of

stimulation by GM-CSF of the Th1 cytokine responses (Khatami et al. 2001). Higher

toxicity can be seen with GM-CSF prepared in E. coli as compared with yeast.

Several studies have addressed theoretical concerns about the potential stimulation

of leukaemic cells by HGFs. Currently there is no evidence of stimulation of

leukemia growth or enhanced drug resistance associated with the clinical use of

HGFs (Ozer et al. 2000). Careful monitoring for the development of myelodysplastic

syndrome or AML is advised for patients with severe chronic neutropenia receiving
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long-term G-CSF therapy, although it is still uncertain whether G-CSF contributes to

the malignant transformation in these patients (Dale et al. 2003). Recombinant IFN-

g administered subcutaneously has been used clinically as prophylaxis or adjunctive

treatment for both bacterial and fungal infections, although evidence for its efficacy

against IFIs is again limited. In 1990, the FDA approved IFN-g for the prevention

of infectious complications in patients with chronic granulomatous disease (CGD).

Indeed, in a randomized, double-blind, placebo-controlled trial, prophylactic admin-

istration of IFN-g in CGD patients was associated with a significant reduction in

the incidence of serious infections. A trend towards reduced incidence of Asper-
gillus pneumonia has been observed in the patients who received IFN-g (Anta-

chopoulos and Roilides 2005). In another study involving patients with advanced

HIV disease, prophylactic administration of IFN-g was associated with a trend

towards decreased incidence of Candida and other opportunistic infec-

tions (Riddell et al. 2001). A recent phase 2, double-blind, placebo-controlled

trial evaluated the efficacy of IFN-g as adjunctive therapy for AIDS-related acute

cryptococcal meningitis (Pappas et al. 2004). Although the number of patients in

this pilot study was too small to demonstrate a statistically significant difference

in the primary efficacy endpoint [clearance of C. neoformans from cerebrospinal

fluid (CSF) at 2 weeks], the results showed a trend towards more rapid steriliza-

tion of CSF and improved combined clinical and mycological response in IFN-g
recipients (Pappas et al. 2004). Several case studies have also been published on

the use of IFN-g as adjunctive treatment in immunocompromised patients with

hepatosplenic or refractory oropharyngeal candidiasis, cryptococcal meningitis,

aspergillosis, scedosporiosis, and zygomycosis (Antachopoulos and Roilides 2005).

The use of IFN-g is generally well tolerated, with adverse events occurring more

frequently with higher doses (Pappas et al. 2004). In a series of 32 HSCT recipients,

IFN-g was tolerated without serious adverse reactions (Safdar et al. 2005). The

safety of use of IFN-g over a prolonged period of prophylaxis was recently

demonstrated in a large series of CGD patients (Marciano et al. 2004). Apart

from the data on HGFs and IFN-g, there is a paucity of clinical data on the safety

and efficacy of immunomodulatory therapy for most of the other cytokines

involved in the host innate and adaptive responses against IFIs. Two phase I trials

have evaluated single-dose and multiple-dose regimens of recombinant human

IL-12 administration in HIV patients (Jacobson et al. 2002). Administration of

IL-12 was generally safe and the maximum tolerated dose appeared to be related to

the patient’s CD4+ T cell count. Adverse effects were usually mild, transient and

reversible, although a dose-dependent increase in their frequency and severity

could be demonstrated. In the single-dose study, IL-12 administration induced

significant increases in serum IFN-g concentrations and in the absolute numbers

of peripheral NK cells and CD8+ T cells (Jacobson et al. 2000). Interestingly,

however, in the multiple-dose study no increase in serum IFN-g levels or in the

absolute numbers of NK, CD8+ or CD4+ cells was observed (Jacobson et al. 2002).

While the administration of cytokines may play a role in the treatment or prevention

of IFI, measurement of their levels could theoretically have prognostic value in

patients at risk or suffering from fungal infections (Roilides et al. 2001). In a small
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series of non-neutropenic patients with IA, low or decreasing IL-10 serum con-

centrations were associated with a favorable outcome, while increasing IL-10

was found in patients with disease progression (Roilides et al. 2001). However, a

systematic evaluation of serial cytokine measurements as a prognostic/therapeutic

assessment tool in patients with IFIs has not yet been reported (Antachopoulos and

Roilides 2005).

16.6 Mechanisms for Synergy Between Antifungal Therapy

and Immune Responses

Antifungal drug therapy and the host immune response are the principal determi-

nants of the outcome of fungal infections (Stevens 2008). Newly available antifun-

gal agents are the echinocandins. They act by inhibiting fungal glucan synthase

interfering with production of b-1-3-glucan synthase, an essential enzyme located

on the growing filaments (i.e., hyphae) of A. fumigatus (Stevens 2008; Hohl et al.
2008; Lamaris et al. 2008). b-1-3-Glucan reveals potent immunostimulatory prop-

erties arbitrated by the innate immune receptor Dectin-1. Dectin-1 (the mammalian

receptor) binds to b-1-3-glucan from Pneumocystis carinii,C. albicans, A. fumigatus,
and Coccidioides posadasii, and activates fungicidal responses that include phago-

cytosis, release of inflammatory mediators, and generation of reactive oxygen

intermediates (Hohl et al. 2008; Lamaris et al. 2008).

Glucans have been recognized as immune stimulators, although, as a caution,

it should be noted that they can be immunosuppressive (Stevens 2008). Recent

studies with macrophages and with neutrophils have demonstrated that caspofungin-

treated Aspergillus hyphae stimulate effector cells in vitro to produce such inflam-

matory mediators as tumor necrosis factor (TNF) and CXCL2. In vivo, this result

could have immunostimulatory and anti-infective effects at the site of infection

(Hohl et al. 2008; Lamaris et al. 2008). Echinocandin-treated conidia (the infec-

tious form of the fungus) and germlings (the initial step in the formation of the

invasive hyphae) induce reduced secretion of TNF and CXCL2 in murine macro-

phages, simultaneously with diminished b-glucan surface exposure, in contrast to

the hyphal effects (Hohl et al. 2008; Stevens 2008). b-Glucan is responsible for

the enhanced cytokine secretion stimulated by hyphae. It was found that secretion

reduces as the hyphae grow in the absence of the drug, but that it increases over

time if the hyphae are treated with the drug. Cytokine effect is not related to a

direct effect of the drug on macrophages. The drug effect is reduced when the

amount of drug present is greater than the growth-inhibitory concentration, which

may relate to altered wall remodeling (Stevens 2008). The increase in inflamma-

tory response induced by drug-treated hyphae occurs despite the inhibition of

drug-induced fungal growth (Stevens 2008).

Recent studies have provided evidence that the phagocytes are arbitrated either

(1) through the mammalian cell receptor for b-glucan, Dectin-1, by neutrophil
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expression studies demonstrating upregulation of Dectin-1 mRNA after exposure to

drug-treated Aspergillus species (not with Scedosporium prolificans), or (2) directly
by blocking the effect on cytokines with treatment of macrophages with anti-

Dectin-1. Activation of Dectin-1 would presumably lead to enhanced cytokine

production via such triggering transcription factors as nuclear factor kB and

activator protein-1 (Stevens 2008).

It is unclear what the cytokines are doing to result in fungal damage, but it is

possible that:

1. The drugs alter the fungi in ways that make the fungi more susceptible to toxic

oxygen or nitrogen products produced by the phagocytes.

2. The damage to altered fungi could occur even without an upregulation mediated

by the cytokines (Stevens 2008).

If increased cytokine production is viewed as an anti-infective asset, then the

reduction in cytokines that occurs when conidia and germlings are treated with

caspofungin might suggest a deleterious drug effect in the early stages of infection

(Hohl et al. 2008; Stevens 2008).

Recent studies reported that Aspergillus species and caspofungin may act coop-

eratively to upregulate expression of a toll-like receptor, and that caspofungin and

other cytokines, such as GM-CSF, may act cooperatively on effector cell function

(Stevens 2008). Antifungals can act on phagocyte oxidative burst either directly or

mediated through cytokines or by effector cell priming in the following ways:

(1) enhancement of drug penetration into phagocytes by cytokine stimulation,

(2) reversal by cytokines of depression of phagocyte function by antifungals,

(3) reversal by antifungals of immune depression caused by fungal products,

(4) cooperation of antifungals with proinflammatory cytokines to polarize the

host response toward a Th1 path, (5) alteration of fungal cell membranes by

antifungals whose actions affect the membrane (resulting in increased susceptibility

to toxic oxygen or nitrogen products), or (6) cooperation of antifungals with innate

mammalian constituents, such as chitinase or collectins (Stevens et al. 2000; Rex

and Stevens 2005). For further studies kindly refer to Stevens (2008), Hohl et al.

(2008) and Lamaris et al. (2008).

16.7 Conclusions and Future Prospects

Unmet needs for improved diagnosis, treatment, and prevention of fungal infections

remain formidable. New antifungal drugs and combinations of existing agents

should be explored further. Several challenges exist if promising immune-based

therapies developed in the laboratories are to be brought to clinical trial. Experi-

mental immunology has provided significant regulatory role for cytokines in both

innate and adaptive immune responses to fungal pathogens. The identification of

cytokines with the ability to enhance antifungal activities of immune effector cells

is significant, since they may have a therapeutic role in the treatment of IFI in the
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severely immunocompromised host. The effect of T-lymphocyte (Th1 and Th2)

responses on the outcome of fungal infections has been described. Most cytokines

have been demonstrated to participate in either Th1 or Th2 responses. Cytokines,

such as G-CSF, GM-CSF, M-CSF, IFN-g and TNF-a, which show promise as

adjuvant therapy for patients with proven fungal infections and which were previ-

ously known to affect innate immunity, have been demonstrated to be involved in

the differential development of adaptive responses. The safety and efficacy of the

clinical use of cytokines in the treatment or prevention of IFIs are limited mainly to

HGFs and IFN-g. Even these cytokines are lacking in appropriately designed

clinical trials to explore their efficacy.

Future research into the role of cytokines in fungal infections should include an

even more comprehensive understanding of the mechanisms of action, pleiotropic

effects, and interactions of the cytokines involved, as there is still much to learn.

Effective ways for in vivo augmentation of antifungal effector cell activity and

protective Th1 responses, taking into account the timing of immunomodulatory

intervention during the course of infection, should be further investigated. The

upregulation of Th1 adaptive immunity, either through administration of Th1

cytokines or via neutralization of Th2 cytokines, should aspire at controlling

fungal infections without the undesirable physiological and pathological effects

of an overwhelming immune response. The enhancement of clinical efficacy of

cytokine use in the prevention or treatment of IFIs is going to be challenging.

Cytokines such as the HGFs and IFN-g have undergone phase 1 or 2 studies. The

ideal approach would be through adequately powered prospective, randomized,

double-blind and controlled trials where the choice and dosing of cytokine, the

timing of intervention, the study population, and endpoints have been selected

based on the existing preclinical and clinical evidence. However, clinical studies

involving fungal infections face important difficulties, such as the problematic

diagnosis and documentation of IFIs, the low accrual of patients, and the evalua-

tion of response to treatment. Clinical trials of cytokine used as an adjunct to

conventional antifungal agents for the treatment of IFIs should be designed to

show superiority, rather than equivalence, of the combined therapeutic regimen,

since it would not make sense to add a compound with possible adverse effects and

substantial cost in order to achieve an equivalent outcome. It has been documented

that the cytokine administered may modulate the patient’s immune response in an

unpredictable or even deleterious way and the study design should allow for

detection and management of such unwanted effects. Future clinical investigation,

by understanding the basic molecular, metabolic, and immunological properties of

fungal organisms, could cover studies of pre-emptive administration of cytokines

and antifungal therapy in patients with presumed early diagnosed IFIs, based on

polymerase chain reaction or antigen-detection assays, and evaluation studies of

serial cytokine measurements as a therapeutic tool in patients with IFIs. Therefore,

there is now a need for the application of high-throughput approaches for evaluating

cytokine responses to IFIs.
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Chapter 17

Immunomodulators: Potential in Treatment

of Systemic Fungal Infections

Qamar Zia, Nishat Fatima, Maroof Alam, Deepa Bisht, Prashant Yadav,

Iqbal Ahmad, Farrukh Aqil, and Mohammad Owais

Abstract Innate immunity mediates strong resistance to fungal pathogens and

contributes to host defense against opportunistic fungal infections such as candi-

diasis, aspergillosis, and other rare infections. Immune factors such as cytokines

and effector immune cells work synergistically with antifungal agents to restrict

fungal growth. However, in immunocompromised hosts, the defectiveness of

immune functions that should cooperate with antifungal drugs to clear the patho-

gens seems to be a critical factor that impedes the effectiveness of these drugs. The

renovation or augmentation of immune responses is now considered as one of the

foundations of effective antifungal therapy. Immunomodulation represents a novel

approach to antimicrobial therapy that depends on boosting host immunity, rather

than direct antimicrobial activity. Immunopotential therapy therefore offers a

rational approach to the treatment of fungal infections, because it is intended to

enhance immune functions in general. Major advances in the field of experimental

immunology have provided insight into the important regulatory role of cytokines

in both innate and adaptive immunity to fungal pathogens. Exploration has also

begun with immunotherapy, with use of cytokines and immunomodulators alone or

in combination with antifungal therapy. The administration of cytokines to patients,

together with antifungal agents, offers promising immuno-therapeutic modalities
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for further research. The diverse array of natural, synthetic, and recombinant

immunomodulators discussed in this chapter succinctly demonstrates the potential

of these agents to stimulate host defense mechanisms for prophylaxis and treatment

of various fungal infections.

17.1 Introduction

Fungal organisms are ubiquitous in nature. Although there are an estimated 250,000

fungal species, fewer than 150 have been described as human pathogens. Several

reasons have been proposed for the increase in invasive fungal infections, including

the use of antineoplastic and immunosuppressive agents, broad-spectrum antibio-

tics, and prosthetic devices and grafts, and more aggressive surgery. Patients with

burns, neutropenia, human immunodeficiency virus (HIV) infection, and pancrea-

titis are also predisposed to fungal infection (Eggimann et al. 2003). Systemic

fungal infections get into the blood stream and cause life-threatening infections,

and opportunistic infections are mainly found in people with a weakened immune

system that could be caused by any systemic or superficial infections. Candida,
Cryptococcus, Aspergillus and pneumocystic fungi are some potent organisms

involved in systemic fungal infections.

The AIDS epidemic is one of the most important factors which have contributed

to the rising incidence of fungal diseases. Prior to the widespread usage of highly

active antiretroviral therapy (HAART) in developed countries, up to 80% of HIV-

infected persons developed mucosal candidiasis, while others developed cryptococ-

cosis, histoplasmosis, or coccidioidomycosis during the course of their disease

(Hajjeh and Warnock 2003). Analysis of U.S. National Center for Health Statistics

(NCHS) death records showed that fungal infections were the seventh most common

cause of infectious disease- related mortality in 1992, and that mycotic disease-

related fatalities had increased more than threefold since 1980 (Pinner et al. 1996).

Additional analysis revealed that candidiasis and aspergillosis were the two specific

diseases that accounted for most of these deaths (McNeil et al. 2001).

Augmentation of the host defense response, improvement of the underlying

disease, and resolution of the principal immune impairment are paramount for

successful treatment of invasive mycoses in immuno-compromised patients.

Systemic mycoses are associated with high morbidity and mortality rates despite

advances in antifungal chemotherapy. Recent studies have shown that upregulat-

ing the host immune response by immunological adjuncts could be helpful.

Immunostimulants enhance the overall immunity of the host, and present a

nonspecific immune response against the microbial pathogens. They also work

to heighten humoral and cellular immune responses, by either enhancing cytokine

secretion, or by directly stimulating B- or T-lymphocytes. Immunotherapy offers

many therapeutic advantages through the availability of a wide range of recombi-

nant cytokines that exert their effects indirectly through leukocyte activation

rather than directly on the fungus. Immunotherapy is designed to increase the
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number of phagocytic cells and shorten the duration of neutropenia, modulate the

kinetics or actions of those cells at the site of infection, and/or activate the

fungicidal activity of phagocytes to kill fungal cells more efficiently (Latge

1999; Roilides and Pizzo 1992). Administration of recombinant hematopoietic

human cytokines, such as granulocyte colony-stimulating factor (G-CSF), gran-

ulocyte–macrophage colony-stimulating factor (GM-CSF), macrophage colony-

stimulating factor (M-CSF), interferon-g, interleukin-1 (IL-1), and tumor necrosis

factor-a (TNF-a), have been shown to decrease the duration of neutropenia,

increase the microbicidal action of neutrophils, monocytes, and macrophages,

and reduce the duration of cytotoxic chemotherapy in systemic mycoses (Roilides

and Pizzo 1992; Kullberg 1997). In this chapter we will deal with immunomodu-

lators (synthetic and natural).

17.2 Immunomodulators

The immune system can be manipulated specifically by vaccination or nonspecifi-

cally by immunomodulation (Masihi 1994a, b, 1996, 1997; Masihi and Lange 1988,

1990). Immunomodulators are biological or synthetic substances capable of alter-

ing the immune response by augmenting or reducing any of the components of the

immune system including both innate and adaptive arms of the immune response.

Immunomodulators are usually products of the immune system (Committee on

New Directions in the Study of Antimicrobial Therapeutics 2006). Basically,

immunomodulators are agents that alter the immune response by suppression

(immunosuppressive) or enhancement (immunostimulant) (Saunders Compre-

hensive Veterinary Dictionary 2007). Synonymous terms for immunomodulators

include biological response modifiers, immune-augmentors, or immunorestora-

tives. Microbial products, drugs of natural and synthetic origin, and proteins

derived from the immune system represent some of the immunomodulators that

are currently in use.

Immunomodulators correct weak immune systems and temper immune systems

that are overactive, but they do not boost the immune system the way immune

stimulants such as Echinacea do. Immunomodulators are recommended for people

with auto-immune diseases and they are widely used in chronic illness to restore

immune system health in people who have been on lengthy courses of antibiotics or

antiviral therapies. Certain antibiotics can, in addition to their antibacterial proper-

ties, also modulate the immune response (Labro 1998; Stevens 1996). Some

immunomodulators are naturally present in the body, and certain of these are

available in pharmacologic preparations.

Approaches to immunomodulation can be divided into those that are specific to

pathogens (pathogen-specific) and those that are not (nonspecific). Specific immu-

nomodulators are administered together with antigen, for instance in vaccines,

where they are known as immunological adjuvants, and boost the immune response

to the vaccine candidates (Bomford 1988). In principle it is possible to imagine a
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specific immunosuppressant which, when given together with antigen, would

induce a state of specific nonresponsiveness or tolerance to the antigen.

Pathogen-specific immunomodulators include antibody reagents and vaccines.

With the exception of the rabies and varicella zoster vaccines, currently licensed

vaccines are administered to prevent acute infectious diseases rather than for

therapy and are not discussed further here (Pirofski and Casadevall 2006). Nonspe-

cific immunostimulants are given on their own in order to elicit a generalized state

of resistance to pathogens which in many cases is believed to depend on the

activation of macrophages (Bomford 1988). Nonspecific immunosuppressants

reduce the capacity of the immune system to respond to antigens either by the

blunderbuss approach of killing dividing cells with cytotoxic drugs, or by interfer-

ing with the function of cells of the immune system in a more selective way.

Nonspecific immunomodulators include cytokines, antimicrobial peptides, certain

antimicrobial drugs, and microbes such as probiotics. At present, clinical experi-

ence with nonspecific immunomodulators as antimicrobial tools has been predomi-

nantly limited to cytokines.

Immunostimulatory agents do not directly affect immune memory cells, as

activation and differentiation of memory cells require precise cell–cell and MHC–

antigen interactions. However, they are specific in that immunostimulants enhance

particular immune responses to combat specific pathogens. Immunostimulating

activities may be divided into those that (1) enhance phagocytic activities, and (2)

effect cell-mediated and humoral immunity (Tan and Vanitha 2004).The modulation

of the immune response has a number of important implications. For example, the

adjuvant action of the cytokine, lymphokine, hormone, or growth factor can increase

the concentration of protective antibodies produced against the antigenic portion of

the conjugate in the vaccinated organism. Likewise, antibody production against

antigens coadministered with the conjugate can be increased. As a result, effective

(i.e., protective) vaccination can be achieved with a smaller quantity of conjugated

antigen and/or co-administered antigen than would be normally required. This

reduction in the required amount of conjugated antigen and co-administered antigen

may lead to more widespread use of vaccines which are difficult or costly to prepare

or which are weakly immunogenic. This is especially true in the developing nations

that face such epidemics as malaria and cholera, with very limited health care

budgets. It may also provide for safer vaccination when the antigen is toxic at the

concentration normally required for effective immunization. By reducing the amount

of antigen, the risk of toxicity may be reduced.

17.3 Combinational Trends of Antifungals

with Immunomodulators

Since fungal infections occur mainly in immunosuppressed patients, it is reasoned

that adding an immunomodulator or stimulator to an antifungal agent may improve

the chance of a successful outcome. Consequently, researchers have sought to
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determine the effects of adding immune factors (e.g., granulocyte colony-stimulating

factor and granulocyte-macrophage colony-stimulating factor) or effector cells [e.g.,

primarily amacrophages, polymorphonuclear neutrophils (PMNs), and monocytes]

to antifungal drug regimens in an attempt to manipulate both innate and adaptive host

defenses. Effective antifungal agents may act in collaboration with host effector cells

at various intracellular and extracellular locations, or during different postinfection

intervals corresponding to different phases and mechanisms of host defense response

(Chiller et al. 2001, 2002; Stevens 1998). Overall, various antifungals combined

with immunomodulators against candidiasis have been shown to be generally more

effective than monotherapy (Chiller et al. 2002; Coste et al. 2002; Kuhara et al.

2000; Mencacci et al. 2000a; Vora et al. 1998a, b). Adjunctive immunotherapy

using antibody-based therapies has been investigated for Cryptococcus neoformans
and A. fumigatus infections and generally shows enhanced activity with combina-

tion therapies (Clemons and Stevens 2001; Feldmesser et al. 1996; Mukherjee et al.

1994, 1995; Nassar et al. 1995; Roilides et al. 2002; Vora et al. 1998a, b). Different

studies in this field have been summarized in previous reviews (Stevens 1998;

Stevens et al. 1998, 2000).

Some case reports have been described supporting the notion that immunomodu-

lators can influence the efficacy of antifungal agents (Chiller et al. 2001; Ellis et al.

2002). These studies suggested that immunomodulators may be acting via neutro-

phils (Th1 response) or monocytes (inducing tumor necrosis factor and macrophage

inflammatory protein 1). In separate studies, voriconazole, posaconazole, and

itraconazole enhanced the antifungal functions of human PMNs against hyphae of

S. prolificans and S. apiospermium (Gil-Lamaignere et al. 2002b). Similarly, AmB

lipid complex plus PMN displayed a significant additive effect against both

Scedosporium species (22% for S. prolificans and 81% for S. apiospermum)
(Gil-Lamaignere et al. 2002a). Efficacies of L-AmB plus granulocyte colony-stimu-

lating factor have also been demonstrated in vivo by using an immunosuppressed

murine model of disseminated Scedosporium infection (Ortoneda et al. 2002).

Recently, Steinbach et al. (Steinbach et al. 2004) used disk diffusion, microdilution

checkerboard, and gross and microscopic morphological analyses to demonstrate that

a combination of the immunosuppressants cyclosporine or tacrolimus (FK506) with

CAS exhibits a positive interaction against A. fumigatus.
In candidemia, fluconazole remains the drug of choice in neutropenic and

nonneutropenic patients in whom C. krusei is unlikely and who have received no

prior treatment with fluconazole. However, AmB is the agent of choice when

infection is due to a fluconazole-resistant organism or C. krusei, or in patients

who develop candidemia while on fluconazole therapy (Sheehan et al. 1999).

Combination therapy of various drugs is also recommended, for example flucona-

zole is the drug of choice for the treatment of cryptococcal meningitis and is also the

agent of choice for prophylaxis against cryptococcal meningitis in AIDS patients

following initial therapy with AmB with or without flucytosine. High-dose flucon-

azole in combination with amphotericin B and flucytosine is the current treatment

approach for the disseminated trichosporonosis in an immunocompromised host

(Groll and Walsh 1999).
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Antifungal drugs such as fluconazole and amphotericin B have shown broad

immunomodulatory properties (Yamaguchi et al. 1993). Cytokines, effector cells,

and antifungals seem to work synergistically to restrict fungal growth in immuno-

competent persons (Stevens 1998). In immunocompromised hosts, the lack of

effector functions that cooperate with antifungal drugs to clear the pathogens

seems to be a crucial factor in impeding the effectiveness of the drug (Stevens

1998; Roilides et al. 1998a). Antifungal chemotherapy in conjunction with immu-

nostimulatory molecules such as IL-12, IFN-g and GM-CSF has been found to

show enhanced efficacy against many fungal pathogens (Casadevall and Pirofski

2001). In in vivo murine models of S. prolificans infection, combined administra-

tion of liposomal amphotericin B and G-CSF has been reported to be effective

(Ortoneda et al. 2002).

Taken together, these studies show that combining an antifungal agent with

concomitant improvement of host immune response through the use of an immu-

nostimulator is a promising area that needs to be investigated through experimental

animal systems and clinical trials. A clear demonstration of the clinical relevance of

this approach is the decrease in the incidence of esophageal candidiasis in the HIV/

AIDS setting, resulting from host immune reconstitution brought about by the use

of HAART (Ghannoum 2001). Although combining an antifungal with another

therapeutic class has shown promise, more studies are needed to determine whether

these combinations have widespread clinical relevance.

17.4 Tuftsin: A Highly Effective Immunomodulator

Tuftsin (C21H40N8O6) is a tetrapeptide (Thr
289-Lys290-Pro291-Arg292) produced by

enzymatic cleavage of the Fc-domain of the heavy chain of immunoglobulin G. It is

produced primarily in the spleen. Tuftsin was first identified in 1970 by scientists

Najjar and Nishioka. It was named after Tufts University where the peptide was

discovered. Tuftsin binds to specific receptors on the surface of macrophages and

polymorphonuclear leukocytes, stimulating their migration, phagocytic, bacteri-

cidal, and tumoricidal activity. It also influences antibody formation. Tuftsin

deficiency, either hereditary or following splenectomy, results in increased suscep-

tibility to certain infections, for example those caused by capsulated organisms such

as H. influenzae, pneumococci, meningococci, and salmonella (Constantopoulos

et al. 1972, 1973; Najjar 1981). Tuftsin has been chemically synthesized and it is

considered for use in immunotherapy (Fig. 17.1).

Tuftsin, due to its hydrophilic character, cannot be grafted on the surface of

liposomes without being attached to a sufficiently long hydrophobic anchor. Struc-

ture–function studies of this tetrapeptide indicate that its binding and subsequent

activation of the mononuclear phagocyte system (MPS) is dependent upon rather

strict conservation of its molecular structure. Thus, modifications of the peptide at

its N-terminus or within the chain lead to a significant reduction or even loss of its

biological activity (Fridkin and Gottlieb 1981). However, the activity is largely
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retained if modifications are restricted only to the C-terminus (Gottlieb et al. 1982).

All the modifications are therefore limited to the carboxyl group of the Arg residue.

Direct attachment of a fatty acyl group to the Arg residue, without any spacer arm,

leads to modified tuftsin, which does not allow formation of liposomes, presumably

due to perturbation of the phospholipid polar head group packing by the bulky Arg

residue (Singhal et al. 1984). This problem is, however, circumvented by introdu-

cing an ethylenediamine spacer arm between the Arg residue and the hydrophobic

anchor (Fig. 17.2).

Liposomes containing palmitoyl tuftsin (I) specifically recognize macrophages

and PMN leukocytes (Singhal et al. 1984). Treatment of macrophages with these

liposomes considerably increases their respiratory burst activity (Singh et al. 1992).

Pretreatment of animals with tuftsin-bearing liposomes enables them to resist

malaria (Gupta et al. 1986); leishmania (Guru et al. 1989); antifungal (Owais

et al. 1993), and antifilarial (Owais et al. 2003) drugs in liposomes containing

palmitoyl tuftsin is shown to increase the therapeutic efficacy of drugs against these

infections. Gupta and Haq (2005) described procedures for preparation of I as well

as the liposomes that contain I in their bilayers, entrapment of various drugs in these

liposomes, and their delivery to experimental animals with infected L. donovani,
M. tuberculosis, or Aspergillus.

Immunomodulator-based therapy seems likely to be more beneficial for treat-

ment of fungal infectious diseases. The co-administration of tuftsin increased the

efficiency of liposomised-polyene antibiotics (nystatin and amphotericin B) against

experimental murine candidiasis in immunocompromised Balb/c mice. Pretreat-

ment with liposomised tuftsin prior to C. albicans infection clearly enhanced

protection against candidiasis, suggesting a prophylactic role of tuftsin in normal

and temporarily neutropenic mice (Khan et al. 2004). One of the pioneer researches

by Khan et al. (2005a) showed the immunopotentiating efficacy of tuftsin against

experimental murine aspergillosis in both normal and immunodebilitant BALB/c

Thr-Lys-Pro-Arg-NH-(CH2)2-NH -C-C15H31

O

Fig. 17.2 Structure

of palmitoyl tuftsin (I)

Fig. 17.1 Molecular skeleton

of tuftsin [Pubchem (ID

24780)]
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mice. They found that co-administration of the immunomodulator tuftsin and

liposomised-amphotericin B was highly effective in the treatment of systemic

infection of A. fumigatus in both cases, resulting in successful elimination of fungal

pathogen (Khan et al. 2005b). In another study, Khan and Owais (2005) evaluated

the combination of liposomal amphotericin B (lip-Amp B) and immunomodulator

tuftsin to cure C. neoformans infection in BALB/c mice. Pretreatment of mice with

liposomal tuftsin before challenging them with the C. neoformans infection resulted
in 100% survival of the treated animals followed by treatment with lip-Amp B.

In another set of experiments, they conducted the same study in leukopenic mice

and found that incorporation of tuftsin in liposomes resulted in increased antic-

ryptococcal activity of liposomal amphotericin B compared with amphotericin

B deoxycholate and conventional liposomal amphotericin B formulations (Khan

et al. 2005b).

Interestingly, tuftsin also increased the stability of liposomal amphotericin B.

Our group has also demonstrated that co-administration of immunomodulator

tuftsin along with liposomal formulations of amphotericin B successfully mini-

mizes toxicity, as well as other side-effects of the drug (Masood and Owais 2006).

The pharmacokinetics of amphotericin B in Candida albicans-infected mice treated

with conventional and tuftsin-loaded amphotericin B liposomes was evaluated and

was found to exhibit superior efficacy, safety, and favorable pharmacodynamics,

therefore suggesting their potential therapeutic value in the management of fungal

infections (Khan and Owais 2006).

Tuftsin-bearing nystatin was found to be effective in eliminating a strain of

C. albicans less susceptible to amphotericin B (C. albicans JMCR) in Balb/c mice,

but it may not be recommended due to toxicity constraints (Khan et al. 2003).

Treatment with tuftsin-loaded nystatin liposomes was most effective in eliminating

fungal burden from lung tissues of infected mice compared to those treated with

free nystatin or nystatin liposomes without tuftsin. (Khan et al. 2006).

17.5 Cytokines as Nonspecific Immunomodulators

Invasive fungal infections (IFI) constitute a major threat for immunocompromised

hosts. Particularly susceptible to IFI are patients with hematological malignancies

and either disease- or treatment-related immunosuppression, including acute leuke-

mia, especially acute myeloid leukemia (AML), chronic leukemia, lymphomas, and

multiple myeloma, and recipients of allogeneic hematopoietic stem cell transplants

(HSCT). The increased susceptibility of these patients to IFI has been attributed

to several factors, including the underlying hematological malignancy, prolonged

neutropenia, and impairment of host defense mechanisms because of intensive

cytotoxic therapy or corticosteroid use, ablative radiotherapy, severe gastro-intestinal

mucosal damage, delayed engraftment or graft-versus-host disease (GVHD) (Viscoli

et al. 1999; Pagano et al. 2001; Martino and Subira 2002).
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Preclinical studies have convincingly demonstrated that immunomodulation

with cytokines can enhance the antifungal activity of neutrophils and monocytes/

macrophages as well as upregulate protective T-helper type 1 adaptive immune

responses. There is some evidence that Th1 immune responses may be necessary for

the optimal control of fungal infections (Brieland et al. 2001; Centeno-Lima et al.

2002). In this regard, immune interventions to polarize the immune response

toward a Th1 type may be beneficial. Evidence of Th1/Th2 dysimmunoregulation

in hepatosplenic candidiasis (Roilides et al. 1998b) and invasive aspergillosis

(Roilides et al. 2001), characterized by increased circulating levels of IL-10, has

been demonstrated in humans. The utility of adjunctive therapy using immune

modulating agents, such as hematopoietic growth factors (HGFs) or granulocyte

transfusions, continues to be a matter of debate. No definitive randomized studies

have been performed. Up to now, studies have only justified the safety of immu-

nomodulating therapy, with anecdotes suggesting efficacy.

17.5.1 Hematopoietic Growth Factors (HGF)

HGF are able to augment the number of circulating phagocytes and their precursors.

Of the HGFs, Granulocyte colony-stimulating factor (G-CSF) stimulates the prolif-

eration and differentiation of myeloid progenitor cells to PMN leucocytes. Apart

from increasing the number of mature neutrophils, G-CSF also enhances their

phagocytic activity in vitro against a variety of pathogenic fungi, including Can-
dida, Aspergillus, and Fusarium spp. (Roilides et al. 1993; Natarajan et al. 1997;

Gaviria et al. 1999). Furthermore, ex vivo incubation with G-CSF was shown to

enhance the impaired respiratory burst of neutrophils derived from transplant

recipients against Candida and Cryptococcus yeasts as well as Aspergillus and

Rhizopus conidia (Pursell et al. 2003). Recent studies, however, have demonstrated

an additional important role of G-CSF in the regulation of adaptive T helper-cell

responses. In particular, G-CSF promotes the “nonprotective” Th2 responses

through functional G-CSF receptors in T cells and monocytes (Boneberg et al.

2000; Franzke et al. 2003). In ex vivo lipopolysaccharide-stimulated whole blood,

G-CSF treatment attenuated the release of IL-12, IL-1b, IFN-g and TNF-a
(Boneberg et al. 2000).

Macrophage colony-stimulating factor (M-CSF) accelerates the proliferation

and differentiation of monocyte myeloid progenitors, and enhances chemotaxis,

phagocytosis, and secondary cytokine production in mature monocytes and macro-

phages (Nemunaitis 1998). Incubation of macrophages with M-CSF enhances the

killing of Candida spp. and Cryptococcus spp. Treatment of chronic disseminated

candidiasis in rats with M-CSF has been shown to reduce the outgrowth of

C. albicans. It enhances monocyte/macrophage antifungal activity against C. albicans,
A. fumigatus,H. capsulatum, and T. asahii (Khemani et al. 1995; Roilides et al. 1995b,

Sasaki et al. 2000; Gonzalez et al. 2001). These in vitro data were in agreement

with animal studies of invasive candidiasis, aspergillosis, and trichosporonosis, where
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M-CSF treatment was associated with improved survival and reduced fungal

burden (Cenci et al. 1991; Sasaki et al. 2000; Gonzalez et al. 2001).

Granulocyte–macrophage colony-stimulating factor (GM-CSF) accelerates hae-

mopoiesis in the early steps of differentiation of myeloid cells, resulting in

increased production of neutrophils, monocytes, and eosinophils. It also stimulates

a variety of functional activities in these cells, including phagocytosis of fungal

organisms by neutrophils or monocytes/macrophages (Armitage 1998). GM-CSF

enhances TLR2 expression (important for response to yeast zymosan) and TLR2-

mediated IL-8 responses in neutrophils (Kurt-Jones et al. 2002). It also enhances the

expression of Dectin-1, which is the major receptor for the b-glucans of fungal cell
wall, in murine macrophages (Willment et al. 2003).

17.5.2 Anti-inflammatory Cytokines

IFN-g produced by T and Natural Killer (NK) cells is a key cytokine both in the

innate and adaptive immune response to IFI. It stimulates migration, adherence, and

antifungal activity of neutrophils and/or macrophages against C. albicans, A.
fumigatus, F. solani, T. beigelii, and P. marneffei (Lyman et al. 1994; Gaviria

et al. 1999; Kudeken et al. 1999; Mencacci et al. 2000b) The observed augmenta-

tion of antifungal activity by IFN-g in vitro was in agreement with results of animal

studies of experimental candidiasis and aspergillosis (Mencacci et al. 2000b). IL-12

is required for the development of protective Th1 responses against fungal infec-

tions. This important regulatory role is partly mediated by IL-12 induction of IFN-g
and IL-18 production (Romani et al. 1997; Kawakami et al. 2000a) and has been

demonstrated in animal models of invasive candidiasis, aspergillosis, cryptococcosis,

and paracoccidiosis (Romani et al. 1994; Cenci et al. 1998; Decken et al. 1998;

Brieland et al. 2001; Arruda et al. 2002). Interferon gamma may be superior at

enhancing the antifungal activity of phagocytes (Roilides et al. 1995a; Gaviria

et al. 1999). The efficacy of adjunctive interferon-gamma 1b (IFN-g 1b) with

amphotericin B was studied in a Phase II, double-blind placebo-controlled trial

for AIDS-associated cryptococcal meningitis (Pappas et al. 2004). The rationale

for interferon therapy for cryptococcosis has a strong basis in preclinical studies

in mice (Lutz et al. 2000) and in a human study showing an association between

cerebrospinal fluid levels of IFN-g and treatment in HIV-infected patients with

cryptococcal meningitis (Siddiqui et al. 2005).

Two other cytokines, IL-15 and IL-18, play a role in the protective adaptive or

innate immune response against IFI. IL-18 is involved in the development of Th1
response through its stimulatory effect on the production of IFN-g (Stuyt et al.

2002). It was shown to protect against C. albicans or C. neoformans infection in

animal models and to restore defective Th1 immunity to C. albicans in caspase

1-deficient mice (Kawakami et al. 2000b; Mencacci et al. 2000c; Stuyt et al. 2004).

IL-15 is involved in the innate immunity against fungal infections by enhancing the

antifungal activity of polymorphonuclear or monocyte cells against C. albicans and
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A. fumigatus (Musso et al. 1998; Vazquez et al. 1998; Winn et al. 2003). An

additional role of IL-15 in NK cell activation has recently been demonstrated

(Tran et al. 2003).

17.5.3 Pro-inflammatory Cytokines

IL-4 is one of the cytokines associated with the development of Th2 response against

fungal pathogens. It also suppresses phagocytic activity of monocytes/macrophages

against C. albicans (Cenci et al. 1993; Roilides et al. 1997). IL-4 was shown to impair

host resistance to A. fumigatus, H. capsulatum, C. neoformans and Paracoccidioides

braziliensis in animal models (Cenci et al. 1999; Kawakami et al. 1999a; Gildea et al.

2003; Pina et al. 2004). The suppressive effect of IL-10 on the innate and protective

Th1 antifungal responses was demonstrated in mouse models of invasive candidiasis,

aspergillosis, and histoplasmosis (Tonnetti et al. 1995; Del Sero et al. 1999;

Vazquez-Torres et al. 1999; Clemons et al. 2000; Deepe and Gibbons 2003).

Furthermore, it was recently shown that IL-10 produced from dendritic cells is

required for activation of CD4+ CD25+ Treg cells (Montagnoli et al. 2002). Taken

together, the data presented for IL-10, IL-4 and IL-12 suggest that, for optimal

development and maintenance of protective responses against fungal pathogens, a

finely regulated balance of these directive cytokines, rather than the relative absence

of opposing cytokines, appears to be required (Mencacci et al. 2000b).

TNF-a is a pro-inflammatory cytokine necessary for the development of

effective innate and adaptive immunity to fungal infections. It stimulates antifun-

gal effector functions of neutrophils and/or macrophages against C. albicans,
A. fumigatus, and C. neoformans (Roilides et al. 1998c; Kawakami et al. 1999b;

Mencacci et al. 2000b; Netea et al. 2004). It also induces a number of other

cytokines, including IFN-g IL-1, IL-6 and IL-12 (Netea et al. 2004). The role of

TNF-a in the development of protective Th1 responses was demonstrated in

animal models of candidiasis, aspergillosis, and cryptococcosis (Mencacci et al.

2000b; Bauman et al. 2003).

17.5.4 Cytokine Therapy in Neutropenic Hosts

During the past two decades, invasive fungal infections have emerged as a major

threat to immunocompromised hosts. Patients with neoplastic diseases are at

significant risk for such infections as a result of their underlying illness and its

therapy. Aspergillus, Candida, Cryptococcus, and emerging pathogens, such as the

zygomycetes, dark walled fungi, Trichosporon, and Fusarium, are largely oppor-

tunists, causing infection when host defenses are breached. The immune response

varies with respect to the fungal species and morphotype encountered. The risk for

particular infections differs, depending upon which aspect of immunity is impaired.
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Shortening the duration of neutropenia by use of recombinant human cytokines

permits more intensive cytotoxic chemotherapy, thereby decreasing the duration

and frequency of invasive fungal infections.

G-CSF and GM-CSF are used frequently in patients who are neutropenic and

have invasive fungal infections. Adjunctive immunotherapy may be especially

important for treatment of mould infections characterized by a large circulating

fungal burden and relative resistance to antifungal drugs, as with disseminated

fusariosis. In addition, other reports emphasize that outcomes of therapy for zygo-

mycosis are improved with rapid resolution of neutropenia (Kontoyiannis et al.

2000). The potential utility of neutrophil transfusions as adjunctive therapy has

been rejuvenated with the development of G-CSF-primed community donor trans-

fusions. Studies evaluating the safety and efficacy of such transfusions, and the use

of interferon-gamma for adjunctive therapy of aspergillosis in neutropenic patients

are either ongoing or in development.

Reconstitution of the effector cells both numerically and functionally by

treatment with leucocyte transfusions (WBCTx) from donors treated with

G-CSF has also been attempted. Some patients with persistent neutropenia and

infections refractory to conventional antifungal antibiotics appear to respond to

adjuvant WBCTx (Roilides et al. 1998a). But, WBCTx may cause severe adverse

reactions in the recipient. Therefore, careful selection of the donor, collection

technique, and recipient are important. Recent studies with GM-CSF suggest that

this recombinant cytokine may be active as an adjunctive therapy in the manage-

ment of invasive fungal infections in cancer patients. The American Society for

Clinical Oncology recently provided guidelines for patients receiving G-CSF and

GM-CSF. These cytokines should be used when the expected incidence of febrile

neutropenia is >40% in order to avoid infectious complications and to maintain

dose intensity in subsequent treatment cycles. These cytokines were also recom-

mended, in combination with autologous progenitor cells transplantation, after

high dose chemotherapy.

Recovery from neutropenia is considered critical in cases of S. prolificans
infection because this infection has a poor outcome (mortality rate approaching

100%) in persistently immunosuppressed patients despite aggressive systemic

antifungal therapy (Barbaric and Shaw 2001; Revankar et al. 2002). Early detec-

tion, surgical removal of infected tissue (if possible), and immunorestoration appear

to be the major means of halting progression of this devastating infection (Rippon

1988; Perfect and Schell 1996). In vitro, interferon-g and GM-CSF can enhance

neutrophil superoxide production, increasing the damage of S. prolificans hyphae
by neutrophils and enhancing the fungicidal activity of macrophages-monocytes,

thereby showing a positive immunomodulatory effect against this hyalohyphomy-

cete (Groll and Walsh 2001; Gil-Lamaignere et al. 2001). Both G-CSF and GM-

CSF accelerate myelopoiesis and decrease the duration of neutropenia, but they are

different cytokines with different targets and immunomodulatory effects. Both

in vitro and ex vivo, G-CSF, GM-CSF, and M-CSF have been shown to increase

the fungicidal action of phagocytes against Candida and Aspergillus in a variety

of experimental systems (Roilides et al. 1995a, b).
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17.5.5 Recombinant Cytokines

Various biopotent molecules have been studied for their potential to modulate and

restore impaired immune functions required to resist fungal infections. Recom-

binant cytokines and cationic peptides are two classes of low-molecular-weight

compounds that have shown promise in this area of research. These include recombi-

nant human cytokines including granulocyte colony-stimulating factor (rHuG-CSF),

recombinant human macrophage colony-stimulating factor (rHuM-CSF), interfer-

ons, etc., some of which have shown encouraging results (Shukla et al. 1992). The

addition of cytokines and other immunomodulatory approaches to antifungal therapy

of cryptococcosis are actively being explored (Casadevall and Pirofski 2001; Lutz

et al. 2000; Clemons et al. 2001). Studies are currently ongoing in animal models and

phase I/II human trials with recombinant human gene product interferon (IFN)-g,
and monoclonal antibodies directed against cryptococcal capsular polysaccharide

(Lutz et al. 2000; Clemons et al. 2001; Pappas et al. 2001; Larsen et al. 2002).

17.6 Plant Components as Immunomodulatory Agents

The use of plant products as immunostimulants has a traditional history. However,

the isolation of the active principals involved did not gain momentum till the

nineteenth century. Plants synthesize chemicals as part of their defense against

pathogens. Many such compounds occur in nature as anti-feedant and anti-infectant

chemicals, and are found effective against microbes.

“Four vegetables are indispensable for the well being of man: Wheat, the Grape, the Olive

and the Aloe. The first nourishes him, the second raises his spirit, the third brings him

harmony and the fourth cures him”.

Christopher Columbus

Among the natural (plant) products studied in Central Drug Research Institute

(CDRI) for immune modulating activity, iridoid glucosides from Nyctanthes arbor-
tristis showed a promising immunomodulatory effect against systemic candidiasis

in mouse (Khan et al. 1995). The ethanol (50%) extracts of seeds, roots, and flowers

of N. arbortristis (arbortristosides A and C) showed immune stimulant activity

based on enhanced haemagglutinating antibody (HA) titre, plague forming cells

(PFC) counts, delayed type hypersensitivity (DTH), and macrophage migration

inhibition (MMI). The immune stimulant effect of seed was, however, more

significant in ethanol extract compared to n-butanol fraction of all the plant parts.

The protective effect of these extracts/fractions was found to be possibly due

to immune stimulatory activity of arbor-tristoside A and C elicited by significant

(<0.001) increase in humoral and DTH response to sheep red blood cells (SRBCs)

and MMI in Balb/c mouse (Khan et al. 1995).

Aloe vera, also known as the medicinal aloe, is a species of succulent plant

that probably originated in Northern Africa. Aloe vera has been used as an
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immunostimulant having antibacterial and antifungal activities. Aloe vera extracts

have been shown to inhibit the growth of fungi that cause tinea (Shamim et al.

2004). Topical application of Aloe vera may be effective for genital herpes and

psoriasis (Vogler and Ernst 1999). However, it is not effective for the prevention of

radiation-induced injuries, nor does it offer protection from sunburn or suntan (Feily

and Namazi 2004). In a double-blind clinical trial the group using an Aloe vera
containing dentifrice and the group using a fluoridated dentifrice both demonstrated a

statistically significant reduction of gingivitis and plaque (de Oliveira et al. 2008).

Acemannan, the major fraction of aloe polysaccharides, has been extensively

studied for immunomodulatory effects. Reports showed that these b (1,4)-linked

acetylated mannans are able to increase phagocytic activities (Egger et al. 1996;

Jae et al. 2001). CARN 750, an acemannan, stimulated leukocytes and lymphocytes

in a dose-dependant manner, as well as triggered the release of IL-1, IL-6 and

TNF-a. Administrations of CARN 750 also showed a positive influence on lym-

phocyte proliferation in the spleen and bone marrow (Egger et al. 1996), both of

which are essential lymphoid organs that produce and differentiate lymphocytes. In

fact, earlier reports mentioned the ability of acemannans to stimulate Th2 cells. It

has been postulated that the actions of acemannan may be attributed to the residual

presence of aloerides (Pugh et al. 2001). In accord with this postulate, polysacchar-

ides from crude extracts have been shown to enhance transcription of cytokines.

High concentrations of aloeride also seemed to enhance macrophage activities

(Pugh et al. 2001), and may be a contributing factor for the increased phagocyte

stimulation by acemannan.

Traditionally, Angelica sinensis, because of its high phytoestrogenic content, is

reputed to have a stabilizing effect on the female hormonal system, making it useful in

treating menstrual problems. In China, it is often referred to as “female ginseng”.

Constituents of A. sinensis include ligustilide, butylidene phthalide, and b-sitosterol
(Bensky andGamble 1993). Essential oil extracts fromAngelicawere shown to inhibit
selected pathogens (Elgayyar et al. 2001), and polysaccharides were shown to induce

activation of both specific and nonspecific immune components (Ahn et al. 1998). In a

later study, a polysaccharide, angelan, isolated from roots of Angelica gigas, was
shown to trigger the release of cytokines IL-2, -4, -6, and INF-g from macrophages.

Cytokine release was found to occur in a sequential manner, with IL-6 presenting an

almost immediate increase, followed by IL-4, with IL-2 having the slowest rate of

increase (Sang et al. 1998). The increase in IL-2 may be attributed to the preceding

increase in IL-6. In accordwith the type of cytokines released, it can be postulated that

with the initial rapid rise in mediators that activate Th2 cells, the primary effect of

angelan is the enhancement of T cell-dependent antibody production.

Ginger is a domestic remedy also known for its anti-infectant effects. Essential

oil constituents from rhizomes of Z. officinale were found to decrease growth rate

of a variety of bacteria and fungi, including Staphylococcus and Candida (Martins

et al. 2001). The most effective antimicrobial constituent was found to be citral.

Curcumene, a sesquiterpene, from ginger oil was found to inhibit Rhizoctonia solani
(Agarwal et al. 2001). Another structurally characterized compound, 1,7-bis(4-

hydroxy-3-methoxyphenyl)hept-4-en-3-one also showed inhibitory effects on
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Pyricularia oryzae (Ramos et al. 1996). Ethanol soluble extracts from the rhizomes

of Z. officinale were tested for their action on cytokines and found to promote the

secretion of IL-1 and IL-6 in a time- and dose-dependant manner (Hori et al. 2003).

17.7 Monoclonal Antibody-Based Immunomodulator

Currently, there is only one antibody reagent licensed for use against an infectious

disease in the United States — Palivizumab, although it is not used against fungal

infections. Licensed in 1998, Palivizumab is a neutralizing, humanized monoclonal

antibody (mAb) to protein F on respiratory syncytial virus (RSV). Because the

antiviral activity of Palivizumab was associated with a reduction in inflammatory

mediator release in a murine model of RSV (Mejias et al. 2004), its mechanism of

action probably involves immunomodulation.

Recently, Mycograb, a human recombinant antibody fragment, was shown to

significantly improve the response to amphotericin B in patients with invasive

candidiasis (Pachl et al. 2006). Patients who received Mycograb and Amphotericin

B showed a higher rate of complete overall response on day 10 of therapy, a

significantly better mycological response and less Candida-attributable mortality

than patients who received amphotericin B and a placebo. Mycograb is a recombi-

nant antibody fragment lacking an Fc region, and is produced from a human anti-

Hsp90 (heat-shock protein 90) cDNA library with an epitope that inhibits fungal

Hsp90, NILKVIRKNIVKK (Matthews and Burnie 2001). Nonetheless, the in vitro
activity of Mycograb (with amphotericin B and other antifungal agents) against

resistant Candida and other fungal species (Matthews et al. 2003; Nooney et al.

2005) suggests it could hold promise as a broadly active antifungal agent.

The first mAb used to treat a fungal disease in humans was the mouse mAb

18B7, which binds to the cryptococcal capsular polysaccharide glucuronoxyloman-

nan (Larsen et al. 2005; Casadevall et al. 1998). Extensive preclinical testing

revealed that 18B7 augmented host defense mechanisms against C. neoformans,
in vitro and in vivo, which has been reviewed by Casadevall et al. (2005). Although
there is concern that mAbs could have limited usefulness for microbes that demon-

strate high antigenic variation and mutability, combinations of mAbs have shown

promise in overcoming this limitation (Ter et al. 2006).

17.8 Immune Peptides as Immunomodulators

Among the various categories of immunomodulating agents reported so far, certain

peptides seem to hold better promise (Shukla et al. 1992). At least nine immune-

defense peptide products are commercially available with annual sales of over

$4 billion (Latham 1999). Six novel peptides viz., hexapeptide (89/215), glyco-

peptides (89/729, 90/341), pentapeptide (SP-5) and lipopeptides (86/450, 84/201),
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synthesized have been evaluated in CDRI for potent immunostimulant activity

(Khan and Jain 2000). Hexapeptide 89/215, lipopeptide 86/450 and glycopeptide

90/341 provided marked protection to mice against systemic candidiasis. The

peptides 86/450 and 84/201 also stimulated antibody and DTH in guinea pigs in

the presence of Freund’s complete adjuvant (Shukla et al. 1992). The lipopeptide

(86/450) gave a sevenfold increase in HA titre, 135% increase in plaque-forming

cells (PFC) and 218% increase in sheep red blood cells (SRBCs) in a mouse model.

The 86/450 also induced nonspecific immunostimulation in the treated animals, as

evidenced by the macrophage migration inhibition (MMI) and phagocytosis of

(14C) labeled E. coli of the peritoneal macrophage, and enhanced uptake of 3H

thymidine by the splenocytes of treated versus untreated normal mice (Djeu et al.
1986). Thus, 86/450 may have a direct stimulating effect on the lymphocytes.

17.9 Conclusion

As the world’s immunodeficient population grows as a result of the HIV pandemic

and increased use of highly immune suppressive regimens to treat a variety of

illnesses, the challenges of mycotic infections are expected to continue. The

increase in the population of compromised hosts, coupled with exciting biotech-

nology advances, has spurred on research into the immune response to fungi.

The relative importance and interconnected responses of innate and adaptive

immune in protection are actively being investigated. In order to develop a

prospective chemotherapeutic agent against opportunistic infections, it is impor-

tant to know that host factors such as degree of immunological debility as well

as recovery of immune functions to normality may contribute significantly to a

successful elimination of the pathogens. Concomitantly, methods of immune

manipulation and reconstitution have become promising areas of research activity.

Future therapies for invasive fungal may include agents that augment the anti-

fungal activity of effector cells and alter Th balance. While there is some clinical

experience with the use of recombinant cytokines as an adjunct to antifungal

drug therapy (Roilides and Walsh 2004), clinical trials in highly compromised

hosts are needed, as many questions remain regarding safety, efficacy, and

optimal use. Another potential approach is manipulation of cellular signaling

cascades.

During the last decade, immunomodulators have evolved to become a viable

adjunct to established therapeutic modalities in infectious diseases. Immunomodula-

tors of natural, synthetic, and recombinant origin can stimulate host defense mechan-

isms for prophylaxis and treatment of diverse viral, bacterial, parasitic, and fungal

diseases. Many immunomodulators act by inducing endogenous production of cyto-

kines. The therapeutic value of cytokines in infectious diseases is increasingly being

recognized. Overall, the use of cytokines as therapeutic tools in the setting of

infections has given rise to an optimistic view of the use of such reagents. Approaches

based on neutralization of immunosuppressive cytokines in infectious diseases are
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also an area of considerable promise. Limitations of therapy with exogenous cyto-

kines, however, have to be recognized. These are associated with the inherent toxicity

of such material, their unclear pharmacological behavior, and their pleiotropic

effects. Efficacy of exogenous cytokines capable of potentiating normal host defense

mechanisms may be curtailed in immunocompromised patients lacking pertinent

effector cells or having disease-related factors which prevent lymphocyte activation.

In view of the short half-life of cytokines and high doses necessary to achieve

therapeutic benefits, stimulation by chemically well-characterized immunomodula-

tors of endogenous cytokines may be more advantageous. Selective stimulation by

suitable immunomodulators of discrete lymphocyte subpopulations and cytokines

important in protective effector mechanisms against a given infection will play an

increasingly important role. Some immunomodulator preparations are already

licensed for use in patients. Other compounds are being extensively investigated in

preclinical and clinical studies. Nonantibiotic agents such as immunomodulators

possessing antimicrobial activity offer a novel approach as an adjunct modality for

the treatment of infectious and malignant conditions in the coming decades.

The future use of adjunctive immunomodulators for infectious diseases requires

a better understanding of microbial pathogenesis and the relative need for immune

activation versus immune modulation in the context of the immune response of the

affected individual. In light of the fact that certain infectious diseases reflect an

insufficient response, whereas others reflect an overly exuberant response, different

types of interventions are likely to be required, depending on the immune status of

the patient.
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Chapter 18

Fungal Vaccines: Recent Trends

Mohammad Shahid, Abida Malik, Noor Jahan,

Hamdan Ibrahim AL-Mohammed, Ali Ibrahim Al-Sultan,

and Elsayed Aboulmagd

Abstract The concept that fungal vaccines could be useful is no longer merely an

illusion. There is a need for either preventive or therapeutic vaccines to curb the

rising incidence of fungal infections. With the advent of AIDS and the use of

increasingly potent immunosuppressive therapies to combat autoimmune diseases,

malignancies, and transplant rejection, the incidence of opportunistic fungal infec-

tion has increased. To combat such conditions, an appropriate fungal vaccine needs

to be developed apart from antifungal therapy. Prior to the development of any

fungal vaccine, one should know the mechanism of immune response elicited by a

fungal infection, i.e., both humoral and cell-mediated. In addition, there are dor-

mant states of infection. Because a high proportion of the fungal diseases are

thought to involve reactivation of dormant foci, therapeutic immunization becomes

a compelling approach to eliminate dormant organisms or to heal active infection,

especially in life-threatening disease. In animal models of fungal infection, protective

responses have been elicited with vaccines composed of whole organisms, soluble

cell-free fractions, purified proteins, glucans, and nucleic acids. Methods to boost

the immune response to vaccination include the use of adjuvants and antigen-loaded
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dendritic cells (DCs). The recognition that antibodies are effective against fungal

pathogens has spawned interest in developing vaccines that elicit antibody-mediated

protection. Recently, a novel polysaccharide–protein conjugate vaccine that uses

the algal antigen laminarin was shown to elicit antibodies to b-glucan in fungal

cell walls, and to mediate protection against both experimental candidiasis and

aspergillosis. Conventional methodologies of vaccination are giving way to newer

approaches, of which DNA vaccination represents one of the most exciting, not only

for fungal diseases but also for all diseases mediated by pathogenic microbes. The

primary method at present is to use plasmid-encoded DNA that does not replicate and

is delivered by intramuscular injection producing Th1 response, thus clearing the

pathogenic fungi. DNA vaccination holds promise in the field of mycology. One of

the major controversies and challenges surrounding fungal vaccination is the case of

the immunocompromised host. The challenge will be to enhance the effect of a

vaccine when the immune system is dysfunctional. One approach would be to link the

vaccine with attempts to restore the integrity of the immune system, i.e., the delivery

of a vaccine in combination with cytokine or cytokines that are known to enhance the

immune system. Another approach would be to link the administration of the vaccine

with infusion of immunocompetent T cells or B cells to promote the immunogenicity

of the vaccine.Therefore, newer methods are necessary to identify who is at highest

risk, in order to determine who would benefit the most from vaccination or a

combination of vaccination and immunorestorative therapy.

18.1 Fungal Vaccine

The concept that fungal vaccines could be useful is no longer merely an illusion.

Previously it did not attract much attention because of the relatively low incidence

of infection, and the limited geographic distribution of several fungi compared to

many viral and bacterial diseases. But now the trend has changed, as fungal diseases

are no longer merely arcane infections; they have gained international recognition

as important causes of morbidity and mortality. There is a need for either preven-

tion or therapeutic vaccines to curb the rising incidence of life-threatening fungal

infections (Boneberger and Korting 2008; Cassone 2008; Deepe 1997; Segal 1987).

The rising incidence may be attributed to the following factors.

18.1.1 Prolonged Antibacterial Therapy

If antibacterial therapy is prolonged, it may predispose to fungal infections even in

immunocompetent hosts. For example, superficial Candida infections involving the
mucous membranes, especially the vaginal epithelium, are very common.Aspergillus
infections, particularly the invasive forms, are also more common in patients sub-

jected to prolonged antibiotic therapy, i.e., those suffering from chronic sinusitis,

chronic bronchitis, bronchiectasis, and asthma.
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18.1.2 Increased Number of AIDS Cases

The increased number of AIDS cases with depressed immunity and longer survival

rate through appropriate chemotherapy (antiretroviral therapy, ART) has increased

the chances of fungal infection, particularly by Pneumocystis carinii (or Pneumocystis
jirovecii), Candida albicans, and Cryptococcus neoformans.

18.1.3 Increased Use of Corticosteroids

The use of corticosteroids promotes fungal infection via multiple mechanisms: leu-

kotaxis is depressed, transient T-cell lymphopenia and monocytopenia occur, and

alterations in blastogenesis and monocyte functions, and also a decreased response to

lymphokines, have been reported. As might be expected from such a broad immuno-

suppressive effect, infections with Candida, Cryptococcus, Histoplasma and Asper-
gillus species have been reported in steroid-administered patients. The incidence of

thrush has been very high in persons who use inhaled steroids for asthma.

18.1.4 More Aggressive Treatment Modalities of Cancer Patients,
Particularly Those with Leukemia and Lymphoma

Cytotoxic chemotherapies result in granulocytopenia and defects in cell-mediated

immunity, leading to an increased risk of fungal infection in these immunosup-

pressed patients.

18.1.5 Increased Number of Bone Marrow Transplant and Solid
Organ Transplant Procedures

The immunosuppressive therapy used in transplantation primarily depresses cell-

mediated immunity. Even with newer immunosuppressive agents such as Cyclo-

sporin A, superficial and systemic candidal infections occur. Cryptococcal infection

(common in renal transplants) correlates well with the degree of immunosuppres-

sion, particularly when antilymphocyte serum is used to suppress rejection, and

aspergillosis in lung and heart–lung transplants is not uncommon.

18.1.6 Catheter-Borne Infections Among Patients

Integumentary breaches, as seen in the placement of intravenous or intra-arterial

catheters, predispose the patients primarily to infections with Candida species, the

source usually being the host’s own flora.
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18.1.7 Intravenous Drug Abuse

In intravenous drug abuse, the intact skin barrier is directly bypassed, so

disseminated infections with Candida, Aspergillus and Zygomycetes have occurred.

18.1.8 Increased Use of Surgical Procedures

Surgical procedures can promote fungal infections in several ways, but the mechan-

isms are similar in that a normally sterile site is exposed to exogenous or endogenous

fungi and the infection follows. Intra-abdominal candidal infections and superficial

wound infections due to dressings contaminated with fungal spores have been seen.

Complicated surgical patients may have multiple risk factors for fungal infections,

including a prolonged course of antimicrobial therapy, poor nutritional status and

metabolic derangement, all of which contribute to fungal infections.

18.1.9 The Success of Intensive Care Units in Prolonging the
Survival of Highly Immunocompromised Patients

Immunosuppressed conditions of these patients allow overwhelming infection by

opportunistic fungi such as C. albicans and Aspergillus fumigatus. Other fungi such
as Coccidioides immitis, Blastomyces dermatitidis, and Histoplasma capsulatum
cause more severe disease in immunocompromised hosts.

In addition to the increase in the incidence of fungal infections in recent years, the

second reason that stresses the need for fungal vaccines is that, despite recent

additions to our antifungal drug armamentarium, success rates for many mycoses

remain unacceptably low, due to their inability to sterilize infected organs, and

antifungal drug therapy is also often limited by toxicity, resistance, and high cost. So

to circumvent these difficulties, alternative approaches in the form of vaccines and

passive immunotherapy must be developed (Dan and Levitz 2006; Hamad 2008).

The third reason is that there are escalating advances in biotechnology which

offer the hope of new and more effective vaccines.

Many challenges confront the development of fungal vaccines for humans,

including differences in host susceptibility, varied pathogenicmechanisms employed

by the different species of fungi, andmechanisms of host resistance. Hence, no single

antigen can be expected to serve as a pan-fungal vaccine. Instead, it is likely that

progress for fungal vaccines will have to be made at the level of each individual

organism. In recent years, tremendous strides have been made in understanding the

immunopathogenesis of medically important fungal infections and identifying puta-

tive vaccine candidates. Such discoveries will facilitate the introduction of fungal

vaccines into the therapeutic armamentarium of clinicians (Deepe 2004).
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18.2 Historical Perspective

Since the original pioneering work of Jenner and Pasteur, many vaccines have been

licensed for viral and bacterial diseases of humans, but none have been licensed for

medically important fungi.

The largest clinical trial of a vaccine for a mycosis, specifically coccidioidomy-

cosis, was performed by the Valley Fever Vaccine Study Group (Pappagianis and

The Valley Fever Study Group 1993). In this study, nearly 3,000 subjects who were

skin-test negative for this fungal infection were randomized blindly to receive

either whole spherules killed with formaldehyde or saline. One of the problems

with the potential effectiveness of the spherule preparation was that less than 30%

of the vaccinated subjects manifested evidence of a response to the spherule

preparation. Thus, in almost 70% of subjects, the vaccine was not immunogenic.

Despite the failure of the vaccine for coccidioidomycosis, there are useful fungal

vaccines in veterinary medicine. Equines and other mammals can be infected with

Pythia insidiosum, which causes a debilitating cutaneous, subcutaneous, or sys-

temic disease (de Cock et al. 1987). Two vaccines, Miller’s (Miller 1981) and

Mendoza’s (Mendoza et al. 1992), have been demonstrated to be of use to both

prevent and treat horses infected with P. insidiosum. The former is composed of

sonicated hyphal antigens, whereas the latter is prepared from culture filtrate

antigens. Mendoza et al. (2003) suggested that switching from T helper2 (Th2) to

a T helper1 (Th1) response was behind the curative properties of the immunothera-

peutic agents used.

A live vaccine (LTF130) against Trichophyton verrucosum ringworm in cattle

was developed and successfully used to reduce infections in cattle herds in the

former Soviet Union and some countries in Eastern Europe (Segal 1989). The use of

vaccine in humans, however, has not been effective.

18.3 Goals of Immunization (Deepe 1997)

A. The first and foremost goal is that vaccine against medically important fungi

should be capable of promoting the capacity of the immune system to sterilize

tissues, i.e., prevent the establishment of latent state of the infecting fungus in

the host; although the natural host defenses can limit the invasiveness of the

infecting fungus, they do not necessarily sterilize tissues. Thus, a fraction of the

infecting inoculums may survive for years, and these niduses of infection may

serve as reservoirs for reactivation if the host immune system becomes impaired.

B. A useful vaccine would be one that protects against reactivation in individuals

who have been infected by fungi that establish a dormant state.

C. The fungal vaccine should be such that it promotes clearance of dormant

organisms. This vaccine would considerably reduce the risk of reactivation of

disease in immunosuppressed as well as immunocompetent individuals.
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18.4 Requirements for a Successful Immunization Program

In parallel with any large-scale institution of a fungal vaccine program, sound and

thorough epidemiological data concerning fungal diseases must be accumulated.

Identifying who is at risk for infection, and the age at which infection is acquired,

are two key elements in the development of a vaccine program. Unfortunately,

there is little epidemiological information about the fungal diseases. With a few

exceptions (C. immitis infection), fungal diseases do not require reporting to state

health departments or the Centers for Disease Control and Prevention. Thus, the

extent of active cases of mycoses has been determined based on hospital discharges.

However, with the increasing emphasis in medical practice on outpatient setting, it

is likely that hospital information will tremendously underreport many fungal

infections.

Another difficulty confronting acquisition of epidemiological data is the lack of

suitable reagents for detecting prior exposure to fungal infection. Although histo-

plasmin, coccidioidin and spherulin have proven useful in identifying exposed

individuals, functional reagents for the other mycoses, especially deep mycoses,

are practically nonexistent. For example, C. neoformans has a ubiquitous distribu-
tion, yet the true prevalence of exposed individuals is not known. Cryptococcin was

used as a skin test reagent, but its effectiveness in recognized infected individuals is

unclear (Muchmore et al. 1968; Schimpff and Bennett 1975).

A comprehensive reexamination of the epidemiology of the fungi is critical in

establishing the foundation for a vaccination program. Introduction of a fungal

vaccine program should be united with a systematic survey of the incidence and

prevalence of infections.

18.5 Mechanisms of Protection

The design of any vaccine, including those of fungi, must begin with a thorough

understanding of the mechanisms that confer protective immunity in the host

against a specific pathogen. When that information is available, the search for

constituents from the fungus that elicits the particular type of immune response

that is necessary for clearance can be undertaken.

18.5.1 Innate Immunity

The first-line host defense is the presence of physical barriers in the form of intact

skin and mucous membranes (Blanco and Garcia 2008). The cellular components of

innate immunity play an important role in host defenses because of their phagocytic

and microbicidal properties.
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Polymorphonuclear leukocytes (PMNs) are an important arm of the effector

limb of immunity. These cells secrete several cytokines, including Interleukin-1

(IL-1), IL-12, tumor necrosis factor a (TNF-a), granulocyte–macrophage colony-

stimulating factor (GM-CSF), and macrophage-CSF (M-CSF), which are key ele-

ments in the afferent limb of the immune response (Biron 1994; Fearon and

Locksley 1996; Lloyd and Oppenheim 1992). Although these cells are short-lived

(usually <48 h), they may be triggered to release these cytokines by components

within a fungal vaccine or an adjuvant. For example, killed C. neoformans can

induce human neutrophils to produce TNF-a and IL-1 (Retini et al. 1996). Simi-

larly, killed C. albicans stimulates PMNs to release IL-1, IL-6, and TNF-a
(Cassone et al. 1993; Djeu et al. 1990).

Natural killer (NK) cells release TNF-a after exposure to C. albicans (Djeu et al.
1988). Moreover, killed C. neoformans can trigger the release of IL-12 and TNF-a
by monocytes or macrophages (Harrison and Levitz 1996; Levitz et al. 1994a, b).

IFN-g renders murine macrophages highly active in killing P. marneffei yeast cells
by promoting the release of nitric oxide (Kudeken et al. 1998).

It is reasonable to conclude that the release of cytokines by cells of the innate

immune system is central to the evolution of a protective immune response. Thus,

the design of vaccines or adjuvant should include elements that can stimulate innate

immunity to generate the desired protective response.

18.5.2 Acquired Immunity

T and B cells are the two principal cellular constituents of acquired immunity.

Although stimulation of innate immunity by vaccine components may be achieved,

it is the humoral and cellular immune systems that must be activated to provide

long-lived immunity against fungi. It has been demonstrated that fungal vaccines do

elicit both humoral and cell-mediated immunity in the immunized host. For some

vaccines (e.g., H. capsulatum), a correlation between the induced immunity and

protection has been observed, and it was possible to transfer the immunity adop-

tively (Segal 1987).

Since many species of fungi trigger both arms of the immune response, the

challenge in vaccine design is to determine the relative importance of humoral and

cellular immunity in host defenses and to identify fungal antigens that will elicit

protective antibodies, protective T cells, or both.

18.5.2.1 Cellular Immunity (T-Cell Mediated Immunity)

Immunocompetent T cells are crucial in host defenses against many pathogenic fungi,

including B. dermatitidis, C. immitis, C. neoformans, C. albicans, H. capsulatum,
Paracoccidioides brasiliensis, Penicillium marneffei, and P. carinii. Numerous

studies have demonstrated that animals that lack T cells are more susceptible to
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infection with these fungi than are those with immunocompetent T cells (Balish

et al. 1996; Beaman et al. 1979; Beck et al. 1996; Gomez et al. 1988; Hill and

Harmsen 1991; Huffnagle et al. 1991; Menacci et al. 1994, 1996; Modlin et al.

1985; Mody et al. 1993; Tewari et al. 1978). Conversely, passive transfer of

sensitized T cells can promote elimination of the fungus (Brummer et al. 1982;

Cox et al. 1988; Theus et al. 1995).

Both CD4+ and CD8+ T-cell subpopulations have been shown to modify the

infection with H. capsulatum, C. Neoformans, C. albicans, P. marneffei, and

P. carinii in experimental animals (Balish et al. 1996; Beck et al. 1996; Beno et al.

1995; Deepe 1994; Gomez et al. 1988; Hill and Harmsen 1991; Huffnagle et al. 1991;

Theus et al. 1995).

In humans, CD4+ T cells are essential for host defenses. Most patients who

manifest one of these infections often have profound depletion of CD4+ T cells to

<200/ml (as seen in AIDS patients). The principal mechanism by which CD4+ T

cells influence host resistance is by production of cytokines. CD4+ T cells can be

separated into two functional categories: T helper1 (Th1) and T helper2 (Th2). The

Th1 cells produce Interferon gamma (IFN-g) and IL-2, and are the primary med-

iators of host defenses associated with the activation of phagocytes which is

required for the clearance of fungal infection (Blanco and Garcia 2008; Seder

and Paul 1994). Th2 cells, on the other hand, produce IL-4, IL-5, IL-10, and IL-13;

all these cytokines are involved in antibody production, and result in susceptibility

to infection (Blanco and Garcia 2008; Seder and Paul 1994).

Another effector mechanism is the cytotoxic activity. This function is contained

chiefly within CD8+ T-cell subpopulation, although CD4+ T cells also can express

cytolytic activity (Morrison et al. 1986). CD8+ T cells can damage C. albicans and
kill C. neoformans directly (Beno et al. 1995; Levitz et al. 1994a, b, 1995; Murphy

et al. 1993).

The suggested mechanism of action is that the cytolytic T cell, through its

T-cell receptor, engages a cell infected with fungi and responds to peptides bound

to class I or class II MHC (major histocompatibility complex) on the cell surface,

thus causing lysis. Concomitantly, recognition of the peptide–MHC complex by

the T-cell receptor prompts the T cell to release macrophage-activating cytokines

(e.g. IFN-g) that can stimulate surrounding phagocytes to express antifungal

activity.

Another primary contribution of T cells is the production of antibodies. These

cells collaborate with B cells to initiate the synthesis and release of antibodies.

T cells that are Th1 promote the synthesis of IgG2a and IgG3, whereas Th2 cells

enhance the production of IgM, IgG1, IgA, and IgE (Seder and Paul 1994). Thus,

the type of Th cell generated in response to infection or vaccination becomes a key

issue, since the ability of an antibody to promote fungal elimination may be

dependent on the isotype produced. In experimental cryptococcosis, the hierarchy

of efficacy among monoclonal antibodies in fungal clearance is IgG1 > IgG3 >
IgM > IgA (Mukherjee et al. 1994). Thus, both Th1 and Th2-generated antibodies

are efficacious in this infectious model, although the Th2-associated antibody IgG1

appears to be most effective.
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18.5.2.2 Humoral Immunity

Innate and cell-mediated immunity have been acknowledged as the primary med-

iators of host resistance to the fungi, but there is a growing body of evidence that

antibodies are key elements of the protective immune response to some fungi.

Several mechanisms can explain the influential role of antibody (Casadevall

1995). First, antibodies may act as opsonins that enhance the phagocytosis of fungi.

Ingestion of antibody-opsonized fungi may direct the organism into cellular com-

partments (e.g., phagolysosomes) that are inimical to survival of the fungus. Also,

these molecules may promote agglutination of fungal elements, thus constraining

the ability of clumped cells to disseminate. Antibodies may bind to circulating

fungal substances, such as mannan from C. albicans or polysaccharide from the

capsule of C. neoformans, which modulate the expression of cellular immunity.

Antibodies to fungal surfaces may block binding to host cells, which may limit the

extent of infection, and they may exert cidal activity or alter morphogenesis

(Casadevall 1995). Hence, antibodies can exert multiple functions that augment

the protective immune response.

There were early studies in which passively transferred polyclonal antisera from

immunized animals failed to confer protection, because it is now known that poly-

clonal antisera may be comprised of protective, irrelevant, and harmful antibodies

(Casadevall and Scharff 1994; Casadevall et al. 1994). Thus, the effect of a particular

antiserum is dependent upon summation of the biological activities of the three types

of antibodies.

Studies with antibodies to C. albicans and C. neoformans represent the best

example of the powerful influence of antibody immunity to fungi. For both organisms,

the administration of polyclonal antisera to animals has produced mixed results.

Thus, immune sera have been protective in some but not all studies (Casadevall 1995).

The advent of monoclonal antibody technology has facilitated the concept of

mapping determinants to identify those that evoke a protective antibody response.

Defining the smallest epitope or epitopes that can elicit protective antibodies has the

advantage of eliminating unnecessary or unwanted antibodies produced in response

to complex antigenic substances. Both protective and nonprotective monoclonal anti-

bodies to antigens fromC. albicans andC. neoformans have been identified (Casadevall
1995; Mukherjee et al. 1994a; Mukherjee et al. 1994b; Mukherjee et al. 1994c).

The recognition that antibodies are effective against fungal pathogens has

spawned interest in developing vaccines that elicit antibody-mediated protection.

Recently, a novel glycoconjugate (polysaccharide–protein conjugate) vaccine that

uses the algal antigen laminarin (a well-characterized but poorly immunogenic

b-glucan preparation from the brown algae Laminaria digitata) conjugated with

diphtheria toxoid CRM 197. This Lam-CRM conjugate was shown to elicit anti-

bodies to b-glucan in fungal cell walls, and thus mediate protection against both

experimental candidiasis and aspergillosis. Remarkably, vaccine-induced antibo-

dies manifested direct antifungal effects, suggesting that vaccine efficacy might not

require cellular or other components of the immune system (Casadevall and

Pirofski 2006; Cassone and Torosantucci 2006; Torosantucci et al. 2005).
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In none of the vaccine formulations under study has b-glucan been considered as
a vaccine component, though this polysaccharide is critical for fungal viability and

is present in all human pathogenic fungi. The study mentioned above showed that a

vaccine composed of b-glucan would best fit the medical need, possibly allowing

simultaneous immunization against more than one fungal infection.

Other glycoconjugate vaccines against C. neoformans and Candida have been

generated (Deepe 2004; Mochon and Cutler 2005). For both fungi, the conjugated

polysaccharide is the external capsular or cell-wall material (glucuronoxylmannan

for C. neoformans or mannan for Candida).
b-glucan constituents are present on fungal cell surfaces accessible to antibodies,

which therefore could optimize the cells and facilitate complement deposition. The

importance of this process (e.g., rapid opsonization of Blastomyces dermititidis
cells, which notoriously expose b-glucan on their surface) for antifungal protection
has been highlighted in several studies (Zhang et al. 2001).

In a recent study, anti-b-glucan antibodies have been shown to increase the

candidacidal activity of macrophages in vitro (Ishibashi et al. 2005). In a more

subtle fashion, these antibodies may alter the host inflammatory responses, of which

b-glucans may be a strongly inductive component (Brown and Gordon 2005), and

shift the cytokine profile toward the protective Th1 pattern, as demonstrated in

experimental cryptococcosis (Yuan et al. 1997).

The anti b-glucan antibodies could also be exploited for immunotherapy, parti-

cularly given the recent biotechnological developments making more feasible the

in vitro production of human antibodies with preselected specificity (Traggiai et al.

2004). There are certain mucosal pathologies (e.g., Candida vaginitis) that affect
millions of apparently non-immunocompromised women for whom a vaccine

inducing protective antibodies would be of utmost usefulness.

18.6 Fungal Immunogens

If the goal is to create a subunit vaccine composed of inert molecules, one of the

most formidable challenges to the production of a useful vaccine is the identifica-

tion of one or more immunogens from a fungus (Table 18.1).

We will be dealing now with individual fungi, discussing their immunogens and

any proposed vaccine against each specific fungus:

18.6.1 Blastomyces dermititidis

18.6.1.1 Immunogens

B. dermatitidis is endemic primarily to the south eastern and mid western United

States. One protein-containing antigen, WI-1, now known as BAD1 (Blastomyces
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adhesion), is found on the surface of B. dermatitidis yeast cells (Klein and Jones

1994). It is highly immunogenic, and stimulates a humoral and T-cell mediated

response. It also serves as a ligand between phagocyte and fungus, and is recog-

nized by the CR3 and CD14 receptors (Newman et al. 1995). Immunization

produced delayed-type hypersensitivity response as well as a humoral response.

The magnitude of response was directly correlated with the amount of antigen

injected.

18.6.1.2 Vaccine

More recently, Wuthrich et al. (2000) described a genetically engineered attenuated

strain of B. dermatitidis that harbors a targeted deletion of BAD1. The vaccine

confers sterilizing immunity against infection with isogenic and nonisogenic strains

in a murine model. T cells rather than B cells are largely responsible for vaccine

immunity, particularly CD4+ T cells. Cytokines including IFN-g, TNF-a, and
granulocyte–macrophage colony-stimulating factor (GM-CSF) are instrumental in

immunity mediated by these cells in normal hosts (Wuthrich et al. 2002). There is

sufficient redundancy in immune-deficient hosts so that an absence of one or more

of these products can be offset by a compensatory response in one of the others.

This theme has been extended to studies in CD4+ T-cell-deficient hosts (Wuthrich

et al. 2003), where CD8+ T cells subsume the role of T-cell help, producing

cytokines IFN-g and TNF-a needed for host defense and sterilizing immunity

against B. dermititidis. These findings raise the prospect that engineered vaccines

can protect against infection with B. dermititidis or related fungi, possibly even in

immune-deficient hosts (Casadevall and Pirofski 2003).

Table 18.1 Fungal agents

and their immunogenic

components

Fungal agents Immunogens

Yeast, yeast-like and opportunistic fungi

Candida albicans Mannan, enolase, mannoprotein

Cryptococcus
neoformans

Capsule, cell wall, and cell membrane.

Pneumocystis
carinii

MSG, p55

Dimorphic fungi

Histoplasma
capsulatum

Cell wall and cell membrane,

ribosomal–protein complex

Blastomyces
dermititidis

WI-1 (now known as BAD1)

Coccidioides
immitis

C-ASWS, complement-fixing antigen/

Chitinase, antigen 2, 4-HPPD, 33 kDa

antigen, SOW

Paracoccidioides
brasiliensis

gp43

Penicillium
marneffei

Mp1p
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18.6.2 Candida albicans

18.6.2.1 Immunogens

C. albicans has become a major cause of morbidity among patients infected with

human immunodeficiency virus (HIV), and morbidity and mortality among those in

intensive care units or those who have undergone aggressive chemotherapy for

malignant diseases or transplantation, especially liver transplantation (Fraser et al.

1992). Both humoral and cell-mediated immunity are involved in host defenses to

this pathogen.

To date, no single protein has been shown to mediate protection; one candidate

protein is enolase. This protein is recognized by lymphocytes from C. albicans-
exposed animals, and it induces a humoral response (Sundstrom et al. 1994).

However its protective efficacy has not been determined.

Surface mannans of C. albicans induce a protective immune response in a model

of disseminated candidiasis, and this ability has been associated with the presence

of circulating agglutinins to the mannan fraction. Antiserum from vaccinated mice

was able to passively transfer protection as well as monoclonal antibody to the

mannan fraction (Han and Cutler 1995).

A mannoprotein fraction (MP-F2) from the cell wall of C. albicans yeasts is

immunogenic in mice. This fraction preferentially stimulates CD4+ T cells to produce

IFN-g but not IL-4 (Menacci et al. 1994, 1996).Moreover, immunization ofmice with

MP-F2 conferred a modest reduction in candidal colony-forming units (CFU) and

prolongation of mean survival time compared to controls (Menacci et al. 1994).

In a recent study it has been shown that, C. albicans expresses CR3-related

protein antigenically, structurally and functionally related to human adhesion

glycoprotein, also known as Mac-1, iC3b receptor or complement receptor type

3. Active immunization with CR3-RP glycoconjugate resulted in immunoenhance-

ment with respect to expression of IL-2 receptor subunit CD25 on B-lymphocytes,

and inductive increase of the CD4+/CD8+ ratio (Paulovicova et al. 2008).

18.6.2.2 Vaccines

It should be noted that despite the efforts made, no clinically available anticandida

vaccine of proven efficacy has yet been obtained. The challenge for vaccine

development is the commensal nature of this organism; humans are colonized

during the early postnatal period. Some recent developments seem promising.

In a study conducted by Han and Cutler (1995), it was shown that the cell surface

mannans of C. albicans (which function as adhesins), when encapsulated into

liposomes and used to vaccinate mice over 5–6 week period, circulating agglutinins

specific for the mannan fraction, increased resistance to disseminated candidiasis.

Antiserum also protected severe combined immunodeficiency disease (SCID) mice

against disseminated disease. Two monoclonal antibodies (MAbs) specific for
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candidal surface determinants were obtained: MAbB6.1 and MAbB6. MAbB6.1 is

specific for a mannan epitope in the adhesin fraction, and MAbB6 is specific for a

different epitope in the fraction. Both MAbs are immunoglobulin M, and both

strongly agglutinate candidal cells, but only MAbB6.1 protected both normal and

SCID mice against disseminated candidiasis.

In another study by Han and colleagues using a conjugate vaccine consisting of

C. albicans mannan extract–protein (bovine serum albumin) conjugates without

liposomes showed that this conjugate vaccine can induce protective antibody

responses against experimental disseminated candidiasis and candidal vaginal

infections (Han et al. 1999).

Cutler (2005) in his study showed that antibodies specific for short-chain

b-linked oligomannosides (Candida mannan component) are protective against

candidiasis caused by C. albicans and its serotypes and other important species

such as C. tropicalis and C. glabrata. Although the mechanism of protection against

vaginal infection requires further investigation, experimentally the ability of anti-

body to rapidly deposit high amounts of complement factor C3 onto the yeast cell

wall is requisite for enhancing resistance against disseminated candidiasis.

Spellberg and colleagues in their study showed that vaccination of mice with

rAls3p-N induces a broader antibody response than rAls1p-N (recombinant N

terminus of Als1p i.e. agglutinin-like sequence-1), and a similar cell-mediated

immune response. The rAls3p-N vaccine was equally as effective as rAls1p-N

against disseminated candidiasis, but was more effective than rAls1p-N against

oropharyngeal or vaginal candidiasis. Thus it may be concluded that rAls3p-N

vaccine is a promising new candidate for further exploration to prevent systemic

and mucosal candidal infections (Spellberg et al. 2006).

A recent study done by Xin et al. (2008) showed that the first fully synthetic

glycopeptide vaccines combining b-mannan and peptide epitopes induce protection

against disseminated candidiasis in mice. Six T cell peptides found in C. albicans
cell-wall proteins were selected by algorithm peptide epitope searches; each was

synthesized and conjugated to the fungal cell wall b-mannan trisaccharide by novel

saccharide–peptide linker chemistry to create glycopeptides conjugates. This

approach based on fully synthetic chemically defined immunogens should be

generally useful in vaccine development.

A specific Candida antigen, the heat shock protein 90 (HSP 90), has been

identified as an immunodominant antigen that elicits protective antibodies (Matthews

et al. 1991, 1995; Raska et al. 2008).

The Candida ribosomal vaccine induces protection against systemic candidiasis,

and elicits humoral and cell-mediated immune responses, the latter appearing to be

correlated with protection (Eckstein et al. 1997; Segal 1987, 1991). This vaccine

has the potential for human use.

Use of molecular engineering technology enabled production of a human anti-

body (known as “Mycograb”), which is being evaluated in human clinical trials

(Matthews et al. 2000; Matthews and Burnie 2001; Rigg et al. 2001) as an adjunct

to antifungal therapy and possible immunoprophylaxis in compromised patients

(Matthews and Burnie 2001).
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18.6.3 Coccidioides immitis

18.6.3.1 Immunogens

Several potential immunogens have been identified from C. immitis. One of these is
the enzyme 4-hydroxyphenylpyruvate dioxygenase (4-HPPD), which converts the

4-hydroxyphenylpyurvate to homogenizate (Wyckoff et al. 1995).

Extract from the spherule outer wall (SOW) contains two proteins of 58 kDa and

66 kDa that stimulate T cells. These proteins, though not yet identified, are potential

vaccine candidates.

An alkali-soluble, water-soluble antigen (C-ASWS) from C. immitismycelia has

successfully been used to vaccinate mice, protecting the mice against intranasal

challenge with 50 or 500 arthroconidia (Lecara et al. 1983).

A 33 kDa antigen has been isolated from the wall of mature spherules. This

antigen is recognized by sera from humans who have recovered from infection and

subjects who were vaccinated with killed spherules (Galgiani et al. 1996). It also

stimulates human T cells.

Additional immunogens from C. immitis have been cloned and sequenced. These
include antigen 2 (Zhu et al. 1996) and the complement fixation/chitinase gene

(Pishko et al. 1995; Yang et al. 1996; Zimmermann et al. 1996).

18.6.3.2 Vaccines

Some candidate subcellular vaccines that have exhibited protection against respira-

tory challenge in mice include derivatives of mechanically disrupted spherules

(Zimmermann et al. 1998), a soluble proline-rich antigen (PRA) developed by

Galgiani and colleagues (Shubitz et al. 2002), which proved to be the same as

antigen 2 (Ag2) developed by Cox and colleagues (Zhu et al. 1996), and antigens

including coccidioides-specific antigen (CSA) of Cole et al. (2004). Recombinant

peptide forms of Ag2/PRA and CSA, when mixed or chemically combined, have

the appropriate properties and immunogenicity that may permit them to be tested in

non-human primates and humans (Cox and Magee 2004).

18.6.4 Cryptococcus neoformans

18.6.4.1 Immunogens

There has been much progress in the development of a vaccine for C. neoformans
infection. The discovery that monoclonal antibodies to the capsular polysaccharide

could mediate protection has led to rapid advances in the field. The capsular

polysaccharide, which is innately poorly immunogenic, has been conjugated to

436 M. Shahid et al.



tetanus toxoid. Injection of mice with this immunogen stimulates the production of

antibodies that possess the same specificity as antibodies generated during active

infection. Both sources of antibodies bind to the same antigenic determinant on

glucuronoxylomannan (Casadevall et al. 1992).

Proteins in the cell wall and cell membrane of this fungus are stimulatory for

lymphocytes from adult humans and fetal cord blood. Thus, a mitogen or super-

antigen may be present in this fraction of C. neoformans (Mody et al. 1996).

18.6.4.2 Vaccines

Immunization is an attractive form of preventing cryptococcosis. A cryptococcal

glucuronoxylomannan tetanus toxoid conjugate vaccine was developed, and it

appeared to be highly immunogenic in murine models (Devi et al. 1991). Thus,

progress toward vaccine development is being made. Trials in humans have not yet

been carried out with any product, but it seems that, for patients at highest risk for

cryptococcosis, any vaccine will have to be administered at a time when their

immune systems are competent enough to make a protective response. Without a

standardized skin test, it is more difficult to determine who is at risk and the

magnitude of potential need.

18.6.5 Histoplasma capsulatum

18.6.5.1 Immunogens

Two early reports identified protective immunogens from H. capsulatum. One was
ethylenediamine extract from cell wall and cell membrane (CW/M) of this fungus,

and the other was the ribosomal–protein complex (Garcia and Howard 1971;

Tewari et al. 1978).

18.6.5.2 Vaccines

Feit and Tewari (1974) demonstrated that immunization of mice with H. capsulatum
yeast ribosomes or ribosomal proteins elicited a high degree of immunity, protecting

up to 90% of animal from lethal challenge. The immunity was comparable to that

obtained by a sublethal infection with live yeast cells (Tewari 1975). Recently,

Deepe and his associates isolated a glycoprotein (HIS-62) from the cell walls and

cell membranes of H. capsulatum var capsulatum yeast cells, cloned the gene

encoding this antigen, and prepared a recombinant protein that was shown to be a

member of the heat shock protein HSP 60 family. Immunization of mice with the

native as well as with the recombinant protein conferred significant protection

against a lethal challenge with H. capsulatum yeast cells (Gomez et al. 1991,
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1995). In view of the concern of using heat shock proteins as vaccine in humans, four

recombinant polypeptides were prepared from HSP 60, but these recombinants did

not confer significant protection againstHistoplasma capsulatum (Deepe et al. 1996).

18.7 Paracoccidioides brasiliensis

18.7.1 Immunogens

The major diagnostic antigen, a glycoprotein with a molecular mass of 43 kDa

(gp43), has shown promise as a potential protective antigen. Gp43 elicits an immuno-

dominant humoral response as well as a cellular immune response (Travassos et al.

1995).

18.7.2 Vaccines

Chemotherapy is the basis of treatment of paracoccidioidomycosis. Depending on

the Paracoccidioides brasiliensis virulence, the status of host immunity, the degree

of tissue involvement and fungal dissemination, treatment can be extended for long

periods with an alarming frequency of relapses. Association of chemotherapy with

a vaccine to boost the cellular immune response seemed a relevant project not only

to reduce the duration of treatment but also to prevent relapses and improve the

prognosis of anergic cases.

Gp43 (candidate immunogen), and more specifically its peptide derivative P10

carrying the CD4+ T-cell epitope, were used as peptide vaccines in mice (Travassos

et al. 2008). P10 showed additive protective effects in drug-treated mice, stimulat-

ing a Th1 type immune response with high IFN-g and IL-12.

18.8 Pneumocystis carinii (or P. jirovecii)

A major surface antigen of P. carinii, known as major surface glycoprotein (MSG)

or glycoprotein A, is an immunodominant antigen that is recognized by sera from

animals or humans exposed to this fungus, and subserves an adhesin function

(O’Riordan et al. 1995). Injection of MSG into rats prior to administration of

corticosteroids leads to reduction in the burden of P. carinii compared to that in

controls (Theus et al. 1996).

Similarly, immunization with recombinant p55, a protein derived from rat

pneumocystis without a defined function, also protects corticosteroid-treated rats

(Smulian and Theus 1996). The mechanism whereby these antigens promote the
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protective immune response is likely to be humoral in nature, as T-cell function in

steroid-treated animals is greatly depressed. Thus, these two antigens provide a

promising beginning in the search for a vaccine for this opportunistic pathogen.

18.9 Penicillium marneffei

18.9.1 Immunogen

Cell-wall mannoprotein Mp1p (Cao et al. 1998), is highly antigenic and a potent

immunogen, and promotes protective response by stimulating the secretions of

IL-12 by human macrophages.

18.9.2 Vaccine

Recently, recombinant Mp1p protein vaccine was used for generation of protective

immune responses against P. marneffei infection using a mouse model, and com-

pared with MP1 DNA vaccine (MP1 gene encodes Mp1p) delivered by live-

attenuated Salmonella typhimurium (Wong et al. 2002). The intramuscular MP1
DNA vaccine offered the best protection after challenge with P. marneffei yeast
cells intravenously.

18.10 Approaches to Vaccination

18.10.1 Conventional Methods

The most common approach to experimental fungal vaccination to date has been to

identify inert fungal substances such as proteins or carbohydrates for vaccination.

These types of components are safest, since they do not involve the use of replicating

microbes whose virulence may be altered. However, native protein or carbohydrate

purification has limitations because of yield and purity concerns; therefore, many

investigators have employed recombinant technology to generate large quantities of

a protein-containing immunogen. Thus, HSP 60 from H. capsulatum, MSG and p55

from P. carinii, BAD1 from B. dermatitidis, and 4-hydroxyphenylpyruvate dioxy-

genase from C. immitis represent several examples of recombinant fungal proteins

that are expressed by prokaryotes and are undergoing examination of their immu-

nobiological function.

Immunogenic carbohydrates such as glucuronoxylomannan from the capsule of

C. neoformans or mannans from C. albicans still require conventional biochemical
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purification for isolation. Carbohydrates are weakly immunogenic, and they are

useful only for eliciting a humoral response. Furthermore, they often require a

carrier to make them potent. Cryptococcal glucuronoxylomannan has been chemi-

cally conjugated to tetanus toxoid. This linkage converts the polysaccharide from a

T-cell-independent to a T-cell-dependent antigen, thus enhancing substantially the

immunogenicity of the polysaccharide. Mannans from C. albicans have been

incorporated into liposomes to create an immunogenic substance.

18.10.2 Adjuvants

Soluble proteins when delivered intradermally or intramuscularly require an adju-

vant. The selection of an adjuvant becomes a critical issue in the endeavor to

generate an appropriate immune response for each fungus. Aluminum salts

(alum) were one of the first adjuvants to be used, and they remain the only one

for human use. Their efficacy is limited largely to promoting antibody responses to

immunogens (Gupta and Siber 1995).

Most investigators have used conventional adjuvants with fungal immunogens

such as Freund’s, monophosphoryl lipid A plus streptococcal cell-wall skeleton or

other oil-based adjuvants. None have been found to be superior.

Many adjuvants often elicit a predominant CD4+ cell response. In fungi, this

subpopulation of cells appears to be the central T-cell family that confers protection

either through effector function or by collaborating with B cells to stimulate

humoral immunity.

18.10.2.1 Cytokines as Adjuvants

Cytokines are an exciting new addition to the armamentarium of adjuvants. As an

example, the monokine IL-12 can act as an adjuvant. The mechanism of action

appears to be that IL-12 enhances the Th1 response and as a consequence the pro-

duction of IFN-g, which is a key in the generation of a protective immune response.

18.10.3 DNA Vaccine

Conventional methodologies of vaccination are giving way to newer approaches, of

which DNA vaccination represents one of the most exciting, not only for fungal

diseases but also for all diseases mediated by pathogenic microbes. The primary

method at present is to use plasmid-encoded DNA that does not replicate and inject

it into the muscle, with or without an irritant such as cardiotoxin (Doe et al. 1996;

Tascon et al. 1996; Ulmer et al. 1993). Bombardment into the skin of DNA-bound

particles is another delivery system that is available for immunization. One of the

recent developments noted with DNA delivery by a gene gun is that a Th2 response
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is dominant, whereas DNA delivered by intramuscular injection produces Th1

response (Feltquate et al. 1997). Thus for pathogenic fungi that require a Th1

response for clearance, vaccination with a gene gun may not be suitable.

DNA vaccination holds promise in the field of mycology. At present, however,

no laboratory has reported the utility of DNA vaccination in a medically important

fungal infection.

18.10.4 Dendritic Cell Vaccination

A third method that has been reported is to transfect dendritic cells, which are potent

antigen-presenting cells, with naked DNA, and assess the impact on protective

immunity (Condon et al. 1996). Dendritic cells transfected with fungal RNA also

restore antifungal resistance in hematopoietic transplantation (Bozza et al. 2004). A

vaccine with antigen-exposed dendritic cells as adjuvants appears to be particularly

promising for use in patients suffering from invasive aspergillosis (Feldmesser 2005).

18.10.5 Altered Fungus (Crippled Fungus) as Vaccine

The use as a vaccine of a fungal strain with diminished if not absent virulence

certainly has potential, but several risks are involved. First, the traits that make the

fungus less virulent would have to be stable. In addition, for deep mycoses, the

vaccine fungus would have to be eliminated by the host, since it otherwise could

form a nidus for reactivation. Genes that encode the replication cycle would have to

be deleted or damaged by molecular manipulation. As an example, treatment of the

mycelia phase of H. capsulatum with the sufhydryl blocking agent, p-chloromer-

curyphenylsulfonic acid, inhibits the ability of fungal elements to convert to the

yeast phase. These crippled fungal elements, when injected into mice, protect the

animals from a challenge with a lethal inoculum of yeast cells (Medoff et al. 1986).

Thus, it may be possible to incapacitate important components of the fungal cell

cycle that allow propagation yet maintain immunogenicity.

18.11 Therapeutic Vaccination

The use of an immunogen to treat an infectious disease rather than just to prevent it

has emerged as an addition to the potential use of vaccine candidates.

The most likely mechanism to account for the activity of the immunogen is that

it boosts antigen-specific immunity during active infection.

Because a high proportion of fungal diseases are thought to involve reactivation

of dormant foci, therapeutic immunization becomes a compelling approach to
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eliminate dormant organisms or to heal active infection, especially in life-threaten-

ing diseases.

18.12 Vaccination of the Immunocompromised Host

One of the major controversies and challenges surrounding fungal vaccination is

the case of the immunocompromised host. As many fungal infections develop in

patients whose immune system has been altered by pharmaceutical agents or by

HIV infection, it is these patients who need the vaccine. It is clear that vaccines that

rely on a competent immune system to function may not be efficacious in these

patients. Certainly, vaccines that elicit protective antibodies may be more useful in

these conditions. However, even antibody-centered vaccines would eventually lose

efficacy in patients whose immune systems are compromised over months to years.

The challenge will be to enhance the effect of a vaccine when the immune

system is dysfunctional.

One approach will be to link the vaccine with attempts to restore the integrity of

the immune system; for example, delivery of a vaccine in combination with

cytokine or cytokines that are known to enhance the immune system.

Another approach would be to link the administration of the vaccine with

infusion of immunocompetent T cells or B cells to promote the immunogenicity

of the vaccine.

Another dilemma that must be confronted is that clinicians do not yet have the

means to identify those immunocompromised individuals who will develop fungal

infections. Although risk factors are known, not every individual at risk manifests a

serious fungal infection.

As recently discussed by Deepe (2004) and Mochon and Cutler (2005), the

development of antifungal vaccines requires overcoming several major obstacles,

one of which could be the need to identify and vaccinate persons at risk before they

become so immunocompromised as to be unresponsive to immunization. Several

categories of patients at risk of invasive candidiasis could benefit from a safe and

effective immunoprophylactic vaccine (Spellberg and Edwards 2003; Stevens 2004).

Therefore, newer methods are necessary to identify who is at highest risk in

order to determine who would benefit the most from vaccination and immunores-

torative therapy.
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Chapter 19

Antifungal Activity of Medicinal Plant Extracts

and Phytocompounds: A Review

Farrukh Aqil, Maryam Zahin, Iqbal Ahmad, Mohd Owais,

Mohd Sajjad Ahmad Khan, Shyam S. Bansal, and S. Farooq

Abstract The epidemiological data suggest that the incidence and prevalence of

serious mycoses continues to be a public health problem. The increased use of

antifungal agents has resulted in the development of resistance to these drugs. The

spread of multidrug-resistant strains of fungus and the reduced number of drugs

available make it necessary to discover new classes of antifungals from natural

products including medicinal plants. Historically, herbs and spices have enjoyed a

rich tradition of use for their medicinal properties and provide unlimited opportu-

nities for new drug leads because of the huge chemical diversity. Assays of

bioactive compounds have been reported with good antifungal properties in vitro
or in vivo. It is almost impossible to discuss the various characteristics of these

plants such as mode of action and extraction of active compounds in a single

review. Therefore, we have focussed here mainly on the antifungal plant extracts,

their use against pathogeinc and drug resistant fungi. The various classes of

compounds such as phenolics, terpenoids, saponins, and alkaloids, etc., are dis-

cussed in detail. The new emerging classes of antifungal proteins and peptides are

also reviewed briefly. In this chapter, we also describe the technical aspects related

to the methodology for screening and identification of antifungal compounds. The

technical aspects regarding the use of reliable methodology of extraction, screen-

ing, bioautography, and identification of pure compounds from crude extracts and

fractions are also discussed here.
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19.1 Introduction

Infectious diseases represent a critical problem to health and they are one of the

main causes of morbidity and mortality worldwide (World Health Organization

1998). Despite the significant progress in human medicine, infectious diseases

caused by microorganisms such as fungi are still a major threat to public health.

The impact is even more in developing countries due to the unavailability of

medicine and the emergence of widespread drug resistance (Okeke et al. 2005).

Infections induced by pathogenic fungi are increasingly recognized as an emer-

ging threat to public health (Wu 1994; Walsh et al. 1996). The increase in occur-

rence of fungal infections during recent years is due to a growth in the

immunocompromised population, such as organ transplant recipients and cancer

and HIV patients (Portillo et al. 2001). Certain commensal fungi, such as Candida
species, cause infections when their human hosts become immunocompromised

(Cannon et al. 1995). These problems are also associated with resistance to anti-

biotics and toxicity during prolonged treatment with several antifungal drugs

(Giordani et al. 2001).

There are many synthetic and natural product-based drugs available for treating

fungal infections, but they are not consistently effective (Lazar and Wilner 1990;

Gearhart 1994; Goa and Barradell 1995). Furthermore, the development of resis-

tance in fungi against most of the drugs has now been reported for several years

(Cuenca-Estrella et al. 2000). The use of amphotericin B, known as the “gold

standard”, is limited because of its infusion-related problems and nephrotoxicity

(Grasela et al. 1990; Fanos and Cataldi 2000). In addition, the low efficacy, and

side-effects and resistance associated with the existing drugs, highlight the advent

of safe, novel, and effective antifungal drugs. Plants produce a great deal of

secondary metabolites, many of them with antifungal activity. Similarly, traditional

medicine has made use of many different plant extracts for treatment of fungal

infection and many of these have been tested for in vitro antifungal activity. Based

on the knowledge that plants develop their own defense against fungal pathogens

(Gurgel et al. 2005), they appear as an interesting source for antifungal compounds.

Medicinal plants have also been reported in traditional systems of medicine for

the treatment of both human and animal mycoses, and are considered to be a

valuable source for the discovery of new antifungal drugs (Mathias-Mundy and

McCorkle 1995). Many books have reported and recorded the use of medicinal

plants in the traditional system of medicine. Gerard’s Herball, first published in

1597, has so far yielded 16 currently prescribed drugs (Cox 1998). In a study,

Fabricant and Farnsworth (2001) reported that 94 species of plants are utilized for

the production of 122 single-agent natural products that are being used as single-

agent drugs around the world. Thus, even with this very incomplete database of

global ethnomedical information, there is abundant opportunity for the discovery of

new medicinal agents.

According to an estimate by the World Health Organization (WHO), about 80%

of the world’s population in developing countries depend essentially on plants for
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their primary health care. However, only a few plants have been scientifically

studied for the assessment of their quality, safety, and efficacy. In addition to

these, recent evidence from the pharmaceutical companies shows that, for some

complex diseases, natural products still represent an extremely valuable source for

the production of new chemical entities, since they represent privileged structures

selected by evolutionary mechanisms over a period of millions of years (Newman

et al. 2003; Clardy and Walsh 2004; Koehn and Carter 2005).

19.2 Screening of the Crude Extracts and Antifungal Activity

Many studies have been carried out to screen medicinal plants for their antifungal

activity. Various groups all over the world initiated antifungal programs for

plants used in traditional medicine or as antiinfectious agents. The most extensive

screening was sponsored by the National Cancer Institute (NCI, USA). However,

the main focus of this study was not antifungal screening. In this program, around

30,000 species were screened from 1960 to 1981 (Douros and Suffness 1980,

1881; Cragg et al. 1997, 1994). The Central Drug Research Institute (CDRI),

Lucknow, India conducted the second largest study and evaluated more than

2,000 plant extracts for several biological activities including antifungal, antibac-

terial, antidiabetic, antifertility, antihypercholesteremic, anti-inflammatory, antitu-

mor, cardiovascular, central nervous-system depressant, cytotoxicity, diuretic, and

others (Bhakuni et al. 1969, 1971; Dhar et al. 1968, 1973, 1974; Dhawan et al. 1977,

1980). A large number of known and novel bioactive compounds were isolated

from the plants (Rastogi and Dhawan 1982). After these programs, various workers

conducted research in different parts of the world, in both academic and pharma-

ceutical institutions. Some of the screening studies are summarized here.

Seventy-eight plants were selected from Indian traditional medicines on the

basis of their use in the treatment of infectious diseases. Only 10% of ethanol

extracts showed the activity at 1.6 mg/ml; however, 44% were active when tested at

concentration of 6.25 mg/ml (Valsaraj et al. 1997).

Mehmood et al. (1999) demonstrated the activity of aqueous and alcoholic

extracts of 37 Indian medicinal plants against the pathogenic yeast, Candida
albicans, and dermatophytes, Epidermophyton floccosum, Microsporum gypseum,
and Trichophyton rubrum. In this study, all the plants showed activity; however, 21
plants showed stronger activity against C. albicans and at least one dermatophyte.

When compared, only 16 aqueous extracts showed the activity. Further, they

demonstrated that MIC values of the five most active extracts ranged between 4

and 9 mg/ml.

In another extensive study, Ahmad and Beg (2001) screened ethanolic extracts

of 45 Indian medicinal plants used in the traditional system of Indian medicine for

their antimicrobial activity against certain drug resistant bacteria and a yeast,

C. albicans, of clinical origin. Of these, anticandidal activity was detected in 24

plant extracts. Qualitative phytochemical tests, thin-layer chromatography, and
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TLC bioautography of certain active extracts demonstrated the presence of com-

mon phytocompounds including phenols, tannins, and flavonoids as major active

constituents. In addition to this, no correlation was observed between susceptibility

of test strains with plant extracts and antibiotic resistance behavior of the microbial

strains (C. albicans).
Similarly, Aqil and Ahmad (2003) demonstrated the activity of ethanolic

extracts of 22 traditionally used Indian medicinal plants for their antifungal activity

against five filamentous fungi (Aspergillus niger, Alternaria alternata, Fusarium
chlamydosporum, Rhizoctonia bataticola, and Trichoderma viride) and a yeast,

C. albicans, of clinical origin. Seventeen and nine plant extracts showed antifungal

and anticandidal activity respectively.

Eleven traditionally used Argentinian medicinal plants were assayed for anti-

fungal activity against yeasts, hialohyphomycetes, as well as dermatophytes, using

the broth microdilution method. Of the tested methanolic extracts, Eupatorium
buniifolium, Terminalia triflora, T. mentagrophytes, and T. rubrum were the most

susceptible species, with MICs ranging from 100 to 250 mg/ml. Lithrea molleoides
showed the broadest spectrum of action inhibiting all the tested dermatophytes at

MIC of 250 mg/ml (Muschietti et al. 2005).

In another study, Turchetti et al. (2005) screened leaf extracts of Camellia
sinensis, Cupressus sempervirens, and Pistacia lentiscus and the seed extract of

Glycine soja against yeast and yeast like species implicated in human mycoses. Of

these extracts, only C. sinensis exhibited broad activity towards C. glabrata,
Clavispora lusitatiae, Cryptococcus laurentii, Filobasidiella neoformans, Issatch-
enkia orientalis, Saccharomyces cerevisiae, and Prototheca wickerhamii strains.
MICs ranging from 300 to 4,800 mg/ml of extract (corresponding to 130–2,010 mg/ml

total polyphenols) were observed.

In the same year Lamidi et al. screened 77 crude extracts from leaves and stem

barks of 15 Gabonese plants used in traditional medicine for their cytotoxic,

antileishmanial, and antifungal activities. The methanolic extract of Polyalthia
suaveolens displayed a strong antifungal activity on all the tested strains (IC50 < 1

mg/ml). This extract was divided into six fractions; however, the antifungal activity

observed for the crude extract could not be recovered in the corresponding fractions

(Lamidi et al. 2005).

A total of 65 crude methanol extracts belonging to 56 plant species of 38 families

from Tanzania were screened, using the broth microdilution method, for antifungal

susceptibility testing of yeasts. Among the tested plant species, 45% (25 species)

showed antifungal activity against one or more test fungi. The most susceptible

yeasts were C. neoformans, followed by C. krusei, C. tropicalis, and C. parapsi-
losis. The least susceptible were C. albicans and C. glabrata. Strong antifungal

activity was exhibited by extracts of Clausena anisata, Sclerocariya birrea, Turraea
holstii, Sterculia africana, Acacia robusta sub sp. Usambarensis, Cyphosterma hilde-
brandti, Elaeodendron buchannanii, A. nilotica, Jatropha multifida, and Pteridium
aquilinum (Hamza et al. 2006).

Braga et al. (2007) screened 20 plants used in Brazilian traditional medicine

for their antifungal activity against C. albicans and C. neoformans. Among the 20
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tested methanolic extracts, Schinus terebintifolius, O. gratissimum, Cajanus cajan,
and Piper aduncum extracts were the most active against C. albicans (MIC of

1.25 mg/ml) whereas Bixa orellana, O. gratissimum, and Syzygium cumini exhibited
the best activity against C. neoformans (MIC of 0.078 mg/ml).

Masoko et al. (2007) screened hexane, dichloromethane, and methanol leaf

extracts of the 24 South African Combretum species against five fungal animal

pathogens C. albicans, C. neoformans, A. fumigatus, M. canis, and Sporothrix
schenckii. They reported MIC values in the range of 20–60 mg/ml; substantially

better values have been reported in the literature for crude extracts. Methanol

extracted the highest quantity from leaves, but the acetone extracts had the highest

antifungal activity in practically all cases. The methanolic extracts of C. moggii and
C. petrophilum were, however, most active against all the pathogens. All extracts

of C. nelsonii were also very effective against all the pathogens. They also report

time-dependent antifungal activity, and the MIC values determined after 48 h were

usually 2 times higher than values determined after 24 h.

Screening of the antifungal activity of plants from the north-east of Mexico

against some of themain etiological agents inducing pulmonary mycoses,C. albicans,
A. fumigatus, Histoplasma capsulatum, and Coccidioides immitis, was conducted
in vitro. Ten hydroalcoholic extracts from the 15 plants evaluated showed

antifungal activity against at least one of these fungi. Furthermore, a differential

extraction was conducted with solvents of different polarities, and 16 extracts

showed activity ranging from 16 to 125 mg/ml against the different fungi

(Alanı́s-Garza et al. 2007).

Extracts from 50 plant parts obtained from 39 different plants belonging to 22

families used to treat infectious diseases in Bunda district, Tanzania, were tested

against A. niger and C. albicans. Only Balanites aegyptiaca stem bark exhibited a

high antifungal activity against C. albicans (MIC 125 mg/ml and MFC 250 mg/ml)

(Maregesi et al. 2008).

In another study conducted in Mexico, 14 plants were tested for their antifungal

activity. Of these, Fragaria virginiana, Epilobium angustifolium, and Potentilla
simplex demonstrated strong antifungal potential overall. Fragaria virginiana had

some degree of activity against all of the fungal pathogens. Alnus viridis, Betula
alleghaniensis, and Solidago gigantea also demonstrated a significant degree of

activity against many of the yeast isolates (Webster et al. 2008).

In a study from Krisch et al. 2009, fruit juices and pomace (skin, seeds) extracts

from blackcurrant (Ribes nigrum), gooseberry (R. uva-crispa), and their hybrid plant
(jostaberry, Ribes � nidigrolaria) were evaluated against the 12 most frequently

isolated human pathogenic Candida species. Growth of most of the Candida species

was inhibited, with the exception of C. albicans, C. krusei, C. lusitaniae and
C. pulcherrima. R. nigrum.

Uma et al. 2009 have also shown the anticandidal activity of Asparagus race-
mosus. In their study, the in vitro anticandidal activity of A. racemosus roots

and tubers extract was investigated against C. albicans, C. tropicalis, C. krusei,
C. guillermondii, C. parapsilosis, and C. stellatoida, which are isolated from

vaginal thrush patients. The extract of A. racemosus showed a high degree of
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activity against all the C. strains. The inhibitory effect of the extract against all the

Candida tested was found comparable with that of standard antibiotics used.

Furthermore, a study from Tayel and El-Tras (2009) revealed the anticandidal

activity of pomegranate. In this study, anticandidal activity of pomegranate peel

extracts (PPE) and application of PPE aerosol as sanitizer agent against C. albicans
contamination were investigated. PPE exhibited potent anticandidal activity against

C. albicans strains compared with standard fungicides in both susceptibility

techniques used. Methanol, ethanol and water extracts were the most effective for

inhibiting C. albicans growth. PPE aerosol was an efficient method for complete

sanitizing of semi-closed places against C. albicans growth.

19.3 Classes of Compounds and Their Antifungal Activity

Several papers and reviews have been published on the occurrence of antifungal

compounds in relation to their role in plant resistance (Ingham 1973). However,

literature and systematic reviews on the natural products as an alternative to

antifungal drugs are still scanty. The distribution of antifungal compounds can be

defined either on the basis of their taxonomic distribution or on the basis of their

chemical classes. Table 19.1 shows the antifungal natural products belonging to all

major classes of secondary metabolites such as phenolics, alkaloids, terpenoids,

saponins, flavonoids, proteins, and peptides, etc. The importance of these groups of

compounds against pathogenic/nonpathogenic fungi is described below.

19.3.1 Terpenoids

Terpenoids (or isoprenoids), a subclass of the prenyllipids (terpenes, prenylqui-

nones, and sterols), represent the oldest group of small molecular products synthe-

sized by plants and are probably the most widespread group of natural products.

It has been reported in the literature that aglycones of terpenoids are more stable

and active as compared to the glycosides. For instance four nonglycosidic iridiods

were discovered in Aliertial macrophylla and two of the 1a and 1b hydroxydih-

drocornin aglycones showed fungitoxicity against a range of Clostridium and

Aspergillus species (Young et al. 1992). Some representative structures of this

group are shown in Fig. 19.1 (bold numbers 1 to 8 in brackets below refer to these).

Six antifungal sesquiterpenes [5- and 7-hydroxycalamenene, drimenol (1), dri-

menal, viridiflorol, gymnomitrol, and chloroisopiagiochin D] were isolated

by Scher et al. (2004) from a dichloromethame and methanol extract of the

liverwort Bazzania trilobata (L.). These compounds showed antifungal activity

against various fungi including Botrytis cinerea, Cladosporium cucumerinum,
Phythophthora infestans, Pyricularia oryzae, and Septoria tritici. Similarly poly-

godial, a sesquiterpene isolated from Polygonum punctatum (Polygonaceae), was
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found to exhibit a fungicidal activity against food spoilage yeast, Zygosaccharo-
myces bailii (Fujita and Kubo 2005).

The activity of the sesquiterpene lactones isolated from the Centaurea plants

against the fungus Cunninghamella echinulata was evaluated. Costunolide (2) and

dehydrocostunolide showed noticeable IC50 values, while more polar lactones were

inactive. These results suggest that a relatively low polarity is one of the molecular

requirements for the antifungal activity of sesquiterpene lactones. From other

Centaurea species, Centaurea thessala and C. attica, two new eudesmanolides,

4-epi-sonchucarpolide and their 8-(3-hydroxy-4-acetoxy-2-methylene-butanoy-

loxy) derivative, and one new eudesmane (3) derivative named atticin were isolated

(Skaltsa et al. 2000). Fractionation of Detarium microcarpum (Leguminoseae)

extract led to the isolation of four new clerodane diterpenes which showed antifun-

gal activity against C. cucumerinum (Cavin et al. 2006).

Many diterpenoids show antifungal activity; a few of them are phytoalexins,

while others are preformed. The preformed diterpenoids have been reported to be

involved in the resistance of several conifers against phytopathogenic fungi (Franich

et al. 1983). Two new diterpenes, fusicoserpenol A and dolabeserpenoic acid A,

were isolated from leaves of Hypoestes serpens (Acanthaceae). Both of the

compounds showed good antifungal activity using TLC bioautography at 10 mg
concentration against C. cucumerinum (Rasoamiaranjanahary et al. 2003).

Diterpenoids 16a-hydroxy-cleroda-3,13-(14)-Z-diene-15,16-olide and 16-

oxo-cleroda-3,13-(14)-E-diene-15-oic acid, isolated from the hexane extract of

the seeds of P. longifolia (Annonaceae), also demonstrated significant antifungal
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activity (Marthanda et al. 2005). Adou et al. (2005) isolated five new diterpenoids

through bioactivity-guided fractionation, namely humirianthone, 1-hydroxy-humir-

ianthone, 15R-humirianthol, patagonol, and patagonal. All five diterpenes showed

activity against phytopathogenic fungi.

Two triterpenoid, pristimerin (4) and celastrol (5), isolated from the roots of

Celastrus hypoleucus (Celastraceae), exhibited an inhibitory effect against diverse

pathogenic fungi such as R. solani and Glomerelia cinguiata (Luo et al. 2005).

Similarly Mollugenol A, a triterpenoid isolated from the aerial part of Mollugo
pentaphylla, showed antifungal activity against C. cucumerium (Hamburger et al.

1989). In another study, four triterpenes, namely lupeol (6), betulin (7), b-sitosterol
(8), 20(29)-lupene-3b-isoferulate, and two naphthoquinones, shinanolone and

octahydroeuclein, isolated from the ethanolic extract of E. natalensis root bark,

were investigated for their antifungal activity against A. flavus, A. niger, C. clados-
porioides, and Phytophthora sp. Only b-sitosterol, 20(29)-lupene-3b-isoferulate,
and shinanolone showed significant inhibition of A. niger at 10 mg/ml. Of these

tested compounds, only octahydroeuclein was found to be significantly effective

against Phytophthora sp. at 10 mg/ml. b-Sitosterol and octahydroeuclein inhibited

the growth of C. cladosporioides significantly at the same concentration (Lall

et al. 2006).

19.3.2 Saponins

An important source of constitutive antifungals is the saponins. Figure 19.2 shows

two of these (bold numbers in brackets 9 and 10 below). Saponins are natural

detergents that are effective antimicrobial, cholesterol-lowering anticancer com-

pounds. These compounds chemically related to the triterpenoid group such as
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triterpene saponins, together with steroidal saponins, were also isolated as antifun-

gal constituents.

A novel triterpene saponin, CAY-I, from the Capsicum frutescens L. (Solanaceae)
plant commercially known as cayenne pepper, was investigated to determine its

in vitro antifungal activity. CAY-1 showed activity against 16 different fungal

strains, including Candida spp. and A. fumigatus, and showed highest activity

against C. neoformans. Importantly the mechanism for this activity appears by

disrupting the membrane integrity of fungal cells. The triterpenoid saponins camel-

lidin I (9) and II from the leaves of C. japonica display antifungal activity against

Pestalocia longisate (Nagata et al. 1985). In another study, glucoside of triterpenoid
saponins 3-O-glucosides of hederegenins was isolated from Dolicus, and showed

good activity against Clostridium cucumerinum (Tahara et al. 1984).

Gonzalez et al. (2004) isolated one novel saponin along with three others from

the leaves of Solanum hispidum.All isolated compounds showed antifungal activity

against both T. mentagrophytes and T. rubrum. However 6a-O-[b-D-xylopyranosyl-
(1!3)-b-Dquinovopyranosyl]-(25,S)-5a-spirostan-3b-ol, was found most active

with IC50 values of 25 mg/ml. Similarly five saponins were isolated using bioactivity

guided fractionation from S. chrysotrichum. All the isolated compounds showed

antimycotic activity against T. mentagrophytes, T. rubrum, A. niger, and C. albicans.
A very important triterpenoidal saponin is cucurbitacin I (10). Although the

whole family of cucurbitacins (cucurbitacin A, B, Q, I, and E, etc.) has very high

activity, they have at the same time also shown potential toxicity. Cucurbitacin has

been isolated from Ecbellium elaterium and found to be a very good antifungal

against B. cinera (Har-Nun and Meyer 1990). Similarly Sauton et al. (2004) have

isolated and demonstrated antifungal activity of steroid saponins from Dioscorea
cayenensis against the human pathogenic yeasts C. albicans, C. glabrata and

C. tropicalis. The saponins have been isolated from A. racemosus, Astragalus
verrucosus Moris, A. auriculiformis and from Hedera taurica (Araliaceae),

and have shown very good antifungal activity against C. albicans, C. krusei,
and C. tropicalis (Pistelli et al. 2002; Mel’nichenko et al. 2003; Mandal et al.

2005; Rukayadi et al. 2008; Uma et al. 2009) (Table 19.1).

19.3.3 Phenolic Compounds

In recent years, a large number of studies have been published on antimicrobial

activity of the phenolics compounds of natural origin. In many cases, these sub-

stances serve as plant defense mechanisms against microorganisms and insects, etc.

Some plants give their odors like terpenoids, however others (quinones and tannins)

are responsible for plant pigment. A large number of aromatic plants show anti-

bacterial and often antifungal activity. These compounds include simple

and alkylated phenols, phenolic acid, phenyl propanoids, coumarins, quinines,

anthraquinones, and xanthones, etc. (Fig. 19.3: bold numbers in brackets 11 to 14

below refer).
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Benzoic acid (11), protocatechuic acid (12) and gentisic acid (13), along with

some other phenolic acids, have been reported as constitutive antifungal com-

pounds (Tahara et al. 1984). However, gallic acid (14) is inhibitory to both

pathogenic and saprophytic fungi. Phenylpropanoid or hydroxycinnamic acid

include p-coumaric, ferulic, ferulic synaptic, and chlorogenic, etc. All these phe-

nolics have been reported as strong antifungals against a number of plant and

human pathogenic fungi (Kuc et al. 1956). Some new phenolic acid derivatives

(crassinervic acid, aduncumene, hostmaniane, and gaudichaudanic acid) were

isolated from four Piper species, P. crassinervium, P. aduncum, P. hostmannianum,
and P. gaudichaudianum respectively, as major secondary metabolites. These

compounds were reported to be fungitoxic against C. cladosporioides and

C. sphaerospermum (Lago et al. 2004).

De-Leo et al. (2004)) isolated three new phenolic compounds together with a

few known compounds from the leaves of Baseonema acuminatum (Asclepiada-

ceae). The compounds showed antifungal activity against two clinically isolated

C. albicans strains in the range of 25–100 mg/ml. In the same year Lee et al. isolated

four phenolic amides, dihydro-N-caffeoyltyramine, trans-N-feruloyloctopamine,

trans-N-caffeoyltyramine, and cis-N-caffeoyltyramine, from an ethyl acetate

extract of the root bark of Lycium chinense Miller. All had an antifungal effect

against C. albicans with the potency of 5–10 mg/ml and showed no toxicity

(hemolytic activity) against human erythrocyte cells (Lee et al. 2004). In another

study two compounds were isolated from the essential oils of Pulicaria odora,
a Moroccan medicinal plant, and identified as 2-isopropyl-4-methylphenol and

isobutyric acid 2-isopropyl-4-methylphenylester. The study showed that the crude

essential oil and the 2-isopropyl-4-methylphenol exhibited a very significant

antibacterial and antifungal activity, while the isobutyric acid 2-isopropyl-

4-methylphenylester was inactive for all tested strains (Ezoubeiri et al. 2005).

OHO

Gallic acid (14)

OHO

HO

OH

OHO

HO

OH

OH

OHO

HO

OH

Gentisic acid (13)

Protocatechuic acid (12)Benzoic acid (11)

Fig. 19.3 Structures of

antifungal phenolics

464 F. Aqil et al.



A bioassay-directed purification from a sunflower by column chromatography

followed by HPLC allowed the isolation of a new compound, 3-acetyl-4-acetox-

yacetophenone, and known compounds, demethoxyencecalin and 3-acetyl-4-

hydroxyacetophenone. The new compound, 3-acetyl-4-acetoxyacetophenone,

showed antifungal activity similar to the coumarin ayapin, previously described

as a potent Sclerotinia inhibitor. A screening of seven sunflower genotypes in a field

experiment showed a correlation between these compounds and resistance to

Sclerotinia (Prats et al. 2007). Naldoni et al (2009) isolated benzophenones

7-epiclusianone and guttiferone-A from the pericarp and seeds of fruits of Garcinia
brasiliensis. The pericarp hexane extract (PHE), seed ethanol extract (SEE), and

both the compounds showed varying levels of activity against C. albicans
(Table 19.1).

19.3.3.1 Flavones, Flavonoids, and Flavonols

Flavones are phenolic structures containing one carbonyl group. The addition of a

3-hydroxyl group yields a flavonol, and flavonoids are also hydroxylated phenolic

substances but occur as a C6-C3 unit linked to an aromatic ring. Since they are

known to be synthesized by plants in response to microbial infection, it should not

be surprising that they have been found in vitro to be effective antimicrobial

substances against a wide array of microorganisms (Cowan 1999). In the flavonoid

group, reports on antifungal compounds from medicinal plants mainly concern

those isolated from species of the fabaceae and moraceae families. However,

reports on the antifungal activity of flavonoids of several medicinal plants belong-

ing to other botanical families have also been found in the literature (Abad et al.

2007). Figure 19.4 shows a number of these (bold numbers in brackets 15 and 16

below), together with some of the coumarins from the next section (bold numbers in

brackets 17 to 24).

Two new flavones from Artemisia giraldi, identified as 6,7,40-trihydroxy-30,50-
dimethoxyflavone and 5,50-dihydroxy-8,20,40-trimethoxyflavone, together with

5,7,40-trihydroxy-30,50-dimethoxy-flavone, have been reported to exhibit activity

against A. flavus (Zheng et al. 1996). Galangin (15), a flavonol commonly found in

propolis samples, has been shown to have inhibitory activity against A. tamarii,
A. flavus, C. sphaerospermum, Penicillium digitatum, and P. italicum (Afolayan

and Meyer 1997). A new prenylated flavanone recently isolated from the shrub

Eysenhardtia texana has been identified as 5,7,40-trihydroxy-8-methyl-6-(3-methyl-

[2-butenyl])-(2S)-flavanone and shown to possess activity against the opportunistic

pathogen C. albicans (Wachter et al. 1999).

Alcerito et al. (2002) analyzed the epicuticular wax of the leaves of Arrabidaea
brachypoda for its flavonoid content and isolated four compounds: 30,40-dihydroxy-
5,6,7-trimethoxyflavone, cirsiliol, cirsimaritin, and hispidulin. They are known

flavonoids, and showed antifungal activity against C. sphaerospermum. Eighteen
prenylated flavonoids, purified from five different medicinal plants, were evaluated

for their antimicrobial activity by determination of MIC using the broth
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microdilution methods against four bacterial and two fungal strains (C. albicans,
Saccaromyces cerevisiae). Of these isolated flavonoids, papyriflavonol A, kurar-

idin, sophoraflavanone D, and sophoraisoflavanone A exhibited a good antifungal

activity with strong antibacterial activity. However, broussochalcone A was effec-

tive to C. albicans only (Sohn et al. 2004).

The leaves of Blumea balsamifera afforded icthyothereol acetate, cryptomer-

idiol, lutein (16), and beta-carotene. Antimicrobial tests indicated that the first

compound has moderate activity against the fungi A. niger, T. mentagrophytes,
and C. albicans, while two have low activity against A. niger, T. mentagrophytes,
and C. albicans (Ragasa et al. 2005). The new kaempferol 3-O-b-d-glucopyranosyl
(1!2)-O-b-d-glucopyranosyl (1!2)-O-[a-l-rhamnopyranosyl-(1!6)]-b-d-gluco-
pyranoside (1) has been isolated from carnation (Dianthus caryophyllus) along

with two known C- and O-flavonoid glycosides. The isolated compounds exhibited

antifungal activity against different F. oxysporum f. sp. dianthi pathotypes (Galeotti
et al. 2008). In addition to studies into simple phenolic derivatives and flavonoids,

those into other antifungal phenolic compounds from natural sources also included

coumarins and anthraquinones.

19.3.3.2 Coumarins

Various coumarins isolated from the traditionally used medicinal plants in Brazil

showed that the isolated coumarins are active either alone or in combination against

a number of fungi, C. neoformans, M. gypseum, T. rubrum, and T. mentagrophytes
(Stein et al. 2006).
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Ojala et al. (2000) tested six commercial coumarins, bergaptin (17), coumarin

(18), herniarin (19), umbelliferone (20), xanthotoxin (21), and scopoletin (22), and

found that they are active against F. culmorum (Fig. 19.4). Tithoniamarin is a new

isocoumarin dimer isolated from Tithonia diversifolia (Hemsl) Gray (Asteraceae).

Preliminary studies showed that tithoniamarin has antifungal and herbicidal activ-

ities against Microbotryum violaceum and Chlorella fusca (Yemele-Bouberte et al.

2006). Alizarin (23) and emodin (24), anthraquinone aglycone of Rubia tinctorum,
has shown antifungal activity (Manojlovic et al. 2005).

19.3.4 Alkaloids

Alkaloids are naturally occurring chemical compounds containing basic nitrogen

atoms. There are many reports on alkaloids showing activity against human patho-

gens, for example, the isoquinoline alkaloid jatrorrhizine, a range of peptide

alkaloids, the quinolizidine alkaloid dietamnine and the pyrrolizidine alkaloids,

etc., (Harborne and Baxter 1993). Berberine (25), a well-known alkaloid, has been

reported for its strong antifungal activity against a number of organisms including

human pathogenic fungi C. albicans, T. mentagrophytes, M. canis, T. rubrum,
E. floccosum, and M. gypseum (Greathouse and Walkins 1938; Freile et al. 2006).

Similarly, tomatine (26) from tomato and a-solanine from potato are examples of

steroidal glycoalkaloids, and have very strong antifungal activity (Grayer and

Harborne 1994). A few alkaloids are shown in Table 19.1 and Fig. 19.5 (bold

numbers in brackets 25 to 28 refer).

A new alkaloid, puntarenine, which was isolated along with berberine from the

organic extract of the whole plant Xanthorhiza simplicissima, was found to exhibit

good activity against the dermatophytic fungus T. mentagrophytes and the yeast

S. cerevisiae (Okunade et al. 1994). Dabur and co-workers isolated a novel alkaloid,
2-(3,4-dimethyl-2,5-dihydro-1H-pyrrol-2-yl)-1-methylethyl pentanoate, from the

plant Datura metel L. (Solanaceae). The compound was found to be active against

all the species tested, namely C. albicans, C. tropicalis, A. fumigatus, A. flavus, and
A. niger (Dabur et al. 2005). Klausmeyer et al. (2004) isolated a novel alkaloid, 6,8-

didec-(1Z)-enyl-5,7-dimethyl-2,3-dihydro-1H-indolizinium, from organic extract

of Aniba panurensis using bioactivity-guided fraction. In vitro bioassay demon-

strated the activity of this alkaloid against a drug-resistant strain of C. albicans.
Slobodnı́ková et al. (2004) tested the crude extract ofMahonia aquifolium along

with its two main alkaloids, berberine and jatrorrhizine, for their in vitro antifungal
activity against 20 strains of Candida sp. isolated from chronic vulvovaginal

candidoses. Both the compounds show varying levels of minimum inhibitory

concentrations, illustrating strong antifungal activity. Bioassay-guided fraction-

ation of the extract showing growth-inhibition against Colletotrichum fragariae,
C. gloeosporioides, and C. acutatum has led to the isolation of the bioactive

alkaloids, flindersine (27), anhydroevoxine, and haplamine (28). Of these,
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flindersine and haplamine demonstrated the highest level of antifungal activity

(Cantrell et al. 2005).

Bahçeevli et al. (2005) isolated A beta-carboline-, a tryptamine-, and two

phenylethylamine-derived alkaloids along with three known aromatic compounds

from the aerial parts and roots of Cyathobasis fruticulosa. The one new alkaloid,

N-methyl-N-formyl-4-hydroxy-beta-phenylethylamine, showed marginal antifun-

gal activity.

Rao et al. (2009) isolated a novel fibrecisine alkaloid [1,2-methylenedioxy-

8-hydroxy-6a(R)-aporphine] with 21 known alkaloids including berberines, tetra-

hydroberberines, and aporphine derivatives. The bioassay result indicated that the

berberines showed more potent activity than aporphine derivatives against the test

Candida strains, while tetrahydroberberines showed very weak activity against

C. neoformans. Similarly Meng et al. (2009) showed antifungal activity of the

benzo[c]phenanthridine alkaloids from Chelidonium majus Linn against resistant

clinical yeast isolates. Of the six compounds determined, 8-hydroxydihydro-san-

guinarine and 8-hydroxydihydrochelerythrine demonstrated potent activity with

the MIC ranges of 2–80 and 4–100 mg/ml, respectively. Dihydrosanguinarine,

dihydrochelerythrine, sanguinarine, and chelerythrine had some degree of antifun-

gal activity.
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19.3.5 Proteins and Peptides

There are hundreds of antifungal peptides and proteins known, with more being

discovered almost daily. They are produced by a multitude of organisms including

leguminous flowering plants, nonleguminous flowering plants, gymnosperms,

fungi, bacteria, insects, and mammals. In the last decade alone, many reports

have been published on antifungal proteins and peptides.

Wong and Ng (2005a) isolated an antifungal peptide, vulgarinin, from the seeds

of haricot beans (Phaseolus vulgaris) by using a simple protocol consisting of

affinity chromatography on Affi-gel blue gel and gel filtration on Superdex 75.

Vulgarinin manifested an antifungal activity toward fungal species such as

F. oxysporum, Mycosphaerella arachidicola, Physalospora piricola, and B. cinerea
(Wong and Ng 2005b). In the same year these authors reported lunatusin, a trypsin-

stable antimicrobial peptide from lima beans (P. lunatus L.), that has very good

antifungal activity against F. oxysporum, M. arachidicola, and B. cinerea. Actinch-
inin, an antifungal protein, was isolated from the gold kiwi fruit. This protein exerts

antifungal activity against F. oxysporum (Xia and Ng 2004).
Defensin has been isolated from the legume Trigonella foenum-graecum. The

protein is characterized by the presence of eight cysteine residues, conserved in

the various plant defensins and forming four disulphide bridges which stabilize the

mature peptide. The protein exhibited antifungal activity against the broad host

range fungus, R. solani and the peanut leaf spot fungus, Phaeoisariopsis personata
(Olli and Kirti 2006). In addition to these, the work of Tzi Bun Ng (Ng 2004) has

demonstrated the isolation of a number of antifungal peptides that have tremendous

antifungal properties against a series of fungi.

19.4 Experimental Approaches

19.4.1 Selection of Plants

The choice of method for selecting plants for phytochemical and biological activity

screening is often difficult. The large number of plants mentioned in traditional

systems of medicine from all over the world requires a rationale for the discovery of

interesting biologically active chemicals. Different approaches to chemical discov-

ery can be distinguished; however, Fabricant and Farnsworth (2001) defined four

standard approaches for selecting plants — (1) random selection followed by

chemical screening, (2) random selection followed by antimicrobial assays, (3)

follow-up of antimicrobial activity reports, and (4) follow-up of ethnomedical or

traditional uses of plants against infectious diseases.

The first approach that defines searches for classes of secondary metabolites

containing various antimicrobial substances (e.g., alkaloids, glycosides, isothiocya-

nates, etc.) is still very popular because the tests are easy to perform; however,
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false-positive tests often render results difficult to interpret. The second approach

for plant selection is quite labor-intensive, as it requires collection, identification,

and analysis of all available plant parts, irrespective of prior knowledge and

experience. However, third approach based on the follow up of current scientific

literature available. The fourth approach includes plants used in traditional systems

of medicine such as Ayurveda, Unani, Siddha, Kampo, and traditional Chinese

medicine, Herbalism, folklore, and Shamanism and involves the use of databases,

etc. A fifth, nonsystematic approach can be serendipity, where plant selection is

based on ethnomedical use, but where the recovered bioactivity is new or unex-

pected, for example the anticancer compounds vinblastine and taxol (Clardy and

Walsh 2004). Irrespective of the adopted plant collection strategy, when a plant has

been identified, the first task should be the identification of bioactive compounds to

the level of pure compound or to the level of major group of compounds.

19.4.2 Scheme for the Extraction and Identification
of Active Principle

After selection of the plants, a major problem is the processing of the plant material

that will be used in the panel of screening. Best strategies should be used to

guarantee that the active principle is not destroyed, lost or altered. The first

important measure should be the extraction period and efficiency. The extraction

period can be shortened by grinding the plants finer and by shaking at a very rapid

rate (Eloff and McGaw 2006). Extraction efficiency can be increased by sonicating

the samples in a bath-type sonicator. Three to five extractions (10 min each, using a

sonic bath) of very finely ground plant material with organic solvent of high

polarity can extract up to 80% of the compounds on a dry-weight basis.

Choice of the solvent for extraction is also very important. Initial screening of

the plants for biological activity starts with the use of aqueous or organic extracts

followed by various fractionations. In one study Kotze and Eloff (2002) used 11–12

different extractants to extract and analyze the biological activity of Combretum
mycrophyllum. Methanol, methylene dichloride, and tetrahydrofurane extract most

components; however, diisopropyl ether, ethanol, ethyl ether, acetone, and ethyl

acetate showed most biological activity with low quantity of other nonactive

components. For hydrophilic compounds, polar solvents such as methanol, ethanol,

or ethyl-acetate should be used; however, for extraction of more lipophilic com-

pounds, dichloromethane or a mixture of dichloromethane/methanol 1:1 should be

used. In some instances, extraction in hexane is used to remove chlorophyll.

Various extraction and isolation strategies for pure compounds are reported in

the literature, but successive fractionation using solvents of different polarity is

commonly used. Figure 19.6 shows the simplified extraction and identification flow

chart to be used in order to achieve/optimize bioactive phytochemical identifica-

tion. After extracts/fractionation, a concentration step is usually required, which
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should be based on evaporation of the solvent under vacuum at low temperature to

avoid any loss of thermolabile constituent. In most cases, it is better if screening can

be done prior to separating polar from less-polar constituents by the sequential use

of solvents from high to low polarity. It saves labor and resources in the case of low

or no activity.

Plant Part

Extraction x 3
(aqueous and organic)

Centrifugation (500x g)
and filteration

Organic extract Aqueous extract

InactiveActive

Antifungal screening

Successive fractionation
(On the basis of polarity)

Non polar Polar

Fatty acid
Alkaloids

Terpenoids
Coumarins

Flavonol
Flavonoids
Terpenoids

Polyphenols
Tannins

Saponins etc

MIC determination,
TLC and TLC Bioautography

Chemical characterization
HPLC, GC/LC-MS, IR, NMR etc

InactiveActive

Antifungal assays

hexane benzene ethyl acetate acetone propanol methanol
toluene ether chloroform butanol ethanol

Fig. 19.6 Proposed scheme of extraction and identification of antifungal compounds from medic-

inal plants
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19.4.3 Solvent for Testing

The most frequently used solvents to make up test compound solutions for quanti-

tative purposes include dimethyl sulfoxide (DMSO), methanol, and ethanol. How-

ever, methanol and ethanol have the disadvantage of rapid evaporation. Solution in

100% DMSO is a better option as it can avoid the contamination and has good

compatibility with most of the compounds. But it is also important to note that

DMSO is potentially toxic for cells and many microorganisms, so the in-test

concentration of DMSO should not exceed 1%.

On the other hand, sometimes dried extracts are not freely soluble even if the

same solvent is used. In these conditions, it is better not to dry the extract. The

aliquots of the extract can be dried after activity evaluation, and active concentra-

tion can be achieved by back calculation (Eloff and McGaw 2006). It is always

preferable to store dry extracts/compounds at �20�C. However, extracts of a few

plants in methanol and acetone are reported to retain activity, so may be supposed to

be stable when stored at room temperature in dissolved form (Eloff et al. 2001).

19.4.4 Antifungal Assays

Several methods for detecting activity are available, but since they are not equally

sensitive or not based upon the same principle, results will be profoundly influenced

by the method. There are several methods available for antifungal activity testing,

which can be classified into three main groups, i.e., diffusion, dilution, and bioauto-

graphic methods.

19.4.4.1 Agar Well Diffusion Method

The agar well diffusion method is the most widely used technique for assaying plant

extracts for their antimicrobial activity. In this technique, a well or reservoir

containing the test compound at a known concentration is brought into contact

with an inoculated medium and the diameter of the clear zone around the reservoir

(zone inhibition diameter) is measured at the end of the incubation period. Different

types of reservoirs can be used, such as filter paper disks or holes punched in the

medium. Of the various methods to conduct the assays described in the literature,

however, the agar well diffusion method as described by Perez et al. (1990) can be

easily used. We have adopted this method and used it since 1998 without any

difficulty (Ahmad et al. 1998; Mehmood et al. 1999; Ahmad and Beg 2001; Aqil

and Ahmad 2003; Aqil et al. 2005; Ahmad and Aqil 2007; Aqil and Ahmad 2007).

Small sample requirements and the possibility of testing six–eight extracts per

plate against a single microorganism are specific advantages. In this assay 0.1 ml of

diluted inoculum (105 CFU/ml) of test organism is spread on Saboroud Dextrose
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agar plates. Wells of 8 mm diameter are punched into the agar medium and sealed

with molten agar to prevent leaching of the compound. The wells are filled with

100 ml of plant extract of known concentration and solvent blank (�1% DMSO)

separately. The plates are incubated at 28 � 2�C, for 72 h. The zone of inhibition of
test organism growth around each well can be measured in mm. In order to enhance

the detection limit, the inoculated plates can be kept at a lower temperature for

several hours before incubation. In this way, compound diffusion can be enhanced

over microbial growth, and better inhibition diameter is expected.

The agar well diffusion method also has some demerits. This method is not

appropriate for the testing of nonpolar samples or samples that do not easily diffuse

into agar, and it is not a preferred method for the testing of essential oils because of

their volatile nature. The extra potency reported with this method is much less than

for the dilution method, because the compound which is in contact with the test

organism is much less than the loaded dose.

19.4.4.2 Broth Dilution Method

In this method, test compounds are mixed with a suitable medium and inoculated

with the test organisms. Although it can be carried out in liquid as well as in solid

media, the better way to perform it is in liquid media. The inhibition of fungal

growth can be measured in a number of ways, for example by measuring optical

density, by plating the known volume on the agar plates, or by the streak-plate

method (Eloff and Mcgaw 2006; Aqil and Ahmad 2007). However, the most

frequently used method measures turbidity and employs redox-indicators. Turbidity

can be estimated visually or obtained more accurately by measuring the optical

density at 405 nm. However, test samples that are not fully soluble may interfere

with turbidity readings. In these cases, individual plants or plant samples may give

better results.

The major benefit of this assay is that it allows determining whether a phyto-

compound or extract has a fungicidal or fungistatic action at tested concentration.

This can be determined by plating the samples from the test mixture and assessing

growth or no growth. Kostiala and Kostiala (1984) compared the disk diffusion

method with the broth dilution method using different antibiotics against C. albicans.
They concluded that disk diffusion assay is equally good or better if short incubation

(24 h) is used; however, the broth dilution method was found to be more sensitive

when incubation was extended to 48 h.

Eloff (1998) developed microdilution and macrodilution techniques using 96-

well microplates and sugar tubes respectively. This technique uses the redox

indicator p-iodonitro tetrazolium violet (MTT) and resazurin to quantify fungal

growth (Jahn et al. 1995; Pelloux-Prayer et al. 1998). Resazurin has the advantage

of not precipitating upon reduction, allowing direct reading. Visual readings can

also be used if a spectrophotometer is not available, as these compounds produce an

intense red color.
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19.4.4.3 TLC-Bioautography Technique

Bioautography can explain how many biologically active compounds are present in

an extract. The best use of this technique is that it permits localizing of antimicro-

bial activities of an extract on the chromatogram; it supports a quick search for new

antimicrobial agents through bioassay-guided isolation. This can be achieved using

one of two approaches; (1) contact bioautography, where the antimicrobial com-

pounds are transferred from the TLC plate to an inoculated agar plate through direct

contact, or (2) agar overlay bioautography, where a seeded agar medium is applied

directly onto the TLC plate.

For direct bioautographic assay, we used the agar overlay assay approach as

described by Slusarenko et al. (1989): 5–10 ml of each plant extract are spotted on

E-MERCK chromatographic silica gel G f254, 0.25 mm-thick plates of 3 � 8 cm.

The chromatograms are developed using different solvent systems. One milliliter of

spore suspension (105 spores/ml) is used for each 10 ml of media. Developed

chromatograms are placed in autoclaved petri plates. Spores of test fungi in molten

agar medium are poured over the chromatograms. The plates are incubated at 28�C
for 72 h. A zone of inhibition of bacterial growth could be seen around the active

chromatogram spot. The spot was also confirmed by flooding the plates with

0.02 mg/ml solution of p-iodonitro-tetzolium.

Although the technique is very sensitive, its applicability is limited to fungi that

easily grow on TLC plates. The bioautography technique is more difficult with

fungi, because they grow more slowly and contamination can be a problem.

Another problem is the need for complete removal of residual low volatile solvents.

19.4.4.4 Media, Inoculum and Organisms

Sabouraud (SAB) agar or broth is a general growth media for fungi. Yeast inocu-

lates can be prepared from overnight cultures or from existing biofreeze stocks. It is

recommended that collection is made from cultures during the logarithmic growth

phase, and that four or five colonies of a pure culture on agar shold always be taken,

to avoid selecting an atypical variant (Anon 2003). In dilution methods, an inocu-

lum of about 104 spores/ml is adequate for most yeasts and fungi (Hadacek and

Greger 2000). However in our laboratory we have used 105 spores/ml for both the

agar well diffusion (0.1 ml) and the broth dilution methods, and found good

response in all the studies.

The choice of test organisms always depends on the specific purpose of the

investigation. However in a primary screening, the use of drug-sensitive reference

strains is preferable, which should represent common pathogenic species of differ-

ent classes. A small set of reference fungi is used for primary screening and

includes T. mentagrophytes and E. floccosum as representatives of the dermato-

phytes. As opportunistic filamentous fungi, A. niger and F. solani are listed (Cos

et al. 2006).
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19.5 Conclusion

There is a growing body of evidence indicating the benefits of medicinal plants for

their use against pathogenic microorganisms. Plant-based remedies used in human

and animal medicine are an essential part of the primary health care system in

many countries. Extensive screening programs of plants used mainly in traditional

medicine have resulted in the discovery of thousands of phytochemicals with

inhibitory effects on different types of microorganisms in vitro. Studies from all

over the world have indicated that several plant extracts and their phytocompounds

have been identified in an effort to supplement the relatively sparse portfolio of

antifungal drugs. There is a need to exploit these bioactive compounds in disease

caused by pathogenic fungi.

Although hundreds of antifungal compounds have been identified, it is important

to keep in mind that while in vitro activity does not necessarily verify the efficacy

of a plant extract, it does provide a preliminary indication of the usefulness

and potential toxicity of the plant. Problems such as narrow spectrum of activity,

susceptibility to efflux pumps, protein binding, serum inactivation, and poor

pharmaceutical properties are associated with most of these compounds. Therefore,

new anti-infective agents must act on drug-resistant pathogens and may work on

multiple targets.

For antifungal activities, follow-up of bioassay-guided fractionation can be

performed with an assay of choice. Whenever possible, final reporting of active

extracts or pure compounds should be done by applying the broth-dilution method.

Stringent endpoint criteria with IC50-values generally below 100 mg/ml for extracts

and below 25 mM for pure compounds should be set. Those bioactive compounds

which show promising in vitro activity should be subjected to in vivo studies to

determine their efficacy, stability, and bioavailability.
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(2002) Foliar epicuticular wax of Arrabidaea brachypoda: flavonoids and antifungal activity.

Biochem Syst Ecol 30:677–683

European Committee for Antimicrobial Susceptibility Testing (EUCAST) of the European Society

of Clinical Microbiology and Infectious Diseases (ESCMID) (2003) Determination of

minimum inhibitory concentrations (MICs) of antibacterial agents by broth dilution. Clin

Microbiol Infection 9:1–97

Aqil F, Ahmad I (2003) Broad-spectrum antibacterial and antifungal properties of certain

traditionally used Indian medicinal plants. World J Microbiol Biotechnol 19:653–657

Aqil F, Ahmad I (2007) Antibacterial properties of traditionally used Indian medicinal plants.

Methods Find Exp Clin Pharmacol 29:79–92

Aqil F, Khan MSA, Owais M, Ahmad I (2005) Effect of certain bioactive plant extracts on clinical

isolates of b-lactamase producing methicillin resistant Staphylococcus aureus. J Basic

Microbiol 45:106–114
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Chapter 20

Novel Drug Delivery Systems for Antifungal

Compounds

Qamar Zia, Mohammad Farzuddin, Mairaj Ahmad Ansari, Maroof Alam,

Azmat Ali, Iqbal Ahmad, and Mohammad Owais

Abstract Development of new approaches for treatment of invasive fungal infec-

tions encompasses new delivery systems for approved and investigational com-

pounds. Novel delivery systems consisting of cyclodextrins (CDs), cochleates,

nanoparticles, and long-circulating (“stealth”) liposomes modulate the pharmaco-

kinetics of existing drugs, and may also be useful to enhance the delivery of

antifungal agents to sites of infection. Among several promising new drug-delivery

systems, liposomes represent an advanced technology for site-directed delivery of

active molecules. Research on liposome technology has progressed from conven-

tional vesicles (“first-generation liposomes”) to “second-generation liposomes”,

in which long-circulating liposomes are obtained by modifying the surface of

liposomes using several molecules, such as glycolipids, sialic acid, or synthetic

polymer poly-(ethylene glycol) (PEG), resulting in prolonged reticulo-endothelial

system uptake and serum half-life, thus increasing the therapeutic efficacy of drugs.

At present, several formulations for amphotericin B are in clinical use for fungal

infections in Europe and the United States. Nanoformulations have also been

applied as drug delivery systems (DDSs), with great success. Finally, progress in

the design of DDSs has led to the development of carriers targeted to specific tissues

and cells. Efforts are now going on to improve their stability in the biological

environment, to mediate the biodistribution of active compounds, and to improve

drug loading, targeting, transport, release, and interaction with biological barriers.

This chapter discusses the state of the art in the field of DDSs, used for control of

systemic fungal infections.
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20.1 Introduction

At present, clinical medicine possesses a plethora of different pharmaceutical

products, with the list increasing rapidly every year as the understanding of

molecular mechanisms of diseases develops. The scientific community is never

satisfied only with a favorable drug action against the disease under treatment; for

them, the task of avoiding undesirable drug actions on normal tissues and mini-

mizing side-effects of the therapy is equally important. Clinically, the therapeutic

efficacy of an antifungal drug relies not only on its intrinsic antifungal activity,

but also on the bioavailability, that is, penetration and distribution of the drug at

the infection site (Pierard et al. 2007), as well as the host’s immune response.

Many azole drugs have low aqueous solubility because of their hydrophobic

structures. For example, miconazole, ketoconazole, itraconazole, and posaco-

nazole are all very slightly soluble (<1 mg/ml) or insoluble at neutral pH, whereas

the aqueous solubilities of fluconazole and voriconazole are thousands of times

higher. Generally, low aqueous solubility is associated with low oral bioavailabil-

ity (Chan and Stewart 1996). Thus, the means to deliver antifungals are critical

for effective prophylaxis and treatment of fungal infections. Recently, the emer-

gence of biotechnology research has generated great interest in developing

novel drug delivery systems (DDSs) (Fig. 20.1), to improve both the pharmaco-

logical and therapeutic properties of parenterally administered drugs (Moses et al.

2003).

The clinical utility of most conventional chemotherapeutics is hampered either

by the inability to deliver therapeutic drug concentrations to the target tissues, or by

severe and harmful toxic effects on normal organs and tissues. In the development

of novel therapeutics, the ability to devise a suitable pharmaceutical formulation for

delivery is of utmost importance. The history of antifungal chemotherapy is replete

with examples where serious problems in finding the appropriate vehicle for a drug

have led to considerable limitations in its clinical usefulness, or even to the

discontinuation of clinical development (Groll et al. 1998). Different approaches

have been attempted to overcome these problems, by providing “selective” delivery

to the affected area; the ultimate solution would be to target the drug only to those

organs, tissues or cells affected by the disease. The ideal way out of such problems

lies in the targeting of drugs using suitable carriers such as serum proteins,

immunoglobulins, synthetic polymers, liposomes, niosomes, microspheres, ery-

throcytes, reverse micelles, pharmacosomes, monoclonal antibodies (MAb), etc.

(Gregoriadis 1977). Nanoparticles, submicron-sized particles (3–200 nm), devices,

or systems, applied as DDSs can be made using a variety of materials including

polymers (polymeric nanoparticles, micelles, or dendrimers), lipids (liposomes),

viruses (viral nanoparticles), and even organometallic compounds (nanotubes).

Among these carriers, liposomes show great potential for effective delivery of

drugs to the site of action, and for controlling the release of these drugs at a

predetermined rate. On the other hand, however, antifungal drugs have been

at the forefront of the successful development of novel carrier systems, including
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the lipid carriers and CDs, and further innovative approaches are currently the

subject of intensive investigation.

For the pharmaceutical industry, novel drug-delivery technologies have become

a strategic tool for expanding drug markets. Drug-delivery-based technology can

address the very basic issues associated with current pharmaceuticals, such as

extending product life, or can add to their performance and acceptability, either

by increasing efficacy or by improving safety and patient compliance (Roco and

Bainbridge 2002). In addition, with the completion of the human genome project,

and seeking the help of computational biology approaches, the knowledge gained is

being transformed into the development of newer drugs that require appropriate

DDSs for their effective use. This technology permits the delivery of drugs that are

highly water-insoluble or unstable in the biological environment. It is expected that

novel DDSs can make a significant contribution to the global pharmaceutical

market. This is illustrated by the fact that approximately 13% of the current global

pharmaceutical market is accounted for by sales of products incorporating a DDS

(Roco and Bainbridge 2002). As exemplified by the lipid formulations of AmB and

cyclodextrin (CD) itraconazole, antifungal compounds have assumed a pioneering

Fig. 20.1 Structure of various drug delivery systems: a liposomes/niosomes, b nanospheres,

c nanocapsules, d micelles, e cyclodextrins, f cochleates, g microspheres
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role for the clinical development of novel carrier systems. As science continues to

move forward and we learn more about the complexities of the human body, the

“repositioning” of old drugs will continue, and in coming years there will be a great

rise in designing suitable DDSs. In fact, the quest to find the ideal delivery strategy

will continue until a system that can deliver drugs with maximum efficacy and

selectivity, with no side-effects, is found. Since there is an armamentarium of

delivery systems available, we have restricted our discussion to those nanocarriers

that are used to deliver various antifungal agents. We also discuss various formula-

tions based on these delivery systems available in the market or under research.

20.2 Liposomes

Liposomes (Fig. 20.1a), self-assembling closed colloidal vesicular structures of

varying size, consisting of one or more concentric lipid bilayers and an aqueous

inner compartment (Maurer et al. 2001), are lyotropic liquid crystals composed of

relatively biocompatible and biodegradable materials, These spherical structures

can have diameters ranging from 80 nm to 100 mm (Sharma and Sharma 1997).

A liposome may be composed of naturally derived phospholipids with mixed lipid

chains (such as egg phosphatidylethanolamine), or of pure surfactant components

such as dioleoylphosphatidylethanolamine (DOPE) and cholesterol bilayer. The

distinct advantage of liposomes is their ability to encapsulate various materials,

combined with their structural versatility. Liposomes can be classified according to

their lamellarity (uni-, oligo-, and multilamellar vesicles) (Fig. 20.2), size (small,

intermediate, or large), and preparation method (such as reverse-phase evaporation

vesicles, VETs). Unilamellar vesicles comprise one lipid bilayer (diameters

50–250 nm), contain a large aqueous core, and are preferentially used to encapsu-

late water-soluble drugs. Multilamellar vesicles comprise several concentric lipid

bilayers in an onion-skin arrangement with diameters of 1–5 mm. The high lipid

content allows these multilamellar vesicles to passively entrap lipid-soluble drugs.

In 1965, Bangham et al. first used a liposomal structure as a model to study the

effect of narcotics on lipid bilayer membranes (Bangham et al. 1965). Nine years

later, Allison and Gregoriadis described the use of a similar liposomal system as an

immunological adjuvant (Allison and Gregoriadis 1974). Since these early experi-

ments, liposomes have become an established carrier and delivery system in the

field of pharmaco- and immuno-therapy. Drugs with widely varying lipophilicities

can be encapsulated in liposomes, either in the phospholipid bilayer, in the

entrapped aqueous core, or at the bilayer interface. Liposomes composed of natural

lipids are biodegradable, biologically inert, weakly immunogenic (van Rooijen and

van Nieuwmegen 1980), produce no antigenic or pyrogenic reactions, and possess

limited intrinsic toxicity (Campbell 1983). Therefore, drugs encapsulated in lipo-

somes are expected to be transported without rapid degradation, and with minimum

side-effects to the recipients. Moreover, efforts have been made to assess the

specificity of drug carriers to the target organs, cells or compartments within the
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cells (Gregoriadis 1977). Liposomes are better suited for assessing their targetable

properties, because of the ease of modifying their surface when compared to other

drug carriers such as nanoparticles (Grislain et al. 1983) and microemulsions

(Mizushima et al. 1982). Liposomes have emerged as versatile drug carriers,

which can be used to control retention of entrapped drugs in the presence of

biological fluids, maintain controlled vesicle residence in the systemic circulation

or other compartments in the body, and provide enhanced vesicle uptake by target

cells (Gregoriadis and Florence 1993).

Liposomes have been investigated for delivery of chemotherapeutic agents for

cancer (Harrington et al. 2002), vaccines for immunological protection (Zho and

Neutra 2002), radiopharmaceuticals for diagnostic imaging (Matteucci and Thrall

2000), and nucleic acid-based medicines for gene therapy (Mady et al. 2004). These

delivery systems are becoming increasingly utilized by the pharmaceutical industry

to deliver certain vaccines, enzymes, or drugs for treatment or prevention of a

variety of diseases. Several sophisticated formulations have been developed, and

their superior properties demonstrated with regard to stability, pharmacokinetics,

biodistribution, and toxicity. The compounds entrapped in the liposomes are pro-

tected from the action of external media, particularly enzymes (Chaize et al. 2004)

and inhibitors. Moreover, liposomes possess a unique opportunity to deliver the

drugs into cells by fusion or endocytosis mechanism, and practically any drug can

be entrapped into liposomes irrespective of its solubility. Encouraging results of

liposomal drugs in the treatment or prevention of a wide spectrum of diseases in

experimental animals and in humans indicate that more liposome-based products

SUV
LUV

MVVMLV

Fig. 20.2 Schematic illustration of liposomes of different size and number of lamellae. Small

unilamellar vesicles (SUV), large unilamellar vesicles (LUV), multilamellar vesicles (MLV),
multivesicular vesicles (MVV)
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for clinical and veterinary applications may be forthcoming in recent years. New

liposomal delivery systems formulated with new types of phospholipids such as

cardiolipin (NeoPharm) and sphingomyelin (Inex) have now been evaluated for the

delivery of chemotherapeutic agents (Zhang et al. 2004; Waterhouse et al. 2005).

20.2.1 Liposomes as Drug-Delivery Vehicles

Ideally, a liposomal formulation of a therapeutic compound includes three main

features. First, the formulated substance in circulation needs to be stable and inert,

to protect the delivered material from degradation and to extend its availability at the

desired concentration. Second, specific interaction with and accumulation in the target

tissue need to occur, thereby reducing the effective dosage and possible side-effects

linked to high systemic concentrations. Third, a mechanism for controlled drug

release must be present that is exclusively active in the target tissue, and mediates

delivery of the payload to the appropriate cell type and subcellular compartment.

Liposome applications in drug delivery depend, and are based on their physico-

chemical and colloidal characteristics such as composition, size, loading efficiency,

and the stability of the carrier, as well as their biological interactions with the cells.

For drug delivery, liposomes can be formulated as a suspension, as an aerosol or in

a (semi) solid form such as a gel, cream or dry powder; in vivo, they can be

administered using different routes of application, such as parenteral, oral, or

topical. After systemic (usually intravenous) administration, which seems to be

the most promising route for this carrier system, liposomes are typically recognized

as foreign particles and consequently endocytosed by cells of the mononuclear

phagocytic system (MPS), mostly fixed Kupffer cells in the liver and spleen (Lasic

and Martin 1995; Gregoriadis 1995). This fate may be useful for delivering drugs to

these cells but, in general, excludes other applications, including site-specific drug

delivery by using ligands expressed on the liposome surface in order to bind to

receptors (over)expressed on the diseased cells (Lasic 1993). For this reason,

substances that prolonged liposome blood circulation times which could evade

rapid uptake by the MPS were discovered (Allen and Chonn 1987; Gabizon and

Papahadjopoulos 1988), culminating in the development of PEG-coated, sterically

stabilized liposomes (Papahadjopoulos et al. 1991; Senior et al. 1991; Lasic and

Martin 1995). Many other approaches have been attempted to achieve targetable

properties, including noncovalent association of cell specific antibodies with lipo-

somes (Gregoriadis and Neerunjun 1975), coating of liposomes with heat aggre-

gated immunoglobulins M (IgM) (Weissmann et al. 1975), and covalent attachment

of poly and MAb to the liposomes, which selectively deliver the drug to the desired

sites of action (Koning et al. 2002; Moribe and Maruyama 2002). Liposomal

targeting through the integration of specific ligands and a mechanism of controlled

drug release result in the accumulation of the drug at the site of action. Specific

conditions found in the target tissues (e.g., a low pH in inflammatory tissues

and tumors) can be used as a trigger for controlled release by the integration of
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pH-sensitive components into the liposomal bilayer. A similar mechanism,

pH-dependent release via membrane fusion, can be used to escape endolysosomal

degradation after endocytosis, and to deliver active molecules or antigens to the

cytoplasm of target cells (Drummond et al. 2000).

20.2.2 Specialized Liposomes (Long-Circulating Liposomes)

Liposomes face certain limitations. First, they possess a short circulation half-life

after intravenous administration (Bakker-Woudenberg et al. 1994). Second, they

are prone to adhere to each other and fuse to form larger vesicles in suspension,

which may result in inclusion leakage (Taylor et al. 2005; Zhang and Granick

2006). Therefore, stability is a general problem with lipid vesicles. Moreover,

SUVs possess the disadvantage of low aqueous entrapment volume, and the use

of charged liposomes can be toxic. Several different strategies have been envisaged

to overcome these shortcomings with the surface modification of liposomes

(Oku and Namba 1994). The first strategy studied was the preparation of liposomes

mimicking the erythrocyte membrane; in this case, the liposome surface was

modified with gangliosides and sialic acid derivatives, such as monosialoganglio-

side (GM1) (Allen et al. 1989). Figure 20.3 shows liposomes with different mod-

ifications in order to increase their stability. Different types of biocompatible

Fig. 20.3 Schemetic representation of liposomes modified with different molecules (either for

targeting or for stabilization)
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polymers such as chitosan can be employed to improve the efficiency of conven-

tional liposomal systems (Perugini et al. 2000). Several authors have reported the

use of chitosan as a liposome coating to increase the stability of drug release

(Henriksen et al. 1997) and for targeting purposes (Takeuchi et al. 2003; Guo

et al. 2003).

The subsequent step was to increase the hydrophilicity of the liposomal surface

by using hydrophilic polymers. The mechanism whereby steric stabilization of

liposomes increases their longevity in circulation has been extensively discussed

(Drummond et al. 1999). The molecules found to be active in prolonging liposome

circulation time include amphiphatic polyethylene glycol derivatives of phosphati-

dylethanolamine such as PE-PEG, (Maruyama et al. 1994) monosialoganglioside

(GM1) (Allen and Chonn 1987), and others (Torchilin et al. 1994). This coating

allows the liposomes to evade RES uptake and remain in the systemic circulation

for a long period of time (Maruyama et al. 1992). The basic concept is that a

hydrophilic polymer or a glycolipid, such as PEG or GM1, possessing a flexible

chain that occupies the space immediately adjacent to the liposome surface

(“periliposomal layer”), tends to exclude other macromolecules from this space.

Consequently, access and binding of blood plasma opsonins to the liposome surface

are hindered, and thus interactions of MPS macrophages with such liposomes are

inhibited. By reducing MPS uptake, long-circulating liposomes can passively

accumulate inside other tissues or organs.

20.2.2.1 GM1 and Glucoronide Liposomes

Several glycolipids have been tested in studies of MPS uptake of liposomes after

i.v. injection: the glycolipid GM1 (a brain-tissue-derived monosialoganglioside)

significantly decreased MPS uptake when incorporated on the liposome surface,

and the formulation remained in blood circulation for several hours. GM1 grafted

liposomes with a diameter in the 90–200 nm range have longer blood retention (Liu

et al. 1992). Large liposomes with a diameter of >300 nm preferentially accumu-

late in the spleen, whereas those with a diameter of <40 nm probably penetrate the

interstitial spaces of the liver. The degree of macrophage uptake depends on the

concentration of GM1 in PC liposomes: a concentration of 10 mol% decreased

MPS uptake by 90%. This MPS-avoiding effect was reversed by the removal of the

sialic acid moiety, demonstrating the important role played by this molecule in

MPS-trapping avoidance (Yamauchi et al. 1994). Mora et al. (2002) observed

higher brain-tracer uptake for GM1 liposomes than for control liposomes in the

cortex, basal ganglia, and mesencephalon of both hemispheres; conversely, no

significant changes were observed in liver uptake or blood concentration of the

tracer. He et al. (1998) synthesized galactose derivatives Gal-b-(CH2-CH2-O)3-

C14H29 with oxygen-ethyl, which had specific affinity to the liver, as strengthened

targeted material. Oku and Namba (Oku and Namba 2005) recently summarized

their research on glucuronate-modified long circulating liposomes. Other recent

interesting applications of GM-coated liposomes involve their use for oral
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administration and delivery to the brain. In particular, Taira et al. (2004) suggest

that among liposomal formulations used as oral drug carriers, those containing

GM1 and GM type III have better possibilities of surviving through the gastroin-

testinal tract. Liposomes with different glycosyls combining on their surface can get

different distributions in vivo. For example, liposomes could be taken up by liver

parenchymal cells when carrying galactose residues, and could be taken up by

Kupffer cells when carrying mannose residues. They are intensively distributed in

the pulmonary (Zhang 2006) when carrying derivatives of amino mannose. The

addition of the strengthened targeted material did not affect the physical and

chemical properties of liposomes.

20.2.2.2 PEG-Coated Liposomes (Stealth Liposomes)

In order to improve the blood circulation time of liposomes, PEG has been

extensively used as a polymeric steric stabilizer. Surface modification of liposomes

with PEG can be achieved in several ways: by physically adsorbing the polymer

onto the surface of the vesicles, by incorporating the PEG-lipid conjugate during

liposome preparation, or by covalently attaching reactive groups onto the surface of

preformed liposomes. For incorporation into the liposomal bilayer, numerous lipid

derivatives of PEG have been made using lipids that, for example, contain a

primary amino group (particularly PE), an epoxy group, or a diacylglycerol moiety

(Allen and Hansen 1991; Allen et al. 1991a,b; Kirpotin et al. 1996; Woodle 1998);

the most widely used method being to anchor the polymer in the liposomal

membrane via a cross-linked distearoylphosphatidyl ethanolamine (DSPE) (Allen

et al. 1991a, b, 2002). Alternatively, activated PEG can be anchored to reactive

phospholipid groups of preformed liposomes (Senior et al. 1991). Another strategy

has utilized the transfer of PEG-phospholipid conjugates from the micellar phase

into the lipid bilayer of preformed vesicles (Uster et al. 1996). The PEG lipids

can also be incorporated in to the outer surface only, utilizing the so-called post-

insertion technique (Awasthi et al. 2004). This coating of liposomes by PEG attracts

water to the surface of the liposome and inhibits opposing absorption and uptake by

the MPS, resulting in prolonged circulation and, potentially, increased accumula-

tion at sites of infection (Allen 1998). PEG coating on the surface of the liposomes

substantially reduces the binding of blood proteins (van Etten et al. 1998a).

Moghimi and Szebeni (Moghimi and Szebeni 2003) critically examined the

supposed mechanisms that contribute to prolonged circulation times of sterically

protected liposomes. The behavior of PEGylated liposomes depends on the character-

istics and properties of the specific PEG linked to the surface. Figure 20.4 represents

the regimens proposed by deGennes, when polymers are attached to the liposome

surface, depending on the graft density of the polymer (de Gennes 1980). Although

the accepted opinion is that PEG increases circulation longevity of drug carriers

by reducing or preventing protein binding and/or by inhibiting cell binding/uptake,

there is sufficient conflicting data to warrant a reassessment of the mechanism(s)

by which surface-grafted PEGs improve liposome properties (Allen et al. 2002).
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Laverman et al. (2001) and Ishida et al. (2002) reported that intravenous injection in

rats of PEG-grafted liposomes may significantly alter the pharmacokinetic behavior

of a second dose when this second dose is administered after an interval of several

days. This phenomenon, called “accelerated blood clearance” (ABC), appears to

be inversely related to the PEG content of liposomes. Current research on PEG

liposomes has concentrated on attaching PEG to the liposome surface in a remov-

able fashion, in order to facilitate subsequent liposome capture by the cells.

20.2.2.3 Targeted Liposomes/Immmunoliposomes

To increase liposomal drug accumulation in the desired tissues, producing higher

and more selective therapeutic activity, the use of targeted liposomes has been

suggested. This involves the coupling of targeting moieties capable of recognizing

target cells, binding to them, and inducing the internalization of liposomes or

encapsulated drugs. Targeting moieties include MAb or fragments, peptides,

growth factors, glycoproteins, carbohydrates, or receptor ligands (Sapra and Allen

2003; Medina et al. 2004). One of the most compelling advantages is the dramatic

increase in the amount of drug which can be delivered to the target. Furthermore,

the number of ligand molecules exposed on the liposome surface can be increased,

improving ligand avidity and degree of uptake.

Polymer
Brush

Lipid Bilayer
Polymer

Polymer Pancake

–35A°

–15A°

–50A°

–1000A°

Fig. 20.4 Schematic diagrams of poly-(ethylene glycol) (PEG) configurations regime (mushroom,

brush and pancake) for polymer grafted onto surface of liposomes
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Immunoliposomes can also be built using the stealth technique, in such a fashion

as to be long-circulating and nonimmunogenic, as shown in Fig. 20.5 (Maruyama

et al. 1995). Type A is a PEG-free immunoliposome with the antibody covalently

linked to a short anchor. Type B is a PEG-immunoliposome with the antibody

covalently linked to the short anchor. Antibody molecules and PEG molecules

coexist on the liposome surface. A new type of long-circulating immunoliposome,

i.e., polyethyleneglycol (PEG) immunoliposome-attached antibodies at the distal

end of PEG chain, the so-called Type C or pendant-type immunoliposomes, show

much higher targetability than the ordinary immunoliposomes. The presence of free

PEG does not interfere with the binding of the terminally linked antibody to the

antigen. Ideally, the coupling method should be both simple and rapid, producing a

stable, nontoxic bond. During conjugation, the antibody should retain antigen

recognition, and the liposomes should not lose their structural integrity. The

pendant-type immunoliposomes can escape from the gaps between adjacent endo-

thelial cells and openings at the vessel termini during tumor angiogenesis, by

passive convective transport much higher than ligand-directed targeting. A future

possibility is to conjugate other ligands to the free PEG terminals of Fab0-Type C, in
order to direct the liposomes to surface receptors known to be internalized at a high

rate by cells. The ultimate goal is the incorporation of a fusogenic molecule that

would induce fusion of Type C immunoliposomes following their binding to the

target cells, or their internalization by endocytosis.

Fig. 20.5 Schematic illustration of immobilization of antibody on liposomes. Type A: PEG-free
immunoliposomes with antibody covalently linked to the short anchor; Type B: PEG-immunolipo-

somes with antibody covalently linked to anchor; Type C: PEG-immunoliposomes with antibody

attached to the distal terminal of anchor molecule (pendant-type PEG-immunoliposomes)
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20.2.2.4 pH-Sensitive Liposomes

Liposomes exhibiting pH sensitivity, and composed of phosphatidyl ethanolamine

and protonatable amphiphiles, have been developed and used for the intracellular

delivery of charged water-soluble compounds (Chu et al. 1990). PE-based pH-

sensitive liposomes have been shown to efficiently deliver diverse molecules to the

cytoplasm (Drummond et al. 2000). Liposomes that destabilize at mildly acidic pH

(pH-sensitive liposomes) can deliver highly charged encapsulated materials into

cells more efficiently than non-pH-sensitive liposomes (Torchilin et al. 1993). After

liposomes enter cells via endocytosis, the acidic pH inside the endosomes causes

pH-sensitive liposomes to release their aqueous contents into the cytoplasm, most

likely by destabilizing the endosome membrane (Collins 1995). Like other non-

sterically stabilized liposomes, however, pH-sensitive liposomes have very short

circulation times in vivo (Liu et al. 1989).

Several investigators have tried to construct serum-stable pH-sensitive lipo-

somes (Kono et al. 1994; Viani et al. 1993). Vladimir et al. (1997) found that

addition of PEG-PE to the membrane of pH-sensitive liposomes composed of

cholesteryl hemisuccinate (CHEMS) and DOPE confers steric stability to these

vesicles. Bilayer destabilization in liposomes containing DOPE can result in both

liposome fusion with adjacent membranes and content release (Hope et al. 1998).

The pH sensitivity of the liposomes decreased as the mole percentage of PEG-PE

was increased (Vladimir et al. 1997). pH-sensitive vesicles can also be produced by

coating liposomes with pH-responsive polymers (Chen et al. 1999). One group has

successfully synthesized pH-sensitive formulations bearing hydrophobically

modified copolymers of N-isopropylacrylamide (NIPAM) and methacrylic acid

(MAA) (Zignani et al. 2000). Roux et al. demonstrated that terminally alkylated

pH-sensitive NIPAM copolymers could provide, at neutral pH, a steric barrier

sufficient enough to significantly increase circulation time of the liposomes (Roux

et al. 2002, 2003). In another study, Rox et al. prepared pH-sensitive liposomes

using a terminally alkylated copolymer of NIPAM and MAA and PEG-phospho-

lipid derivative (Roux et al. 2004). Unfortunately, although the addition of PEG-PE

efficiently prolonged liposome circulation time, it also led to a significant decrease

in liposome pH-sensitivity.

20.2.3 Liposomal Formulations

Four types of lipid-based formulations of amphotericin B incorporated into lipo-

somes, sheets or disks are under intensive clinical investigation. These lipid-based

formulations differ in size, structure, shape, lipid composition and molar amphoter-

icin B content. Despite all these differences, they are all less toxic than Fungizone®

to mammalian cells, animal and human. Two of them (Amphocil and Abelcet)

are nonliposomal formulations (not discussed here), while one is based on lipid

nanosphere (discussed later). Only one liposomal formulation of Amphotericin
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B (AmBisome™), which is most widely used, is discussed below. Animal studies

have shown that liposomal formulations lead to higher concentrations of AmB in

the lungs than Fungizone® (Ruijgrok et al. 2005) or AmB directly solubilized in

fluorocarbons (Vyas et al. 2005). Clinical trials have shown that the lipid formula-

tions are easier to aerosolize and better tolerated than Fungizone® (Perfect et al.

2004; Drew 2006). Macrophages may function as reservoirs of amphotericin B for

intracellular and extracellular antimicrobial action (Brajtburg and Bolard 1996).

Similarly, drug concentrations of liposomes loaded with AmB and coated with

mannan or pullanan were higher than those delivered by unmodified liposomes,

when aimed to target alveolar macrophages (Vyas et al. 2005). Recently, a novel

lipid-based oral formulation, comprising of AmB, DSPE-PEG, monoglycerides,

and diglycerides (licensed to iCo Therapeutics Inc., Vancouver, BC, Canada) was

developed, protecting the acid labile AmB from destruction in the stomach and thus

presenting more AmB to the intestinal mucosa for absorption (Sachs-Barrable et al.

2008). This results in sustained plasma concentrations that approximate conven-

tional AmB intravenous therapy (Fungizone®) without the significant drug and

infusion-related side-effects (Wasan et al. 2009).

The most well-established of the lipid-complexed formulations of amphotericin

B is AmBisome™ (NeXstar Pharmaceutical Inc.), which is now widely available.

This is the only true liposomal formulation. It is being used increasingly in Europe

for the treatment of serious, life-threatening fungal infection. It is composed of

small, unilamellar vesicles which yield a very stable lipid bilayer, in the gel state at

physiological temperature. AmB is incorporated into this bilayer at 10 moles%

(Table 20.1). The size of the liposomes (about 80 nm) means that they have a long

circulating half-life and a good penetration into tissues. AmB is anchored tightly

in the AmBisome™ bilayer, due to favorable interactions of the macrolide with

the surrounding lipids. DSPG probably interacts directly with AmB; cholesterol

may also play a role. The stable bilayer composition reduces exchange with

lipoproteins and contributes to the very low toxicity of this formulation (Adler-

Moore and Proffitt 2002). In the early 1990s, three studies (Mills et al. 1994;

Meunier et al. 1991; Ringden et al. 1991) demonstrated the safety and efficacy of

the AmBisome™. According to some clinical reports (Hay 1994), AmBisome™
showed a low adverse reaction (0–5%) and good tolerance with high-dose or long-

term administration in clinical use.

The use of AmBisome™ is clinically supported by extensive published data (Ng

and Denning 1995). AmBisome™ appears to be effective (with a response rate up to

80%) and well-tolerated in the treatment of invasive fungal infections in immune-

compromised patients. Furthermore, the response rate has been 40–50% for infec-

tions with Aspergillus and Candida spp. (Ng and Denning 1995). AmBisome™
appears to have an underlying immunomodulating effect by enhancing effector

cell function against fungal cells (Abu-Salah 1996). Over six times more ampho-

tericin B in AmBisome than in Fungizone1 could be delivered in mice without any

acute toxicity. A phase 3, multicenter, randomized, double-blind study of the safety

and efficacy of an liposomal AmB loading dose regimen versus a standard lipo-

somal AmB regimen was performed by Cornely (2005), to determine the appropriate
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daily dose for the initial treatment of invasive aspergillosis and other filamentous

fungal infections in immunocompromised patients. The standard regimen of 3 mg/kg/

day for 14 days had a favorable overall response rate of 50% and a 12-week survival

rate of 72%, comparable to those previously reported for voriconazole in a similarly

designed trial (Herbrecht et al. 2002). However, the high-dose regimen did not

demonstrate any improvement in overall response or survival. Finally, the cost-

effectiveness of AmBisome™ has been compared with Fungizone1 for empirical

treatment of febrile neutropenic patients (Hiemenz et al. 1998). AmBisome™ is

probably the only agent which can reasonably be considered for dose escalation or

prophylactic therapy, because toxicity is reduced in all measured parameters.

Leenders et al. (1997) compared a 21-day course of AmBisome™ 4 mg/kg/day

with Fungizone1 0.7 mg/kg/day on a small number of HIV-positive patients with

cryptococcal meningitis. The overall results were roughly the same, in that the

difference in 21-day rates of Cerebrospinal Fluid (CSF) culture conversion did not

reach statistical significance. In another study by Leenders et al. (1998), AmBi-

some™ 5 mg/kg/day was compared with Fungizone1 1 mg/kg/day in a severely

neutropenic patient population who had proven or probably invasive fungal

infections. Complete responses with AmBisome™ were better than Fungizone1.

Table 20.1 Various properties of commercially available lipid formulation of amphotericin B

(AmBisome™)

Properties AmBisome™

Lipid components Hydrogenated soy PC:Chol:DSPG:AMB

2:1:0.8:0.4

AMB/lipid (mol%) 10

Charge Negative

Structure Small unilamellar liposomes

Particle size (nm) 45–80 (in diameter)

Available as Lyophilized powder

Toxicity (as compared to amphotericin B) 70–80 times less toxic

Safety profile Adverse effects in <5% of the patients

Dosage 5–7.5 mg/kg/day

Acute LD50 murine >175 mg/kg

Bioavailability (as compared to fungizone) Greater

Vd (l/kg) 0.11

Cmax (mg/l) 83

AUC (mg h/l) 555

Plasma half-life (h) (5 mg/kg) 8.6

Treatment (7 days) (5 mg/kg/day)

Plasma concentration (mg/l) 62.90

CSF concentration (mg/l) 0.024

Brain concentration (mg/g) 1.99

Nephrotoxicity as measured by serum creatinine (mg/l)

AmBisome™ (3 mg/kg) 13

AmBisome™ (5 mg/kg) 12

Vd, volume of distribution

Cmax, maximum plasma concentration

AUC, area under concentration-time curve

498 Q. Zia et al.



A multicentre study by Walsh et al. (1999) compared AmBisome™ 3 mg/kg/day

with Fungizone1 0.6 mg/kg/day. The results showed that there were significantly

fewer proven breakthrough fungal infections in the AmBisome™ treatment group.

van Etten et al. (1995b) reported that the therapeutic efficacy of liposomal AmB

coated with PEG (PEG-L-AmB) was better than that of AmBisome™ against

invasive candidiasis in neutropenic mice. In comparison to L-AmB, it conferred a

significantly prolonged blood residence time, and displayed dose-independent

pharmacokinetics over a large range of dosages (van Etten et al. 1998b). In a

leukopenic mouse model of disseminated candidiasis, PEG L-AmB had enhanced

antifungal efficacy as compared to the nonPEGylated product and L-AmB

(AmBisome™) (van Etten et al. 1995b, 1998b). In another study, immunolipo-

somes of PEG-L-AmB provided enhanced survival and tissue clearance in a murine

model of pulmonary aspergillosis (Otsubo et al. 1998). These carriers served to

improve the therapeutic index of AmB, and were found to be more effective than

AmB integrated with long-circulating liposomes (100% vs 83.3% survival rate)

(Otsubo et al. 1998). Likewise, treatment of murine candidiasis and cryptococcosis

with AmB integrated with immunoliposomes proved enhanced activity compared

to that with conventional L-AmB (Belay et al. 1991; Dromer et al. 1990). In mice

with pulmonary inflammation (aspergillosis), 34A-PEG-LAmB immunoliposomes

(Maruyama et al. 1995) showed highest concentrations of AmB in lungs. 34A-PEG-

LAmB exhibited good therapeutic efficacy in low doses, in which AmBisome™ did

not show a satisfactory effect against pulmonary aspergillosis in immunosup-

pressed mice (Kohno et al. 1997).

In vivo studies have shown encouraging results for the association of liposomal

AmB with both voriconazole and echinocandins, in models as different as rat

models of invasive aspergillosis (Kirkpatrick et al. 2006), a murine model of

cerebral aspergillosis (Clemons et al. 2005), or a murine model of Candida glabrata
systemic infection (Olson et al. 2005). In humans, a few case reports and a small

series of results of associations have been reported, but none are randomized studies

(Aliff et al. 2003; Kontoyiannis et al. 2003; Marr et al. 2004).

NyotranÒ (Aronex Pharmaceuticals), an intravenous multilamellar liposomal

nystatin formulation (having size 0.1–3 mm), contains dimyristoyl phosphotidyl

choline and dimyristoyl phosphatidyl glycerol in a 7:3 ratio (Arikan and Rex 2001).

Liposomal nystatin appeared to be as active as free nystatin, with minimal inhibi-

tory concentrations (MICs) and MLCs that were similar to, or lower than, those of

the latter against Aspergillus spp., Candida spp., and Cryptococcus neoformans.
Neither formulation of nystatin was as active as amphotericin B deoxycholate

(Fungizone1) or Amphotericin B lipid complex (Abelcet), but both were more

effective than liposomal amphotericin B (AmBisome™) (Elizabeth et al. 1998). Its

in vivo efficacy may be superior compared to the parent compound, nystatin, due to

the enhanced entrapment of the drug in the reticuloendothelial system and thus

increased delivery to the site of infection (Arikan and Rex 2001). Another study

showed that pH-sensitive nystatin liposomes possess enhanced antifungal activity

in terms of increased survival rate, as well as reduced fungal burden in brain and

liver (Nasti et al. 2006).
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The co-administration of tuftsin increased the efficiency of liposomised-polyene

antibiotics (nystatin and amphotericin B) against experimental murine candidiasis

in immunocompromised Balb/c mice (Khan et al. 2004a). Our group has demon-

strated immunopotentiating efficacy of tuftsin against experimental murine asper-

gillosis in both normal and immunodebilitant BALB/c mice, and found that

co-administration of the immunomodulator tuftsin and liposomised-amphotericin

B was highly effective in the treatment of systemic infection of Aspergillus
fumigatus in both cases, resulting in successful elimination of fungal pathogen

(Khan et al. 2005a). Tuftsin-loaded nystatin liposomes exerted less toxicity to

human erythrocytes than free nystatin, and showed a higher level of the drug in

the systemic circulation (Khan et al. 2006). Another study demonstrated higher

efficacy of tuftsin-loaded Amp B liposomes against experimental murine crypto-

coccosis, in terms of enhanced survival rate and reduced fungal burden in organs

(lungs and brain) of the treated mice (Khan and Owais 2005). A study by Ahmad

et al. (2005) evaluated effectiveness of various forms of clove oil against vaginal

candidiasis, and found that topical administration of liposomized clove oil was

highly effective in combating the disease.

Chloroquine entrapped in phosphotidyl serine (PS) liposomes shows increased

activity against C. neoformans infection in both in vitro and in vivo studies.

Chloroquine in PS liposomes was found to be more effective than the same dose

of free chloroquine or chloroquine entrapped in neutral liposomes (Khan et al.

2004b, 2005b). In another study, we demonstrated that treatment with Diallyl

Sulphide (DAS)-bearing liposome significantly decreased residual fungal load in

vital organs of experimental animals against infection caused by Candida albicans
(Maroof et al. 2009). It also resulted in the highest survival rate in animals. The

liposomal DAS was also found to be free of toxic manifestations, as revealed by

erythrocyte lysis test and liver/kidney function tests (Maroof et al. 2009).

Liposomal clotrimazole (e.g., clotrimazole: egg phospholipid: cholesterol

¼ 2:7:3, molar ratio) for vaginal administration were developed to reduce dosing

frequency and drug toxicity, which are issues associated with currently available

formulations (Ning et al. 2005). A heptaene polyene macrolide SJA-95 isolated

from a new strain, Streptomyces sp. S-24, has shown some promising antifungal

activity in vitro against yeasts, filamentous fungi, and clinical isolates, including

plant pathogens (Naik et al. 2007). Also reported is/are its possible mechanism(s) of

antifungal activity (Desai and Naik 2008a). Studies have indicated that Lip SJA-95

treatment led to prolonged survival time, effective microbiological clearance, and

reduced toxicity in the mice model of Candidiasis (Desai and Naik 2008b).

20.3 Nanoparticles (Polymer–Drug Conjugates)

Nanoparticles (including nanospheres and nanocapsules of size 10–200 nm)

(Fig. 20.1b, c) are biodegradable polymeric particles in the solid state, and are

either amorphous or crystalline. They serve as drug carriers, with the active
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principle either dissolved, entrapped, encapsulated, adsorbed, or chemically

attached, thus protecting it against chemical and enzymatic degradation (Yuan

and Yi 2003). Nanocapsules are vesicular systems in which the drug is confined

to a cavity surrounded by a unique polymer membrane, while nanospheres are

matrix systems in which the drug is physically and uniformly dispersed. Nanopar-

ticles as drug carriers can be formed from both biodegradable polymers and

nonbiodegradable polymers. Nanoparticles can be administered by various routes,

are easily produced and stored, and, in contrast to liposomes, inexpensive (Kreuter

1996). Nanoparticles enhance the delivery of certain drugs across membranes, and

may enhance the oral bioavailability of poorly absorbable drugs and tissue uptake

after parenteral administration through adherence to the capillary wall. Because of

their small size, they have the potential to leave the vascular system at sites of

inflammation (Davis 1997). Nanoparticles are subject to phagocytosis and endocy-

tosis: due to their hydrophobic surface, they are rapidly coated (“opsonized”) by

plasma proteins and taken up by the MPS of liver, spleen, and bone marrow.

Coating with hydrophilic copolymers or polyethylene glycol (PEG), however,

results in increased hydrophilicity, prolonged circulation in the bloodstream and

thereby, potentially enhanced uptake in non-MPS organs, and accumulation at sites

of inflammation (Davis 1997). The size of nanoparticles for crossing different

biological barriers is dependent on the tissue, target site, and circulation (Bran-

non-Peppas and Blanchette 2004).

Self-assembled nanocarriers are generally characterized of a hydrophobic core

and a hydrophilic shell, i.e., the hydrophobic core acts as a drug incorporation part

and the outer shell acts as a safeguard from attack by the reticuloendothelial system.

Therefore, they are considered as superior drug carriers, and have been developed

by several researchers (Kataoka et al. 1993; La et al. 1996; Gref et al. 1994; Jeong

et al. 1998; Yokoyama et al. 1991). Polymeric nanoparticles have been synthesized

using various methods (Pinto et al. 2006), according to application needs and the

type of drugs to be encapsulated. Such nanoparticles provide a controlled/sustained

release property, subcellular size, and biocompatibility with tissue and cells

(Panyam and Labhasetwar 2003). Encapsulating drugs within NPs can improve

their solubility and pharmacokinetics, and, in some cases, enable further clinical

development of new chemical entities that have stalled because of poor pharmaco-

kinetic properties (Alexis et al. 2008). Apart from this, these nanomedicines are

stable in blood, nontoxic, nonthrombogenic, nonimmunogenic, noninflammatory,

do not activate neutrophils, are biodegradable, and are applicable to various mole-

cules such as drugs, proteins, peptides, or nucleic acids (Des Rieux et al. 2006).

Drug-loading into nanoparticles (Fig. 20.6) is achieved by two methods: (1) by

incorporating the drug at the time of nanoparticle production, or (2) by adsorbing

the drug after the formation of nanoparticles by incubating them in the drug solution

(Soppimath et al. 2001). Drugs can be loaded onto nanoparticles by adding them to

a solution that contains previously prepared nanoparticles, or by adding them to the

reaction mixture during the polymerization process (Soppimath et al. 2001).

The major carrier materials of nanoparticles are synthetic biodegradable high mole-

cular polymer and natural polymer. The former usually include poly-a-cyanoacrylate
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alkyl esters, polyvinyl alcohol, polylactic acid (PLA), and polyglycolic acid, etc.

The latter is usually divided into two classes: proteins (albumin, collagen, gelatin,

and vegetable protein) and polysaccharides (cellulose, starch and its derivatives,

alginate, chitin, and chitosan, etc.) (Xiao and Li 2002). Synthetic biodegradable

material can hydrolyze under mild physiological conditions. These types of mate-

rial possess better biocompatibility and lower immunogenicity than the natural

biopolymer. Furthermore, their properties are easy to control by chemical or

physical modification. The most common synthetic materials are polyesters (Hao

and Liang 2002), such as PLA, PGA, polylactic acid/glycolic acid (PLGA), lactic

acid–polyethylene glycol (polypropylene glycol) copolymer, etc. Other materials

include N-(2-hydroxypropyl)-methacrylamide copolymer (HPMA), polystyrene-

maleic anhydride copolymer, and poly-L-glutamic acid (PGA). Among synthetic

polymers, PGA was the first biodegradable polymer to be used for conjugate

synthesis (Li 2002). Several representative chemotherapeutics that are used widely

in the clinic have been tested as conjugates with PGA in vitro and in vivo, and have
shown encouraging abilities to circumvent the shortcomings of their free-drug

counterparts (Li 2002). Owing to their small size and excellent biocompatibility,

nanosized polymer nanoparticles can circulate in the bloodstream for long periods

of time, allowing them to reach the target site.

Fig. 20.6 Drug loading into nanoparticles: The drug molecules are either entrapped inside or

adsorbed on the surface. (Originally adapted from (Tiyaboonchai 2003) but modified)
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20.3.1 Nanoparticle Formulations

A lipid nanosphere formulation of AmB (NS-718), composed of AmB, soybean oil,

lecithin, and maltose, was developed that has an average particle size of 25–50 nm

(Kohno et al. 1995). NS-718 showed efficacy against pulmonary aspergillosis

in rats and pulmonary cryptococcosis in mice. The renal and nephrotic toxicity

of NS-718 was estimated to be lower than that of AmB from the results of

the toxicity study in the rat infusion model (Maesaki et al. 1999a). In vitro, the

compound had similar activity against C. albicans, C. neoformans, and A. fumiga-
tus, and was more effective against murine pulmonary cryptococcosis and aspergil-

losis than equimolar dosages of D-AmB and L-AmB (Hossain et al. 1998; Maesaki

et al. 1999b; Otsubo et al. 1999). NS-718 exhibited reduced uptake by the MPS,

prolonged residence in the bloodstream and distribution to other extravascular sites,

as evidenced by higher peak concentrations and area under the curve (AUC)-values

in lung tissue (Otsubo et al. 1999). In a tissue distribution study, the concentration

of NS-718 in the liver was lower than that of Fungizone®. The concentration of

AmB in pleural exudate after NS-718 was intravenously injected was higher than

that obtained with Fungizone®. These results showed that NS-718 easily permeates

leaky blood vessels at sites of inflammation (Fukui et al. 1996). Thus, NS-718 has a

broad spectrum of antifungal activities, AmBisome™ showed weaker antifungal

activity than that of NS-718, because the release of AmB from AmBisome™ was

slow and slight. In another study, the antifungal activity of lipid nanosphere LNS-

AmB against C. albicans was found to be similar to that of Fungizone® and

dimethyl sulfoxide-solubilized AmB. In a mouse model of systemic candidiasis,

LNS-AmB (1.0 mg/kg) was much more effective than AmBisome™ (8.0 mg/kg) or

Fungizone® (1.0 mg/kg) (Hiroshi et al. 2003). Recently, nanoparticulate carriers of

amphotericin B were prepared in different gelatins (GNPs) (type A or B) by the

two-step desolvation method and assessed for controlled delivery as well as reduced

toxicity (Nahar et al. 2008). AmB nanoparticles prepared by a nanoprecipitation

method demonstrated some improvement in toxicity factors when compared to

Fungizone®. Also, the AUC for AmB nanoparticles indicates an eight-fold increase

over orally administered Fungizone® (Italia et al. 2009).

In order to improve the oral bioavailability of two clinically important antifungal

drugs — clotrimazole and econazole — researchers have encapsulated them in

nanoparticles of a synthetic polymer (polylactide-co-glycolide, PLG) or a natural

polymer (alginate stabilized with chitosan). Overall, the alginate formulation

appeared to be better than the PLG formulation, with better encapsulation effi-

ciency, biodistribution, and pharmacokinetic data (Pandey et al. 2005). One group

suggests that PLGA nanoparticles loaded with voriconazole (PNLV) could improve

voriconazole antifungal efficacy, as shown by VRC tests against fungi (Peng et al.

2008). Nanoparticle compositions of itraconazole for deep lung delivery have been

designed to achieve sufficient drug concentrations at the infected sites. Particle

engineering technologies, including evaporative precipitation of aqueous solution

(EPAS) (Elder et al. 2006), spray freezing into liquid (SFL) (Vaughn et al. 2005)
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and ultra-rapid freezing (URF) (Overhoff et al. 2007), have been used to prepare

nanostructured particles containing itraconazole. Recently, a novel nanostructured

itraconazole solid solution (itraconazole: mannitol: lecithin ¼ 1:0.5:0.2 weight

ratio, URF–itraconazole) formulation employing FDA-approved excipients for

pulmonary delivery was developed by URF technology (Yang et al. 2008a).

20.4 Micelles (Amphiphilic Block Copolymers)

Polymeric micelles (Fig. 20.1d), formed of amphiphilic block copolymers (ABCs)

(5–50 nm), self-assemble to form a nanoscopic supramolecular core/shell structure

in aqueous media (Kwon and Okano 1996), and are of great interest for drug

delivery applications (Torchilin 2001). ABC micelles have a hydrophobic core

surrounded by a hydrophilic outer shell. The hydrophobic core region serves as a

reservoir for hydrophobic drugs, and can act as a nanodepot for these agents. This

drug-loaded inner core is protected by a corona of biocompatible, hydrophilic

polymeric chains exposed to the aqueous environment (Kataoka et al. 2001), that

stabilizes the hydrophobic core and renders the polymers water-soluble, making

the particle an appropriate candidate for i.v. administration (Adams et al. 2003).

The self-assembly of amphiphilic block copolymers in water is based on nonpolar

and hydrophobic interactions between the lipophilic core-forming polymer chains.

The process is concomitantly driven by a gain in entropy of the solvent molecules as

the hydrophobic components withdraw from the aqueous media (Dufresne et al.

2003). The hydrophilic shell contributes greatly to the pharmaceutical behavior of

polymeric formulations by maintaining the micelles in a dispersed state, as well as

by decreasing undesirable drug interactions with cells and proteins through steric-

stabilization effects. The size of polymeric micelles ranges from �10 to �100 nm,

and usually the size distribution is narrow (Kataoka et al. 2001). The polymer

concentration at which the association first takes place, sometimes known as the

critical association concentration (CAC), is lower by several orders of magnitude

than typical surfactant CMC values. Thus, polymeric micelles are more stable

towards dilution in biological fluids. They can increase drug bioavailability and

retention, since the drug is well-protected from possible inactivation under the

effect of their biological surroundings (Kwon 2002). Substitution of block copoly-

mer micelles with specific ligands is a very promising strategy for a broader range

of sites of activity with a much higher selectivity (Torchilin 2001). Usually,

amphiphilic block copolymers of the A–B or B–A–B type, where A represents a

hydrophilic block and B represents a hydrophobic block, are used to construct

polymeric micelles. After conjugation with drug, they can form a core–shell

micellar structure with the hydrophobic drug-bound B segments in the hydrophobic

core and the hydrophilic A segments as a hydrated outer shell, as shown in

Fig. 20.7.

There are two typical methods of entrapping a poorly water-soluble drug in the

hydrophobic core of a micelle: (a) a block copolymer and a poorly water-soluble
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drug are dissolved in a water-miscible organic solvent, such as ethanol or N,N-

dimethyl formamide (DMF), and the solution is dialyzed in water (Dialysis

Method), or (b) a drug solution of a water-immiscible organic solvent, such as

dichloromethane or chloroform, is added to an aqueous polymeric solution and the

organic solvent is evaporated from the solution mixture (O/W Emulsion-Solvent

Evaporation Method). In addition, the drug can be loaded into a polymeric micelle

by physical encapsulation (physically entrapped in the core of block copolymer

micelles and transported at concentrations that can exceed their intrinsic water-

solubility: see Batrakova et al. 1996) or chemical covalent attachment (Nakanishi

et al. 2001). Physical methods of drug encapsulation in polymeric micelles include

the dialysis method, the oil/water emulsion method, the solvent evaporation

method, co-solvent evaporation, and the freeze-drying method (Aliabadi and Lava-

sanifar 2006). Moreover, the hydrophilic blocks can form hydrogen bonds with

the aqueous surroundings and form a tight shell around the micellar core. As a

result, the contents of the hydrophobic core are effectively protected against

hydrolysis and enzymatic degradation (Bae et al. 2003). In addition, the corona

may prevent recognition by the reticulo-endothelial system, and therefore prelimi-

nary elimination of the micelles from the bloodstream (Packhaeuser et al. 2004).

(B-A TYPE)

AA

A A

B B

B
B

B
B

(B-A-B TYPE)

Fig. 20.7 Selected types of polymer–drug conjugate, where A represents a hydrophilic block and

B represents a hydrophobic block
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20.4.1 Formulations Based on Micelles

To increase its therapeutic index, AmB has been solubilized in micelles based on

poly(ethylene oxide)-block-poly(b-benzyl-L-aspartate) (PEO-block-PBLA at a

drug: carrier ratio of 1:19 and a mean particle size of 2,694 nm, using a dialysis

method of drug loading. The AmB diblock copolymer formulation showed a lower

degree of aggregation of the AmB molecules than D-AmB, was less hemolytic and

displayed increased antifungal activity in vitro (Yu et al. 1998a, b). The antifungal

activity of the AmB-loaded PEO-block-PBLA micelles was found to be four to

eight times higher than Fungizone® in terms of MICs. Finally, AmB-loaded PEO-

PBLA micelles can be freeze-dried and easily reconstituted in water (Yu et al.

1998a,b). A new type of conjugate of AMB with block copolymer poly(ethylene

glycol)-b-poly(L-lysine) (PEG-b-PLL), which is considered to be fully biocompat-

ible and nontoxic, was prepared by Sedlák et al. (2007a, b). Choi et al. (2008)

showed that AmpB-encapsulated polymeric micelles of poly (d,l-lactide-co-glyco-

lide) (PLGA) grafted-dextran (DexLG) copolymer can be considered to be potential

antifungal agent carriers. Lavasanifar et al. (2002) assessed the effect of fatty acid

substitution of a micelle forming poly(ethylene oxide)-block-poly(N-hexyl stea-
rate-Laspartamide) (PEO-b-PHSA) on the encapsulation, hemolytic properties and

antifungal activity of amphotericin B (AmB), and found that PEO-b-PHSAmicelles

with a high level of stearic acid side-chain substitution can effectively solubilize

AmB and reduce its hemolytic activity, yet retain its potent antifungal effects. In

another study, a block copolymer poly(2-ethyl-2-oxazoline)-block-poly(aspartic

acid) (PEOz-b-PAsp) increased not only the solubility of AmB but also simulta-

neously the drug potency. The prolonged release of AmB from micelles effectively

inhibited the growth of C. albicans even after 3 days of administration. Moreover,

the in vitro cytotoxicity of AmB-loaded micelles was less than that of Fungizone1

(Wang et al. 2009).

Itraconazole (ITZ-PM) monomethoxy poly(ethylene glycol)-b-poly(lactic acid)
and poly(lactic acid) formulation showed remarkably increased solubility in aque-

ous media. Toxicity studies and pharmacokinetic profiles of ITZ-PM for itracona-

zole and its major metabolite, hydroxy-itraconazole, were comparable to those of

the CD formulations (Sporanox® injection and oral solution) in rats and dogs. These

results suggest that ITZ-PM can be an advantageous formulation for both intrave-

nous and oral routes (Yi et al. 2007).

20.5 Cyclodextrins

CDs are unique molecules with “pseudo-amphiphilic” structure, and several mem-

bers of this family are used industrially in pharmaceutical and allied applications

(Fig. 20.1e). CDs are cyclic oligosaccharides manufactured from starch (Bilensoy

and Hincal 2009). The degradation of starch by the enzyme glucosyl-transferase
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generates, by chain splitting and intramolecular rearrangement, primary products

that are cyclic oligomers of a-1,4-D-glucopyranoside, or CDs. Major natural CDs

are crystalline, homogeneous, nonhygroscopic substances that have a torus-like

macro-ring shape built up from glucopyranose units (Loftsson and Duchene 2007;

Uekama 2004). CDs derive their system of nomenclature from the number of

glucose residues in their structure, such that the glucose hexamer is referred to as

a-CD, the heptamer as b-CD and the octomer as g-CD. There are literally thousands
of variations of CDs that have variable ring size and random or site-specific

chemical functionalization. A comprehensive overview of all aspects of CDs is

available (Atwood et al. 1996).

CDs are “enabling” vehicles, and can be used for oral and intravenous (i.v.)

delivery. When utilized as a vehicle for oral administration, CDs enhance the

bioavailability of insoluble drugs by molecular dispersion, protection from degra-

dation, and delivery to the surfaces of the intestinal wall. Given as parenteral

vehicles, they serve as solubilizers for complex hydrophobic drugs, but they do

not alter their pharmacokinetics (Thompson 1997). Their three-dimensional form is

that of a truncated hollow cylinder with a hydrophilic outside and a hydrophobic

inside. The internal hydrophobic domain can accommodate poorly water-soluble

molecules, while the hydrophilic outside facilitates solubility in the aqueous envi-

ronment (Thompson 1997; Stella and Rajewski 1997). Figure 20.8 depicts CD–drug

complexation at various ratios. Because carrier and drug are associated by nonspe-

cific hydrophobic forces only, they can easily dissociate at sites of greater affinity,

i.e., at the lipid-rich surface of the intestinal wall after oral administration (Stevens

1999) and after contact with plasma proteins when administered i.v. (Stella and

Rajewski 1997). Thus far, most research has focused on the b-CDs. The natural

b-CD has a low solubility in water and also considerable nephrotoxicity after i.v.

administration; following chronic dosing, CD cholesterol crystals are deposited in

CD

a

b
Drug

Drug 1:2 drug-CD complex

1:1 drug-CD complex

CD

+

+

Fig. 20.8 Scheme depicting cyclodextrin–drug complexation. a 1:1 drug–CD complex. b 1:2

drug–CD complex
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proximal renal tubular cells, leading to cell damage and ultimately, cell necrosis

(Thompson 1997). The major advantage of amphiphilic CDs is their self-alignment

or packaging properties at interfaces, which is sufficient to form nanoparticles

spontaneously without the presence of a surfactant, along with their demonstrated

ability of forming inclusion complexes with various drugs in their cavity and within

the long aliphatic chains (Memisoglu-Bilensoy et al. 2005; Bilensoy et al. 2007).

For manufacturing amphiphilic CDs, three different techniques have been reported

in the literature, viz. the nanoprecipitation technique (Fessi et al. 1997; Wouessid-

jewe et al. 1996; Lemos-Senna et al. 1998a), the emulsion/solvent evaporation

technique (Lemos-Senna et al. 1998b), and the detergent removal technique

(Lemos-Senna 1998). Among these techniques, the nanoprecipitation technique is

generally preferred, because it is a simple technique resulting in unimodal distribu-

tion with good reproducibility.

20.5.1 Cyclodextrin (CD) Formulations

Several attempts to improve the therapeutic efficacy of miconazole by formation of

inclusion complexes (prepared by freeze-drying and kneading) with CD and their

derivatives have been reported (Hostetler et al. 1992; Pedersen 1994). Among

these, the miconazole/hydroxypropyl b-CD (HP-b-CD) complex demonstrated a

2.3-fold increase in oral bioavailability in rats, compared to an aqueous miconazole

nitrate particulate suspension (Tenjarla et al. 1998). Likewise, complexes of keto-

conazole and clotrimazole with various CDs have been investigated (Taneri et al.

2002, 2003a, b; Yong et al. 2007). Only moderately enhanced oral bioavailability of

ketoconazole/HP-b-CD in mice was reported (Hostetler et al. 1992). Among clotri-

mazole/CD complexes, the complexation with gamma-CD had greater antifungal

activity against C. albicans than the corresponding physical mixture, or clotrimazole

alone (Yang et al. 2008b). Complexation of sulconazole with CD offers the possibil-

ity to improve the aqueous solubility of the antifungal drug without modification of

its original structure. The inclusion complex showed an acute toxicity smaller than

the pure drug, due to higher solubility and bioavailability of the complexed drug.

Also, the in vitro antifungal activity of the complexed drug was shown to be higher

(MIC50 is half and MIC90 is a quarter) than that of the pure biological active

compound (Miron et al. 2009).

Three CD formulations of antifungal agents are currently in clinical use. They

include the HP-b-cyclodextrin (HP-b-CD) itraconazole oral suspension, the

HP-b-CD itraconazole intravenous solution, and the investigational intravenous

sulphobutyl ether b-CD (SBE-b-CD) formulation of voriconazole. Itraconazole is

commercially available in numerous dosage forms under the brand name Sporanox®

(Ortho-McNeil, NJ, USA). The capsule-based oral dosage form consists of beads

having a sugar core, coated with a mixture of itraconazole and hydroxypropyl-

methylcellulose (HPMC), sealed with an outer coating layer. The bioavailability

from the oral capsule is low, with considerable intra- and inter-individual variability
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(Poirier and Cheymol 1998), because this formulation requires an acidic environment

and the presence of food for adequate absorption (Barone et al. 1993). HP-b-CD was

chosen as the functional excipient to enable both of these formulations (Peeters et al.

2002). The oral and intravenous formulations that were developed proved to be safe

and effective in numerous clinical trials, and this resulted in their market introduction

in the United States and Europe (the oral solution in 1997 and the intravenous product

in 1999) (De Beule and Van Gestel 2001; Slain et al. 2001; Willems et al. 2001).

An alternative oral solution, the itraconazole/HP-b-CD complex containing

10 mg/ml of itraconazole and 400 mg/ml of HP-b-CD at a target pH of 2, has also

been developed. In comparison to the capsule form, the oral HP-b-CD itraconazole

suspension confers enhanced oral bioavailability (55%), with a mean increase in the

AUC 0–24 of approximately 30% (Barone et al. 1998) and with more consistent

plasma concentrations (Willems et al. 2001). The carrier has minimal-to-absent

systemic effects, due to the lack of systemic absorption. It may, however, exert

osmotic activity in the intestinal lumen, which may lead to gastrointestinal intoler-

ance (Stevens 1999). Hydroxybutenyl cyclodextrin (HBen-b-CD), a chemically

modified CD with higher aqueous solubility than HP-b-CD, has been used to

formulate itraconazole complexes, including liquid and lyophilized solid forms

(Buchanan et al. 2007). After intravenous administration of HP-b-CD itraconazole

or SBE-b-CD voriconazole, the CD vehicle is cleared very rapidly from the plasma;

within 24 h, more than 95% of given dose are excreted in unchanged form into

the urine (Thompson 1997; Irie and Uekama 1997). The sulphobutyl ether derivatives

of b-CD (SBE-b-CD) represent the newest CD derivative to be approved (Thompson

1997; Zia et al. 2001; Rajewski et al. 1995; Kim et al. 1998). An SBE-b-CD
intravenous formulation of the antifungal agent voriconazole (Vfend; Pfizer) resulted

in a dosage form containing 3.2 g of the CD and 200 mg of the active principle. The

future of CDs and CD-containing polymers in the pharmaceutical industry seems to

be bright. There are numerous traditional and nontraditional applications that are on

the horizon for commercialization.

20.6 Cochleate Lipid Cylinders

Cochleate delivery vehicles represent a new technology platform for oral and

systemic delivery of clinically important drugs. Cochleates (Fig. 20.1f) are a novel

lipid-based system that has potential as a delivery system for molecules with impor-

tant therapeutic biological activities, including drugs (Zarif et al. 1999a, 2000;

Graybill et al. 1999; Santangelo et al. 2000) and genes (Zarif and Mannino 2000)

for therapeutic purposes, and antigens for vaccine applications (Mannino and Gould-

Fogerite 1997). Cochleates are stable, negatively charged phospholipid–cation

precipitates, composed of naturally occurring materials, for example, phosphatidyl-

serine and calcium. They are defined multilayered structures of solid continuous lipid

bilayer sheets, rolled up in a spiral, with little or no internal aqueous space.

This anhydrous, unique structure provides protection from degradation in the
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gastrointestinal tract for associated molecules, and offers a new way of stabilizing

biopharmaceuticals such as proteins, peptides, nucleic acids and other sensitive

moieties. Papahadjopoulos et al. first described cochleates in 1975 as an intermedi-

ate in the preparation of large unilamellar vesicles (Papahadjopoulos et al. 1975).

Cochleates are formed by the precipitation of safe products, a negatively

charged lipid (phosphatidylserine) and a cation (calcium). Addition of Ca2þ to

negatively charged, unilamellar phosphatidyl serine vesicles induces fusion and

formation of planar sheets, as calcium interaction with negatively charged lipid

displaces H2O and condenses lipid. Formation of stable drug–cochleate nano-

crystal takes place as calcium lipid sheets “roll-up” to form spiral multilamellar,

cochleate cylinders with no aqueous space (Papahadjopoulos et al. 1975), in order

to minimize contact with water, excluding H2O and O2. Incubation of these lipid

cylinders with the chelating agent EDTA restored the negative charge of the

phospholipids, and resulted in the formation of very large unilamellar vesicles

that became a useful tool for studying the properties of biological membranes.

Incorporated into the multilayered system of phospholipid membranes, the active

principle is shielded from the harsh environment of the gastrointestinal tract, and

directed to and efficiently taken up by the membranes of the intestinal epithelium.

Ca2+-mediated membrane perturbation and fusion phenomena have been proposed

as mechanisms for uptake (Zarif et al. 1999a). It is unclear, however, whether and

how the cochleates reach the systemic circulation, or whether the drug is delivered

for absorption with the carrier staying behind. Cochleate formulation technology is

particularly applicable to macromolecules and small-molecule drugs that are

hydrophobic, amphiphilic, negatively or positively charged and possess poor oral

bioavailability. Various procedures have been developed allowing the control of

cochleate particle size, including the trapping and hydrogel methods, which use

either a direct addition or a slow diffusion of calcium into the negatively charged

liposome/drug suspension.

20.6.1 Antifungal Formulations of Cochleates

Amphotericin B cochleates represent an alternative approach to the treatment

of disseminated fungal infections via oral administration of drug, as all currently

available formulations of AmB are only administered through intravenous infusion.

AmB-cochleate formulations (C-AmB) have an advantage over existing formula-

tions, because cochleates are resistant to degradation in the gastrointestinal tract.

Proof-of-principle studies for cochleate-mediated oral delivery have been carried

out in a murine model with amphotericin B (Edwards and Filler 1992). A cochleate

lipid formulation of amphotericin B (AmB), consisting of Ca2þ, dioleoyl phospha-
tidyl serine and AmB in a 10:1 (lipid:drug) molar ratio and having a mean particle

diameter of less than 500 nm, has been developed and is undergoing preclinical

characterization. The rearrangement between AmB and phosphatidylserine

molecules seems to have no impact on the structure of cochleate. Sheets of
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AmB-DOPS appear to roll up into cylinders when a lipid/AmB molar ratio of 10/1

is used.

Compared to deoxycholate amphotericin B (D-AmB), C-AmB had at least

50-fold reduced hemolytic potential, and was tolerated with 100% survival in

healthy mice at repeat daily dosages given by the oral (p.o.) or intraperitoneal

(i.p.) route. In preclinical studies, amphotericin B cochleates exhibited comparative

antifungal activity, but with reduced toxicity compared to injectable forms of

amphotericin B (Zarif and Perlin 2002).

C-AmB has been shown to be highly protective in a mouse candidiasis model

following parenteral administration (Graybill et al. 1999). Cochleates containing

AMB (C-AmB ) inhibit the growth of C. albicans, and the in vivo therapeutic

efficacy of C-AmB administered orally has been evaluated in a mouse model of

systemic candidiasis (Santangelo et al. 2000). C-AMB was highly effective at

blocking cell growth of C. albicans in vitro, at a level comparable to that of

D-AmB (Zarif et al. 2000). In vivo, after i.p. administration to non-immunosup-

pressed mice systemically infected with C. albicans, C-AmB was as effective

as D-AmB and liposomal amphotericin B (L-AmB), as measured by survival and

the residual fungal burden in kidney tissue (Graybill et al. 1999). In a lethal, non-

immunosuppressed mouse model of disseminated candidiasis, C-AmB produced

100% survival at low dosages, and displayed dose-dependent clearance of the

organism from kidney and lung (Zarif et al. 1999a). Initial biodistribution studies

of C-AmB administered orally in a mouse model showed that cochleates delivered

therapeutic levels of AMB to target organs (Zarif et al. 1999b).

Cochleate technology has been used to develop an oral formulation of Ampho-

tericin B (Bioral™ amphotericin B, BioDelivery Sciences International (BDSI),

NC, USA) for antifungal treatment. This oral cochleate formulation has shown

promising data in mouse models of aspergillosis and candidiasis, as shown by the

outcome of the Phase I trial released in February 2009 on the company website

(Thornton and Wasan 2009). The BioralTM technology is being evaluated as a new

means of overcoming the poor oral absorption of drugs such as the antifungal drug

Amphotericin B. Several preclinical studies have demonstrated the potential value

of agents delivered using the Bioral®technology. It seems that C-AmB promises to

be an ideal safe system for delivering amphotericin B orally (Delmas et al. 2002).

20.7 Niosomes

Niosomes (nonionic surfactant vesicles) (Fig. 20.1a) are one of the DDSs, which

resemble liposomes in their architecture and can be used as an effective alternative

to liposomal drug carriers (Uchegbu and Vyas 1998). The self-assembly of nio-

somes (Uchegbu and Vyas 1998) in aqueous media, resulting in closed bilayer

structures, represents an interesting opportunity to achieve vesicular colloidal drug

carriers, and can entrap both hydrophilic and lipophilic drugs, either in an aqueous

layer or in vesicular membrane (Carafa et al. 1998). These nonionic surfactant
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vesicles appear to be similar to liposomes in terms of their physical properties,

structures and methods of preparation. Niosomes alleviate the disadvantages asso-

ciated with liposomes (Florence and Baillie 1989; Beugin et al. 1998), such as

chemical instability, variable purity of phospholipids and high cost (Vora et al.

1998), and can show entrapment of more substances.

Niosomes may be made up of a variety of amphiphiles bearing sugar, polyox-

yethylene, polyglycerol, crown ether, and amino acid hydrophilic head groups, and

these amphiphiles typically possess one to two hydrophobic alkyl, perfluoroalkyl

or steroidal groups (Arunothayanun et al. 2000; Manconi et al. 2002). Nonionic

surfactants used to prepare vesicles are polyglycerol alkyl ethers, glucosyl

dialkyl ethers, crown ethers, ester-linked surfactants, polyoxyethylene alkyl ether

(Handjani-vila et al. 1979; Echegoyen et al. 1988; Hunter et al. 1988), Brij

(Bhaskaran and Panigrahi 2002), and a series of Spans and Tweens (Bhaskaran

and Panigrahi, 2002; Namdeo and Jain 1996). The latest generation of surfactants is

represented by amphiphiles having two polar crown ether headgroups linked to both

ends of a long alkyl chain (Muzzalupo et al. 1996). These amphiphiles, generally

referred to as bolaform surfactants, can be anionic, cationic, zwitterionic or non-

ionic as a function of the kind of ion, which can be complexed by the two-crown

ether headgroups (Muzzalupo et al. 1996), and have recently been used as compo-

nents for the preparation of niosomes (Muzzalupo et al. 2005). Niosomes can be

prepared by the same procedure as that for liposomes, e.g., conventional chloro-

form film method (Bangham et al. 1965), reverse-phase evaporation (Szoka and

Papahadjopoulos 1978) and ethanol injection (Batzri and Korn 1973). Most meth-

ods require large amounts of organic solvents that are toxic to human and environ-

ments and have multisteps. In some preparation methods, even without using

organic solvents, such as the heating method (Mozafari et al. 2007) and the polyol

dilution method (Kikuchi et al. 1994), there are problems in using a high tempera-

ture, which is not suitable for heat-labile substances. Niosomes face no restrictions

on the route of delivery, and can be delivered by oral (Attia et al. 2007; Varshosaz

and Najafabadi 2003), parenteral (Jain and Vyas 1995), nasal (Gayathri and Udupa

2000), and topical routes (Shahiwala and Misra 2002).

Niosomes consist of two components, which are the main component and

membrane additives. The main component is composed mainly of nonionic surfac-

tants. Membrane additives are substances that are added in the formulation in order

to stabilize the niosomes. The most common additive found in niosomal systems is

cholesterol, which is known to abolish the gel-to-liquid phase transition of liposo-

mal and niosomal systems, resulting in less leakiness of the vesicles. However, it

may have effects on membrane permeability, encapsulation efficiency, bilayer

rigidity, ease of rehydration of freeze-dried niosomes, and toxicity. In general, it

has been found that a molar ratio of 1:1 between cholesterol and nonionic surfac-

tants is an optimal ratio for the formulation of physically stable niosomal vesicles.

There have been several trials which attempted to find other substances in substitu-

tion to cholesterol. One of the methods used to stabilize niosomes is to add a

charged molecule to the bilayer. Dicetylphosphate (DCP) and phosphatidic acid

are known as negatively charged molecules, while stearylamine (STR) and
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cetylpyridinium chloride are positively charged molecules, which are both com-

monly used for preventing aggregation of niosomes. Tween 80 and Span 80 are

pharmaceutically acceptable, innocuous, nonionic surfactants (Gianasi et al. 1997).

PEG, Tween 80 and Span 80 can be used to prepare highly stable niosomes (Liu and

Guo 2005), which are provided with the hydrotrope-solubilization action to both

hydrophilic and hydrophobic drugs.

Niosomes have been proposed for a number of potential therapeutic applica-

tions, i.e., as immunological adjuvants (Jain et al. 2005), anticancer and anti-

infective drug targeting agents (Balasubramaniam et al. 2002; Gude et al. 2002),

carriers of anti-inflammatory drugs (Shahiwala and Misra 2002), and as diagnostic

imaging agents (Uchegbu and Vyas 1998). In addition, niosomes are versatile

carrier systems that can be administered through various routes. Particular efforts

have been aimed at using niosomes as effective transdermal DDSs (Barry 2001;

Choi and Maibach 2005).

Antifungal drug, ketoconazole niosomes prepared by the thin-film hydration

technique using surfactant (Tween 40 or 80), cholesterol and drug in five different

ratios were formulated in FAPG base and tested for in vitro antifungal activity

(cup-plate method) (Satturwar et al. 2001). Incorporation of DAS in niosomes

enhances its antifungal efficacy, and significantly reduced fungal load and mortality

in treated animals compared with the free form of DAS. Also, niosomal DAS was

found to be free of toxic manifestations, as revealed by histopathological studies as

well as liver/kidney function tests (Alam et al. 2009). Niosomal formulation

of clotrimazole (e.g., clotrimazole:span 40:cholesterol ¼ 1:8:2, molar ratio) for

vaginal administration were developed in order to reduce dosing frequency and

drug toxicity (Ning et al. 2005)

20.8 Microspheres

Particulate agents with usual size of 1–300 mm are a tiny spherical entity, in which

drugs are wrapped by polymer materials or dispersed in polymer materials, the solid

skeleton structure being called microspheres (Fig. 20.1g). Administration of medi-

cation via such systems is advantageous, because microspheres can be ingested or

injected; they can be tailored for desired release profiles and used for site-specific

delivery of drugs, and in some cases can even provide organ-targeted release (Sanli

et al. 2009). According to biodegradability, it can be divided into biodegradable

microspheres and nonbiodegradable microspheres. Biodegradable microspheres

include albumin microspheres, modified starch microspheres, gelatin microspheres,

polypropylene dextran microspheres and PLA microspheres, etc. The most widely

used techniques for microsphere preparation are: (1) spray drying, (2) double

emulsion, and (3) phase separation–coacervation (Sinha and Tehan 2003). The

release from the microspheres is dependent both on diffusion through the polymer

matrix and on polymer degradation (Sinha and Tehan 2003). Biodegradation of
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polymeric biomaterials involves cleavage of hydrolytically or enzymatically sensi-

tive bonds in the polymer, leading to polymer erosion (Katti et al. 2002).

According to the current literature reports on nonbiodegradable microspheres,

PLA is the only polymer approved for use by people as a controlled-release agent

(Wang et al. 2003). In addition, reports on immune microsphere and magnetic

microsphere are also common in recent years. Immune microsphere possesses

immunocompetence because antibody and antigen were coated or adsorbed on

the polymer microspheres. Immunomagnetic microspheres can be prepared by

combining two kinds of microspheres, which could significantly improve its target-

ing. Magnetic nanoparticles possess a unique magnetic feature, namely their reac-

tion to a magnetic force. Magnetic nanoparticles have generally been coated with

protective shells as magnetic polymer microparticles (Chen et al. 2009).

Recently, amphotericin B microsphere formulations, with and without the addi-

tion of polyethylene glycol 2000 in cross-linked bovine serum albumin, have been

prepared, characterized and assessed for their antifungal activity in vitro (Angra

et al. 2009). A new formulation of amphotericin B, consisting of drug-containing

albumin microspheres (prepared by a spray-drying process) was evaluated by

Marine et al. (2009) for its efficacy against murine-disseminated infections by

C. glabrata or Candida tropicalis. It showed a similar efficacy to that of amphoter-

icin B deoxycholate and liposomal amphotericin B in the treatment of both

disseminated murine infections.

20.9 Conclusion

The success of a newly developed pharmaceutical formulation is related to the fact

that it is able to deliver the active substance to the target organ at therapeutically

relevant levels, with negligible discomfort and side-effects, increasing patient

compliance to the therapeutics. The current focus of research has generated a

broad spectrum of carriers, with the majority showing rather poor biological

performance in terms of both circulation time and target specificity, and there are

numerous formulations that are on the horizon for commercialization. However,

many questions still remain to be answered, including optimal dosage levels,

duration of treatment, and which agents to combine in what setting. Again, the

concepts of drug incorporation and release from such particles have been poorly

investigated. Also, the ultimate fate of the constituent materials of the vehicles

remains undefined. Toxicity is also a major safety concern for using nanoDDSs in

the clinical setting. In designing long-circulating particles; attention must also be

paid to their application to a relevant pathology. Here, it is still unclear which

approach to targeting is likely to yield the best results. The advances in azole

antifungal drug formulations are promising. However, many of these data are

limited to in vitro or animal studies. Further work is needed to translate these

findings into the clinical arena, in order to benefit patients at risk for or suffering

from fungal infections. That is why the future of drug therapeutics may not lie in the
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development of new chemical entities but in the modification of the existing drug

molecules, using suitable carriers to eliminate toxicity and improve activity, the

principle of new lives for old drugs (Juliano and Lopez-Berestein 1985).

To date, synthetic polymers have been the materials of choice in the construction

of long-circulating colloids. A deficiency in this field which has to be rectified is the

precise characterization of these macromolecules in terms of molecular weight and

purity. The problem with molecular weight determination is due to technical

difficulties associated with the techniques available at present. For instance, aque-

ous gel permeation chromatography, used for the separation and molecular weight

determination of water-soluble polymers, is a relatively new technique, and its use

is hindered by the fact that there are very few molecular weight standards that can

be used to calibrate the system. Also, little work has been done in determining the

nature of polymeric degradation products, their biological activity and ultimate

fate following parenteral administration. Finally, a major factor that has been

ignored is genetics. Future considerations must be given to the immunogenetic

and pharmacogenetic differences and related polymorphisms.

With a better understanding of the biological interactions associated with nano-

materials, and the improvements in surface chemistry modifications, it is not a

matter of if, but when, such hurdles will be cleared. We can envision a future where

tiny nanoDDSs travel through our bloodstream searching for sites of infection or

disease processes, and once any irregular cellular activities are found, the triggered

release of the nanoDDS’ cargo repairs damaged tissues or kills foreign invaders.

Every step along the way is meticulously executed in an intelligent automatic

manner. This is the future of nanotechnology.
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