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Preface

This book is designed to provide a comprehensive but insightful examination of antifungal ther-
apy in the changing clinic millenium of modern medicine. It is clear that as medicine advances
to treat and cure severe underlying diseases, the collateral consequences of this management
can be immunosuppression and opportunistic fungal infections. Furthermore, there are a series
of primary fungal infections such as dermatophytosis and endemic mycoses which continue to
plague normal hosts. Furthermore, the pandemic of HIV which has impacted the entire world
laid in its immunosuppressive path the rise of invasive mycoses. It is clear that most clinicians
who care for the seriously sick will be faced at times with the appearance of a fungal infection
and a need to manage its disease. There are many aspects of invasive mycoses including genetic
susceptibility, risk factor predictions, diagnosis, epidemiology and outcome of underlying dis-
eases which require a present and future knowledge base for medical practice. In this book, we
have attempted to focus the presentation on the management aspect of fungal disease. With the
rising number of fungal infections world wide and the development and clinical use of a variety
of antifungal agents, it is quite clear that the statement: “Amphotericin B is the gold standard
for the invasive mycoses” is no longer true. We have safer and effective alternative drugs to use.
It is our mission in this book to provide clinicians with a foundation and insights into current
antifungal management.

There are four sections in this book. First, we approach some general antifungal agent
issues from the history of antifungal, fungal epidemiology, antifungal agent preclinical devel-
opment to drug resistance. Second, we examine in depth the antifungal classes of drugs, Third,
there is an attempt to provide clinical management issues and strategies around specific fungal
infections in which the clinician may face frequently or rarely depending on the patient popula-
tion in their practice. In these sections there are insights provided into dosing, choice of drugs,
concerns about complications and outcome which are both evidence—based but mixed with
personal opinions and experiences. Fungal infections are treated “one patient at a time” and
there is no “cookbook recipe” that fits all patients all the time. In fact, the underlying disease
simply gets in the way too often or our evidence-based material is either weak or non-existent.
Finally, we conclude with management of several risk groups or unique patient populations
or infection sites and their fungal infections. It is not an exhaustive list but provides illustra-
tive exposure to these patients but also lays the ground work/foundation for the principles of
managing other risk groups which occur today or may occur tomorrow.

Fungal diseases have risen to prominence over the last 50 years. They have paralleled the
technological advances in the care of serious medical diseases. Fungi, as eukaryotic organisms,
play an interesting role in the human condition. They have been harnessed to help make our
bread and beverages. In fact, we eat some of them and during the traffic of life, we are constantly
exposed to millions of them. During health they are rarely a problem for us and after death
they degrade us. Many of our critical exposures for health and fungi come between these
stations of life. It is in this arena as a “human petri dish” that fungal disease raises its ugly
consequences. It is the hope of these authors that this book reveals the tools, strategies, and
insights to manage these irritating, costly and life-threatening infections. At times, it may seem
the patient is defenseless against these mauraders but in fact, present antifungal therapy is very
good and applied early and correctly can make a difference in patient outcome. This success
story is told in the following pages.

Mahmoud A. Ghannoum
John R. Perfect
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INTRODUCTION

Over the past decades, the incidence and diversity of fungal infections has grown in association
with an increasing number of immunocompromised patients. The human immunodeficiency
virus (HIV) epidemic, technological improvements in the fields of solid organ transplantation
medicine, stem cell transplantation, neonatology, coupled with the advent of new immunosup-
pressive drugs have collectively attributed to an increase in the incidence of systemic fungal
infections including those caused by Candida, Aspergillus, Cryptococcus, Coccidioides, Pneumocys-
tis, and Zygomycetes species. More recently, other species have begun to rival Candida albicans
as major causative agents of fungal disease. For example, fluconazole-resistant non-albicans
Candida species such as C. glabrata are now more prevalent in some hospitals (1,2). Although
Aspergillus species remain the most common causes of mold infections in humans, other molds
such as Scedosporium, Fusarium, Rhizopus, and Mucor species are now increasingly responsible
for superficial and systemic mycoses (3,4).

Healthcare professionals must carefully consider the expanded role of medically important
fungi. In order to provide optimal treatment of fungal infections in immunocompromised
patient populations, the development of new antifungal agents must keep pace with changes
in the etiology and the resistance patterns of fungal pathogens. Additionally, novel therapeutic
modalities with targeting host defenses, fungal biofilm physiology, and immunomodulations
are emerging.

EARLY TREATMENTS

Antifungal therapies evolved slowly during the early years of the past century. Potassium
iodide was the standard treatment for cutaneous fungal infections including actinomycosis,
blastomycosis, sporotrichosis, and tinea from the beginning of the 20th century until after the
Second World War (5). First derived from sea algae, potassium iodide was considered to exert
a direct antifungal effect, although the complete mechanism of action remains unclear (6-8).
Contemporarily, radiation was used to treat severe tinea capitis infections, often with significant
complications including skin cancer and brain tumors (9).

In the 1940s, Mayer et al. (10) demonstrated that sulfonamide drugs, such as sulfadiazine,
exhibited both fungistatic and fungicidal activities against Histoplasma capsulatum (11). This
discovery led to the formation and the use of sulfonamide derivatives for the treatment of
blastomycosis, nocardiosis, and cryptococcosis (12-14).

Griseofulvin, a compound derived from Penicillium griseofulvum, has been widely used to
treat superficial fungal infections since its isolation in 1939 (15). In 1958, Gentles (16) reported
the successful treatment of ringworm in guinea pigs using oral griseofulvin.

These successful attempts to develop novel and effective antifungal drugs encouraged
the further study and discovery of new agents. This chapter reviews the history of antifungal
drugs.

POLYENES

In 1946, polyene antifungals (Fig. 1) were developed from the fermentation of Streptomyces (17).
Polyene antifungals are effective against organisms with sterol-containing cell membranes (e.g.,
yeast, algae, and protozoa) (18). These drugs disrupt the fungal cell membrane by binding to
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Psoaconazole
Voriconazole 1995-1997
ltraconazole

(A) Azoles 2006
Lipid-amphotericin

B formulations
1992

1958 Amphotericin B

1990 Fluconazole

1955 Nystatin

1981 Ketoconazole (B) Polyenes

Late 1960s Clotrimazole, miconazole and econazole

1959 Chlormidazole

1944 Benzidazole

2006 Anidulafungin

2004 Micafungin

(C) Echinocandins
2001 Caspofungin
Figure 1 Historical development of the antifungal agents: (A) azoles, (B) polyenes, and (C) echinocandins.

ergosterol, the main cell membrane sterol moiety. As a result, holes form in the membrane
allowing leakage of essential cytoplasmic materials, such as potassium, lending to cell death.
From the 1950s until the advent of effective azole compounds in the 1960s, polyene antifungal
agents remained standard therapy for systemic fungal infections (19).

Nystatin

In 1949, while conducting research at the Division of Laboratories and Research of the New
York State Department of Health, Elizabeth Lee Hazen and Rachel Fuller Brown discovered
nystatin, a polyene derived from Streptomyces noursei (20-22). In 1955, Sloane (23) reported
topical nystatin to be particularly effective for treatment of noninvasive moniliasis (candidiasis),
a frequent complication observed in children enrolled in early chemotherapeutic leukemia trials
underway during this period (24). Nystatin exhibited good activity against Candida and modest
activity against Aspergillus species. In aqueous solutions, nystatin forms aggregates that are
toxic to mammalian cells both in vitro and in vivo. The insolubility and toxicity precluded its
use as an intravenous therapy for systemic mycoses.

Recently, a more soluble liposomal nystatin formulation (Nyotran®) with reduced toxicity
was developed (25). The liposomal formulation consists of a freeze-dried, solid dispersion
of nystatin mixed with a dispersing agent such as a poloxamer or polysorbate (26,27). The
dispersing agent prevents aggregate formation in solution, increasing the drug’s solubility and
decreasing toxicity while maintaining efficacy (27,28). Liposomal nystatin has good activity in
vitro against a variety of Candida species including some amphotericin B-resistant isolates (28).
Recent studies by Oakley et al. (29) showed that Nyotran® was more effective than liposomal
amphotericin against Aspergillus species. Although the liposomal form of nystatin was less toxic
than conventional nystatin, unacceptable infusion-related toxicity unfortunately caused a halt
in the development of this drug (30-32).

Amphotericin B

Amphotericin B deoxycholate has been widely considered the most effective antifungal drug
for the past four decades. Amphotericin B is a fungicidal antibiotic, and like other members
of the polyene class is effective against organisms with sterol-containing cell membranes (19).
Amphotericin B was extracted from Streptomyces nodosus, a filamentous bacterium, at the Squibb
Institute for Medical Research in 1955 and until recently served as the standard treatment for
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invasive fungal infections (33). At the time of its discovery, amphotericin B provided activity
against invasive Aspergillus superior to that of previously available antifungal agents (33,34).
Amphotericin B continues to be effective and widely used in the treatment of fluconazole-
resistant fungal infections (19,30). Like other polyenes, amphotericin B exhibits dose-dependent
toxicities including renal impairment and hypokalemia (19,30,34,35). Renal toxicity associated
with polyene antibiotics is believed to be mediated by the drug interaction with cholesterol
within the mammalian cell membrane, resulting in pore formation, abnormal electrolyte flux,
decrease in adenosine triphosphate (ATP), and eventually a loss of cell viability (19).

In the early 1980s, several research groups developed new liposomal amphotericin B for-
mulations. Graybill et al. (36) published the first extensive study investigating the treatment
of murine cryptococcosis with liposome-associated amphotericin B. They realized lower tissue
fungal burden of Cryptococcus in mice treated with the liposome-associated formulation than
those treated with conventional amphotericin B. Based on this finding, these authors concluded
that reduced toxicity of liposome-associated amphotericin B permitted much larger doses of
drug to be given than was possible with amphotericin B deoxycholate (conventional ampho-
tericin B formulation) (36,37).

In the past decade, three novel liposomal formulations of amphotericin B have been
approved for use in the United States: amphotericin B colloidal dispersion (ABCD; Amphocil®
or Amphotec®), amphotericin B lipid complex (ABLC; Abelcet®), and small unilamellar vesicle
liposomal formulation (L-AmB; Ambisome®).

The development of lipid-based amphotericin B formulations afforded significant advan-
tages in treatment of systemic fungal infections including decreased toxicity and improved
tolerance (38—-40).

AZOLE ANTIFUNGALS

Progress in the development of new antifungal agents lagged behind that of antibacterial antibi-
otics. The delay can be explained by two factors: (i) before the HIV / AIDS period, the occurrence
of fungal infections was believed to be too low to warrant aggressive research by the pharma-
ceutical industry; and (ii) the apparent lack of a highly selective fungal target not present in other
mammalian cells limited the number of potential pharmacologic mechanisms not associated
with shared pathogen-host cell toxicity (19,41).

The discovery of the azole antifungal drugs (Fig. 1) was seminal in the history of antifungal
development. Until the discovery of azoles, amphotericin B was the only available agent to treat
disseminated fungal infections including invasive aspergillosis—although not without concerns
regarding nephrotoxicity and administration.

Azoles inhibit the synthesis of ergosterol, the major sterol in the fungal cell membrane,
via inhibition of the cytochrome P450 enzyme, lanosterol demethylase (41,42). This inhibition
results in disruption of cell membrane integrity with eventual death.

Early Azoles
In 1944, Woolley (43) described the antifungal activity of the first azole, benzimidazole. Descrip-
tions of the antifungal properties of substituted benzimidazole were followed by the discovery
of chlormidazole (44-46).

In the late 1960s, clotrimazole was developed in Germany by Bayer AG (17). Miconazole
and econazole were developed subsequently by Janssen Pharmaceutica, Antwerp, Belgium (46).
The early imidazoles such as clotrimazole, miconazole, and tioconazole showed good topical
antifungal activity, but were of limited value for treating systemic infections.

Second Generation Azoles

In 1981, the Food and Drug Administration (FDA) approved the systemic use of ketoconazole,
an imidazole derivative synthesized and developed by Janssen Pharmaceutica, Antwerp, Bel-
gium (45). Ketoconazole was also available commercially as an anti-dandruff shampoo, branded
(Nizoral®) by the same company. For almost a decade, ketoconazole was regarded as the stan-
dard oral agent for treatment of fungal infections including chronic mucocutaneous candidiasis
(47). Mendes et al. (48) considered azole derivatives as the drugs of choice for the treatment of
eumycetomas.
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In 1978, Pfizer developed fluconazole, a drug suitable for oral and intravenous treatment of
superficial and systemic fungal infections (47-49). Fluconazole was shown to have a good safety
profile and was approved for the treatment of oropharyngeal, esophageal, vaginal, peritoneal,
and genito-urinary candidal infections, disseminated candidiasis, and cryptococcal meningitis.
Unlike ketoconazole, fluconazole is highly water soluble and can be administered parenterally.
Recently, the utility of fluconazole has been limited by the emergence of resistant organisms,
such as C. krusei and C. glabrata, against which fluconazole has poor activity (50,51).

In 1992, the FDA approved itraconazole, a broad spectrum triazole antifungal agent devel-
oped by Janssen Pharmaceutica (Sporanox®). Itraconazole was shown to be less toxic than pre-
vious azoles, with a spectrum of activity broader than that of ketoconazole (50,51). Consequently,
itraconazole has replaced ketoconazole as the treatment of choice for invasive aspergillosis (50).

Although the discovery of fluconazole and itraconazole represented a major advancement
in the management of systemic fungal infections, these triazole antifungal agents have some
importantlimitations (52,53). Fluconazole activity has a narrow spectrum, targeting mainly yeast
(Cryptococcus neoformans, C. albicans) and dimorphic fungi, with no activity against molds (54,55).
In comparison, itraconazole has a broader spectrum that includes activity against Aspergillus
species and some yeast strains that are intrinsically resistant to fluconazole, such as C. krusei
and C. glabrata (54,55).

Third Generation Azoles

Voriconazole, a derivative of fluconazole, is a synthetic third-generation triazole developed in
the late 1980s by Pfizer Pharmaceuticals, Antwerp, Belgium (56,57) and approved by FDA
in May 2002. Voriconazole is more active than fluconazole and itraconazole against Candida
species (58). The activity of voriconazole against filamentous fungi, particularly Aspergillus, was
found to be superior to that of amphotericin B (55,56). Voriconazole is now considered the gold
standard for the treatment of aspergillosis (59-61).

Posaconazole, a hydroxylated analogue of itraconazole, was developed by the Schering-
Plough Research Institute and approved for use in 2006 (62). Posaconazole is effective against
opportunistic and endemic fungi such as Aspergillus spp., Zygomycetes and Candida species
(62,63). Posaconazole has been shown to be superior to amphotericin B, fluconazole, and
itraconazole against most common fungal pathogens at in vitro and animal studies (64). It
is approved for prophylaxis of invasive fungal infections (aspergillosis and candidiasis) in
immunocompromised patients and for the treatment of oropharyngeal candidiasis.

The story of the azoles is still evolving. New triazoles are being developed and will likely
reach the market. Compounds under development include ravuconazole, isavuconazole, and
albaconazole. Initially developed by Bristol-Myers Squibb, Antwerp, Belgium, the development
of ravuconazole is now being pursued by Eisai Co., Ltd. Ravuconazole has a broader antifungal
spectrum than fluconazole and itraconazole against strains of C. krusei and C. neoformans (65), and
albaconazole is being developed by Stiefel Pharmaceutical for the treatment of dermatophyte
infections. Isavuconazole (Basilea Pharmaceutica, Antwerp, Belgium) is undergoing phase II /11
clinical trials for the treatment of invasive fungal infection and candidiasis.

ECHINOCANDIN ANTIFUNGALS
The advent of echinocandins (Fig. 2), the newest class of antifungal agents, was heralded by the
development and approval of caspofungin acetate (Cancidas; Merck & Co., Inc.) for the treat-
ment of candidiasis in 2002 (66). The echinocandins are a group of large, semisynthetic, cyclic
lipopeptides discovered in the 1970s (Fig. 2). Large molecular weight may explain their poor
absorption through the digestive tract. Therefore, all three commercially available echinocan-
din compounds—caspofungin acetate, micafungin, and anidulafungin—are used only intra-
venously (66,67). Echinocandins inhibit synthesis of 1,3-8-D-glucan, an essential component
of the fungal cell wall (68). The synthesis of caspofungin acetate based on pneumocandin By
requires chemical modification at two sites of the peptide core, reduction of a primary amide to
an amine, and condensation of the hemiaminal moiety with ethylenediamine (68).
Caspofungin acetate (Cancidas®) is fungicidal against yeasts and dimorphic fungi such as
C. albicans, including triazole-resistant isolates, and fungistatic against Aspergillus species (69).
Aspergillus fumigatus is unable to sustain polarized growth in the presence of multiple doses of
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Echinocandin B Pneumocandin A, Pneumocandin B,
v
Cilofungin
Micafungin (Mycamine®)
v v
Anidulafungin (Eraxis®) Caspofungin (Cancidas®)

Figure 2 Echinocandin history, discovered in the 1970s as fermentation products that inhibit fungal cell wall
synthesis.

caspofungin, leading to significant fungal cell death in tissues (65,66). Isham and Ghannoum
(70) recently concluded that voriconazole demonstrated greater in vitro inhibitory activity than
caspofungin against the non-albicans isolates.

Micafungin (Mycamine®, Pfizer Co., Ltd., Antwerp, Belgium) and anidulafungin
(Eraxis®, Versicor, Inc., Fremont, CA) were approved for use in 2006. Micafungin was first iso-
lated from the culture broth of Coleophoma empedri (71). It is a novel water-soluble lipopeptide
derived by semisynthetic modification of FR901379, a naturally occurring cyclic hexapeptide
with a fatty acryl side chain, and is similar in structure to echinocandins and pneumocan-
dins (71,72). Micafungin may prove useful in the treatment of infections due to azole-resistant
Candida (73).

Anidulafungin is a derivative of a naturally occurring candin, echinocandin B, produced
by Aspergillus nidulans or A. rugulosis (74). Cilofungin was the first semisynthetic derivative of
echinocandin B to be evaluated in clinical trials; however, the trials were discontinued due to
associated nephrotoxicity. Further structure modification of cilofungin led to the synthesis of
anidulafungin (74).

Aminocandin (Novexel Pharmaceuticals, Inc., Antwerp, Belgium) is a new member of the
echinocandin class of antifungal compounds that may be useful for the treatment of a broad spec-
trum of systemic invasive fungal infections. Isham and Ghannoum showed that aminocandin
demonstrated potent in vitro activity against Aspergillus, Zygomycetes, and fluconazole-resistant
Candida (72-76).

The development of the new triazole and echinocandin antifungals provides clinicians
new alternatives in the treatment of invasive and resistant systemic fungal infections.

ANTIFUNGAL THERAPY FOR BIOFILMS

Many fungi form biofilms (communities of fungal cells and cell components embedded within
a matrix of extracellular materials) on a variety of implanted medical devices. Growth in biofilm
increases the ability of the fungus to adhere to host tissue or prosthetic material and to resist
antifungal drugs (77,78). For example, biofilm-associated C. albicans cells resist antifungals, such
as amphotericin B, nystatin, chlorhexidine, and fluconazole, to which planktonically grown
cells are sensitive at lower concentrations (78,79). Existence in the biofilm state may protect
fungi from antifungal drugs by the following mechanisms: (i) decreased penetration of the
antimicrobial agent into the biofilm, (ii) alteration of the chemical microenvironment within the
biofilm leading to decreased or halted growth, and (iii) novel adaptation strategies in response
to environmental stressors (80-82).

Several properties of the fungal biofilm have been shown to affect resistance to antifungal
drugs. For example, drug-resistance mechanisms may depend on the stage of biofilm matu-
ration. In the early-phase biofilm (6 hours maturation), resistance to azole drugs is affected
by efflux pumps. At later stages of biofilm maturation (48 hours), azole resistance is achieved
through alteration in cell wall sterol composition (83). Other factors within the biofilm, such
as cell density, may increase resistance to antifungal agents such as fluconazole, ketoconazole,
amphotericin B, and caspofungin (84).
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As biofilms are highly resistant to conventional antifungal treatment strategies, much
research is devoted to indentifying novel antibiofilm therapies. Combination therapy, such as
the addition of rifampin and doxycycline to amphotericin B, resulted in synergism in vitro
against the biofilms of non-albicans Candida (85).

Methods of preventing or eradicating biofilm formation on catheter surfaces are under
investigation. For example, yeast alcohol dehydrogenase, through the conversion of glucose
to ethanol, was found to restrict the ability of C. albicans to form biofilm on catheter surfaces
in vitro (86). Additionally, a combination of minocycline-EDTA and 25% ethanol instilled into
catheters as a “lock solution” was shown to be effective in salvaging catheters infected with C.
parapsilosis and S. aureus biofilms (87).

Finally, the composition and surface properties of indwelling prosthetic medical materials
are being studied with regard to their ability to influence biofilm adherence and growth—a
potentially useful approach to reduce or manage biofilm formation on medical devices (88,89).

FUTURE AGENTS

Powerful historical precedents support the use of antibody-based therapies to treat infectious
diseases (90,91). However, although still in very early stages of development, newer approaches
to the treatment of fungal infections will likely include the consideration of the host immune
system and the interplay of drugs and host immunomodulators (92).

Immunomodulator therapies can be categorized as either pathogen specific or pathogen
nonspecific (92). Pathogen-specific immunomodulators include antibody reagents and vaccines,
whereas cytokines, antimicrobial peptides, and probiotics are considered pathogen nonspecific
immunomodulators (93). Studies have shown immune sera to be protective in animal mod-
els of systemic candidiasis (92-95). Combination therapies using antifungal antibiotics with
immunomodulators to treat invasive fungal disease are currently under investigation (92,94).
To be of any clinical benefit, these regimens must improve efficacy without producing unac-
ceptable side effects (92-95).

The immunodominant fungal antigen heat shock protein 90 (HPS90), expressed on the
cell surfaces of yeasts and certain malignant cells, has been investigated as a potential tar-
get for antibody therapy (96,97). Mycograb® (NeuTec Pharma, Antwerp, Belgium), a human
recombinant monoclonal antibody against HSP90, was shown to have synergistic activity with
amphotericin B in vitro against a broad spectrum of Candida species (98,99). Mycograb® con-
sists of an antigen-binding variable domain of heavy and light chains linked together to create
a recombinant protein that can be expressed in Escherichia coli. The antifungal activity of this
drug can be demonstrated using assays, such as minimal inhibitory concentration testing, used
to assess conventional antifungal drugs (99-101).

Other new antifungal agents under study include naturally derived molecules with anti-
fungal properties, such as the antifungal protein (AFP) secreted by Aspergillus giganteus. AFP
is a small (94 amino acids), positively charged amphipathic protein that exerts no cytotoxic or
immunogenic effect on mammalian cells, but interferes with the physiological properties and
synthesis of the fungal cell wall leading to fungal cell death (102,103).

Recently, Zumbuehl et al. (104) reported that a new dextran-based hydrogel containing
amphotericin B prevented fungal infections for at least 53 days when implanted in mice.

The history of antifungal agents continues to evolve and no doubt will produce novel
agents that, it is hoped, will target the organism as well as the host immunity.
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INTRODUCTION

Invasive fungal infections are frequently reported in the literature. This is due not only to
development of a clear case definition, improved diagnostic methods, and reporting, but also
due to an ever-enlarging at-risk population (1). Surveillance data, though not perfect and likely
still reflecting underdiagnosis and underreporting of these entities, indicate that over the past
several decades, there has been an increasing incidence of invasive fungal infections due to
Candida, Aspergillus, Cryptococcus, and Zygomycetes (2). Epidemiologic trends also suggest that
although Aspergillus remains the most common mold associated with invasive disease, other
filamentous hyphomycetes such as Fusarium and Scedosporium are becoming more common
(3-5). This chapter reviews the epidemiology of the most common fungal infections including
typical clinical manifestations associated with each fungal pathogen.

ASPERGILLOSIS

Aspergillus is a ubiquitous hyalohyphomycete (mold with nonpigmented, regularly septate
hyphae) found in soil, dust, compost, rotted plants, and other organic debris including foods
and spices (6,7). Over 200 species are known, though only a few have been reported as pathogenic
to humans. The more commonly reported human pathogens include Aspergillus fumigatus, A.
flavus, A. niger,and A. terreus. Of these, A. fumigatus is the most common species to cause invasive
disease, and A. flavus is the second most commonly reported. Though A. ferreus is less common,
it is resistant to amphotericin B and has historically been associated with an exceptionally high
mortality (8-11). Infections with other Aspergillus species such as A. clavatus and A. nidulans are
increasingly reported (7).

Aspergillus grows best at 37°C, forming hyaline hyphae with asexual reproduction by
conidia that give each species a distinctive colony color. Conidia are easily aerosolized and,
when small airborne conidia (2-3 wm for A. fumigatus) are inhaled, they can settle deep in the
lung, where colonization and a variety of clinical syndromes may develop. The type of host
plays a role in the clinical spectrum of disease, as the host’s immune response and the abil-
ity of Aspergillus to invade and destroy tissue determine the clinical presentation. In patients
with asthma, the inflammatory condition of allergic bronchopulmonary aspergillosis (ABPA)
may develop. Allergic sinusitis is also a feature of Aspergillus that can set up a fungus ball or
aspergilloma in lungs with preformed cavities. Those with underlying chronic lung disease can
progress to chronic necrotizing aspergillosis or present with tracheobronchitis. In immunocom-
promised hosts, invasive disease may develop as invasive pulmonary aspergillosis, invasive
sinusitis, or dissemination to extrapulmonary sites (7,12).

Allergic bronchopulmonary aspergillosis (ABPA) arises from a hypersensitivity reaction
to Aspergillus antigens. Patients with asthma or cystic fibrosis may develop ABPA late in the
course of their disease (13-15). In patients with cystic fibrosis (CF), one study has shown lung
function to deteriorate over time in those CF patients with ABPA compared with CF controls (16).
Similarly, patients with bronchiectasis and evidence of ABPA have been shown to have worse
lung function when compared to those with bronchiectasis without ABPA (17). The diagnosis
of ABPA is suspected on clinical findings and confirmed by radiologic and serologic results.
Impaired mucous clearance, productive cough with mucous plugs or brown specks, mucoid
impaction, and episodic bronchial obstruction are characteristics of ABPA. Those with chronic
disease may present with bronchiectasis and fibrosis. Imaging with computed tomography (CT)
may show pulmonary infiltrates or bronchiectasis, and laboratory findings, such as growth of
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Aspergillus in culture or immunologic response with skin reactivity to Aspergillus antigens,
support the diagnosis.

Allergic fungal sinusitis tends to arise in patients with atopy, history of allergic rhini-
tis/sinusitis, nasal polyps, and sometimes, asthma (7,18). Direct microscopy often reveals thick
green mucus or mucopurulent secretions, crusting, or the presence of polyps. Histologic exam-
ination of tissue biopsy demonstrates thick allergic mucin, hyaline, septate hyphae without
invasion of tissue, and a chronic inflammatory response. Growth in culture of the offending
mold and high levels of IgE aid in the diagnosis of this entity.

Aspergilloma, or fungus ball, is the most common form of pulmonary involvement due
to Aspergillus (7,12). It usually develops in a preformed pulmonary cavity (e.g., a consequence
of prior tuberculosis or bronchiectasis) or in the paranasal sinuses and consists of masses of
mycelia, inflammatory cells, debris, and mucus (19). The aspergilloma can remain asymp-
tomatic for a prolonged period of time, though some patients with pulmonary aspergilloma
may experience hemoptysis, ranging from mild to severe, secondary to bleeding from bronchial
blood vessels. A fungus ball in the sinus cavity can likewise remain asymptomatic, evolve to
cause allergic-type presentation, or invade the contiguous tissue. The latter may occur in patients
who are immunosuppressed with hematologic malignancy, diabetes, chronic steroid use, solid
organ transplant (SOT), and acquired immunodeficiency syndrome (AIDS) (20). Invasion of
tissue and bone may progress to invasion of adjacent structures, such as the orbit or the brain.
The clinical presentation is variable and requires a high index of suspicion, along with imaging,
tissue histology, and culture to establish the diagnosis.

Endobronchial fungal infections are being increasingly described with the use of surveil-
lance flexible bronchoscopy (21). Presentation can range from mild mucosal inflammation to
central airway obstruction with invasive disease. In lung transplant recipients, ulcerative or
pseudomembranous tracheobronchitis, including infection of the anastomotic site, has been
described (22,23).

Chronic necrotizing pulmonary aspergillosis is due to locally destructive invasion of lung
parenchyma by Aspergillus without distal invasion or dissemination to other organs (7,12).
Patients usually have chronic underlying lung diseases, such as chronic obstructive pulmonary
disease (COPD), and present with fever, cough productive of sputum, and weight loss over a
period of several months. In immunocompromised patients (neutropenia, corticosteroid use,
transplant recipients, hematologic malignancy, cytotoxic chemotherapy, AIDS), invasive pul-
monary aspergillosis (IPA) may develop, presenting with fever, cough, which may be dry or
productive, and dyspnea. Pleuritic chest pain and hemoptysis may be present, as can altered
mental status and respiratory failure. IPA is characterized by being more invasive than chronic
necrotizing aspergillosis as it often includes invasion of small vessels with hemorrhage and/or
infarction and the possibility of dissemination (7,12,24). Radiologically, alveolar infiltrates, either
bilateral or diffuse, nodules, cavitation, and pleural effusion can be present. Review of the base-
line chest CT findings from 235 patients with IPA, who participated in the global multicenter
trial comparing voriconazole with amphotericin B for treatment of invasive aspergillosis (IA)
revealed that, at presentation, most patients (94%) had one or more macronodules (25). In
patients with neutropenia and IPA, the CT scan may have a nodule surrounded by ground
glass attenuation, the classic halo sign. As this occurs early, it allows the presumption of IPA
diagnosis to be made prior to cavitation. However, this lesion is transitory and by the first week,
three-fourths of the CT halo signs disappear. With recovery of the neutrophil count, an air
crescent sign (representing early cavitation) may be seen, which is highly indicative of IPA (26).

Patients who are immunocompromised can have dissemination of Aspergillus to the central
nervous system (CNS) (24,27,28). At-risk immunocompromised individuals are posttransplant
and hematologic malignancy patients, but aspergillosis of the CNS has also been reported in
AIDS, chronic asthma with steroid use, burn patients, patients with hepatic failure, and infec-
tions in the postoperative period. Cultures from non-CNS sites (most of which are from lung) are
positive for Aspergillus in approximately half the patients with CNS aspergillosis (28). Pathology
reports from a series of CNS aspergillosis cases diagnosed by autopsy described hemorrhagic
necrosis, abscesses, large hemorrhages, bland nonhemorrhagic infarctions, myelitis, mycotic
aneurysm, basilar meningitis, sino-orbital disease, carotid artery invasion and thrombosis, dural
abscesses, as well as findings of minimal inflammation in CNS lesions (28). Imaging studies of
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patients with cerebral aspergillosis reveal three general patterns: single or multiple infarcts, ring
lesions (single or multiple) consistent with abscess formation after infarction, and dural or vas-
cular infiltration arising from the paranasal sinuses or orbits. Other findings on imaging include
mycotic aneurysm and contrast enhancement of affected parenchyma, as well as hemorrhagic
transformation of infarcted areas (29).

The cumulative incidence of IA for two of the highest populations at risk, hematopoietic
stem cell transplant (HSCT) and SOT recipients, has been reported from a recent multicenter
study in the United States (30). In the HSCT population, Aspergillus now exceeds Candida as the
most common invasive fungal pathogen and the cumulative incidence is higher at 12 months
in patients with allogeneic unrelated donors (3.9%) than with allogeneic human leukocyte anti-
gen (HLA)-mismatched (3.2%), allogeneic HLA-matched (2.3%), and autologous (0.5%) donors
(30-32). The rates were similar for myeloablative and nonmyeloablative conditioning regimens.
Mortality at three months was 53.8% for autologous transplants versus 84.6% for allogeneic
transplants with unrelated donors. In the SOT population, the cumulative incidence of IA at
12 months was 2.4% for lung, 0.8% for heart, 0.3% for liver, and 0.1% for kidney transplant
recipients. Mortality at three months ranged from 20% for lung recipients to 66.7% for heart and
kidney recipients. As with the HSCT population, A. fumigatus was the species most commonly
isolated (76.4%), followed by A. flavus (11.8%) and A. terreus (11.8%).

Studies have also evaluated risk factors for IA in transplant populations (33-35). Factors
associated with development of early IA (<40 days posttransplant) in the HSCT population
included older age at transplant, underlying disease other than chronic myelogenous leukemia
in the chronic phase (aplastic anemia, myelodysplastic syndrome, and multiple myeloma),
the type of transplant (receipt of T-cell depleted or CD-34-selected stem cell products or cord
blood), prolonged neutropenia, cytomegalovirus (CMV) disease, and receipt of corticosteroids
for treatment of acute graft-versus-host disease (GVHD). Risk factors for IA following engraft-
ment (days 41 to 180) in the HSCT population included older age at the time of transplant,
receipt of T-cell depleted or CD-34—selected stem cell products, multiple myeloma as an under-
lying disease, delayed engraftment of T-lymphocytes, neutropenia, lymphopenia, grade II-IV
GVHD, treatment with high dose steroids, CMV disease after day 40, and respiratory viral
infections (especially parainfluenza 3) (33,36). In the very late period (>6 months) post HSCT,
risk factors for IA included neutropenia, clinically extensive chronic GVHD, CMV disease, and
receipt of an unrelated or HLA-mismatched peripheral blood stem cell transplant. The outcome
of IA was poor independent of the timing post transplant of IA; survival was approximately
30% at six months and 20% at 12 months after the diagnosis of the infection. Different risk factors
have been identified for IA among the various SOT populations as well. In general, poor status
prior to transplant, severe immunosuppression, colonization with Aspergillus, and complicated
postoperative course are the common risk factors (37—44).

NON-ASPERGILLUS HYALOHYPHOMYCETES

The hyalohyphomycete molds are a heterogeneous group; however, they do have in common
septate, hyaline hyphae when visualized in tissue (6). It is important to remember that fungal
hyphae of the various hyalohyphomycetes (including Aspergillus) as seen in direct specimen
examination and tissue preparation are indistinguishable. Culture of infected tissue or body
fluid is therefore required to definitively identify the invading pathogen. Over 30 non-Aspergillus
hyalohyphomycetes have been implicated in human disease including, most commonly, species
of Acremonium, Fusarium, Paecilomyces, and Scedosporium (Table 1) (45). Several of the non-
Aspergillus hyalohyphomycetes are unique in their capability of producing adventitial forms
that are able to sporulate in vivo, which permits release of propagules into the bloodstream and
dissemination to other organs (46).

Acremonium

Acremonium is a mold found in soil, decaying vegetation, and food that can be pathogenic to
plants, insects, and humans. Human infection has been reported with Acremonium alabamense,
A. falciforme, A. kiliense, A. roseogriseum, A. strictum, A. potronii, A. curvulum, A. artrogriseum, and
A. recifei.



14

Table 1 Currently Documented Agents of Hyalohypmycoses?

COSTA AND ALEXANDER

Acremonium spp
A. alabamense
A. atrogriseum
A. curvulum

A. falciforme

A. kilinse

A. potronii

A. roseogriseum

A. strictum
Aphanoascus fulvescens
Arthrographis kalrae

Beauveria spp
B. alba
B. bassiana

Cephaliophora irregularis

Chrysonilia sitophila
Chrysosporium spp

C. pannicola
C. zonatum

Emmonsia Parva
Engyodontium album
Fusarium spp

F. chlamydosporum
F. dimerum

F. incarnatum

F. moniliforme
F. napiforme
F. nivale

F. nygamai

F. oxysporum

F. pallidoroserum
F. proliferatum
F. solani

F. veriticillioides

Gymnascella dankaliensis
Lecythophora hoffmannii

Lecythophora mutabilis
Metarhizium anisopliae

Paecilomyces spp
P, lilacinus

P, variotti
Penicillium spp

P. chrysagenum
P, citrinum

P. commune
P, decumbens
P. expansum
P. marneffei®

Phaeoacremonium

parasiticum
P, inflatipes
P, rubrigenum
Phialemonium
obovatum
Phialemonium
curvatum

Polycytella hominis

Schizophyllum
commune

Scedosporium spp

S. apiospermum

Trichoderma spp

T. harzianum

T. longibrachiatum

Tritirachium oryzae

Verticillium serrae

Volutella
cinerescens

Coprinus cinereus Myceliophthora S. prolificans
thermophila

Cylindrocarpon spp Onychocola canadensis Scopulariopsis spp

C. destructans Ovadendron S. brevicaulis
sulphureoochraceum

C. lichenicola
C. vaginae

Neocosmospora vasinfecta Scytalidium dimidiatum

8L jst not inclusive.
bMost authorities refer to disease as penicilliosis.
Source: Adapted from Ref. 43.

In immunocompetent individuals, Acremonium has been implicated in cases of keratitis
and endophthalmitis either following trauma or laser in situ keratomileusis (Lasik) (47-50). It has
alsobeen reported as causing cutaneous and subcutaneous dermal infections, eumycetoma, ony-
chomycosis, osteomyelitis, peritonitis in patients undergoing continuous ambulatory peritoneal
dialysis (CAPD), prosthetic valve endocarditis, and CNS infection (51-55). In immunocompro-
mised patients, dialysis fistula infections, peritonitis, pneumonia, cerebritis, and disseminated
infection have been reported (4,6,46,56-61). Although rare, Acremonium eumycetoma has also
been reported in SOT recipients (62). Given the presence of adventitial forms, Acremonium can
disseminate through the bloodstream to distant sites (63-67). The portal of entry may be either
the lungs or gastrointestinal tract skin, with dissemination at times producing endophthalmitis,
meningitis, or fungemia with sepsis and end organ damage.

Fusarium
Members of the genus Fusarium are ubiquitous filamentous fungi commonly found as soil sapro-
phytes and plant pathogens. Characterized by canoe-shaped macroconidia, Fusarium solani, F.
oxysporum, and F. moniliforme are the species most frequently isolated. Human disease ranges
from mycotoxicosis, caused by ingestion of fusarial toxins, to invasive infections, which may be
superficial, localized, or disseminated (4,6,68).

In a multicenter study involving 9 centers, 61 bone marrow transplant (BMT) patients
with fusariosis were reported. The overall incidence was 5.97 cases /1000 transplants (69). Fifty-
four patients were allogeneic and 7 were autologous BMT recipients. Disseminated infection
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with metastatic skin lesions was the most frequent presentation (75%) followed by fungemia
alone (11%). Lung infiltrates were seen in 64% and sinusitis in 36% of the cases. Presenting
symptoms included fever (92%) and papular or nodular skin lesions with or without central
necrosis (69,70). At the time of diagnosis, 46% of the patients were neutropenic, and most had
acute or chronic GVHD. There was a trimodal distribution of infection: an “early peak” was seen
prior to engraftment (median posttransplant day 16), a “second peak” was seen late (median
posttransplant day 64), and a “very late” third peak was observed after posttransplant day 360.
Mortality was very high at 75% to 90%, and median survival after diagnosis was 13 days, with
only 13% of patients alive at 90 days (70). Persistent neutropenia and corticosteroid treatment
were significant prognostic factors (69,70).

A study of Fusarium infection conducted in Israel reported a slightly different clinical sce-
nario, with 76% patients considered immunocompetent (71). These tended to be older patients
who had ischemic heart disease, diabetes, peripheral vascular disease, and chronic renal failure
as the underlying disease. Of the mycologic data available, 10 infections were with Fusarium
oxysporum, 8 were F. solani, and 4 were F. dimerum. The proportion of disseminated and localized
disease was about equal in immunocompetent and immunosuppressed patients, and as in the
BMT population, skin ulcerations were a common clinical presentation. Risk factors for infection
were hematologic malignancy, immunosuppression, burns, other disseminated infections, and
chronic renal failure. Mortality was 11% during hospitalization, significantly lower than that
reported in the BMT series.

Isolated outbreaks of Fusarium keratitis associated with contact lenses have been reported
from several states in the United States (72). Most outbreaks have been traced to contaminated
contact lens fluids (73). Fusarium has also been isolated from a hospital water reservoir during
an outbreak of fusariosis (74). The epidemiologic investigation determined that aerosolization
occurring during showers constituted the potential source of infection.

Paecilomyces

Paecilomyces species are isolated from soil and decaying plant matter and are often implicated
in decay of food and cosmetics. The two most common species are Paecilomyces lilacinus and
P. variotii, both rarely pathogenic for humans. In immunocompetent hosts, these organisms
have been reported as the cause of keratitis after corneal implants, endophthalmitis, onychomy-
cosis, skin infections, peritonitis in CAPD patients, pneumonitis, sinusitis, and endocarditis
following valve replacement (75-77). A case of pulmonary fungus ball by Paecilomyces in an
immunocompetent individual has also been reported (78). Immunosuppressed patients may
also present with Paecilomyces infection. It has been reported as causing infection in patients
with chronic granulomatous disease (CGD) including cellulitis, osteomyelitis, pneumonitis, and
splenic abscess, and pneumonia and lung abscess in patients with hairy cell leukemia, CGD,
and CF (78,79). Disseminated disease appears to occur predominantly in immunosuppressed
hosts.

Paecilomyces variotii has been reported in a multiple myeloma patient who had undergone
autologous HSCT six months prior to presentation. Fever was the predominant symptom, and
P. variotii was isolated from line and peripheral blood cultures (80). P. variotii has also been
recovered from the cerebral spinal fluid (CSF) of a patient with metastatic breast cancer and
multiple enhancing brain lesions on magnetic resonance imaging (MRI) (81). CSF parameters
were abnormal, and numerous fungal cells and septate hyphae were seen on mycological
examination. Importantly, disseminated P. variotii infection has also been reported breaking
through voriconazole prophylaxis in a neutropenic child with relapsed leukemia (82). The
clinical presentation consisted of persistent fever with a pink macular and nodular rash on the
child’s forearms and face.

Paecilomyces lilacinus has been isolated from many sites of infection. In a large study from
Spain, 119 cases were reported from 1964 to 2004 (83). Most cases of P. lilacinus were ony-
chomycosis (51.3%) followed by cutaneous and subcutaneous infection (35.3%). For cutaneous
infections, risk factors included SOT, BMT, surgery, primary immunodeficiency, and AIDS.
Lesions presented as painful red nodules that sometimes progressed to excoriated nodules and
draining pustules. Severe onychomycosis, as with Fusarium sps., may constitute a risk factor
for invasive disease since the toenail may serve as a portal of entry and provide contiguous or
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lymphangitic spread (84). Cases of oculomycosis presenting as scleritis, keratitis, and endoph-
thalmitis have also been reported, with lens implantation, diabetes, prior scleritis, surgery, and
immunosuppression constituting risk factors (83,85,86).

An outbreak of invasive P. lilacinus was reported in severely neutropenic patients due to
contaminated skin lotion (87,88). Neutropenic patients in a laminar flow ward presented with
cutaneous lesions that erupted either during the neutropenic period or shortly thereafter. Inva-
sive disease occurred in 36% of patients treated with chemotherapy for leukemia or lymphoma
and in 100% of BMT recipients. Moisturizing skin lotion was found to be contaminated with
the organism. P. lilacinus causing cutaneous lesions have also been reported in SOT, steroid
users, and patients with CGD (89). Lesions may be papular, pustular, nodular, or ulcerated, and
located on any part of the skin.

Scedosporium

Species of the genus Scedosporium are frequently encountered in soil from rural areas, parks,
potted plants, from compost, manure of cattle and fowl, polluted waters and sewage, and
occasionally from hospital air during construction (4,6,56,90). Infections are caused by two
species: Scedosporium apiospermum, the asexual form of Pseudallescheria boydii, and S. prolificans
(previously S. inflatum). No known sexual state of S. prolificans is known, and it occasion-
ally has been designated as a dematiaceous mold (91). The first case of S. prolificans (then S.
inflatum) was reported in 1984 (92). Since that time, multiple cases have been reported in the
literature, with fairly large case series from Spain, Australia, and the United States (93-96).
In one series, approximately 66% of the patients with S. prolificans infection were receiving
amphotericin B prior to the infection (97). In a series from a tertiary care cancer center, the inci-
dence of Scedosporium infection increased from 0.82 cases per 100,000 patient-inpatient days
(1993-1998) to 1.33 cases per 100,000 patient-inpatient days, with all cases of S. prolificans
presenting as breakthrough infections after the year 2000 (98). The increase in S. prolificans
infections may be linked to the increasing use of antifungal prophylaxis, which in turn may
select for this opportunistic pathogen that is notoriously resistant to practically all antifungal
agents.

Itis important to note that both S. apiospermum and S. prolificans may simply colonize body
sites without overt disease, or they may produce a variety of clinical syndromes in a wide range
of hosts. For example, S. apiospermum has been isolated as a colonizer from the airways of CF
patients, and S. prolificans has been reported to colonize airways and external auditory canals
(94,95,99-103). Patients in these reports had the organism isolated from culture on multiple
occasions; however, they did not appear to have clinical disease nor did they receive systemic
antifungal therapy. On the other hand, both organisms may cause severe infection of the eye,
lung, skin and soft tissues, bone, CNS, and bloodstream. In fact, disseminated infection is the
most commonly reported presentation of S. prolificans, and blood cultures are frequently positive
(in 75% to 100% of cases) in the setting of disseminated disease (91,93,94,98,104-109). The high
rate of bloodstream infection may be one feature distinctive of infection with S. prolificans
when compared with S. apiospermum infection. In one large review of transplant recipients with
scedosporiosis, fungemia occurred in 40% of cases with S. prolificans infection versus 4.7% of
cases with S. apiospermum infection (97). The overall mortality rate among transplant recipients
with scedosporiosis was 58%. Among the HSCT recipients, overall mortality rate was 68%
(77.8% for S. prolificans and 61.5% for S. apiospermum) whereas the mortality for SOT recipients
was 54% (77.8% for S. prolificans and 54.5% for S. apiospermum).

The respiratory tract is a common site of Scedosporium infection. This may remain a local-
ized process or be the portal of entry for hematogenous dissemination. Pulmonary scedospo-
riosis with S. apiospermum has been described in patients with CGD, chronic steroid use, hema-
tologic malignancy, and after bone marrow and solid organ transplantation (33,97,110-117).
Initial presentation includes fever, cough, sputum production, pleuritic chest pain, tachyp-
nea, and malaise. Imaging of the lung may demonstrate bilateral infiltrates, nodules, abscess,
fungus ball, cavitary lesions, effusion, or empyema. Infection of the respiratory tract with S.
prolificans has been reported most commonly in immunosuppressed patients including patients
with malignancy (usually hematologic), post SOT or HSCT, chronic immunosuppressive ther-
apy or chronic corticosteroids, and AIDS (94,97,116). Pulmonary infection with S. prolificans is
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indistinguishable from S. apiospermum based on clinical and radiographic presentation alone.
Dissemination from the lungs to multiple organs, including brain and skin, has been described
in both BMT and SOT recipients for both organisms (97,98,113,117). As previously noted, the
incidence of dissemination appears to be lower for S. apiospermum compared with S. prolificans
(97). The large majority of patients with disseminated S. prolificans infection have predisposing
risk factors, such as immunosuppression, neutropenia, BMT, SOT, malignancy, and AIDS.

Scedosporium apiospermum and S. prolificans have also been implicated as the etiologic
agent of keratomycosis, with and without overt ocular injury, as well as endophthalmitis
(103,106,107,118-127). Patients with keratomycosis may experience eye pain, photophobia, for-
eign body sensation, conjunctival or corneal erythema, tearing, and changes in visual acuity.
Cases have been reported in patients with a retained contact lens, and in patients who had expe-
rienced scleral necrosis after pterygium surgery with adjunctive beta-irradiation. The lesions
have ranged from corneal abrasion to frank corneal ulceration or abscess and anterior cham-
ber hypopion. Cases of Scedosporium endophthalmitis have occurred in a different setting,
many times as part of hematogenously disseminated disease in an immunosuppressed host.
Endogenous endophthalmitis presents with eye pain, photosensitivity, and worsening visual
acuity. Fundoscopic exam reveals exudates and hazy vitreous. Mortality is almost uniform in
patients with Scedosporium endophthalmitis in the setting of disseminated disease with either
S. prolificans or S. apiospermum (106,107,124). Some patients who have S. apiospermum endoph-
thalmitis without extra-ocular sites of infection may survive after enucleation or evisceration of
the eye (3 of 9 in one series) (123,124).

Scedosporium has been frequently implicated as the cause of CNS infection including
meningoencephalitis, encephalitis, and cerebral abscesses. S. apiospermum infection of the CNS
has been reported after near-drowning episodes, in patients with hematologic malignancy, after
BMT, SOT, and penetrating trauma of the foot complicated by osteomyelitis (111,113,128-136).
Central nervous system infection with S. prolificans has been reported in the setting of dissemi-
nated infection (93,97,108,137). For both organisms, patients may present with variable neuro-
logic findings such as headache, confusion, disorientation, agitation, cognitive decline, progres-
sive lethargy, hemiparesis, or tonic—clonic seizures. Although typically present, the absence of
ring enhancement has been reported (128,132,134,135).

Scedosporium has been reported presenting as skin lesions following traumatic inocula-
tion and sometimes in the setting of disseminated infection (97,113,134,138-141). Skin lesions
may appear as skin nodules, or as erythematous to purple papulae or papulo-bullae, that may
develop a necrotic center and that can have lymphangitic spread. Biopsy of skin nodules reveals
an inflammatory granulomatous lesion with abscess, necrotic areas, large multinucleate giant
cells, and vascular proliferation. A nodule may even contain a mycetoma, with branched sep-
tate fungal hyphae visualized under microscopic examination. Soft tissue infection, arthritis,
and osteomyelitis due to S. apiospermum and its sexual form, P. boydii, as well as S. prolificans
have also been reported (95,96,111,141-148). The most frequently reported predisposing event
was trauma to the affected extremity. Initial presentations included laceration or cellulitis
at the site, with progression to joint effusion with inflammation and tenderness, and low-
grade fever.

PHAEOHYPHOMYCOSES

The dematiaceous fungiare a heterogeneous group of organisms with darkly pigmented hyphae,
conidia, or both owing to dihydroxynaphthalene melanin in their cell walls. Melanin is thought
to play a role in pathogenesis as it is a known virulence factor in fungi (149,150). Though these
organisms are molds, several have a pleomorphic appearance, and a yeast or mold form can
predominate during different phases of growth. This has led to confusion and frequently chang-
ing nomenclature (6). Dematiaceous molds most often implicated in human infections include
species of Alternaria, Bipolaris, Cladophialophora, Curvularia, Dactylaria, Exophiala, and Phialophora
(Table 2). Cutaneous and subcutaneous infections after penetrating injury, such as chromoblas-
tomycosis and keratitis, are seen in immunocompetent patients, whereas disseminated dis-
ease, often referred to as phaeohyphomycosis, may occur in immunosuppressed individuals
(91,151-159).
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Table 2 Currently Reported Agents of Phaeohyphomycosis?
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Alternaria spp
A. alternata

Aureobasidium pullulans

Bipolaris spp

B. spicifera

B. hawaiiensis
Chaetomium spp
Cladophialophora spp
C. bantiana

C. carrionii
Curvularia spp

C. clavata

C. lunata

Dactylaria gallopava (formerly

Ochroconis gallopavum)

Exophiala spp

Exophiala dermatitidis
(Wangiella dermatitidis)

Exophiala jeanselmei

Exserohilum spp
E. rostratum.

E. longirostratum
E. mcginnisii
Fonsecaea spp
F. compacta

F. pedrosoi
Hormonema dermatoides
Madurella spp

M. grisea

M. mycetomatis

Piedraia hortae

Phaeoannellomyces werneckii

Phaeoacremonium
parasiticum

Phialemonium

Phialophora spp

P, richardsiae

P, verrucosa

Pseudoallescheria boydii

Phoma

Ramichloridium mackenzei

Scedosporium prolificans

Scytalidium spp

Ulocladium

Wangiella (Exophiala)
dermatitidis

aLjst not inclusive.

Alternaria

Exposure to Alternaria has been associated with both development and severity of asthma
(160,161). Exposure may occur outdoors or in indoor environments, with biologically active
moieties consisting of spores, fragments of spores, and dust particles. In one study, practically
all (95-99%) of the dust samples collected in homes contained detectable levels of Alternaria
alternata antigens, and active asthma was positively associated with the A. alternata antigen
level in the home (160).

Alternaria keratitis has been reported, usually in association with foreign body removal,
Lasik, or due to a keratoprosthesis (162-164). Alternariosis has also been reported in patients
receiving SOTs (165-173). Interestingly, most of these patients had cutaneous manifestation
of infection. Lesions were solitary or multiple and presented as papules, plaques, nodules,
recurrent cellulitis with ulceration, and in one report, the cutaneous lesions presented in a
sporotrichoid distribution. Invasive fungal infection due to Alternaria, including rhinosinusitis
and rhinocerebral infection, has been reported in patients with hematologic malignancy and
in BMT recipients. A patient with CGD was documented to have Alternaria causing dermal
induration (174-178).

Bipolaris

Bipolaris spicifera and B. hawaiiensis have been reported in human infections including keratitis,
endophthalmitis, and skin and soft tissue infections (179-181). Prior use of topical corticosteroids
and antibiotics have been associated with the development of a corneal ulcer caused by Bipolaris,
and cutaneous infections with Bipolaris have been reported in patients who either used topical
steroids, had atopic or seborrheic dermatitis, or onychomyecosis (182). Cutaneous Bipolaris has
also been reported in a child with acute lymphoblastic leukemia (ALL) and neutropenia without
preceding trauma (183). A tender erythematous patch with central punctate areas of hemorrhage
appeared on the left cheek. A skin biopsy revealed epidermal necrosis and dematiaceous, septate
hyphae in an edematous papillary dermis with infiltration of vessel wall. Culture revealed the
pathogen to be B. spicifera.

Cladophialophora

Cladophialophora bantiana is notoriously associated with CNS infection in immunosuppressed
and immunocompetent patients (184-186). In a large review of 101 cases of CNS phaeohy-
phomycosis, 48% were caused by C. bantiana (187). Though 37% of the infected patients had
some degree of immune dysfunction, over half (52%) of the cases had no known underlying risk
factors for infection. Of CNS infections, brain abscesses constituted the most common clinical
presentation (87% of cases) with single lesions present in 71%, meningitis 9%, encephalitis 2%,
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and myelitis 2%. For those in whom histopathology was available, fungal hyphae were noted in
86%; however, granulomatous inflammation was present in only 48% of cases. Overall mortality
was 73%, with equivalent mortality between immunocompromised (71%) and immunocompe-
tent individuals (74%). Recipients of SOTs appeared to have lower mortality at 64%, though
in most cases, despite antifungal therapy and surgical intervention, the outcome was still fatal
(185,187-190).

Extracerebral involvement with Cladophialophora has been reported in both immunocom-
promised and immunocompetent patients as well (191-193). Cutaneous lesions are the most
common extracerebral manifestation. Chromoblastomycosis caused by Cladophialophora car-
rionii is an endemic cutaneous infection presenting with desquamating erythematous papules
or squamous plaques (194). The extremities are mainly involved, and treatment is protracted
and may not lead to resolution, leaving deformities and incapacitation.

Curvularia

Curvularia, such as C. lunata and C. clavata, has been implicated as the cause of infections in
both immunocompetent and immunosuppressed hosts. Cases of keratitis, cutaneous and soft
tissue infections, sinusitis with and without invasion of the brain, brain abscess, peritonitis, and
saline breast implant contamination have all been reported (18,155,159,195-203). Keratitis due
to Curvularia may be secondary to trauma or nontrauma, and it appears to vary with the season
in the subtropical region, with a higher incidence in late summer and throughout autumn (155).

Dactylaria

Several reports of Dactylaria gallopavum (previously Ochroconis gallopavum), a neurotropic dema-
tiaceous mold, have been described in SOT recipients (204-211). Isolated lung involvement has
been described in three reports with the patients being asymptomatic, or having fever and cough
as presenting symptoms (206,212,213). Radiographic studies showed a nodule or cavitary lesion.
Cutaneous and joint involvement with Dactylaria has also been reported (208). In three other
reports, patients had disseminated disease with lung and CNS involvement (207,213). Present-
ing symptoms in these cases included cough, pleuritic chest pain, and/or hemiparesis. Imaging
of the lungs revealed infiltrate or cavitary lesions, while head CT revealed space-occupying
lesions. Dactylaria may present as single or multiple cerebral abscesses, which on microscopic
examination of tissue appear black, with extensive necrosis-containing neutrophils, multinucle-
ated giant cells, and pigmented septate hyphae (204,205,207,209-211). Disseminated Dactylaria
infection in other immunocompromised patients such as HIV have also been reported, with
CNS involvement similar to that described in SOT patients (214).

Exophiala (Wangiella) dermatitidis and Exophiala jeanselmei

Exophiala is a dematiaceous mold that, in certain phases of its development, appears yeast-like,
with black creamy colonies and unicellular forms that replicate by budding (215). Clinically,
Exophiala can have a wide range of presentations. Infection of the CNS with Exophiala (Wangiella)
dermatitidis has been reported (187,216-221). This may present as primary brain abscess, sec-
ondary cerebral infections from contiguous or hematogenous spread, and meningitis (217,221).
Though the majority of cases are reported from East Asia, cases in the United States have also
been described. E. dermatitidis has also been recovered from some European steam baths, where
conditions are hot and moist (222).

Exophiala jeanselmei has been implicated in eumycotic mycetoma and in rare cases of
chromoblastomycosis (223-226). Infection of the skin and subcutaneous tissue with Exophiala
has been reported in SOT recipients and other immunosuppressed individuals (156-158,227).
Trauma typically precedes cutaneous infection, which can present as a necrotic skin lesion with
surrounding erythema, nodules, or subcutaneous cysts. Disseminated disease has also been
reported involving blood, heart valves, lung, and the CNS (91).

Environmental contamination of products has been implicated in E. dermatitidis infec-
tions, including peritonitis in patients undergoing CAPD and meningitis from contaminated
compounded injectable steroids (221,228,229). Similarly, E. jeanselmei fungemia has been associ-
ated with contaminated water products in immunocompromised patients (230). An outbreak of
E. jeanselmei fungemia over a 10-month period was ultimately related to contaminated deionized
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water from a hospital pharmacy. Over half the patients presenting with fungemia had malig-
nancy, mostly hematologic, while the other patients had AIDS, agranulocytosis, and systemic
lupus erythematosus (SLE) with thrombotic thrombocytopenic purpura. The most common
presenting clinical sign was fever (231).

Exserohilum

Exserohilum may also cause infections in both immunocompromised and immunocompetent
hosts (91,232-235). Reported cases are mainly from warm tropical and subtropical regions of
the world. Patients typically present with infections of the skin and soft tissue, cornea, paranasal
sinuses including allergic fungal sinusitis, lungs, bone, and brain. Species implicated include E.
rostratum, E. longirostratum, and E. mcginnisii. Corneal infection is usually secondary to trauma,
and none of the reported cases occurred in immunosuppressed individuals. In patients with
lesions limited to the skin and / or subcutaneous tissue, trauma is the usual inciting event. Lesions
can present as papules, plaques, vesicles, nodules, or ecthyma gangrenosum. Though some
skin infections became systemically invasive, most cases of invasive infection were acquired
via inhalation, with subsequent dissemination via the bloodstream to other organs mainly in
immunosuppressed patients.

Fonsecaea

Fonsecaea pedrosoi is one of the leading causes of chromoblastomycosis (151,153). F. pedrosoi
and F. compacta, which are endemic to various tropical parts of the world, are the most common
infecting species (151,153,236). Males in rural areas are most often affected, with painless nodular
or verrucous lesions predominating on the extremities. Lesions tend to appear weeks to months
after the initial trauma, which tends to be minor and often passes unnoticed. Examination of
skin scrapings or tissue histology reveals the typical muriform or sclerotic bodies, and culture
is required for correct identification of the etiologic agent.

Phialophora

Phialophora verrucosa has been reported as a cause of chromoblastomycosis (151,153). Occurring
predominantly in the tropics, chromoblastomycosis occurs after traumatic inoculation, usually
to the extremities (lower greater than upper), of mostly male farmers and other rural workers.
Lesions are slowly growing, vegetating, nodular, verrucous, or mixed nodular-verrucous. P.
verrucosa has also been reported in a case of fatal hemorrhage due to invasive tracheal infection
in a BMT patient with prolonged neutropenia (237).

Ramichloridium

Ramichloridium mackenzei (previously Ramichloridium obovoideum) is a dematiaceous mold that
has been reported from the Middle East, where it appears to be endemic and possibly geo-
graphically restricted. Ramichloridium is also considered neurotropic, and reports of cerebral
abscesses in both immunocompetent and immunodeficient patients have described uniformly
fatal outcome despite aggressive surgical and antifungal interventions (238-242). Only one case
of nonfatal R. mackenzei cerebral abscess, in a kidney transplant recipient, has been reported
(243).

ZYGOMYCOSES

The agents of zygomycosis are members either of the order Entomophthorales or of the order
Mucorales. These organisms are characterized by sparsely septate hyphae in tissue. The hyphae
are broad, variable in diameter, and polymorphic, with irregular branching, and in the case
of the Mucorales, may invade blood vessels with thrombosis, tissue infarction, and necrosis
(4,6,90,244). The molds of the order Entomophthorales are usually found in tropical areas, in
soil, decaying vegetation, on insects, and as saprobes in the gastrointestinal tract of reptiles,
amphibians, and mammals. Of the Entomophthorales, Basidiobolus and Conidiobolus species are
pathogenic to humans, causing subcutaneous infections of the extremities and trunk, and of
the nasal submucosa, respectively (245). Members of the order Mucorales are found in soil,
decaying vegetation, fruits, foodstuffs, and animal excreta in a wide geographic distribution.
The portal of entry for infection is likely pulmonary with eventual dissemination to other sites,
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though primary cutaneous infection has been reported (246). The Mucorales cause the majority
of cases of human zygomycosis, with Rhizopus, Mucor, Rhizomucor, Absidia, Apophysomyces, and
Cunninghamella, among others, found in the literature (36,245). The most commonly reported
Zygomycete of human infection is Rhizopus.

Risk factors for zygomycosis include diabetes mellitus, malnutrition, malignancy, and use
of voriconazole (36,247-252). Iron overload and deferoxamine therapy have been associated
with a higher risk of zygomycosis (248,253-257). Iron is an important virulence factor for
Zygomycetes, and when deferoxamine binds to iron in the host, it serves as a siderophore for this
mold.

In alarge series study, 65% of infections occurred in males. Underlying conditions included
diabetes in 36%, no underlying condition in 19%, and malignancy in 17% (of which 95% were
hematologic). The site of infection varied based on the population, but overall, the most frequent
locations were rhinocerebral 48% (particularly in diabetics and intravenous drug users), lung
24% (neutropenic patients, SOT patients), skin 19% (penetrating wounds), gastrointestinal 7%,
and disseminated infection 3% (burns, prematurity, diabetes) (248). Deep extension to bone,
tendon, or muscle occurred in 24%, and hematogenous dissemination from skin to other organs
in 20%. Overall mortality approached 54%, but varied with the site of infection: in disseminated
disease mortality was 96%; in rhinocerebral and localized cerebral disease it was 62%; and in
gastrointestinal infection it was 85% due to bowel perforation. Survival was 3% with no therapy,
approximately 60% for antifungal or surgical treatment alone, and 70% for combination surgical
and antifungal therapy.

In SOT recipients, zygomycosis is associated with corticosteroid treatment, with 78.9% of
infected patients having received a cumulative dose of >600 mg of prednisone (250). Clinical
presentations were as mentioned above and were similar among the various organ transplant
groups. Interestingly, all kidney transplant recipients had infection of the allograft in one series
(250). The genus most frequently isolated was Rhizopus (73%) followed by Mucor (13%). In a
series of 263 consecutive BMT patients, 1.9% developed invasive zygomycosis over 10 years,
80% thereof >100 days after transplant (253). Interestingly, no cases of disseminated infection
occurred. Iron overload, neutropenia, and GVHD were reported as risk factors for death in
BMT recipients. Breakthrough zygomycosis after voriconazole administration (as prophylaxis,
empirical, preemptive, and targeted therapy for IA), in patients following allogeneic BMT,
and following intensive chemotherapy in patients with hematologic malignancies, has been
increasingly reported (36,247,249,251,252,258). Most of these infections occurred late in the
posttransplant/chemotherapy period, and lungs and sinuses were the most frequently affected
sites. Rhizopus was again the most common genus isolated in culture (36,249). Overall mortality
for zygomycosis breaking through voriconazole therapy was very high, with a 69% to 73%
attributable mortality reported (249,251). Infections with Cunninghamella bertholletiae, though
rare, have been reported in patients following both BMT and SOT (246,259-265).

ENDEMIC MYCOSES

The endemic mycoses are a group of thermally dimorphic fungi characterized by growing as
a mycelial form at 25°C but as a yeast or yeast-like form at 37°C. The major etiologic agents
of endemic mycoses are Histoplasma capsulatum, Blastomyces dermatitidis, Coccidioides immitis,
Paracoccidioides brasiliensis, Sporothrix schenckii, and Penicillium marneffei, each one with a distinct
geographic distribution. These fungi are usually present in the soil, and inhalation of conidia
may lead to systemic infection, with clinical manifestation of disease varying in relation to
the intensity of exposure and the immune status of the host (6). Disease manifestation may
occur on primary exposure or through reactivation of a latent focus when there is a decrease in
cell-mediated immunity. In the SOT population, though the overall incidence is low, the most
frequent endemic mycosis reported in a prospective study was Histoplasma capsulatum, with
almost two-thirds presenting as disseminated disease (266). Most occurred at a median of 13.7
months posttransplant and appeared unrelated to rejection episodes.

Blastomyces
Blastomyces dermatitidis is the dimorphic fungus causing blastomycosis (also called North Amer-
ican blastomycosis). B. dermatitidis grows on decaying organic material. In North America, the
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fungus is found in the south central and southeastern states, states bordering the Mississippi and
Ohio River basins, the Canadian provinces and Midwest states that border the Great Lakes, and
areas of Canada and New York along the St. Lawrence River, although cases west of the Missis-
sippi River Valley have also been reported (267,268). Africa is also considered an endemic region
for blastomycosis (6). The portal of entry is via inhalation of conidia; in the alveoli, transfor-
mation to the yeast form takes place with an inflammatory response generating granulomata.
Specific cell-mediated immunity is the major host defense system to prevent dissemination.
Most infected individuals are asymptomatic. The clinical presentation of pulmonary blastomy-
cosis is varied and includes flu-like illness, acute pneumonia, subacute or chronic respiratory
illness or fulminant ARDS; verrucous or ulcerative cutaneous lesions have also been reported
(6,269).

In a large case series, the incidence of blastomycosis in an endemic area was 23.88 /100,000
admissions or 0.62 cases /100,000 population (270,271). The average patient age was approxi-
mately 40 years, with 75% of the patients in the 25-64 years age group. Approximately 65%
of the patients were male. The overall distribution of organ involvement was pulmonary 90%,
cutaneous/subcutaneous 20%, osseous 15%, CNS 1-3%, lymph nodes 3%, and genitourinary
1%. Multiple organs were involved in almost one-third of the cases, and the mortality rate in
one Canadian study reached 6.3% (271).

Though the numbers are small, cases of blastomycosis have been reported in SOT recipi-
ents (272-274). One review of cases from 1966 to 1991 found only four definite and one probable
report of blastomycosis in transplant recipients (273). Infection most often originated in the lung
then disseminated, with skin lesions present in two patients.

Coccidioides

Coccidioides immitis is the etiologic agent of coccidioidomycosis. This organism is found in the soil
in the southwestern United States, Mexico, Central America (Guatemala, Honduras, Nicaragua),
and South America (Argentina, Paraguay, Venezuela and Colombia) in areas of arid to semi-
arid climate (6,275,276). Environmental conditions that favor its growth are heat, low altitudes,
sparse flora, and alkaline soils. The portal of entry is via inhalation of the arthroconidia, and a
single arthroconidium is able to produce respiratory infection. Arthroconidia germinate to pro-
duce spherules and endospores, which are released when the spherules rupture. The spherules
are surrounded by neutrophils and macrophages, leading to granuloma formation. The organ-
ism is resistant to killing by neutrophils and macrophages, and a cell-mediated response is
essential. Defects in cell-mediated immunity are associated with dissemination. More than half
of the Coccidioides infections are asymptomatic, with about 40% having a self-limited flu-like
illness in the ensuing weeks after exposure (6,276,277). Other manifestations include pneumonia
and disseminated disease to other sites including the blood, meninges, joint, bone, skin, and
urogenital tract (275,278-282).

Immunocompetent patients may present with infection after activities or natural events
that lead to soil disruption. Between 1998 and 2001, the incidence of coccidioidomycosis in
Arizona, an endemic area, was 43/100,000 population, representing an increase of 186% since
1995 (283). The epidemic was associated with a winter season that followed a prolonged drought,
and the presence of hot and dusty conditions likely facilitated aerosolization of spores. Though
most patients (85%) presented with mild influenza-like illness, approximately 8% developed
severe disease (284). Risk factors for severe pulmonary disease include diabetes, recent cigarette
smoking, and older age, while risk for dissemination include Asian or black race, pregnancy,
and immunosuppression.

Miliary coccidioidomycosis is the initial presentation in about 1% of immunocompetent
patients (285). Two distinct patterns of miliary coccidioidomycosis have been noted with equal
distribution, one acute with primarily respiratory symptoms lasting <1 week, and another
chronic with symptoms lasting 5-12 weeks, in patients ethnically predisposed and with multiple
sites of involvement. Initial symptoms include cough, dyspnea, fever, chills, and chest pain. Sixty
percent of patients developed dissemination to various organs and 40% died. Early recognition
and prompt treatment are therefore crucial to avoid mortality in miliary coccidioidomycosis,
and a high index of suspicion is important because early in the course of illness, skin test results
are negative, and serology is unrevealing.
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Coccidioides fungemia has been rarely reported, and of 33 adult reported cases, 31 were
male and 29 were seropositive for HIV (281). Seventy-four percent of patients died during the
admission or shortly thereafter, with a mean survival of only eight days. Antifungal therapy
did not seem to have any effect on survival, probably because in most instances, treatment was
instituted late due to technique-related delays in diagnosis. Survival also did not depend on
CD4 count, lymphocyte count, age, or other risk factors.

Infections in SOT recipients have an incidence varying from 3.8% to 8.7% in highly endemic
areas (275,278-280,286-290). The clinical presentation in SOT recipients is variable; those with
pulmonary involvement may have an acute illness with fever, cough, and dyspnea, whereas
others progress to respiratory distress, altered sensorium, dissemination to other organs, and
disseminated intravascular coagulation with multiorgan failure (286,287,289-291). In a review
of coccidioidomycosis in transplant recipients, antirejection therapy was associated with an
increased risk of disease (275). The risk after transplant is also increased if there is a prior his-
tory of coccidioidomycosis, or there is any positive serologic finding in the period just before
transplant. As with histoplasmosis, coccidioidomycosis in SOT recipients may occur as a pri-
mary infection following transplant after exposure in endemic areas, or through reactivation of
latent infection. Patients who have resided or traveled to endemic areas are at risk for reactiva-
tion, which occurs about four to six months posttransplant (275,288). In highly endemic areas,
some centers therefore test for C. immitis and prophylactically treat those with a positive serology
or prior history of coccidioidomycosis before transplantation (292,293). This obviously does not
preclude transmission via a donated organ. Such reports describe fulminant infections occur-
ring very early in the posttransplant period, usually within two to three weeks (286,287,289).
In a nonendemic area, the absence of clinical suspicion along with lack of detailed information
about the donor, such as travel history, may lead to a delay in diagnosis. In contrast to SOT,
coccidioidomycosis in BMT recipients has not been widely reported, even in endemic areas. In
a retrospective review of autologous recipients, the low incidence was attributed to possible
underreporting of disease and possibly reduced sensitivity of coccidioidal serology in patients
with malignancy (294).

Histoplasma

Two varieties of Histoplasma may cause disease in humans: Histoplasma capsulatum var. capsu-
latum and H. capsulatum var. duboisii. The mycelial form of Histoplasma in the environment is
found in soils with high nitrogen content, e.g., soil contaminated with droppings from fowl, in
roosts, caves, and old buildings. In the United States, the areas endemic for H. capsulatum var.
capsulatum include the Ohio, Mississippi, and St. Lawrence River valleys. The organism is found
throughout most of Latin America as well. H. capsulatum var. duboisii is found in tropical Africa
(6). The portal of entry of infection is via inhalation of microconidia. The transformation into
the yeast form takes place intracellularly in neutrophils and macrophages. Circulating yeasts
are cleared by the reticuloendothelial system. When a specific cell-mediated response develops,
macrophages are then able to kill the organism, and the host develops a granulomatous necro-
tizing inflammatory response. Most people remain asymptomatic following primary exposure,
with more than 50% of the population in endemic areas having a positive skin test indicating
exposure (295). Immunocompromised patients, children, and immunocompetent individuals
after exposure to a large inoculum may develop symptoms after primary infection including
acute self-limited pulmonary histoplasmosis, progressive pulmonary histoplasmosis, or pro-
gressive disseminated histoplasmosis.

Disruption of the soil (e.g., roto-toiling, construction, or landfill work) leads to aerosoliza-
tion of topsoil and dust. Areas with bird or bat guano, where soil conditions favor growth of
Histoplasma, can lead to large outbreaks of histoplasmosis in immunocompetent individuals
(296-298). Symptoms consist of headache, fatigue, fever, cough, myalgias, chills, and chest pain,
with the majority of cases having five or more symptoms.

Series of histoplasmosis in SOT and BMT recipients in both nonendemic and endemic areas
have been published. It is worth noting that transmission of Histoplasma capsulatum through
donated organs has been reported (299,300). In one case, reactivation from donor-transmitted
histoplasmosis occurred four years after transplantation (300). However, histoplasmosis is gen-
erally not found in transplant patients even in endemic regions, suggesting that, in the absence
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of an outbreak, histoplasmosis is a rare infection even in the face of immunosuppression (301). In
one study, the estimated incidence of histoplasmosis in an SOT population in a nonendemic area
was approximately 0.4% (302). Most patients presented with a nonspecific febrile illness, and
the infections were judged to be due to endogenous reactivation. All patients had concurrent
CMYV infection or had received augmented immunosuppression prior to histoplasmosis dissem-
ination, suggesting that reactivation in these cases was due to a severely immunosuppressed
state. Primary infection due to inhalation of conidia was thought to account for outbreaks of
histoplasmosis among kidney transplant patients in endemic areas (303,304). Fever, cough, and
dyspnea or hoarseness were common presenting symptoms, and dissemination occurred in
most cases.

Paracoccidioides
Paracoccidioides brasiliensis is the etiologic agent of paracoccidioidomycosis, also referred to as
South American blastomycosis. This dimorphic fungus is found in several countries in Latin
America from Mexico to Argentina, with Brazil, Colombia, Venezuela, Ecuador, and Argentina
reporting the greatest number of cases (6,305). The precise ecologic niche of P. brasiliensis remains
undefined though the conditions of endemic regions include mild temperatures, many forests,
high humidity with plenty of water, rainy summers, and short winters. The areas are also
notable for tobacco and coffee farming (306). Naturally acquired infection occurs in armadillos;
in humans, it is presumed that the portal of entry may be either via inhalation or traumatic
inoculation, with most patients involved in farming activities. The organism undergoes conver-
sion to the yeast form in the lung parenchyma from where it can disseminate. The characteristic
appearance of the organism is as multiple budding yeasts in a pilot wheel configuration. Poly-
morphonuclear leukocytes and cell-mediated immunity play a role in host defense against
the organism. Most primary infections are self-limited. The organism has the ability to remain
dormant for long periods of time and cause clinical disease at a time when host defenses are
impaired. In the subacute form (present in young or in immunocompromised individuals),
the disease may manifest with minimal pulmonary symptoms, with hypertrophy of the reticu-
loendothelial system, or with bone marrow dysfunction. In the chronic or adult form, the sole
manifestation might be respiratory symptoms, such as cough, sputum production, dyspnea;
fever, weight loss, malaise, and asthenia are also reported. Radiographic images are variable,
with infiltrates, nodules, cavity, or fibrosis seen; occasionally, a large mass termed paracoccid-
ioma is seen. Extrapulmonary sites include the skin and mucosa (around the mouth and nose as
well as lower extremities), reticuloendothelial organs, adrenals, bone, and CNS (305,307-311).
Infections in SOT patients have been reported in endemic areas (312-315). In one study
of 71 renal transplant recipients from an endemic area who died from infectious causes, fungi
represented 27.5% of infections, with P. brasiliensis representing 4.5% of these (313). Some case
studies report presentation many years after transplant. Paracoccidioides infection has also been
reported in patients with HIV (310,311,316,317).

Penicillium marneffei

Penicillium marneffei is the only dimorphic fungus in the genus Penicillium. Other Penicillium
species are hyaline, saprophytic molds which rarely cause infection and are known to contami-
nate plates in microbiology labs, whereas Penicillium marneffei infections are frequently reported
in HIV-infected individuals. This fungus is geographically restricted to Southeast Asia and
China though reports of infection have come from Europe, Australia, and the United States
in HIV-infected and other immunosuppressed travelers (4-6,56,244,318). P. marneffei is isolated
from bamboo rats and their burrows; the rodents themselves not only harbor but sometimes
succumb to P. marneffei (319,320). However, the question still remains as to whether human
disease is zoonotically or environmentally transmitted (318). The portal of entry is the respi-
ratory tract. Pulmonary macrophages and blood monocytes then take up the organism, where
intracellularly, it divides by binary fission, showing a characteristic morphology of septate
elliptical yeast with prominent cross-walls. Host response is dependent on polymorphonuclear
leukocytes and cell-mediated immunity, and when either or both are lacking, dissemination
ensues (321). Though clinical presentation may resemble other infections, such as histoplasmo-
sis, cryptococcosis, tuberculosis, leishmaniasis, and melioidosis, the diagnosis is not difficult if
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P. marneffei is suspected. The organism may be cultured from specimens of skin lesions, blood,
bone marrow, or lymph node biopsy and will grow on conventional media, where it produces
a characteristic soluble red pigment that diffuses into the agar.

Penicillium marneffei infections rarely occur in immunocompetent individuals and, prior
to the HIV epidemic, penicilliosis was only sporadically reported in the literature. However,
between 1991 and 1997, 1173 cases of penicilliosis were reported in HIV-infected patients in
Thailand (322). In HIV patients, the clinical picture is one of fever, weight loss, diarrhea, cough,
molluscum-like skin lesions, plus generalized lymphadenopathy and hepatosplenomegaly. Skin
lesions typically are papules with central necrosis involving the extremities, trunk, face, and
mucocutaneous surfaces. Pulmonary presentation includes pleural effusion, interstitial pneu-
monia, and diffuse alveolar infiltrates. Lytic bone lesions or arthritis of the large joints and
small joints of fingers can occur. Anemia, leukopenia, and thrombocytopenia are often present
(318,322-326). Most patients respond to treatment with itraconazole within one week, with com-
plete resolution of cutaneous lesions after three weeks of treatment (326). Cases of P. marneffei
have been rarely reported in SOT and BMT recipients, with presentation similar to that in HIV
patients (323,327-331).

Sporothrix

Sporothrix schenckii is the agent of sporotrichosis. Direct skin inoculation with contaminated soil
or thorn plants such as roses leads to a subacute or chronic cutaneous and subcutaneous infec-
tion, with nodular lesions that follow the lymphatics and occasionally ulcerate (332,333). The
lesions have been mistaken for pyoderma gangrenosum (332). The yeast form of the organism,
which may be visualized under microscopic examination, is often cigar-shaped, though some
varieties may produce large budding cells (6).

Large series of patients with sporotrichosis have been reported from Brazil and India
(334,335). In these series, both fixed cutaneous lesions and lymphangitic/lymphocutaneous
forms are described. In a series of 304 patients with sporotrichosis, 96% of the patients had S.
schenckii recovered in culture, whereas only 32% of cases from India had growth of the organism
(334,335). Occupational exposure is frequent, particularly in those jobs involving agricultural
activities (farming, horticulture, and forestry). Exposure through hobbies such as carpentry,
beekeeping, hunting, and fishing were also reported. Interestingly, while in the study from
Brazil, males constituted 68.4% of the patients (210/306), in India females predominated. This
was probably due to increased agricultural or horticultural exposure in these women. Upper
extremities were predominantly affected, followed by the lower limbs. Though cutaneous and
lymphangitic/lymphocutaneous are the most common presentations, unusual manifestations
havebeenreported, involving buttock, abdomen, face, neck, presternal, periumbilical, and pubic
region, while extracutaneous involvement was noted as osteomyelitis, oral lesions, and primary
conjunctival S. schenckii infection (336). In a zoonotic outbreak described between 1998 and 2001,
178 cases of culture-proven sporotrichosis were diagnosed (337). Females predominated, and
professional or domiciliary contact with cats was reported in 90.7% of patients, with many
reporting traumatic injury preceding the symptoms. Sporotrichosis has been reported only in
isolated cases of SOT patients (338-340).

YEASTS

Candida

Candida is now one of the leading causes of nosocomial infection in the United States. In one
prospective nationwide surveillance study that included 24,179 cases of bloodstream infections
reported between 1995 and 2002, 9.5% were due to Candida, thus positioning this organism
as the fourth most commonly isolated blood pathogen (341). In intensive care units (ICUs),
Candida was the third most commonly isolated blood pathogen. Although C. albicans remains
the most common species causing disease, C. glabrata has been increasingly reported as a
cause of candidemia in adults (342-344). In fact, non-albicans Candida species as a group are
now responsible for approximately half of all infections. For example, of 1890 Candida isolates
recovered in the surveillance program mentioned above, C. albicans was the most common
species recovered, accounting for 54% of cases, followed by C. glabrata (19%), C. parapsilosis
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(11%), C. tropicalis (11%), and C. krusei (2%) (341). A similar distribution was reported from a
separate National Nosocomial Infections Surveillance (NNIS) investigation that only included
ICUs (342). In neonatal ICUs, the distribution seems to be slightly different in that C. parapsilosis
is typically the second most commonly isolated species rather than C. glabrata (345).

The explanation for the increase in non-albicans Candida infections has yet to be fully
elucidated, but one of the most likely explanations is the increasing use of antifungal pro-
phylaxis (346,347). For example, the Transplant Associated Infection Surveillance Network
(TRANSNET) prospectively monitored over 32,000 SOT and BMT recipients for invasive fungal
infections between 2001 and 2006. Candida was the most common invasive fungal infection in
the SOT population, and the Candida species distribution mirrored that of prior epidemiologic
reports. However, in the BMT population where fluconazole prophylaxis is routinely employed,
Aspergillus has now replaced Candida as the most common invasive fungal infection. Further,
in BMT recipients, C. glabrata was the most common infecting Candida species (39%) followed
by C. krusei (18%) and then C. albicans (16%) (348). The association between C. parapsilosis and
neonatal candidiasis is less easily explained. It is known that C. parapsilosis has the propensity
to adhere to foreign material, including intravascular catheters so often used in pediatrics and
neonates. In one neonatal study, patients infected with C. parapsilosis were more likely to have
received >3 days of third-generation cephalosporins compared with those infected with C. albi-
cans.(345,349-356). Exposure of the neonate to Candida is vertical and horizontal, and studies
have examined the potential link between C. parapsilosis infections in neonates and vaginal
colonization in the birth mother, as well as skin colonization on the neonate and on the hands
of healthcare workers. Though highly suggestive, so far, no definite conclusive link has been
established for C. parapsilosis (354,355,357-360).

Much effort has been put into defining risk factors associated with the development of
invasive candidiasis (IC) in various populations (Table 3). For example, in patients admitted
to a surgical ICU for more than 48 hours, acute renal failure, total parenteral nutrition, and
central venous catheters were significantly associated with the development of candidemia
(361). Other factors that have repeatedly been associated with a risk for invasive candidiasis
include receipt of immunosuppressive therapy, cancer and chemotherapy, transplantation, high
acuity of illness, increased length of hospital stay, Candida colonization at multiple sites, diabetes,
and broad spectrum antibiotics. Unfortunately, using the presence of a single factor to predict
infection is not effective since the factors occur frequently in hospitalized patients. A predictive
rule for invasive candidiasis in adult ICU patients was developed that consistently identified a
population with 9.9% incidence of infection (362). The definition included patients admitted to
a medical or surgical ICU for greater than or equal to 48 hours, and receiving an antibiotic or
having a central venous catheter in place during the first four days of admission, and found to
have any two additional risk factors including: total parenteral nutrition or dialysis on ICU days
1-4, or major surgery, or pancreatitis, or receiving steroids or other immunosuppressive agent
within seven days of ICU admission. Although the definition was highly selective, recruiting
only 11% of patients admitted to the ICU, the definition lacked sensitivity (34.1%) for the
individual patient (362). Other populations at increased risk for candidemia include infants born
at 26 weeks, independent of birth weight, and patients who have undergone abdominal surgery
(363). Historically, 80% of HIV-infected patients developed mucosal candidiasis; however, the
introduction of highly active antiretroviral therapy (HAART) has resulted in a marked reduction
in AIDS-related IC (2).

The clinical presentation of systemic Candida infection is variable and nonspecific, and
patients with Candida infections may or may not appear seriously ill (364). In a retrospective
review of 476 episodes of candidemia, only 7% (37/478) of patients had sepsis syndrome
on the date of the first positive blood culture. This was the same for both neutropenic and
nonneutropenic patients (365).

Although deep-seated infections such as endocarditis, endophthalmitis, disseminated
infection with skin lesions, peritonitis, and chronic disseminated disease have all been well
described, fever is the most frequent clinical manifestation (62%, 419/678) (366). In fact, fever
is often the only clinical clue of invasive candidiasis, and in neutropenic patients, fever that
persists for five days or more despite broad-spectrum antibiotics at adequate doses, and for
which a noninfectious cause is not discernible, suggests the presence of invasive candidiasis
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Table 3 Risk Factors for Invasive Candidiasis in Adults and Neonates

Risk factors for adults and neonates
Acute renal failure/hemodialysis/peritoneal dialysis
Broad spectrum antibiotics
Cancer and chemotherapy
Central venous catheter (CVC)
Colonization with Candida
Corticosteroids
Diabetes mellitus
Endotracheal intubation/mechanical ventilation
Immunosuppressive drugs
Neutropenia
Pancreatitis
Prior surgery
Prolonged hospital stay
Total parenteral nutrition (TPN)
Transplant (SOT, HSCT)
Trauma

Additional risk factors for neonates
Age at first enteral feed
DIC / shock
Low APGAR scores
Prematurity
Use of H2 blockers
Very low birth weight

Source: From Refs. 344,345,350,354,355,361,362,366,478—-481.

(367). Not all patients with candidemia have the same risk of visceral dissemination. Patients
with neutropenia have a much higher rate of this complication, and in a review of almost 70
cases of hepatosplenic candidiasis reported in the literature, characteristics include persistent
fever in a neutropenic patient whose leukocyte count is returning to normal. The fever is often
coupled with abdominal pain, an elevated alkaline phosphatase level, and less commonly,
rebound leukocytosis (368). Characteristic “bull’s eye” lesions (target-like abscesses) may be
seen with ultrasound, MRI, or CT examination of the liver and spleen, but these lesions are not
generally detectable radiographically until neutrophil recovery has occurred.

Although not common, when present, a characteristic macronodular rash may be isolated
(extremities, abdomen) or may cover the entire body and is frequently confused with a drug
reaction (369). In a review of 53 documented systemic candidiasis cases, 36% (19/55) had
skin lesions. Interestingly, 80% (15/19) of patients that developed skin manifestations were
neutropenic (370).

Historically, endophthalmitis was documented to be present in up to 30% of patients with
candidemia. Typical lesions of candidal endophthalmitis are whitish chorioretinal spots with fil-
amentous borders protruding into the vitreous and causing vitreal haze. The percent of patients
with actual vitreal involvement appears to be decreasing with the earlier initiation of antifungal
therapy (371,372). In a study of 118 patients with candidemia examined within 72 hours of a
reported positive blood culture, 9% (11) were documented to have chorioretinal lesions consis-
tent with fungal chorioretinitis, but no patient had vitreal involvement (endophthalmitis) (373).
Data from a randomized trial comparing fluconazole with amphotericin B for the treatment of
candidemia in nonneutropenic patients revealed an incidence of candidal endophthalmitis of
only 1% (374). If a fundoscopic examination is performed at the time that candidemia is either
suspected or proven, the majority of patients with positive findings will be asymptomatic (375).
Progressive disease is associated with decreased vision, eye discomfort, foreign body sensation,
floaters, and eye redness and pain in cases with advanced iritis (376). Based on a rabbit model,
an appropriate immune response seems to be necessary for Candida endophthalmitis to become
manifest (377). Accordingly, neutropenic patients rarely develop clinically apparent candidal
endogenous endophthalmitis.



28 COSTA AND ALEXANDER

Cryptococcus

Cryptococcus neoformans is an encapsulated yeast that reproduces by multilateral budding (6,378-
381). C. neoformans has been isolated from fruit, trees, and soil enriched by bird droppings,
whereas C. gattii has been found in eucalyptus trees, and possibly firs and oaks as seen in a
recent outbreak from British Columbia (382,383). Aerosolization of infectious particles from
disruption of a contaminated environment (soil or trees) leads to inhalation into the respiratory
tract as the portal of entry; from here, extrapulmonary spread may ensue. Though the lung and
CNS are considered the two primary sites of infection, three other sites frequently involved are
skin, prostate, and eye.

Cell-mediated immunity plays a major role in host defenses with granulomatous inflam-
mation essential for containment of the organisms, and conditions that impair cell-mediated
immunity render patients more vulnerable to this pathogen. However, it is important to note that
in the immunocompetent population, C. neoformans and C. gattii infections have been reported
(383-391).

In the pre-HAART era, cryptococcosis was often seen in HIV-infected individuals, fre-
quently as the presenting AIDS-defining illness. In a population survey conducted in the United
States between 1992 and 1994, 86% of Cryptococcus cases occurred in HIV-positive individuals
(392). Smoking and outdoor activities such as building and landscaping were associated with a
higher risk of cryptococcosis, whereas fluconazole in the preceding three months conferred pro-
tection. Since the advent of HAART, the incidence of cryptococcosis has significantly decreased
in developed countries. In the United States, the incidence of cryptococcosis in patients who
have HIV/AIDS has decreased from 24-66 per 1000 in 1992 to 2-7 per 1000 in 2000 (393). In
France, there was a 46% decrease of the incidence of cryptococcosis during the post-HAART era
(1997-2001) (394). Unfortunately, in developing countries where access to HAART is limited,
cryptococcosis continues to be a frequent opportunistic infection (387,395,396).

In immunocompetent hosts, pulmonary and extrapulmonary sites (predominantly the
CNS) are affected, and presenting symptoms include cough, fever, chills, dyspnea, anorexia,
and possibly night sweats. Pulmonary imaging shows patchy airspace consolidation or nodules,
predominantly in the periphery, with cavitation occurring in 40% (388). Pulmonary and CNS
infections are the most common presentations in HIV-positive individuals as well, but other
forms such as cutaneous, genitourinary, ocular, and fungemia are also reported (381,397,398).
HIV patients infected with C. gattii most often present with symptoms of meningitis although
vomiting, cough, dyspnea, and night sweats were also reported (387). Inmune reconstitution
inflammatory syndrome (IRIS) occurring after initiating HAART may lead to worsening clinical
or radiologic features (381). Lymphadenitis, CNS findings such as meningitis and mass lesions,
and pulmonary cavitation have been reported as part of immune reconstitution in patients with
cryptococcosis (399,400).

In SOT recipients, most cryptococcal infections develop late in the posttransplant period
compared with other fungal pathogens (401). In large databases, cryptococcosis accounted for
1% to 4% of invasive fungal infections (402—-404). Time to diagnosis after transplant varied from
7 to 21 months, depending on the organ transplanted, and the overall incidence was signifi-
cantly higher in heart transplant recipients compared to lung, liver, kidney, and small bowel
recipients. In one series, 38% of transplant patients with cryptococcosis had isolated pneumo-
nia, 35% had isolated meningitis, and 24% had disseminated disease (403). In another review,
meningitis was the most common presentation (55%) followed by skin and/or osteoarticular
involvement (13%) and pneumonia (6%) (404). The risk for disseminated disease appears to be
highest in liver transplant and lowest for lung transplant recipients. In liver transplant recip-
ients, the risk of dissemination was 80% in patients with hepatitis C and 71% in those with
alcoholism (405).

Among SOT recipients with cryptococcal pneumonia, dyspnea (95%), cough (76%), and
fever (62%) were the predominating symptoms. However, asymptomatic pulmonary crypto-
coccosis has also been reported in SOT recipients (406). In such cases, incidental findings on
radiographic imaging (ground-glass infiltrates, multiple nodules, or mass with cavitation) led
to the histopathological or microbiologic diagnosis. Also of note, up to 25% of SOT recipients
with disease limited to the lung had negative serum cryptococcal antigen tests. Positive serum
antigen tests were more frequent in disseminated disease (100%) and meningitis (86%) than in
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isolated pneumonia, suggesting that the latex agglutination test is unreliable for diagnosis of
pulmonary cryptococcosis and more invasive methods may be needed (403).

Cryptococcus laurentii is a rare human pathogen in immunocompromised patients. As
with C. neoformans, this infection is most commonly seen in those with impaired cell-mediated
immunity (407). Based on one review, it appears the presence of an indwelling device confers a
significant risk for infection with C. laurentii. Infections of the blood and CNS are most frequently
reported though infection of lung and other sites have also been described.

Malassezia

The lipophilic yeasts Malassezia furfur, M. pachydermatis, M. sympodialis, and M. globosa cause
infections such as tinea versicolor, infectious folliculitis, and catheter-related fungemia (408-
411). More invasive infection has been described in immunocompromised hosts, neonates,
burn patients, and those receiving intravenous lipids (4,56,90,408,412,413).

Tinea versicolor (pityriasis versicolor) is caused by Malassezia, but as taxonomy has
evolved, new species have been implicated as the etiologic agent (414). M. furfur was originally
claimed to be the etiologic agent, but now M. globosa and M. sympodialis are also involved, with
M. globosa occurring in temperate climates (411,415-417). A distinct presentation was reported
in 12 patients with atrophic dermatitis found to have tinea versicolor (409). The lesions, atrophic
plaques and papules, resembled other dermatologic conditions such as mycosis fungoides, SLE,
and steroid atrophy. Histology revealed hyphae and spores in an atrophied epidermis and der-
mis, along with other characteristics that prompted the authors to propose the name atrophying
tinea versicolor. Malassezia folliculitis, due to M. furfur or M. pachydermatis, has been reported in
heart transplant, kidney transplant, and BMT recipients (418-421). The rash can present as an
acneiform eruption or as folliculitis with a papular or papular-pustular appearance. Fever may
precede the rash in BMT recipients (278,420,421).

Malassezia, both M. furfur and M. pachydermatis, has been implicated in fungemia in
adults, children, and infants receiving intravenous lipids or with prolonged catheterization
(410,412,413,422,423). The central venous catheter is most often considered the portal of entry
though other sites, such as upper respiratory tract, lung, and urine, may be colonized or infected.
Fungemia manifests as fever refractory to antibiotics. Patients may also present with respiratory
findings, pulmonary infiltrates, and thrombocytopenia, the latter especially in infants (413,423).
In one series of 3044 BMT recipients, infection with M. furfur was reported in 6 patients over a
25-year period. These infections occurred at a median of 59 days posttransplant and the major-
ity of the infections (5/6) were in allogeneic recipients. The spectrum of disease ranged from
infection of the mucosal surface and skin (folliculitis) to catheter-related fungemia. No patient
in this group had pulmonary involvement (421).

Trichosporon

Trichosporon species are opportunist yeasts that cause infections in immunocompromised
patients (4,56,90). Distinct subgroups with different morphologic, biochemical, and genetic
profiles are members of the genus, which may lead to confusion. Further, it is still under dis-
cussion whether Trichosporon beigelii, formerly called T. cutaneum, and T. asahii are the same
organism (424,425).

Trichosporon beigelii is a saprophytic yeast usually found in the soil that can be cultured from
human skin, stool, and urine. This organism has been implicated as the etiologic agent of white
piedra, an infection of the distal end of the hair shaft, as well as causing cutaneous infections
in immunocompetent patients (425-427). In immunosuppressed patients, particularly in those
with underlying malignancy, it has been implicated as the cause of fungemia, renal insufficiency,
pulmonary infiltrates, cutaneous lesions, chorioretinitis, and chronic hepatic trichosporonosis
(428-437). The majority of patients had hematologic diseases though other immunosuppressive
conditions, such as SOT, BMT, solid tumor, HIV infection, burns, and peritoneal dialysis, have
also been shown to predispose to infection with the organism (438). Approximately 50% of
Trichosporon infections was determined to be disseminated, involving two or more organs with
or without fungemia.
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Pneumocystis

Pneumocystis pneumonia (PCP), due to P. jiroveci (previously P. carinii f. sp. hominis), remains
one of the most feared complications of immunosuppression due to its significant morbidity
and mortality (439,440). Though the genus Preumocystis has been known for years, taxonomic
assignment of Pneumocystis has placed it with either fungi or protozoa, with phylogenetic data
and characteristics that would lend credence to having it belong to either (441). Furthermore,
DNA sequence analyses have revealed DNA diversity of the organism in different host species.
This has led to a renaming of the species that infects humans to P. jiroveci (439,442). The term PCP,
however, is still used to refer to Pneumocystis pneumonia in humans. The organism has different
morphologic forms in its life cycle including trophozoites, cysts, and intracystic bodies (sporo-
zoites), and the portal of entry appears to be inhalational though the infective form is unknown
(443). The incidence of disease relates to the degree of immunosuppression, with impairment in
T-cell-mediated responses lending increased susceptibility. Patients with HIV /AIDS, with CD4
less than 200 cells/mm?3, who are not receiving HAART or who do not receive PCP prophy-
laxis, and patients iatrogenically immunosuppressed after transplant are especially vulnerable
(444,445).

Pneumocystis jiroveci is widespread though its source in nature has not been identified
(445). As the organism is host specific, transmission likely occurs from human to human (446-
448). Exposure seems to occur in early childhood, with antibodies to Pneumocystis detected
in 85% of children up to 20 months of age (449,450). Under usual circumstances, little or
no respiratory symptoms develop during this primary exposure, though some infants may
present with a self-limiting upper respiratory tract infection, and some children have presented
with bronchiolitis (451-453). Adults have also been found to be colonized with P. jiroveci,
and patients with chronic lung disease may be at increased risk of colonization (454-457).
Thus, both children and adults may play a role in the epidemiology of Pneumocystis, serving
as potential reservoirs. Immunosuppressed individuals may be newly exposed to P. jiroveci or
experience reactivation of latent Preumocystis infection, and disease may result from either recent
acquisition or reactivation of long-standing, dormant organisms (458). Nosocomial transmission
of PCP has been reported (448).

PCP was the first AIDS-defining illness, and as the HIV epidemic has evolved, the epi-
demiology of PCP has also changed, especially after the advent of HAART (440,459). In patients
with HIV/AIDS, PCP usually presents as a subacute onset of dyspnea, nonproductive cough,
and occasionally low-grade fever. The patient may present with tachypnea and tachycardia
but unremarkable lung exam. Hypoxemia is present in the more severe cases, reflecting a high
burden of organism and host inflammatory response. Chest imaging often reveals bilateral
perihilar interstitial infiltrates, which can become diffuse, alveolar, or confluent if the disease
progresses (445,460). Imaging with CT scan reveals ground glass opacities in a perihilar, patchy
or geographic distribution, with thickening of the interlobular septa. Affected areas may be
interspersed with normal parenchyma. Less often, CT of Pneumocystis pneumonia will reveal
large cystic lesions, often multiple, which carry a high risk of pneumothorax (461). Other less
common imaging findings include mass lesions, nodules, consolidation, pleural effusion, and
lymph node involvement (460).

Although PCP has historically presented in patients with HIV/AIDS, it has also been
reported in patients with other underlying immunosuppressive conditions such as hemato-
logic malignancies, inflammatory and autoimmune diseases, and in patients receiving cyto-
toxic drugs or prolonged corticosteroid therapy, particularly after BMT and SOT (440,462-471).
A 2% incidence of PCP has been reported in lung transplant recipients in the absence of pro-
phylaxis (471). Concomitant conditions which may play a role in increasing the risk of PCP
in both SOT and BMT recipients, include the presence of CMYV, rejection (including GVHD),
and an increase in immunosuppressive therapy (441,469-473). The mean time to diagnosis
is 20 weeks posttansplantation, with 54% of patients developing PCP within six months of
transplant. The incidence in the first year posttransplant is 8 times higher than subsequent
years. The incidence also varies by transplanted organ, with lung recipients having the highest
(22 cases per 1000 patient years) and kidney recipients having the lowest (0.8 cases per 1000
patient years) rates (471). PCP in transplant patients mirrors the presentation in HIV/AIDS
patients, although atypical pneumonias with no infiltrates, unilateral infiltrates, alveolar
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infiltrates, granulomata, nodules, and cavities, and even asymptomatic infection, have been
reported (467,474-476).

In general, PCP rarely develops in patients receiving prophylaxis, and observed cases

are mostly attributed to noncompliance (477). In the rare instances when breakthrough PCP
infection in patients on prophylaxis with adequate systemic absorption occurs, the infection
may be atypical in presentation and require lung biopsy for diagnosis (441).

REFERENCES

1. Ascioglu S, Rex JH, de PB, et al. Defining opportunistic invasive fungal infections in immunocom-
promised patients with cancer and hematopoietic stem cell transplants: An international consensus.
Clin Infect Dis 2002; 34(1):7-14.

2. Warnock DW. Trends in the epidemiology of invasive fungal infections. Nippon Ishinkin Gakkai
Zasshi 2007; 48(1):1-12.

3. Husain S, Alexander BD, Munoz P, et al. Opportunistic mycelial fungal infections in organ transplant
recipients: Emerging importance of non-Aspergillus mycelial fungi. Clin Infect Dis 2003; 37(2):221-229.

4. Groll AH, Walsh TJ. Uncommon opportunistic fungi: New nosocomial threats. Clin Microbiol Infect
2001; 7(Suppl 2):8-24.

5. Walsh TJ, Groll A, Hiemenz J, et al. Infections due to emerging and uncommon medically important
fungal pathogens. Clin Microbiol Infect 2004; 10(Suppl 1):48-66.

6. Anaissie EJ, McGinnis MR, Pfaller MA. Clinical Mycology, 1st edn. Philadelphia: Churchill Living-
stone, 2003.

7. Marr KA, Patterson T, Denning D. Aspergillosis. Pathogenesis, clinical manifestations, and therapy.
Infect Dis Clin North Am 2002; 16(4):875-894, vi.

8. Hachem RY, Kontoyiannis DP, Boktour MR, et al. Aspergillus terreus: An emerging amphotericin
B-resistant opportunistic mold in patients with hematologic malignancies. Cancer 2004; 101(7):1594—
1600.

9. Iwen PC, Rupp ME, Langnas AN, et al. Invasive pulmonary aspergillosis due to Aspergillus terreus:
12-year experience and review of the literature. Clin Infect Dis 1998; 26(5):1092-1097.

10. Tritz DM, Woods GL. Fatal disseminated infection with Aspergillus terreus in immunocompromised
hosts. Clin Infect Dis 1993; 16(1):118-122.

11. Steinbach W], Benjamin DK Jr, Kontoyiannis DP, et al. Infections due to Aspergillus terreus: A multi-
center retrospective analysis of 83 cases. Clin Infect Dis 2004; 39(2):192-198.

12. Soubani AO, Chandrasekar PH. The clinical spectrum of pulmonary aspergillosis. Chest 2002;
121(6):1988-1999.

13. Kumar R. Mild, moderate, and severe forms of allergic bronchopulmonary aspergillosis: A clinical
and serologic evaluation. Chest 2003; 124(3):890-892.

14. Kumar R, Gaur SN. Prevalence of allergic bronchopulmonary aspergillosis in patients with bronchial
asthma. Asian Pac ] Allergy Immunol 2000; 18(4):181-185.

15. Stevens DA, Moss RB, Kurup VP, et al. Allergic bronchopulmonary aspergillosis in cystic fibrosis—
State of the art: Cystic Fibrosis Foundation Consensus Conference. Clin Infect Dis 2003; 37(Suppl
3):5225-5264.

16. Kraemer R, Delosea N, Ballinari P, et al. Effect of allergic bronchopulmonary aspergillosis on lung
function in children with cystic fibrosis. Am J Respir Crit Care Med 2006; 174(11):1211-1220.

17. Kunst H, Wickremasinghe M, Wells A, et al. Nontuberculous mycobacterial disease and Aspergillus-
related lung disease in bronchiectasis. Eur Respir ] 2006; 28(2):352-357.

18. Taj-Aldeen SJ, Hilal AA, Schell WA. Allergic fungal rhinosinusitis: A report of 8 cases. Am ] Oto-
laryngol 2004; 25(3):213-218.

19. Dufour X, Kauffmann-Lacroix C, Ferrie JC, et al. Paranasal sinus fungus ball: Epidemiology, clinical
features and diagnosis. A retrospective analysis of 173 cases from a single medical center in France,
1989-2002. Med Mycol 2006; 44(1):61-67.

20. Parikh SL, Venkatraman G, DelGaudio JM. Invasive fungal sinusitis: A 15-year review from a single
institution. Am ] Rhinol 2004; 18(2):75-81.

21. Karnak D, Avery RK, Gildea TR, et al. Endobronchial fungal disease: An under-recognized entity.
Respiration 2007; 74(1):88-104.

22. Mehrad B, Paciocco G, Martinez FJ, et al. Spectrum of Aspergillus infection in lung transplant recipi-
ents: Case series and review of the literature. Chest 2001; 119(1):169-175.

23. Hadjiliadis D, Howell DN, Davis RD, et al. Anastomotic infections in lung transplant recipients. Ann
Transplant 2000; 5(3):13-19.

24. Trullas JC, Cervera C, Benito N, et al. Invasive pulmonary aspergillosis in solid organ and bone

marrow transplant recipients. Transplant Proc 2005; 37(9):4091-4093.



32

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

COSTA AND ALEXANDER

Greene RE, Schlamm HT, Oestmann JW, et al. Imaging findings in acute invasive pulmonary
aspergillosis: Clinical significance of the halo sign. Clin Infect Dis 2007; 44(3):373-379.

Caillot D, Couaillier JF, Bernard A, et al. Increasing volume and changing characteristics of inva-
sive pulmonary aspergillosis on sequential thoracic computed tomography scans in patients with
neutropenia. J Clin Oncol 2001; 19(1):253-259.

Jantunen E, Piilonen A, Volin L, et al. Diagnostic aspects of invasive Aspergillus infections in allogeneic
BMT recipients. Bone Marrow Transplant 2000; 25(8):867-871.

Kleinschmidt-DeMasters BK. Central nervous system aspergillosis: A 20-year retrospective series.
Hum Pathol 2002; 33(1):116-124.

Gabelmann A, Klein S, Kern W, et al. Relevant imaging findings of cerebral aspergillosis on MRI: A
retrospective case-based study in immunocompromised patients. Eur ] Neurol 2007; 14(5):548-555.
Morgan ], Wannemuehler KA, Marr KA, et al. Incidence of invasive aspergillosis following
hematopoietic stem cell and solid organ transplantation: Interim results of a prospective multicenter
surveillance program. Med Mycol 2005; 43(Suppl 1):549-558.

Pappas PG, Kauffman C, Alexander B, et al. M-1195: M-1195 Prospective Surveillance of Invasive
Fungal Infections (IFIs) among Organ Transplant Recipients (OTRs) in the U.S. 2001-2006: Review of
TRANSNET. 47th ICAAC, Chicago, II. September 17-20, 2007.

Kontoyianiis DP, Marr K, Wannemuehler KA, et al. M-1196 Prospective Surveillance for Invasive
Fungal Infections in Hematopoietic Stem Cell Transplant Recipients. 2001-2006: Overview of the
TRANSNET Database. 47th ICAAC, Chicago, II. September 17-20, 2007.

Marr KA, Carter RA, Crippa F, et al. Epidemiology and outcome of mould infections in hematopoietic
stem cell transplant recipients. Clin Infect Dis 2002; 34(7):909-917.

Marr KA, Carter RA, Boeckh M, et al. Invasive aspergillosis in allogeneic stem cell transplant recipi-
ents: changes in epidemiology and risk factors. Blood 2002; 100(13):4358-4366.

Wald A, Leisenring W, van Burik JA, et al. Epidemiology of Aspergillus infections in a large cohort of
patients undergoing bone marrow transplantation. J Infect Dis 1997; 175(6):1459-1466.
Kontoyiannis DP, Lionakis MS, Lewis RE, et al. Zygomycosis in a tertiary-care cancer center in the
era of Aspergillus-active antifungal therapy: A case-control observational study of 27 recent cases. J
Infect Dis 2005; 191(8):1350-1360.

Silveira FP, Husain S. Fungal infections in solid organ transplantation. Med Mycol 2007; 45(4):305-320.
Singh N, Avery RK, Munoz P, et al. Trends in risk profiles for and mortality associated with invasive
aspergillosis among liver transplant recipients. Clin Infect Dis 2003; 36(1):46-52.

Singh N, Paterson DL. Aspergillus infections in transplant recipients. Clin Microbiol Rev 2005;
18(1):44-69.

George MJ, Snydman DR, Werner BG, et al. The independent role of cytomegalovirus as a risk
factor for invasive fungal disease in orthotopic liver transplant recipients. Boston Center for Liver
Transplantation CMVIG-Study Group, Cytogam, MedImmune, Inc. Gaithersburg, Maryland. Am J
Med 1997; 103(2):106-113.

Osawa M, Ito Y, Hirai T, et al. Risk factors for invasive aspergillosis in living donor liver transplant
recipients. Liver Transpl 2007; 13(4):566-570.

Singh N, Husain S. Aspergillus infections after lung transplantation: Clinical differences in type of
transplant and implications for management. ] Heart Lung Transplant 2003; 22(3):258-266.

Munoz P, Rodriguez C, Bouza E, et al. Risk factors of invasive aspergillosis after heart transplantation:
protective role of oral itraconazole prophylaxis. Am J Transplant 2004; 4(4):636-643.

Panackal AA, Dahlman A, Keil KT, et al. Outbreak of invasive aspergillosis among renal transplant
recipients. Transplantation 2003; 75(7):1050-1053.

Alexander BD, Schell WA. Hyalohyphomycosis. In: Kauffman CA, Mandell GL, eds. Atlas of Fungal
Infections, 2nd ed. Philadelphia: Current Medicine Group, Inc., 2006:253-266.

Schell WA. New aspects of emerging fungal pathogens. A multifaceted challenge. Clin Lab Med 1995;
15(2):365-387.

Alfonso JF, Baamonde MB, Santos M], et al. Acremonium fungal infection in 4 patients after laser in
situ keratomileusis. ] Cataract Refract Surg 2004; 30(1):262-267.

Wang MX, Shen DJ, Liu JC, et al. Recurrent fungal keratitis and endophthalmitis. Cornea 2000;
19(4):558-560.

Rodriguez-Ares T, De Rojas Silva V, Ferreiros MP, et al. Acremonium keratitis in a patient with herpetic
neurotrophic corneal disease. Acta Ophthalmol Scand 2000; 78(1):107-109.

Read RW, Chuck RS, Rao NA, et al. Traumatic Acremonium atrogriseum keratitis following laser-
assisted in situ keratomileusis. Arch Ophthalmol 2000; 118(3):418-421.

Erbagci Z, Tuncel AA, Erkilic S, et al. Successful treatment of antifungal- and cryotherapy-resistant
subcutaneous hyalohyphomycosis in an immunocompetent case with topical 5% imiquimod cream.
Mycopathologia 2005; 159(4):521-526.



EPIDEMIOLOGY OF FUNGAL INFECTIONS: WHAT, WHERE, AND WHEN 33

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.
69.

70.

71.

72.
73.

74.

75.

76.
77.

78.

79.

80.

81.

Anadolu R, Hilmioglu S, Oskay T, et al. Indolent Acremonium strictum infection in an immunocom-
petent patient. Int ] Dermatol 2001; 40(7):451-453.

Zaitz C, Porto E, Heins-Vaccari EM, et al. Subcutaneous hyalohyphomycosis caused by Acremonium
recifei: Case report. Rev Inst Med Trop Sao Paulo 1995; 37(3):267-270.

Negroni R, Lopez DG, Arechavala A, et al. Clinical and microbiological study of mycetomas at
the Muniz hospital of Buenos Aires between 1989 and 2004. Rev Argent Microbiol 2006; 38(1):
13-18.

Venugopal PV, Venugopal TV. Pale grain eumycetomas in Madras. Australas ] Dermatol 1995;
36(3):149-151.

Perfect JR, Schell WA. The new fungal opportunists are coming. Clin Infect Dis 1996; 22(Suppl
2):5112-5S118.

Schell WA, Perfect JR. Fatal, disseminated Acremonium strictum infection in a neutropenic host. J Clin
Microbiol 1996; 34(5):1333-1336.

Miyakis S, Velegraki A, Delikou S, et al. Invasive Acremonium strictum infection in a bone marrow
transplant recipient. Pediatr Infect Dis ] 2006; 25(3):273-275.

Novicki TJ, LaFe K, Bui L, et al. Genetic diversity among clinical isolates of Acremonium strictum
determined during an investigation of a fatal mycosis. ] Clin Microbiol 2003; 41(6):2623-2628.
Heins-Vaccari EM, Machado CM, Saboya RS, et al. Phialemonium curvatum infection after bone marrow
transplantation. Rev Inst Med Trop Sao Paulo 2001; 43(3):163-166.

Breton P, Germaud P, Morin O, et al. Rare pulmonary mycoses in patients with hematologic diseases.
Rev Pneumol Clin 1998; 54(5):253-257.

Geyer AS, Fox LP, Husain S, et al. Acremonium mycetoma in a heart transplant recipient. ] Am Acad
Dermatol 2006; 55(6):1095-1100.

Mattei D, Mordini N, Lo NC, et al. Successful treatment of Acremonium fungemia with voriconazole.
Mycoses 2003; 46(11-12):511-514.

Yalaz M, Hilmioglu S, Metin D, et al. Fatal disseminated Acremonium strictum infection in a preterm
newborn: A very rare cause of neonatal septicaemia. ] Med Microbiol 2003; 52(Pt 9):835-837.

Nedret KA, Erdem F, Patiroglu T. Case report. Acremonium falciforme fungemia in a patient with acute
leukaemia. Mycoses 2002; 45(5-6):202-203.

Warris A, Wesenberg F, Gaustad P, et al. Acremonium strictum fungaemia in a paediatric patient with
acute leukaemia. Scand ] Infect Dis 2000; 32(4):442-444.

Roilides E, Bibashi E, Acritidou E, et al. Acremonium fungemia in two immunocompromised children.
Pediatr Infect Dis J 1995; 14(6):548-550.

Paya CV. Fungal infections in solid-organ transplantation. Clin Infect Dis 1993; 16(5):677-688.

Nucci M, Marr KA, Queiroz-Telles F, et al. Fusarium infection in hematopoietic stem cell transplant
recipients. Clin Infect Dis 2004; 38(9):1237-1242.

Nucci M, Anaissie EJ, Queiroz-Telles F, et al. Outcome predictors of 84 patients with hematologic
malignancies and Fusarium infection. Cancer 2003; 98(2):315-319.

Nir-Paz R, Strahilevitz J, Shapiro M, et al. Clinical and epidemiological aspects of infections caused
by Fusarium species: A collaborative study from Israel. ] Clin Microbiol 2004; 42(8):3456-3461.
Fusarium keratitis—Multiple states, 2006. MMWR Morb Mortal Wkly Rep 2006; 55(14):400—401.
Chang DC, Grant GB, O’Donnell K, et al. Multistate outbreak of Fusarium keratitis associated with
use of a contact lens solution. JAMA 2006; 296(8):953-963.

Anaissie EJ, Kuchar RT, Rex JH, et al. Fusariosis associated with pathogenic Fusarium species colo-
nization of a hospital water system: A new paradigm for the epidemiology of opportunistic mold
infections. Clin Infect Dis 2001; 33(11):1871-1878.

Dykewicz MS, Laufer P, Patterson R, et al. Woodman’s disease: Hypersensitivity pneumonitis from
cutting live trees. ] Allergy Clin Immunol 1988; 81(2):455-460.

Muller-Wening D, Renck T, Neuhauss M. Wood chip alveolitis. Pneumologie 1999; 53(7):364-368.
Wright K, Popli S, Gandhi VC, et al. Paecilomyces peritonitis: Case report and review of the literature.
Clin Nephrol 2003; 59(4):305-310.

Gutierrez F, Masia M, Ramos J, et al. Pulmonary mycetoma caused by an atypical isolate of Pae-
cilomyces species in an immunocompetent individual: Case report and literature review of Paecilomyces
lung infections. Eur ] Clin Microbiol Infect Dis 2005; 24(9):607-611.

Wang SM, Shieh CC, Liu CC. Successful treatment of Paecilomyces variotii splenic abscesses: A rare
complication in a previously unrecognized chronic granulomatous disease child. Diagn Microbiol
Infect Dis 2005; 53(2):149-152.

Salle V, Lecuyer E, Chouaki T, et al. Paecilomyces variotii fungemia in a patient with multiple myeloma:
Case report and literature review. J Infect 2005; 51(3):€93-€95.

Kantarcioglu AS, Hatemi G, Yucel A, et al. Paecilomyces variotii central nervous system infection in a
patient with cancer. Mycoses 2003; 46(1-2):45-50.



34

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

COSTA AND ALEXANDER

Chamilos G, Kontoyiannis DP. Voriconazole-resistant disseminated Paecilomyces variotii infection
in a neutropenic patient with leukaemia on voriconazole prophylaxis. ] Infect 2005; 51(4):e225-
e228.

Pastor FJ, Guarro J. Clinical manifestations, treatment and outcome of Paecilomyces lilacinus infections.
Clin Microbiol Infect 2006; 12(10):948-960.

Safdar A. Progressive cutaneous hyalohyphomycosis due to Paecilomyces lilacinus: Rapid response to
treatment with caspofungin and itraconazole. Clin Infect Dis 2002; 34(10):1415-1417.

Chung PC, Lin HC, Hwang YS, et al. Paecilomyces lilacinus scleritis with secondary keratitis. Cornea
2007; 26(2):232-234.

Garbino J, Ondrusova A, Baglivo E, et al. Successful treatment of Paecilomyces lilacinus endophthalmi-
tis with voriconazole. Scand J Infect Dis 2002; 34(9):701-703.

Orth B, Frei R, Itin PH, et al. Outbreak of invasive mycoses caused by Paecilomyces lilacinus from a
contaminated skin lotion. Ann Intern Med 1996; 125(10):799-806.

Itin PH, Frei R, Lautenschlager S, et al. Cutaneous manifestations of Paecilomyces lilacinus infection
induced by a contaminated skin lotion in patients who are severely immunosuppressed. ] Am Acad
Dermatol 1998; 39(3):401-409.

Hall VC, Goyal S, Davis MD, et al. Cutaneous hyalohyphomycosis caused by Paecilomyces lilacinus:
Report of three cases and review of the literature. Int ] Dermatol 2004; 43(9):648-653.

Jahagirdar BN, Morrison VA. Emerging fungal pathogens in patients with hematologic malignancies
and marrow /stem-cell transplant recipients. Semin Respir Infect 2002; 17(2):113-120.

Revankar SG, Patterson JE, Sutton DA, et al. Disseminated phaeohyphomycosis: Review of an emerg-
ing mycosis. Clin Infect Dis 2002; 34(4):467-476.

Malloch D, Salkin IF. A new species of Scedosporium associated with osteomyelitis in humans. Myco-
taxon 1984; 21(October-December):247-255.

Berenguer ], Rodriguez-Tudela JL, Richard C, et al. Deep infections caused by Scedosporium prolificans.
A report on 16 cases in Spain and a review of the literature. Scedosporium Prolificans Spanish Study
Group. Medicine (Baltimore) 1997; 76(4):256-265.

Idigoras P, Perez-Trallero E, Pineiro L, et al. Disseminated infection and colonization by Scedosporium
prolificans: A review of 18 cases, 1990-1999. Clin Infect Dis 2001; 32(11):E158-E165.

Wood GM, McCormack JG, Muir DB, et al. Clinical features of human infection with Scedosporium
inflatum. Clin Infect Dis 1992; 14(5):1027-1033.

Wilson CM, O'Rourke EJ, McGinnis MR, et al. Scedosporium inflatum: Clinical spectrum of a newly
recognized pathogen. ] Infect Dis 1990; 161(1):102-107.

Husain S, Munoz P, Forrest G, et al. Infections due to Scedosporium apiospermum and Scedosporium
prolificans in transplant recipients: Clinical characteristics and impact of antifungal agent therapy on
outcome. Clin Infect Dis 2005; 40(1):89-99.

Lamaris GA, Chamilos G, Lewis RE, et al. Scedosporium infection in a tertiary care cancer center: A
review of 25 cases from 1989-2006. Clin Infect Dis 2006; 43(12):1580-1584.

Cimon B, Carrere J, Vinatier JF, et al. Clinical significance of Scedosporium apiospermum in patients
with cystic fibrosis. Eur J Clin Microbiol Infect Dis 2000; 19(1):53-56.

Defontaine A, Zouhair R, Cimon B, et al. Genotyping study of Scedosporium apiospermum isolates
from patients with cystic fibrosis. ] Clin Microbiol 2002; 40(6):2108-2114.

Symoens F, Knoop C, Schrooyen M, et al. Disseminated Scedosporium apiospermum infection in a
cystic fibrosis patient after double-lung transplantation. ] Heart Lung Transplant 2006; 25(5):603—
607.

Williamson EC, Speers D, Arthur IH, et al. Molecular epidemiology of Scedosporium apiospermum
infection determined by PCR amplification of ribosomal intergenic spacer sequences in patients with
chronic lung disease. ] Clin Microbiol 2001; 39(1):47-50.

del Palacio A, Garau M, Amor E, et al. Case reports. Transient colonization with Scedosporium prolifi-
cans. Report of four cases in Madrid. Mycoses 2001; 44(7-8):321-325.

de BJ, Motje M, Balanza R, Guardia R, et al. Disseminated infection caused by Scedosporium prolificans
in a patient with acute multilineal leukemia. ] Clin Microbiol 2000; 38(4):1694-1695.

Howden BP, Slavin MA, Schwarer AP, et al. Successful control of disseminated Scedosporium prolificans
infection with a combination of voriconazole and terbinafine. Eur ] Clin Microbiol Infect Dis 2003;
22(2):111-113.

Maertens J, Lagrou K, Deweerdt H, et al. Disseminated infection by Scedosporium prolificans: An
emerging fatality among haematology patients. Case report and review. Ann Hematol 2000; 79(6):340—
344.

McKelvie PA, Wong EY, Chow LP, et al. Scedosporium endophthalmitis: Two fatal disseminated
cases of Scedosporium infection presenting with endophthalmitis. Clin Experiment Ophthalmol 2001;
29(5):330-334.



EPIDEMIOLOGY OF FUNGAL INFECTIONS: WHAT, WHERE, AND WHEN 35

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

Nenoff P, Gutz U, Tintelnot K, et al. Disseminated mycosis due to Scedosporium prolificans in an AIDS
patient with Burkitt lymphoma. Mycoses 1996; 39(11-12):461-465.

Rabodonirina M, Paulus S, Thevenet F, et al. Disseminated Scedosporium prolificans (S. inflatum)
infection after single-lung transplantation. Clin Infect Dis 1994; 19(1):138-142.

Jabado N, Casanova JL, Haddad E, et al. Invasive pulmonary infection due to Scedosporium apiosper-
mum in two children with chronic granulomatous disease. Clin Infect Dis 1998; 27(6):1437-1441.
Horre R, Jovanic B, Marklein G, et al. Fatal pulmonary scedosporiosis. Mycoses 2003; 46(9-10):418—
421.

Klopfenstein KJ, Rosselet R, Termuhlen A, et al. Successful treatment of Scedosporium pneumonia
with voriconazole during AML therapy and bone marrow transplantation. Med Pediatr Oncol 2003;
41(5):494-495.

Castiglioni B, Sutton DA, Rinaldi MG, et al. Pseudallescheria boydii (Anamorph Scedosporium apiosper-
mum). Infection in solid organ transplant recipients in a tertiary medical center and review of the
literature. Medicine (Baltimore) 2002; 81(5):333-348.

Perlroth J, Choi B, Spellberg B. Nosocomial fungal infections: epidemiology, diagnosis, and treatment.
Med Mycol 2007; 45(4):321-346.

Talbot TR, Hatcher J, Davis SF, et al. Scedosporium apiospermum pneumonia and sternal wound infec-
tion in a heart transplant recipient. Transplantation 2002; 74(11):1645-1647.

Tamm M, Malouf M, Glanville A. Pulmonary Scedosporium infection following lung transplantation.
Transpl Infect Dis 2001; 3(4):189-194.

Raj R, Frost AE. Scedosporium apiospermum fungemia in a lung transplant recipient. Chest 2002;
121(5):1714-1716.

Diaz-Valle D, Benitez Del Castillo JM, Amor E, et al. Severe keratomycosis secondary to Scedosporium
apiospermum. Cornea 2002; 21(5):516-518.

Hernandez PC, Llinares TF, Burgos San JA, et al. Voriconazole in fungal keratitis caused by Scedospo-
rium apiospermum. Ann Pharmacother 2004; 38(3):414—417.

Nulens E, Eggink C, Rijs A], et al. Keratitis caused by Scedosporium apiospermum successfully treated
with a cornea transplant and voriconazole. ] Clin Microbiol 2003; 41(5):2261-2264.

Wu Z, Ying H, Yiu S, et al. Fungal keratitis caused by Scedosporium apiospermum: report of two cases
and review of treatment. Cornea 2002; 21(5):519-523.

Arthur S, Steed LL, Apple DJ, et al. Scedosporium prolificans keratouveitis in association with a contact
lens retained intraocularly over a long term. J Clin Microbiol 2001; 39(12):4579-4582.

Figueroa MS, Fortun ], Clement A, et al. Endogenous endophthalmitis caused by Scedosporium
apiospermum treated with voriconazole. Retina 2004; 24(2):319-320.

Larocco A Jr, Barron JB. Endogenous Scedosporium apiospermum endophthalmitis. Retina 2005;
25(8):1090-1093.

Leck A, Matheson M, Tuft S, et al. Scedosporium apiospermum keratomycosis with secondary endoph-
thalmitis. Eye 2003; 17(7):841-843.

Taylor A, Wiffen SJ, Kennedy CJ. Post-traumatic Scedosporium inflatum endophthalmitis. Clin Exper-
iment Ophthalmol 2002; 30(1):47-48.

Vagefi MR, Kim ET, Alvarado RG, et al. Bilateral endogenous Scedosporium prolificans endophthalmitis
after lung transplantation. Am ] Ophthalmol 2005; 139(2):370-373.

Chakraborty A, Workman MR, Bullock PR. Scedosporium apiospermum brain abscess treated with
surgery and voriconazole. Case report. ] Neurosurg 2005; 103(1 Suppl):83-87.

Kowacs PA, Soares Silvado CE, Monteiro de AS, et al. Infection of the CNS by Scedosporium apiosper-
mum after near drowning. Report of a fatal case and analysis of its confounding factors. J Clin Pathol
2004; 57(2):205-207.

Mursch K, Trnovec S, Ratz H, et al. Successful treatment of multiple Pseudallescheria boydii brain
abscesses and ventriculitis/ependymitis in a 2-year-old child after a near-drowning episode. Childs
Nerv Syst 2006; 22(2):189-192.

Baddley JW, Stroud TP, Salzman D, et al. Invasive mold infections in allogeneic bone marrow trans-
plant recipients. Clin Infect Dis 2001; 32(9):1319-1324.

Mellinghoff IK, Winston D], Mukwaya G, et al. Treatment of Scedosporium apiospermum brain abscesses
with posaconazole. Clin Infect Dis 2002; 34(12):1648-1650.

Safdar A, Papadopoulos EB, Young JW. Breakthrough Scedosporium apiospermum (Pseudallescheria boy-
dii) brain abscess during therapy for invasive pulmonary aspergillosis following high-risk allogeneic
hematopoietic stem cell transplantation. Scedosporiasis and recent advances in antifungal therapy.
Transpl Infect Dis 2002; 4(4):212-217.

Montejo M, Muniz ML, Zarraga S, et al. Case reports. Infection due to Scedosporium apiospermum in
renal transplant recipients: A report of two cases and literature review of central nervous system and
cutaneous infections by Pseudallescheria boydii/Sc. apiospermum. Mycoses 2002; 45(9-10):418-427.



36

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.
153.

154.

155.

156.

157.

158.

159.

160.

161.
162.

COSTA AND ALEXANDER

Nesky MA, McDougal EC, Peacock JE Jr. Pseudallescheria boydii brain abscess successfully treated
with voriconazole and surgical drainage: Case report and literature review of central nervous system
pseudallescheriasis. Clin Infect Dis 2000; 31(3):673-677.

Luu KK, Scott IU, Miller D, et al. Endogenous Pseudallescheria boydii endophthalmitis in a patient
with ring-enhancing brain lesions. Ophthalmic Surg Lasers 2001; 32(4):325-329.

Marco de Lucas E., Sadaba P, Lastra Garcia-Baron P, et al. Cerebral scedosporiosis: An emerging
fungal infection in severe neutropenic patients: CT features and CT pathologic correlation. Eur
Radiol 2006; 16(2):496-502.

Canet JJ, Pagerols X, Sanchez C, et al. Lymphocutaneous syndrome due to Scedosporium apiospermum.
Clin Microbiol Infect 2001; 7(11):648-650.

Girmenia C, Luzi G, Monaco M, et al. Use of voriconazole in treatment of Scedosporium apiospermum
infection: Case report. ] Clin Microbiol 1998; 36(5):1436-1438.

Karaarslan A, Arikan S, Karaarslan F, et al. Skin infection caused by Scedosporium apiospermum.
Mycoses 2003; 46(11-12):524-526.

Schaenman JM, Digiulio DB, Mirels LF, et al. Scedosporium apiospermum soft tissue infection success-
fully treated with voriconazole: Potential pitfalls in the transition from intravenous to oral therapy. J
Clin Microbiol 2005; 43(2):973-977.

German JW, Kellie SM, Pai MP, et al. Treatment of a chronic Scedosporium apiospermum vertebral
osteomyelitis. Case report. Neurosurg Focus 2004; 17(6):E9.

O’Doherty M, Hannan M, Fulcher T. Voriconazole in the treatment of fungal osteomyelitis of the
orbit in the immunocompromised host. Orbit 2005; 24(4):285-289.

Levine NB, Kurokawa R, Fichtenbaum CJ, et al. An immunocompetent patient with primary Sce-
dosporium apiospermum vertebral osteomyelitis. ] Spinal Disord Tech 2002; 15(5):425-430.

Kanafani ZA, Comair Y, Kanj SS. Pseudallescheria boydii cranial osteomyelitis and subdural empyema
successfully treated with voriconazole: A case report and literature review. Eur ] Clin Microbiol Infect
Dis 2004; 23(11):836-840.

Lonser RR, Brodke DS, Dailey AT. Vertebral osteomyelitis secondary to Pseudallescheria boydii. ] Spinal
Disord 2001; 14(4):361-364.

Gosbell IB, Toumasatos V, Yong J, et al. Cure of orthopaedic infection with Scedosporium prolificans,
using voriconazole plus terbinafine, without the need for radical surgery. Mycoses 2003; 46(5-6):233—
236.

Steinbach WJ, Schell WA, Miller JL, et al. Scedosporium prolificans osteomyelitis in an immunocompe-
tent child treated with voriconazole and caspofungin, as well as locally applied polyhexamethylene
biguanide. J Clin Microbiol 2003; 41(8):3981-3985.

Jacobson ES. Pathogenic roles for fungal melanins. Clin Microbiol Rev 2000; 13(4):708-717.
Schnitzler N, Peltroche-Llacsahuanga H, Bestier N, et al. Effect of melanin and carotenoids of Exophiala
(Wangiella) dermatitidis on phagocytosis, oxidative burst, and killing by human neutrophils. Infect
Immun 1999; 67(1):94-101.

Bonifaz A, Carrasco-Gerard E, Saul A. Chromoblastomycosis: Clinical and mycologic experience of
51 cases. Mycoses 2001; 44(1-2):1-7.

Lopez MR, Mendez Tovar L]. Chromoblastomycosis. Clin Dermatol 2007; 25(2):188-194.

Silva JP, de SW, Rozental S. Chromoblastomycosis: A retrospective study of 325 cases on amazonic
region (Brazil). Mycopathologia 1998; 143(3):171-175.

Garg P, Gopinathan U, Choudhary K, et al. Keratomycosis: Clinical and microbiologic experience
with dematiaceous fungi. Ophthalmology 2000; 107(3):574-580.

Wilhelmus KR. Climatology of dematiaceous fungal keratitis. Am ] Ophthalmol 2005; 140(6):1156—
1157.

Agger WA, Andes D, Burgess JW. Exophiala jeanselmei infection in a heart transplant recipient suc-
cessfully treated with oral terbinafine. Clin Infect Dis 2004; 38(11):e112—e115.

Chua JD, Gordon SM, Banbury J, et al. Relapsing Exophiala jeanselmei phaeohyphomycosis in a lung-
transplant patient. Transpl Infect Dis 2001; 3(4):235-238.

Xu X, Low DW, Palevsky HI, et al. Subcutaneous phaeohyphomycotic cysts caused by Exophiala
jeanselmei in a lung transplant patient. Dermatol Surg 2001; 27(4):343-346.

Tessari G, Forni A, Ferretto R, et al. Lethal systemic dissemination from a cutaneous infection due
to Curvularia lunata in a heart transplant recipient. ] Eur Acad Dermatol Venereol 2003; 17(4):440—
442.

Salo PM, Arbes S] Jr, Sever M, et al. Exposure to Alternaria alternata in US homes is associated with
asthma symptoms. ] Allergy Clin Immunol 2006; 118(4):892-898.

Bush RK, Prochnau JJ. Alternaria-induced asthma. J Allergy Clin Immunol 2004; 113(2):227-234.
Barnes SD, Dohlman CH, Durand ML. Fungal colonization and infection in Boston keratoprosthesis.
Cornea 2007; 26(1):9-15.



EPIDEMIOLOGY OF FUNGAL INFECTIONS: WHAT, WHERE, AND WHEN 37

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.
182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

Ozbek Z, Kang S, Sivalingam J, et al. Voriconazole in the management of Alternaria keratitis. Cornea
2006; 25(2):242-244.

Verma K, Vajpayee RB, Titiyal JS, et al. Post-LASIK infectious crystalline keratopathy caused by
Alternaria. Cornea 2005; 24(8):1018-1020.

Gilaberte M, Bartralot R, Torres JM, et al. Cutaneous alternariosis in transplant recipients: Clinico-
pathologic review of 9 cases. ] Am Acad Dermatol 2005; 52(4):653-659.

Benito N, Moreno A, Puig J, et al. Alternariosis after liver transplantation. Transplantation 2001;
72(11):1840-1843.

Luque P, Garcia-Gil FA, Larraga J, et al. Treatment of cutaneous infection by Alternaria alternata with
voriconazole in a liver transplant patient. Transplant Proc 2006; 38(8):2514-2515.

Vieira R, Veloso J, Afonso A, et al. Cutaneous alternariosis in a liver transplant recipient. Rev Iberoam
Micol 2006; 23(2):107-109.

Gerdsen R, Uerlich M, de Hoog GS, et al. Sporotrichoid phaeohyphomycosis due to Alternaria infec-
toria. Br ] Dermatol 2001; 145(3):484-486.

Nulens E, De Laere E, Vandevelde H, et al. Alternaria infectoria phaeohyphomycosis in a renal trans-
plant patient. Med Mycol 2006; 44(4):379-382.

Torres-Rodriguez JM, Gonzalez MP, Corominas JM, et al. Successful thermotherapy for a subcu-
taneous infection due to Alternaria alternata in a renal transplant recipient. Arch Dermatol 2005;
141(9):1171-1173.

Romano C, Vanzi L, Massi D, et al. Subcutaneous alternariosis. Mycoses 2005; 48(6):408—412.
Robertshaw H, Higgins E. Cutaneous infection with Alternaria tenuissima in an immunocompromised
patient. Br ] Dermatol 2005; 153(5):1047-1049.

Mullane K, Toor AA, Kalnicky C, et al. Posaconazole salvage therapy allows successful allogeneic
hematopoietic stem cell transplantation in patients with refractory invasive mold infections. Transpl
Infect Dis 2007; 9(2):89-96.

Park AH, Muntz HR, Smith ME, et al. Pediatric invasive fungal rhinosinusitis in immunocompro-
mised children with cancer. Otolaryngol Head Neck Surg 2005; 133(3):411-416.

Morrison VA, Haake R], Weisdorf DJ. The spectrum of non-Candida fungal infections following bone
marrow transplantation. Medicine (Baltimore) 1993; 72(2):78-89.

Sorensen ], Becker M, Porto L, et al. Rhinocerebral zygomycosis in a young girl undergoing allogeneic
stem cell transplantation for severe aplastic anaemia. Mycoses 2006; 49(Suppl 1):31-36.

Uenotsuchi T, Moroi Y, Urabe K, et al. Cutaneous alternariosis with chronic granulomatous disease.
Eur ] Dermatol 2005; 15(5):406—408.

Gopalakrishnan K, Daniel E, Jacob R, et al. Bilateral Bipolaris keratonycosis in a borderline lepromatous
patient. Int ] Lepr Other Mycobact Dis 2003; 71(1):14-17.

Newell CK, Steinmetz RL, Brooks HL Jr. Chronic postoperative endophthalmitis caused by Bipolaris
australiensis. Retina 2006; 26(1):109-110.

Saha R, Das S. Bipolaris keratomycosis. Mycoses 2005; 48(6):453—455.

Robb CW, Malouf PJ, Rapini RP. Four cases of dermatomycosis: Superficial cutaneous infection by
Alternaria or Bipolaris. Cutis 2003; 72(4):313-316, 319.

Bilu D, Movahedi-Lankarani S, Kazin RA, et al. Cutaneous Bipolaris infection in a neutropenic patient
with acute lymphoblastic leukemia. ] Cutan Med Surg 2004; 8(6):446—449.

Roche M, Redmond RM, O'NEeill S, et al. A case of multiple cerebral abscesses due to infection with
Cladophialophora bantiana. ] Infect 2005; 51(5):e285-e288.

Tunuguntla A, Saad MM, Abdalla J, et al. Multiple brain abscesses caused by Cladophialophora ban-
tianum: A challenging case. Tenn Med 2005; 98(5):227-228, 235.

Lyons MK, Blair JE, Leslie KO. Successful treatment with voriconazole of fungal cerebral abscess due
to Cladophialophora bantiana. Clin Neurol Neurosurg 2005; 107(6):532-534.

Revankar SG, Sutton DA, Rinaldi MG. Primary central nervous system phaeohyphomycosis: A
review of 101 cases. Clin Infect Dis 2004; 38(2):206-216.

Keyser A, Schmid FX, Linde H]J, et al. Disseminated Cladophialophora bantiana infection in a heart
transplant recipient. ] Heart Lung Transplant 2002; 21(4):503-505.

Levin TP, Baty DE, Fekete T, et al. Cladophialophora bantiana brain abscess in a solid-organ trans-
plant recipient: Case report and review of the literature. ] Clin Microbiol 2004; 42(9):4374-
4378.

Silveira ER, Resende MA, Mariano VS, et al. Brain abscess caused by Cladophialophora (Xylohypha)
bantiana in a renal transplant patient. Transpl Infect Dis 2003; 5(2):104-107.

Arnoldo BD, Purdue GF, Tchorz K, et al. A case report of phaeohyphomycosis caused by
Cladophialophora bantiana treated in a burn unit. ] Burn Care Rehabil 2005; 26(3):285-287.

Howard SJ, Walker SL, Andrew SM, et al. Sub-cutaneous phaeohyphomycosis caused by
Cladophialophora devriesii in a United Kingdom resident. Med Mycol 2006; 44(6):553-556.



38

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

COSTA AND ALEXANDER

Werlinger KD, Yen MA. Eumycotic mycetoma caused by Cladophialophora bantiana in a patient with
systemic lupus erythematosus. ] Am Acad Dermatol 2005; 52(5 Suppl 1):5114-5117.

Perez-Blanco M, Hernandez VR, Garcia-Humbria L, et al. Chromoblastomycosis in children and
adolescents in the endemic area of the Falcon State, Venezuela. Med Mycol 2006; 44(5):467—471.
GuarroJ, Akiti T, Horta RA, et al. Mycotic keratitis due to Curvularia senegalensis and in vitro antifungal
susceptibilities of Curvularia spp. ] Clin Microbiol 1999; 37(12):4170-4173.

Boonpasart S, Kasetsuwan N, Puangsricharern V, et al. Infectious keratitis at King Chulalongkorn
Memorial Hospital: A 12-year retrospective study of 391 cases. ] Med Assoc Thai 2002; 85(Suppl
1):5217-5230.

Bonduel M, Santos P, Turienzo CF, et al. Atypical skin lesions caused by Curvularia sp. and Pseu-
dallescheria boydii in two patients after allogeneic bone marrow transplantation. Bone Marrow Trans-
plant 2001; 27(12):1311-1313.

Torda AJ, Jones PD. Necrotizing cutaneous infection caused by Curvularia brachyspora in an immuno-
competent host. Australas ] Dermatol 1997; 38(2):85-87.

Still JM Jr, Law EJ, Pereira GI, et al. Invasive burn wound infection due to Curvularia species. Burns
1993; 19(1):77-79.

Ebright JR, Chandrasekar PH, Marks S, et al. Invasive sinusitis and cerebritis due to Curvularia clavata
in an immunocompetent adult. Clin Infect Dis 1999; 28(3):687-689.

Carter E, Boudreaux C. Fatal cerebral phaeohyphomycosis due to Curvularia lunata in an immuno-
competent patient. ] Clin Microbiol 2004; 42(11):5419-5423.

Pimentel JD, Mahadevan K, Woodgyer A, et al. Peritonitis due to Curvularia inaequalis in an elderly
patient undergoing peritoneal dialysis and a review of six cases of peritonitis associated with other
Curvularia spp. ] Clin Microbiol 2005; 43(8):4288-4292.

Kainer MA, Keshavarz H, Jensen BJ, et al. Saline-filled breast implant contamination with Curvularia
species among women who underwent cosmetic breast augmentation. J Infect Dis 2005; 192(1):
170-177.

Mancini MC, McGinnis MR. Dactylaria infection of a human being: Pulmonary disease in a heart
transplant recipient. ] Heart Lung Transplant 1992; 11(4 Pt 1):827-830.

Kralovic SM, Rhodes JC. Phaeohyphomycosis caused by Dactylaria (human dactylariosis): Report of
a case with review of the literature. J Infect 1995; 31(2):107-113.

Burns KE, Ohori NP, Iacono AT. Dactylaria gallopava infection presenting as a pulmonary nodule in a
single-lung transplant recipient. ] Heart Lung Transplant 2000; 19(9):900-902.

Malani PN, Bleicher JJ, Kauffman CA, et al. Disseminated Dactylaria constricta infection in a renal
transplant recipient. Transpl Infect Dis 2001; 3(1):40-43.

Mazur JE, Judson MA. A case report of a Dactylaria fungal infection in a lung transplant patient.
Chest 2001; 119(2):651-653.

Vukmir RB, Kusne S, Linden P, et al. Successful therapy for cerebral phaeohyphomycosis due to
Dactylaria gallopava in a liver transplant recipient. Clin Infect Dis 1994; 19(4):714-719.

Singh N, Chang FY, Gayowski T, et al. Infections due to dematiaceous fungi in organ transplant
recipients: Case report and review. Clin Infect Dis 1997; 24(3):369-374.

Rossmann SN, Cernoch PL, Davis JR. Dematiaceous fungi are an increasing cause of human disease.
Clin Infect Dis 1996; 22(1):73-80.

Jenney A, Maslen M, Bergin P, et al. Pulmonary infection due to Ochroconis gallopavum treated
successfully after orthotopic heart transplantation. Clin Infect Dis 1998; 26(1):236-237.

Wang TK, Chiu W, Chim S, et al. Disseminated ochroconis gallopavum infection in a renal trans-
plant recipient: The first reported case and a review of the literature. Clin Nephrol 2003; 60(6):415—
423.

Boggild AK, Poutanen SM, Mohan S, et al. Disseminated phaeohyphomycosis due to Ochroconis
gallopavum in the setting of advanced HIV infection. Med Mycol 2006; 44(8):777-782.
Garcia-Martos P, Marquez A, Gene J. Human infections by black yeasts of genus Exophiala. Rev
Iberoam Micol 2002; 19(2):72-79.

Kantarcioglu AS, de Hoog GS. Infections of the central nervous system by melanized fungi: A review
of cases presented between 1999 and 2004. Mycoses 2004; 47(1-2):4-13.

Chang CL, Kim DS, Park D], et al. Acute cerebral phaeohyphomycosis due to Wangiella dermatitidis
accompanied by cerebrospinal fluid eosinophilia. ] Clin Microbiol 2000; 38(5):1965-1966.

Taj-Aldeen S, El Shafie S, Alsoub H, et al. Isolation of Exophiala dermatitidis from endotracheal aspirate
of a cancer patient. Mycoses 2006; 49(6):504-509.

Hiruma M, Kawada A, Ohata H, et al. Systemic phaeohyphomycosis caused by Exophiala dermatitidis.
Mycoses 1993; 36(1-2):1-7.

Matsumoto T, Matsuda T, McGinnis MR, et al. Clinical and mycological spectra of Wangiella dermati-
tidis infections. Mycoses 1993; 36(5-6):145-155.



EPIDEMIOLOGY OF FUNGAL INFECTIONS: WHAT, WHERE, AND WHEN 39

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

242.

243.

244.

245.

246.

247.

248.

Exophiala infection from contaminated injectable steroids prepared by a compounding pharmacy—
United States, July-November 2002. MMWR Morb Mortal Wkly Rep 2002; 51(49):1109-1112.

Matos T, de Hoog GS, de Boer AG, et al. High prevalence of the neurotrope Exophiala dermatitidis and
related oligotrophic black yeasts in sauna facilities. Mycoses 2002; 45(9-10):373-377.

Neumeister B, Zollner TM, Krieger D, et al. Mycetoma due to Exophiala jeanselmei and Mycobacterium
chelonae in a 73-year-old man with idiopathic CD4+ T lymphocytopenia. Mycoses 1995; 38(7-8):
271-276.

Desnos-Ollivier M, Bretagne S, Dromer F, et al. Molecular identification of black-grain mycetoma
agents. ] Clin Microbiol 2006; 44(10):3517-3523.

Kinkead S, Jancic V, Stasko T, et al. Chromoblastomycosis in a patient with a cardiac transplant. Cutis
1996; 58(5):367-370.

Kondo M, Hiruma M, Nishioka Y, et al. A case of chromomycosis caused by Fonsecaea pedrosoi and
a review of reported cases of dematiaceous fungal infection in Japan. Mycoses 2005; 48(3):221-225.
Heinz T, Perfect J, Schell W, et al. Soft-tissue fungal infections: Surgical management of 12 immuno-
compromised patients. Plast Reconstr Surg 1996; 97(7):1391-1399.

Vlassopoulos D, Kouppari G, Arvanitis D, et al. Wangiella dermatitidis peritonitis in a CAPD patient.
Perit Dial Int 2001; 21(1):96-97.

Greig J, Harkness M, Taylor P, et al. Peritonitis due to the dermatiaceous mold Exophiala dermatitidis
complicating continuous ambulatory peritoneal dialysis. Clin Microbiol Infect 2003; 9(7):713-715.
Nucci M, Akiti T, Barreiros G, et al. Nosocomial outbreak of Exophiala jeanselmei fungemia associated
with contamination of hospital water. Clin Infect Dis 2002; 34(11):1475-1480.

Nucci M, Akiti T, Barreiros G, et al. Nosocomial fungemia due to Exophiala jeanselmei var. jeanselmei
and a Rhinocladiella species: Newly described causes of bloodstream infection. J Clin Microbiol 2001;
39(2):514-518.

Adler A, Yaniv I, Samra Z, et al. Exserohilum: an emerging human pathogen. Eur ] Clin Microbiol
Infect Dis 2006; 25(4):247-253.

Levy I, Stein J, Ashkenazi S, et al. Ecthyma gangrenosum caused by disseminated Exserohilum in a
child with leukemia: A case report and review of the literature. Pediatr Dermatol 2003; 20(6):495—
497.

Lasala PR, Smith MB, McGinnis MR, et al. Invasive Exserohilum sinusitis in a patient with aplastic
anemia. Pediatr Infect Dis ] 2005; 24(10):939-941.

Al-Attar A, Williams CG, Redett R]. Rare lower extremity invasive fungal infection in an immuno-
suppressed patient: Exserohilum longirostratum. Plast Reconstr Surg 2006; 117(3):44e—47e.

Sharma NL, Sharma RC, Grover PS, et al. Chromoblastomycosis in India. Int ] Dermatol 1999;
38(11):846-851.

Lundstrom TS, Fairfax MR, Dugan MC, et al. Phialophora verrucosa infection in a BMT patient. Bone
Marrow Transplant 1997; 20(9):789-791.

Kanj SS, Amr SS, Roberts GD. Ramichloridium mackenziei brain abscess: Report of two cases and
review of the literature. Med Mycol 2001; 39(1):97-102.

Khan ZU, Lamdhade SJ, Johny M, et al. Additional case of Ramichloridium mackenziei cerebral
phaeohyphomycosis from the Middle East. Med Mycol 2002; 40(4):429-433.

Naim-ur-Rahman, Mahgoub ES, Chagla AH. Fatal brain abscesses caused by Ramichloridium
obovoideum: Report of three cases. Acta Neurochir (Wien) 1988; 93(3—4):92-95.

Podnos YD, Anastasio P, De La ML, et al. Cerebral phaeohyphomycosis caused by Ramichloridium
obovoideum (Ramichloridium mackenziei): Case report. Neurosurgery 1999; 45(2):372-375.

Sutton DA, Slifkin M, Yakulis R, et al. U.S. case report of cerebral phaeohyphomycosis caused by
Ramichloridium obovoideum (R. mackenziei): Criteria for identification, therapy, and review of other
known dematiaceous neurotropic taxa. ] Clin Microbiol 1998; 36(3):708-715.

Al-Abdely HM, Alkhunaizi AM, Al-Tawfiq JA, et al. Successful therapy of cerebral phaeohyphomy-
cosis due to Ramichloridium mackenziei with the new triazole posaconazole. Med Mycol 2005;
43(1):91-95.

Walsh TJ, Groll AH. Emerging fungal pathogens: Evolving challenges to immunocompromised
patients for the twenty-first century. Transpl Infect Dis 1999; 1(4):247-261.

Ribes JA, Vanover-Sams CL, Baker DJ. Zygomycetes in human disease. Clin Microbiol Rev 2000;
13(2):236-301.

Quinio D, Karam A, Leroy JP, et al. Zygomycosis caused by Cunninghamella bertholletiae in a kidney
transplant recipient. Med Mycol 2004; 42(2):177-180.

Marty FM, Cosimi LA, Baden LR. Breakthrough zygomy-cosis after voriconazole treatment in recipi-
ents of hematopoietic stem-cell transplants. N Engl ] Med 2004; 350(9):950-952.

Roden MM, Zaoutis TE, Buchanan WL, et al. Epidemiology and outcome of zygomycosis: A review
of 929 reported cases. Clin Infect Dis 2005; 41(5):634—653.



40

249.

250.

251.

252.

253.

254.

255.

256.

257.

258.

259.

260.

261.

262.

263.

264.

265.

266.

267.

268.

269.

270.

271.

272.

273.

274.

275.

276.

COSTA AND ALEXANDER

Trifilio SM, Bennett CL, Yarnold PR, et al. Breakthrough zygomycosis after voriconazole administra-
tion among patients with hematologic malignancies who receive hematopoietic stem-cell transplants
or intensive chemotherapy. Bone Marrow Transplant 2007; 39(7):425-429.

Almyroudis NG, Sutton DA, Linden P, et al. Zygomycosis in solid organ transplant recipients in a
tertiary transplant center and review of the literature. Am J Transplant 2006; 6(10):2365-2374.

Imhof A, Balajee SA, Fredricks DN, et al. Breakthrough fungal infections in stem cell transplant
recipients receiving voriconazole. Clin Infect Dis 2004; 39(5):743-746.

Vigouroux S, Morin O, Moreau P, et al. Zygomycosis after prolonged use of voriconazole in immuno-
compromised patients with hematologic disease: Attention required. Clin Infect Dis 2005; 40(4):
e35—e37.

Maertens J, Demuynck H, Verbeken EK, et al. Mucormycosis in allogeneic bone marrow transplant
recipients: Report of five cases and review of the role of iron overload in the pathogenesis. Bone
Marrow Transplant 1999; 24(3):307-312.

Prokopowicz GP, Bradley SF, Kauffman CA. Indolent zygomycosis associated with deferoxamine
chelation therapy. Mycoses 1994; 37(11-12):427-431.

Boelaert JR, Van Cutsem ], de Locht M, et al. Deferoxamine augments growth and pathogenicity of
Rhizopus, while hydroxypyridinone chelators have no effect. Kidney Int 1994; 45(3):667-671.
Boelaert JR, de Locht M, Van Cutsem J, et al. Mucormycosis during deferoxamine therapy is a
siderophore-mediated infection. In vitro and in vivo animal studies. ] Clin Invest 1993; 91(5):1979-
1986.

Boelaert JR, Fenves AZ, Coburn JW. Deferoxamine therapy and mucormycosis in dialysis patients:
Report of an international registry. Am ] Kidney Dis 1991; 18(6):660-667.

Marty FM, Lowry CM, Cutler CS, et al. Voriconazole and sirolimus coadministration after allogeneic
hematopoietic stem cell transplantation. Biol Blood Marrow Transplant 2006; 12(5):552-559.

Paul S, Marty FM, Colson YL. Treatment of cavitary pulmonary zygomycosis with surgical resection
and posaconazole. Ann Thorac Surg 2006; 82(1):338-340.

Hampson FG, Ridgway EJ, Feeley K, et al. A fatal case of disseminated zygomycosis associated with
the use of blood glucose self-monitoring equipment. J Infect 2005; 51(5):269-e272.

Vazquez L, Mateos ]J, Sanz-Rodriguez C, et al. Successful treatment of rhinocerebral zygomyco-
sis with a combination of caspofungin and liposomal amphotericin B. Haematologica 2005; 90(12
Suppl):ECR39.

Rickerts V, Bohme A, Viertel A, et al. Cluster of pulmonary infections caused by Cunninghamella
bertholletiae in immunocompromised patients. Clin Infect Dis 2000; 31(4):910-913.

Garey KW, Pendland SL, Huynh VT, et al. Cunninghamella bertholletiae infection in a bone marrow
transplant patient: Amphotericin lung penetration, MIC determinations, and review of the literature.
Pharmacotherapy 2001; 21(7):855-860.

Darrisaw L, Hanson G, Vesole DH, et al. Cunninghamella infection post bone marrow transplant:
Case report and review of the literature. Bone Marrow Transplant 2000; 25(11):1213-1216.

Zhang R, Zhang JW, Szerlip HM. Endocarditis and hemorrhagic stroke caused by Cunninghamella
bertholletiae infection after kidney transplantation. Am J Kidney Dis 2002; 40(4):842-846.

Freifeld A, Kauffman C, Pappas PG, et al. Endemic fungal infections (EFIs) among solid organ
transplant recipients (SOTRs). 43rd Annual Meeting of IDSA, October 6-9, 2005, San Fransisco, CA.
De Groote MA, Bjerke R, Smith H, et al. Expanding epidemiology of blastomycosis: Clinical features
and investigation of 2 cases in Colorado. Clin Infect Dis 2000; 30(3):582-584.

Rudmann DG, Coolman BR, Perez CM, et al. Evaluation of risk factors for blastomycosis in dogs: 857
cases (1980-1990). ] Am Vet Med Assoc 1992; 201(11):1754-1759.

Bradsher RW, Chapman SW, Pappas PG. Blastomycosis. Infect Dis Clin North Am 2003; 17(1):
21-40, vii.

Lemos LB, Guo M, Baliga M. Blastomycosis: Organ involvement and etiologic diagnosis. A review
of 123 patients from Mississippi. Ann Diagn Pathol 2000; 4(6):391-406.

Crampton TL, Light RB, Berg GM, et al. Epidemiology and clinical spectrum of blastomycosis diag-
nosed at Manitoba hospitals. Clin Infect Dis 2002; 34(10):1310-1316.

Butka BJ, Bennett SR, Johnson AC. Disseminated inoculation blastomycosis in a renal transplant
recipient. Am Rev Respir Dis 1984; 130(6):1180-1183.

Serody ]S, Mill MR, Detterbeck FC, et al. Blastomycosis in transplant recipients: Report of a case and
review. Clin Infect Dis 1993; 16(1):54-58.

Winkler S, Stanek G, Hubsch P, et al. Pneumonia due to blastomyces dermatitidis in a European renal
transplant recipient. Nephrol Dial Transplant 1996; 11(7):1376-1379.

Blair JE, LoganJL. Coccidioidomycosis in solid organ transplantation. Clin Infect Dis 2001; 33(9):1536—
1544.

Galgiani JN. Coccidioidomycosis. West ] Med 1993; 159(2):153-171.



EPIDEMIOLOGY OF FUNGAL INFECTIONS: WHAT, WHERE, AND WHEN 41

277.

278.

279.

280.

281.

282.

283.

284.

285.

286.

287.

288.

289.

290.

291.

292.

293.

294.

295.
296.

297.

298.

299.

300.

301.

302.

303.

304.

305.

306.

Chiller TM, Galgiani JN, Stevens DA. Coccidioidomycosis. Infect Dis Clin North Am 2003; 17(1):41-
57, viii.

Virgili A, Zampino MR, Mantovani L. Fungal skin infections in organ transplant recipients. Am J
Clin Dermatol 2002; 3(1):19-35.

Wise GJ. Genitourinary fungal infections: A therapeutic conundrum. Expert Opin Pharmacother
2001; 2(8):1211-1226.

Blair JE. Coccidioidal pneumonia, arthritis, and soft-tissue infection after kidney transplantation.
Transpl Infect Dis 2004; 6(2):74-76.

Rempe S, Sachdev MS, Bhakta R, et al. Coccidioides immitis fungemia: Clinical features and survival
in 33 adult patients. Heart Lung 2007; 36(1):64-71.

Yurkanin JP, Ahmann F, Dalkin BL. Coccidioidomycosis of the prostate: A determination of incidence,
report of 4 cases, and treatment recommendations. ] Infect 2006; 52(1):e19-e25.

Increase in coccidioidomycosis—Arizona, 1998-2001. MMWR Morb Mortal Wkly Rep 2003;
52(6):109-112.

Rosenstein NE, Emery KW, Werner SB, et al. Risk factors for severe pulmonary and disseminated
coccidioidomycosis: Kern County, California, 1995-1996. Clin Infect Dis 2001; 32(5):708-715.

Arsura EL, Kilgore WB. Miliary coccidioidomycosis in the immunocompetent. Chest 2000; 117(2):404—
409.

Miller MB, Hendren R, Gilligan PH. Posttransplantation disseminated coccidioidomycosis acquired
from donor lungs. ] Clin Microbiol 2004; 42(5):2347-2349.

Wright PW, Pappagianis D, Wilson M, et al. Donor-related coccidioidomycosis in organ transplant
recipients. Clin Infect Dis 2003; 37(9):1265-1269.

Logan JL, Blair JE, Galgiani JN. Coccidioidomycosis complicating solid organ transplantation. Semin
Respir Infect 2001; 16(4):251-256.

Tripathy U, Yung GL, Kriett JM, et al. Donor transfer of pulmonary coccidioidomycosis in lung
transplantation. Ann Thorac Surg 2002; 73(1):306-308.

Hall KA, Sethi GK, Rosado L], et al. Coccidioidomycosis and heart transplantation. ] Heart Lung
Transplant 1993; 12(3):525-526.

Cha JM, Jung S, Bahng HS, et al. Multi-organ failure caused by reactivated coccidioidomycosis
without dissemination in a patient with renal transplantation. Respirology 2000; 5(1):87-90.

Blair JE, Kusne S, Carey EJ, et al. The prevention of recrudescent coccidioidomycosis after solid organ
transplantation. Transplantation 2007; 83(9):1182-1187.

Blair JE, Douglas DD, Mulligan DC. Early results of targeted prophylaxis for coccidioidomycosis in
patients undergoing orthotopic liver transplantation within an endemic area. Transpl Infect Dis 2003;
5(1):3-8.

Glenn TJ, Blair JE, Adams RH. Coccidioidomycosis in hematopoietic stem cell transplant recipients.
Med Mycol 2005; 43(8):705-710.

Wheat L]. Histoplasmosis in Indianapolis. Clin Infect Dis 1992; 14(Suppl 1):591-599.
Garcia-VazquezE, Velasco M, Gascon J, et al. Histoplasma capsulatum infection in a group of travelers
to Guatemala. Enferm Infecc Microbiol Clin 2005; 23(5):274-276.

Chamany S, Mirza SA, Fleming JW, et al. A large histoplasmosis outbreak among high school students
in Indiana, 2001. Pediatr Infect Dis ] 2004; 23(10):909-914.

Luby JP, Southern PM Jr, Haley CE, et al. Recurrent exposure to Histoplasma capsulatum in modern
air-conditioned buildings. Clin Infect Dis 2005; 41(2):170-176.

Limaye AP, Connolly PA, Sagar M, et al. Transmission of Histoplasma capsulatum by organ trans-
plantation. N Engl ] Med 2000; 343(16):1163-1166.

Watanabe M, Hotchi M, Nagasaki M. An autopsy case of disseminated histoplasmosis probably due
to infection from a renal allograft. Acta Pathol Jpn 1988; 38(6):769-780.

Vail GM, Young RS, Wheat L], et al. Incidence of histoplasmosis following allogeneic bone mar-
row transplant or solid organ transplant in a hyperendemic area. Transpl Infect Dis 2002; 4(3):
148-151.

Davies SF, Sarosi GA, Peterson PK, et al. Disseminated histoplasmosis in renal transplant recipients.
Am ] Surg 1979; 137(5):686—691.

Wheat L], Smith EJ, Sathapatayavongs B, et al. Histoplasmosis in renal allograft recipients. Two large
urban outbreaks. Arch Intern Med 1983; 143(4):703-707.

Peddi VR, Hariharan S, First MR. Disseminated histoplasmosis in renal allograft recipients. Clin
Transplant 1996; 10(2):160-165.

Bethlem EP, Capone D, Maranhao B, et al. Paracoccidioidomycosis. Curr Opin Pulm Med 1999;
5(5):319-325.

Calle D, Rosero DS, Orozco LC, et al. Paracoccidioidomycosis in Colombia: An ecological study.
Epidemiol Infect 2001; 126(2):309-315.



42

307.

308.

309.

310.

311.

312.

313.

314.

315.

316.

317.

318.

319.

320.

321.

322.

323.

324.

325.

326.

327.

328.

329.

330.

331.

332.

333.

334.

COSTA AND ALEXANDER

de Almeida SM, Queiroz-Telles F, Teive HA, et al. Central nervous system paracoccidioidomycosis:
Clinical features and laboratorial findings. ] Infect 2004; 48(2):193-198.

dos Santos JW, Debiasi RB, Miletho JN, et al. Asymptomatic presentation of chronic pulmonary
paracoccidioidomycosis: Case report and review. Mycopathologia 2004; 157(1):53-57.

Godoy H, Reichart PA. Oral manifestations of paracoccidioidomycosis. Report of 21 cases from
Argentina. Mycoses 2003; 46(9-10):412—417.

Goldani LZ, Sugar AM. Paracoccidioidomycosis and AIDS: An overview. Clin Infect Dis 1995;
21(5):1275-1281.

Marques SA, Conterno LO, Sgarbi LP, et al. Paracoccidioidomycosis associated with acquired immun-
odeficiency syndrome. Report of seven cases. Rev Inst Med Trop Sao Paulo 1995; 37(3):261-265.
Zavascki AP, Bienardt JC, Severo LC. Paracoccidioidomycosis in organ transplant recipient: Case
report. Rev Inst Med Trop Sao Paulo 2004; 46(5):279-281.

Reis MA, Costa RS, Ferraz AS. Causes of death in renal transplant recipients: A study of 102 autopsies
from 1968 to 1991. J R Soc Med 1995; 88(1):24-27.

Shikanai-Yasuda MA, Duarte MI, Nunes DF, et al. Paracoccidioidomycosis in a renal transplant
recipient. ] Med Vet Mycol 1995; 33(6):411-414.

Sugar AM, Restrepo A, Stevens DA. Paracoccidioidomycosis in the immunosuppressed host: Report
of a case and review of the literature. Am Rev Respir Dis 1984; 129(2):340-342.

Silva-Vergara ML, Teixeira AC, Curi VG, et al. Paracoccidioidomycosis associated with human
immunodeficiency virus infection. Report of 10 cases. Med Mycol 2003; 41(3):259-263.

Paniago AM, de Freitas AC, Aguiar ES, et al. Paracoccidioidomycosis in patients with human immun-
odeficiency virus: Review of 12 cases observed in an endemic region in Brazil. J Infect 2005; 51(3):
248-252.

Vanittanakom N, Cooper CR Jr, Fisher MC, et al. Penicillium marneffei infection and recent advances
in the epidemiology and molecular biology aspects. Clin Microbiol Rev 2006; 19(1):95-110.

Ajello L, Padhye AA, Sukroongreung S, et al. Occurrence of Penicillium marneffei infections among
wild bamboo rats in Thailand. Mycopathologia 1995; 131(1):1-8.

Gugnani H, Fisher MC, Paliwal-Johsi A, et al. Role of Cannomys badius as a natural animal host of
Penicillium marneffei in India. ] Clin Microbiol 2004; 42(11):5070-5075.

Kudeken N, Kawakami K, Kusano N, et al. Cell-mediated immunity in host resistance against
infection caused by Penicillium marneffei. ] Med Vet Mycol 1996; 34(6):371-378.

Sirisanthana T, Supparatpinyo K. Epidemiology and management of penicilliosis in human immun-
odeficiency virus-infected patients. Int J Infect Dis 1998; 3(1):48-53.

Liyan X, Changming L, Xianyi Z, et al. Fifteen cases of penicilliosis in Guangdong, China. Myco-
pathologia 2004; 158(2):151-155.

Duong TA. Infection due to Penicillium marneffei, an emerging pathogen: Review of 155 reported
cases. Clin Infect Dis 1996; 23(1):125-130.

Singh PN, Ranjana K, Singh YI, et al. Indigenous disseminated Penicillium marneffei infection in
the state of Manipur, India: Report of four autochthonous cases. ] Clin Microbiol 1999; 37(8):2699—
2702.

Ranjana KH, Priyokumar K, Singh TJ, et al. Disseminated Penicillium marneffei infection among HIV-
infected patients in Manipur state, India. ] Infect 2002; 45(4):268-271.

Chan YH, Wong KM, Lee KC, et al. Pneumonia and mesenteric lymphadenopathy caused by dis-
seminated Penicillium marneffei infection in a cadaveric renal transplant recipient. Transpl Infect Dis
2004; 6(1):28-32.

Wang JL, Hung CC, Chang SC, et al. Disseminated Penicillium marneffei infection in a renal-transplant
recipient successfully treated with liposomal amphotericin B. Transplantation 2003; 76(7):1136—
1137.

Hsueh PR, Teng LJ, Hung CC, et al. Molecular evidence for strain dissemination of Penicillium
marneffei: An emerging pathogen in Taiwan. ] Infect Dis 2000; 181(5):1706-1712.

Hung CC, Hsueh PR, Chen MY, et al. Invasive infection caused by Penicillium marneffei: An emerging
pathogen in Taiwan. Clin Infect Dis 1998; 26(1):202-203.

Woo PC, Lau SK, Lau CC, et al. Penicillium marneffei fungaemia in an allogeneic bone marrow
transplant recipient. Bone Marrow Transplant 2005; 35(8):831-833.

Byrd DR, El-Azhary RA, Gibson LE, et al. Sporotrichosis masquerading as pyoderma gangrenosum:
Case report and review of 19 cases of sporotrichosis. ] Eur Acad Dermatol Venereol 2001; 15(6):
581-584.

Harris LE. Sporotrichosis, a hazard of outdoor work or recreation. Three illustrative cases. Postgrad
Med 1985; 78(3):199-202.

da Rosa AC, Scroferneker ML, Vettorato R, et al. Epidemiology of sporotrichosis: A study of 304 cases
in Brazil. ] Am Acad Dermatol 2005; 52(3 Pt 1):451-459.



EPIDEMIOLOGY OF FUNGAL INFECTIONS: WHAT, WHERE, AND WHEN 43

335.

336.

337.

338.

339.

340.

341.

342.

343.

344.

345.

346.

347.

348.

349.

350.

351.

352.

353.

354.

355.

356.

357.

358.

359.

Mahajan VK, Sharma NL, Sharma RC, et al. Cutaneous sporotrichosis in Himachal Pradesh, India.
Mycoses 2005; 48(1):25-31.

Schubach A, de Lima Barros MB, Schubach TM, et al. Primary conjunctival sporotrichosis: Two cases
from a zoonotic epidemic in Rio de Janeiro, Brazil. Cornea 2005; 24(4):491-493.

Barros MB, Schubach AO, do Valle AC, et al. Cat-transmitted sporotrichosis epidemic in Rio de
Janeiro, Brazil: Description of a series of cases. Clin Infect Dis 2004; 38(4):529-535.

Gullberg RM, Quintanilla A, Levin ML, et al. Sporotrichosis: Recurrent cutaneous, articular, and
central nervous system infection in a renal transplant recipient. Rev Infect Dis 1987; 9(2):369—
375.

Tambini R, Farina C, Fiocchi R, et al. Possible pathogenic role for Sporothrix cyanescens isolated from
a lung lesion in a heart transplant patient. ] Med Vet Mycol 1996; 34(3):195-198.

Grossi P, Farina C, Fiocchi R, et al. Prevalence and outcome of invasive fungal infections in 1,963
thoracic organ transplant recipients: A multicenter retrospective study. Italian Study Group of Fungal
Infections in Thoracic Organ Transplant Recipients. Transplantation 2000; 70(1):112-116.
Wisplinghoff H, Bischoff T, Tallent SM, et al. Nosocomial bloodstream infections in US hospitals:
Analysis of 24,179 cases from a prospective nationwide surveillance study. Clin Infect Dis 2004;
39(3):309-317.

Trick WE, Fridkin SK, Edwards JR, et al. Secular trend of hospital-acquired candidemia among
intensive care unit patients in the United States during 1989-1999. Clin Infect Dis 2002; 35(5):627—
630.

Abi-Said D, Anaissie E, Uzun O, et al. The epidemiology of hematogenous candidiasis caused by
different Candida species. Clin Infect Dis 1997; 24(6):1122-1128.

Pappas PG, Rex JH, Lee ], et al. A prospective observational study of candidemia: epidemiology,
therapy, and influences on mortality in hospitalized adult and pediatric patients. Clin Infect Dis
2003; 37(5):634-643.

Fridkin SK, Kaufman D, Edwards JR, et al. Changing incidence of Candida bloodstream infections
among NICU patients in the United States: 1995-2004. Pediatrics 2006; 117(5):1680-1687.

Wingard JR, Merz WG, Rinaldi MG, et al. Association of Torulopsis glabrata infections with fluconazole
prophylaxis in neutropenic bone marrow transplant patients. Antimicrob Agents Chemother 1993;
37(9):1847-1849.

Wingard JR, Merz WG, Rinaldi MG, et al. Increase in Candida krusei infection among patients with
bone marrow transplantation and neutropenia treated prophylactically with fluconazole. N Engl |
Med 1991; 325(18):1274-1277.

Andes DR, Safdar N, Hadley S, et al. Epidemiology of invasive Candida infections in solid and
hematologic transplantation: Prospective surveillance results from the TRANSNET database. 44th
ICAAC, Washington DC, October 30-November 2, 2004.

Weems J] Jr. Candida parapsilosis: Epidemiology, pathogenicity, clinical manifestations, and antimicro-
bial susceptibility. Clin Infect Dis 1992; 14(3):756-766.

Benjamin DK Jr, Ross K, McKinney RE Jr, et al. When to suspect fungal infection in neonates: A
clinical comparison of Candida albicans and Candida parapsilosis fungemia with coagulase-negative
staphylococcal bacteremia. Pediatrics 2000; 106(4):712-718.

Fairchild KD, Tomkoria S, Sharp EC, et al. Neonatal Candida glabrata sepsis: Clinical and laboratory
features compared with other Candida species. Pediatr Infect Dis J 2002; 21(1):39-43.

Feja KN, Wu E Roberts K, et al. Risk factors for candidemia in critically ill infants: A matched
case-control study. ] Pediatr 2005; 147(2):156-161.

Lopez Sastre JB, Coto Cotallo GD, Fernandez CB. Neonatal invasive candidiasis: A prospective
multicenter study of 118 cases. Am J Perinatol 2003; 20(3):153-163.

Saiman L, Ludington E, Dawson JD, et al. Risk factors for Candida species colonization of neonatal
intensive care unit patients. Pediatr Infect Dis ] 2001; 20(12):1119-1124.

Almirante B, Rodriguez D, Cuenca-Estrella M, et al. Epidemiology, risk factors, and prognosis of Can-
dida parapsilosis bloodstream infections: Case-control population-based surveillance study of patients
in Barcelona, Spain, from 2002 to 2003. J Clin Microbiol 2006; 44(5):1681-1685.

Brito LR, Guimaraes T, Nucci M, et al. Clinical and microbiological aspects of candidemia due to
Candida parapsilosis in Brazilian tertiary care hospitals. Med Mycol 2006; 44(3):261-266.
Waggoner-Fountain LA, Walker MW, Hollis R], et al. Vertical and horizontal transmission of unique
Candida species to premature newborns. Clin Infect Dis 1996; 22(5):803-808.

Barchiesi F, Caggiano G, Falconi Di FL, et al. Outbreak of fungemia due to Candida parapsilosis in a
pediatric oncology unit. Diagn Microbiol Infect Dis 2004; 49(4):269-271.

Posteraro B, Bruno S, Boccia S, et al. Candida parapsilosis bloodstream infection in pediatric oncology
patients: Results of an epidemiologic investigation. Infect Control Hosp Epidemiol 2004; 25(8):641—
645.



44

360.

361.

362.

363.

364.

365.

366.

367.

368.

369.

370.

371.

372.

373.

374.

375.

376.

377.

378.
379.

380.
381.

382.

383.

384.

385.

386.

387.

COSTA AND ALEXANDER

Huang YC, Lin TY, Leu HS, et al. Outbreak of Candida parapsilosis fungemia in neonatal intensive care
units: Clinical implications and genotyping analysis. Infection 1999; 27(2):97-102.

Blumberg HM, Jarvis WR, Soucie JM, et al. Risk factors for candidal bloodstream infections in surgical
intensive care unit patients: The NEMIS prospective multicenter study. The National Epidemiology
of Mycosis Survey. Clin Infect Dis 2001; 33(2):177-186.

Ostrosky-Zeichner L, Sable C, Sobel ], et al. Multicenter retrospective development and validation of
a clinical prediction rule for nosocomial invasive candidiasis in the intensive care setting. Eur J Clin
Microbiol Infect Dis 2007; 26(4):271-276.

Shetty SS, Harrison LH, Hajjeh RA, et al. Determining risk factors for candidemia among newborn
infants from population-based surveillance: Baltimore, Maryland, 1998-2000. Pediatr Infect Dis ]
2005; 24(7):601-604.

Solomkin JS. Pathogenesis and management of Candida infection syndromes in non-neutropenic
patients. New Horiz 1993; 1(2):202-213.

Anaissie EJ, RexJH, Uzun O, et al. Predictors of adverse outcome in cancer patients with candidemia.
Am ] Med 1998; 104(3):238-245.

Colombo AL, Nucci M, Park B]J, et al. Epidemiology of candidemia in Brazil: A nationwide sentinel
surveillance of candidemia in eleven medical centers. ] Clin Microbiol 2006; 44(8):2816-2823.
Hughes WT, Armstrong D, Bodey GP, et al. 2002 guidelines for the use of antimicrobial agents in
neutropenic patients with cancer. Clin Infect Dis 2002; 34(6):730-751.

Thaler M, Pastakia B, Shawker TH, et al. Hepatic candidiasis in cancer patients: The evolving picture
of the syndrome. Ann Intern Med 1988; 108(1):88-100.

Bodey GP, Luna M. Skin lesions associated with disseminated candidiasis. JAMA 1974; 229(11):
1466-1468.

Bae GY, Lee HW, Chang SE, et al. Clinicopathologic review of 19 patients with systemic candidiasis
with skin lesions. Int ] Dermatol 2005; 44(7):550-555.

Donahue SP. Intraocular candidiasis in patients with candidemia. Ophthalmology 1998; 105(5):
759-760.

Scherer WJ, Lee K. Implications of early systemic therapy on the incidence of endogenous fungal
endophthalmitis. Ophthalmology 1997; 104(10):1593-1598.

Donahue SP, Greven CM, Zuravleff JJ, et al. Intraocular candidiasis in patients with candidemia.
Clinical implications derived from a prospective multicenter study. Ophthalmology 1994; 101(7):
1302-1309.

Rex JH, Bennett JE, Sugar AM, et al. A randomized trial comparing fluconazole with amphotericin B
for the treatment of candidemia in patients without neutropenia. Candidemia Study Group and the
National Institute. N Engl ] Med 1994; 331(20):1325-1330.

Brooks RG. Prospective study of Candida endophthalmitis in hospitalized patients with candidemia.
Arch Intern Med 1989; 149(10):2226-2228.

Edwards JE Jr, Foos RY, Montgomerie JZ, et al. Ocular manifestations of Candida septicemia: Review
of seventy-six cases of hematogenous Candida endophthalmitis. Medicine (Baltimore) 1974; 53(1):
47-75.

Henderson DK, Hockey L], Vukalcic L], et al. Effect of immunosuppression on the development of
experimental hematogenous Candida endophthalmitis. Infect Immun 1980; 27(2):628-631.

Perfect JR, Casadevall A. Cryptococcosis. Infect Dis Clin North Am 2002; 16(4):837-874, v—vi Review.
Vilchez RA, Fung ], Kusne S. Cryptococcosis in organ transplant recipients: An overview. Am J
Transplant 2002; 2(7):575-580.

Zeluff B]. Fungal pneumonia in transplant recipients. Semin Respir Infect 1990; 5(1):80-89.
Chayakulkeeree M, Perfect JR. Cryptococcosis. Infect Dis Clin North Am 2006; 20(3):507-544, v—vi
Review.

Kidd SE, Bach PJ, Hingston AO, et al. Cryptococcus gattii dispersal mechanisms, British Columbia,
Canada. Emerg Infect Dis 2007; 13(1):51-57.

MacDougall L, Kidd SE, Galanis E, et al. Spread of Cryptococcus gattii in British Columbia, Canada,
and detection in the Pacific Northwest, USA. Emerg Infect Dis 2007; 13(1):42-50.

Lui G, Lee N, Ip M, et al. Cryptococcosis in apparently immunocompetent patients. QJM 2006;
99(3):143-151.

Dora JM, Kelbert S, Deutschendorf C, et al. Cutaneous cryptococccosis due to Cryptococcus gattii in
immunocompetent hosts: Case report and review. Mycopathologia 2006; 161(4):235-238.

Lindberg J, Hagen F, Laursen A, et al. Cryptococcus gattii risk for tourists visiting Vancouver Island,
Canada. Emerg Infect Dis 2007; 13(1):178-179.

Morgan], McCarthy KM, Gould S, et al. Cryptococcus gattii infection: Characteristics and epidemiology
of cases identified in a South African province with high HIV seroprevalence, 2002-2004. Clin Infect
Dis 2006; 43(8):1077-1080.



EPIDEMIOLOGY OF FUNGAL INFECTIONS: WHAT, WHERE, AND WHEN 45

388.

389.

390.

391.

392.

393.

394.

395.

396.

397.

398.

399.

400.

401.

402.

403.

404.

405.

406.

407.

408.

409.

410.

411.

412.

413.

414.

Chang WC, Tzao C, Hsu HH, et al. Pulmonary cryptococcosis: Comparison of clinical and
radiographic characteristics in immunocompetent and immunocompromised patients. Chest 2006;
129(2):333-340.

Chang WC, Tzao C, Hsu HH, et al. Isolated cryptococcal thoracic empyema with osteomyelitis of the
rib in an immunocompetent host. J Infect 2005; 51(3):e117-e119.

Fox DL, Muller NL. Pulmonary cryptococcosis in immunocompetent patients: CT findings in 12
patients. AJR Am J Roentgenol 2005; 185(3):622-626.

Wise GJ, Shteynshlyuger A. How to diagnose and treat fungal infections in chronic prostatitis. Curr
Urol Rep 2006; 7(4):320-328.

Hajjeh RA, Conn LA, Stephens DS, et al. Cryptococcosis: Population-based multistate active surveil-
lance and risk factors in human immunodeficiency virus-infected persons. Cryptococcal Active
Surveillance Group. J Infect Dis 1999; 179(2):449-454.

Mirza SA, Phelan M, Rimland D, et al. The changing epidemiology of cryptococcosis: An update
from population-based active surveillance in 2 large metropolitan areas, 1992-2000. Clin Infect Dis
2003; 36(6):789-794.

Dromer F, Mathoulin-Pelissier S, Fontanet A, et al. Epidemiology of HIV-associated cryptococco-
sis in France (1985-2001): Comparison of the pre- and post-HAART eras. AIDS 2004; 18(3):555-
562.

French N, Gray K, Watera C, et al. Cryptococcal infection in a cohort of HIV-1-infected Ugandan
adults. AIDS 2002; 16(7):1031-1038.

Wong ML, Back P, Candy G, et al. Cryptococcal pneumonia in African miners at autopsy. Int ] Tuberc
Lung Dis 2007; 11(5):528-533.

Moreira TA, Ferreira MS, Ribas RM, et al. Cryptococosis: Clinical epidemiological laboratorial study
and fungi varieties in 96 patients. Rev Soc Bras Med Trop 2006; 39(3):255-258.

Garbino J, Kolarova L, Lew D, et al. Fungemia in HIV-infected patients: A 12-year study in a tertiary
care hospital. AIDS Patient Care STDS 2001; 15(8):407-410.

Broom J, Woods M, Allworth A. Immune reconstitution inflammatory syndrome producing atyp-
ical presentations of cryptococcal meningitis: Case report and a review of immune reconstitution-
associated cryptococcal infections. Scand J Infect Dis 2006; 38(3):219-221.

Skiest DJ, Hester L], Hardy RD. Cryptococcal immune reconstitution inflammatory syndrome: Report
of four cases in three patients and review of the literature. J Infect 2005; 51(5):€289—e297.

Fishman JA, Rubin RH. Infection in organ-transplant recipients. N Engl J Med 1998; 338(24):
1741-1751.

Pappas PG, Alexander B, Marr KA, et al. Invasive fungal infections (IFls) in hematopoietic stem
cell (HSCTs) and organ transplant recipients (OTRs): Overview of the TRANSNET database. 42nd
Annual Meeting of the Infectious Disease Society of America, Boston, MA, September 2004, page 174.
Vilchez R, Shapiro R, McCurry K, et al. Longitudinal study of cryptococcosis in adult solid-organ
transplant recipients. Transpl Int 2003; 16(5):336-340.

Husain S, Wagener MM, Singh N. Cryptococcus neoformans infection in organ transplant recipi-
ents: Variables influencing clinical characteristics and outcome. Emerg Infect Dis 2001; 7(3):375-
381.

Singh N, Alexander BD, Lortholary O, et al. Cryptococcus neoformans in organ transplant recipients:
Impact of calcineurin-inhibitor agents on mortality. ] Infect Dis 2007; 195(5):756-764.

Mueller NJ, Fishman JA. Asymptomatic pulmonary cryptococcosis in solid organ transplantation:
Report of four cases and review of the literature. Transpl Infect Dis 2003; 5(3):140-143.
Khawcharoenporn T, Apisarnthanarak A, Mundy LM. Non-neoformans cryptococcal infections: A
systematic review. Infection 2007; 35(2):51-58.

Giusiano G, Mangiaterra M, Saito VG, et al. Etiology of fungaemia and catheter colonisation in
Argentinean paediatric patients. Mycoses 2006; 49(1):49-54.

Crowson AN, Magro CM. Atrophying tinea versicolor: A clinical and histological study of 12 patients.
Int ] Dermatol 2003; 42(12):928-932.

Chryssanthou E, Broberger U, Petrini B. Malassezia pachydermatis fungaemia in a neonatal intensive
care unit. Acta Paediatr 2001; 90(3):323-327.

Gupta AK, Kohli Y, Faergemann J, et al. Epidemiology of Malassezia yeasts associated with pityriasis
versicolor in Ontario, Canada. Med Mycol 2001; 39(2):199-206.

Dankner WM, Spector SA, Fierer J, et al. Malassezia fungemia in neonates and adults: Complication of
hyperalimentation. Rev Infect Dis 1987; 9(4):743-753.

Redline RW, Redline SS, Boxerbaum B, et al. Systemic Malassezia furfur infections in patients receiving
intralipid therapy. Hum Pathol 1985; 16(8):815-822.

Gueho E, Midgley G, Guillot J. The genus Malassezia with description of four new species. Antonie
Van Leeuwenhoek 1996; 69(4):337-355.



46

415.

416.

417.

418.

419.

420.

421.

422.

423.

424.

425.

426.

427.

428.

429.

430.

431.

432.

433.

434.

435.

436.

437.

438.

439.

440.

441.

442.

443.

COSTA AND ALEXANDER

Morishita N, Sei Y. Microreview of pityriasis versicolor and Malassezia species. Mycopathologia 2006;
162(6):373-376.

Crespo-Erchiga V, Florencio VD. Malassezia yeasts and pityriasis versicolor. Curr Opin Infect Dis
2006; 19(2):139-147.

Gupta AK, Batra R, Bluhm R, et al. Skin diseases associated with Malassezia species. ] Am Acad
Dermatol 2004; 51(5):785-798.

Rhie S, Turcios R, Buckley H, et al. Clinical features and treatment of Malassezia folliculitis with
fluconazole in orthotopic heart transplant recipients. ] Heart Lung Transplant 2000; 19(2):215-219.
Alves EV, Martins JE, Ribeiro EB, et al. Pityrosporum folliculitis: Renal transplantation case report. J
Dermatol 2000; 27(1):49-51.

Bufill JA, Lum LG, Caya JG, et al. Pityrosporum folliculitis after bone marrow transplantation. Clinical
observations in five patients. Ann Intern Med 1988; 108(4):560-563.

Morrison VA, Weisdorf DJ. The spectrum of Malassezia infections in the bone marrow transplant
population. Bone Marrow Transplant 2000; 26(6):645-648.

Chang HJ, Miller HL, Watkins N, et al. An epidemic of Malassezia pachydermatis in an intensive
care nursery associated with colonization of health care workers” pet dogs. N Engl ] Med 1998;
338(11):706-711.

Richet HM, McNeil MM, Edwards MC, et al. Cluster of Malassezia furfur pulmonary infections in
infants in a neonatal intensive-care unit. ] Clin Microbiol 1989; 27(6):1197-1200.

Gueho E, Smith MT, de Hoog GS, et al. Contributions to a revision of the genus Trichosporon. Antonie
Van Leeuwenhoek 1992; 61(4):289-316.

Sugita T, Nishikawa A, Shinoda T, et al. Taxonomic position of deep-seated, mucosa-associated, and
superficial isolates of Trichosporon cutaneum from trichosporonosis patients. ] Clin Microbiol 1995;
33(5):1368-1370.

Gueho E, Improvisi L, de Hoog GS, et al. Trichosporon on humans: A practical account. Mycoses 1994;
37(1-2):3-10.

Kiken DA, Sekaran A, Antaya R], et al. White piedra in children. ] Am Acad Dermatol 2006; 55(6):
956-961.

Erer B, Galimberti M, Lucarelli G, et al. Trichosporon beigelii: A life-threatening pathogen in immuno-
compromised hosts. Bone Marrow Transplant 2000; 25(7):745-749.

Lussier N, Laverdiere M, Delorme J, et al. Trichosporon beigelii funguria in renal transplant recipients.
Clin Infect Dis 2000; 31(5):1299-1301.

Moretti-Branch, Fukushima K, Schreiber AZ, et al. Trichosporon species infection in bone marrow
transplanted patients. Diagn Microbiol Infect Dis 2001; 39(3):161-164.

Lowenthal RM, Atkinson K, Challis DR, et al. Invasive Trichosporon cutaneum infection: An increasing
problem in immunosuppressed patients. Bone Marrow Transplant 1987; 2(3):321-327.

Mirza SH. Disseminated Trichosporon beigelii infection causing skin lesions in a renal transplant
patient. J Infect 1993; 27(1):67-70.

Ness M]J, Markin RS, Wood RP, et al. Disseminated Trichosporon beigelii infection after orthotopic liver
transplantation. Am ] Clin Pathol 1989; 92(1):119-123.

Rello J, Brunet S, Ausina V, et al. Disseminated infection caused by Trichosporon beigelii in a patient
with acute leukemia. Enferm Infecc Microbiol Clin 1990; 8(7):443-445.

Tashiro T, Nagai H, Nagaoka H, et al. Trichosporon beigelii pneumonia in patients with hematologic
malignancies. Chest 1995; 108(1):190-195.

Vasta S, Menozzi M, Scime R, et al. Central catheter infection by Trichosporon beigelii after autologous
blood stem cell transplantation. A case report and review of the literature. Haematologica 1993;
78(1):64-67.

Walsh TJ, Melcher GP, Lee JW, et al. Infections due to Trichosporon species: New concepts in mycology,
pathogenesis, diagnosis and treatment. Curr Top Med Mycol 1993; 5:79-113.

Girmenia C, Pagano L, Martino B, et al. Invasive infections caused by Trichosporon species and
Geotrichum capitatum in patients with hematological malignancies: A retrospective multicenter
study from Italy and review of the literature. ] Clin Microbiol 2005; 43(4):1818-1828.

Stringer JR, Beard CB, Miller RF, et al. A new name (Pneumocystis jiroveci) for Pneumocystis from
humans. Emerg Infect Dis 2002; 8(9):891-896.

Morris A, Lundgren JD, Masur H, et al. Current epidemiology of Pneumocystis pneumonia. Emerg
Infect Dis 2004; 10(10):1713-1720.

Fishman JA. Prevention of infection caused by Preumocystis carinii in transplant recipients. Clin Infect
Dis 2001; 33(8):1397-1405.

Frenkel JK. Pneumocystis jiroveci n. sp. from man: Morphology, physiology, and immunology in
relation to pathology. Natl Cancer Inst Monogr 1976; 43:13-30.

Wakefield AE. Pneumocystis carinii. Br Med Bull 2002; 61:175-188.



EPIDEMIOLOGY OF FUNGAL INFECTIONS: WHAT, WHERE, AND WHEN 47

444.

445.

446.

447.

448.

449.

450.

451.

452.

453.
454.
455.
456.
457.
458.
459.
460.
461.
462.

463.

464.

465.

466.

467.

468.

469.

470.

471.

Phair J, Munoz A, Detels R, et al. The risk of Preumocystis carinii pneumonia among men infected
with human immunodeficiency virus type 1. Multicenter AIDS Cohort Study Group. N Engl ] Med
1990; 322(3):161-165.

Thomas CF Jr, Limper AH. Prneumocystis pneumonia. N Engl ] Med 2004; 350(24):2487-2498.

Hocker B, Wendt C, Nahimana A, et al. Molecular evidence of Pneumocystis transmission in pediatric
transplant unit. Emerg Infect Dis 2005; 11(2):330-332.

Morris A, Beard CB, Huang L. Update on the epidemiology and transmission of Prieuniocystis carinii.
Microbes Infect 2002; 4(1):95-103.

Rabodonirina M, Vanhems P, Couray-Targe S, et al. Molecular evidence of interhuman transmission
of Pneumocystis pneumonia among renal transplant recipients hospitalized with HIV-infected patients.
Emerg Infect Dis 2004; 10(10):1766-1773.

Pifer LL, Hughes WT, Stagno S, et al. Pneumocystis carinii infection: Evidence for high prevalence in
normal and immunosuppressed children. Pediatrics 1978; 61(1):35-41.

Vargas SL, Hughes WT, Santolaya ME, et al. Search for primary infection by Prneumocystis carinii in a
cohort of normal, healthy infants. Clin Infect Dis 2001; 32(6):855-861.

Larsen HH, von Linstow M-L, Lundgren B, et al. Primary Pneumocystis infection in infants hospital-
ized with acute respiratory tract infection. Emerg Infect Dis 2007; 13(1):66-72.

Nevez G, Totet A, Pautard JC, et al. Pneumocystis carinii detection using nested-PCR in nasopha-
ryngeal aspirates of immunocompetent infants with bronchiolitis. ] Eukaryot Microbiol 2001; Suppl:
1225-1238S.

Totet A, Respaldiza N, Pautard JC, et al. Pneumocystis jiroveci genotypes and primary infection. Clin
Infect Dis 2003; 36(10):1340-1342.

Huang L, Crothers K, Morris A, et al. Prneumocystis colonization in HIV-infected patients. ] Eukaryot
Microbiol 2003; 50 Suppl:616-617.

Nevez G, Raccurt C, Jounieaux V, et al. Pneumocystosis versus pulmonary Preumocystis carinii
colonization in HIV-negative and HIV-positive patients. AIDS 1999; 13(4):535-536.

Morris A, Sciurba FC, Lebedeva IP, et al. Association of chronic obstructive pulmonary disease
severity and Prneumocystis colonization. Am J Respir Crit Care Med 2004; 170(4):408—-413.

Probst M, Ries H, Schmidt-Wieland T, et al. Detection of Pneumocystis carinii DNA in patients with
chronic lung diseases. Eur J Clin Microbiol Infect Dis 2000; 19(8):644-645.

Stringer JR. Pneumocystis. Int ] Med Microbiol 2002; 292(5-6):391-404.

Pneumocystis pneumonia—Los Angeles. MMWR Morb Mortal Wkly Rep 1981; 30(21):250-252.
Franquet T, Gimenez A, Hidalgo A. Imaging of opportunistic fungal infections in immunocompro-
mised patient. Eur ] Radiol 2004; 51(2):130-138.

Chow C, Templeton PA, White CS. Lung cysts associated with Prneumocystis carinii pneumonia: Radio-
graphic characteristics, natural history, and complications. AJR Am ] Roentgenol 1993;161(3):527-531.
De CastroN, Neuville S, Sarfati C, et al. Occurrence of Preumocystis jiroveci pneumonia after allogeneic
stem cell transplantation: A 6-year retrospective study. Bone Marrow Transplant 2005; 36(10):879-883.
Roblot F, Godet C, Le MG, et al. Analysis of underlying diseases and prognosis factors associated with
Pneumocystis carinii pneumonia in immunocompromised HIV-negative patients. Eur ] Clin Microbiol
Infect Dis 2002; 21(7):523-531.

Roblot F, Le MG, Godet C, et al. Pneumocystis carinii pneumonia in patients with hematologic malig-
nancies: A descriptive study. ] Infect 2003; 47(1):19-27.

Roblot F, Imbert S, Godet C, et al. Risk factors analysis for Pneumocystis jiroveci pneumonia (PCP)
in patients with haematological malignancies and pneumonia. Scand J Infect Dis 2004; 36(11-12):
848-854.

Torres HA, Chemaly RF, Storey R, et al. Influence of type of cancer and hematopoietic stem cell
transplantation on clinical presentation of Preumocystis jiroveci pneumonia in cancer patients. Eur J
Clin Microbiol Infect Dis 2006; 25(6):382-388.

Gryzan S, Paradis IL, Zeevi A, et al. Unexpectedly high incidence of Pneumocystis carinii infection
after lung-heart transplantation. Implications for lung defense and allograft survival. Am Rev Respir
Dis 1988; 137(6):1268-1274.

Joos L, Chhajed PN, Wallner J, et al. Pulmonary infections diagnosed by BAL: A 12-year experience
in 1066 immunocompromised patients. Respir Med 2007; 101(1):93-97.

Kramer MR, Stoehr C, Lewiston NJ, et al. Trimethoprim-sulfamethoxazole prophylaxis for Preumo-
cystis carinii infections in heart-lung and lung transplantation—How effective and for how long?
Transplantation 1992; 53(3):586-589.

Radisic M, Lattes R, Chapman JF, et al. Risk factors for Pneumocystis carinii pneumonia in kidney
transplant recipients: A case-control study. Transpl Infect Dis 2003; 5(2):84-93.

Gordon SM, LaRosa SP, Kalmadi S, et al. Should prophylaxis for Prneumocystis carinii pneumonia in
solid organ transplant recipients ever be discontinued? Clin Infect Dis 1999; 28(2):240-246.



48

472.

473.

474.

475.

476.

477.
478.

479.

480.

481.

COSTA AND ALEXANDER

Yoo JH, Lee DG, Choi SM, et al. Infectious complications and outcomes after allogeneic hematopoietic
stem cell transplantation in Korea. Bone Marrow Transplant 2004; 34(6):497-504.

Arend SM, Westendorp RG, Kroon FP, et al. Rejection treatment and cytomegalovirus infection as
risk factors for Pneumocystis carinii pneumonia in renal transplant recipients. Clin Infect Dis 1996;
22(6):920-925.

Walzer PD. Pneumocystis carinii. In: Mandell GL, Bennett JE, Dolin R, eds. Principles and Practice of
Infectious Diseases, 5th edn. Philadelphia: Churchill Livingstone, 2000:2781-2795.

Hazzan M, Copin MC, Pruvot FR, et al. Lung granulomatous pneumocystosis after kidney trans-
plantation: An uncommon complication. Transplant Proc 1997; 29(5):2409.

Leroy X, Copin MC, Ramon P, et al. Nodular granulomatous Preumocystis carinii pneumonia in a
bone marrow transplant recipient. Case report. APMIS 2000; 108(5):363-366.

Paradis IL, Williams P. Infection after lung transplantation. Semin Respir Infect 1993; 8(3):207-215.
Benjamin DK Jr, Poole C, Steinbach W], et al. Neonatal candidemia and end-organ damage: A critical
appraisal of the literature using meta-analytic techniques. Pediatrics 2003; 112(3 Pt 1):634-640.
Hajjeh RA, Sofair AN, Harrison LH, et al. Incidence of bloodstream infections due to Candida species
and in vitro susceptibilities of isolates collected from 1998 to 2000 in a population-based active
surveillance program. ] Clin Microbiol 2004; 42(4):1519-1527.

Ostrosky-Zeichner L, Pappas PG. Invasive candidiasis in the intensive care unit. Crit Care Med 2006;
34(3):857-863.

Marr KA, Seidel K, White TC, et al. Candidemia in allogeneic blood and marrow transplant recipients:
Evolution of risk factors after the adoption of prophylactic fluconazole. ] Infect Dis 2000; 181(1):
309-316.



3 | Experimental Animal Models of Invasive
Fungal Infections

Yoshifumi Imamura

Department of Molecular Microbiology and Immunology, Nagasaki University Graduate School of Biomedical
Sciences, Nagasaki, Japan

Mahmoud A. Ghannoum

Center for Medical Mycology, University Hospitals Case Medical Center, Case Western Reserve University,
Cleveland, Ohio, U.S.A.

INTRODUCTION

Animal models play an important role in antimicrobial drug discovery. The initial standard
approach to discovery and development of antimicrobial agents, including antifungals, is to
screen activity of a large number of various compounds (e.g., chemical libraries) against refer-
ence organisms in vitro. This step is known as primary screening. When a potential candidate is
identified, antifungal activity against a large panel of clinical isolates is undertaken. Candidate
compounds, which demonstrate an appreciable antimicrobial activity in these tests, are selected
and their properties characterized further using many different test systems in vitro and in
vivo (e.g., pharmacokinetic properties). The in vivo efficacy of a candidate compound can be
dramatically affected by pharmacokinetics and pharmacodynamics of the drugs (1). Hence, no
matter how sophisticated drug screening and development may be, an essential step in the
discovery and development of new antimicrobial and antifungal therapies, before testing in
human, is evaluation of the drug for its antimicrobial efficacy and toxicity in animal models. In
this regard, showing that a candidate compound is active in vitro does not necessarily guarantee
that it is active in vivo. Importantly, some compounds that possess outstanding activity in vitro
turn up to be very toxic when introduced into animals. Therefore, evaluation of candidate drugs
in animal models is a critical step in predicting the efficacy and toxicity of antifungal agents in
humans.

This chapter describes animal models of medically important fungal infections including
candidiasis, aspergillosis, and cryptococcosis as well as recent catheter-associated biofilm in
vivo models developed by the author’s group. This chapter also describes a guinea pig model
that has utility in evaluating antifungals targeting superficial fungal infections (dermatophytosis).

CANDIDIASIS

Hematogenously Disseminated Models

A suitable animal model is essential to delineate the efficacy of any therapeutic agent, opti-
mize its mode of delivery, and assess drug-drug interactions when combined, in the treatment
of candidiasis. Systemic infection models for candidiasis have been established in mice, rats,
guinea pigs, and rabbits. Among these animals, the mouse is the most popular species for
evaluating the efficacy of antifungal agents followed by rabbit, rat, and guinea pig. The rea-
son why the murine model is often used is: (i) mice can be easily infected, (i7) disseminated
candidiasis in the mouse produces disseminated infection in a manner similar to that devel-
oped in immunocompromised patients (e.g., kidney and brain invasion), (iii) a large body of
literature exists regarding antifungal therapy in this model, (iv) the mouse model is the best
system for large-scale evaluation of anti-Candida agents, (v) the mouse is the lowest member of
the phylogenic tree in which an infection can be produced that resembles human candidiasis,
(vi) only small quantities of candidate compounds are needed for initial screening, and (vii)
the mouse model is more economical with respect to purchase, per diem, and husbandry costs.
Finally, well-known background and variety strains exist, such as outbred mice, inbred mice,
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and specific gene mutant mice. Outbred mice such as CD-1 mice (or ICR mice) (2) and CF1 (3)
mice, or inbred mice including BALB/c (4), C57BL/6 (5), and C3H/He (6), are generally used
for evaluating the efficacy of candidate antifungals in the treatment of hematogenously dissem-
inated candidiasis. Moreover, immunocompetent and immunocompromised models have been
employed to evaluate the efficacy of antifungal agents. Immunosuppression can be induced
with cyclophosphamide (7), 5-fluorouracil (8), or gold sodium thiomalate (9).

Challenge of mice in this model is generally achieved by infecting the animals by intra-
venous injection (i.v.) through the tail vein. Challenge dose used to infect animals is determined
based on the virulence of the Candida strain used to challenge them and the susceptibility of
the mouse strain to the infection. In general, an i.v. inoculum higher than 10° Candida albicans is
rapidly lethal while an inoculum less than 10* gives a low-grade, chronic infection with spon-
taneous resolution (1). MacCallum and Odds (10) demonstrated the effect of challenge dose
on infection outcomes. They examined the relationship between challenge dose and survival
time for two mouse species (BALB/c and DBA/2) and C. albicans strain (5C5314) and found
the range 2 x 10% to 1 x 10° organisms/g body weight for BALB/c and 2 x 10? to 1 x 10°
organisms/g body weight for DBA /2 lead to reproducible survival times in the range of 2-10
days (Fig. 1). While in neutropenic mice, the minimal lethal dose may decrease by two logs or
more, low virulent strains require much higher inoculum to cause a lethal infection up to 5 x
107 colony-forming units per mouse (11).

Drugs being evaluated for their efficacy in the treatment of systemic candidiasis are
administrated via various routes, such as intraperitoneally (i.p.), orally (p.o.), or intravenously.
Intraperitoneal route is more convenient to use than the i.v. route for repeated administra-
tion, since tail vein may collapse especially when more than once daily dosing is used. Some
antifungal agents, such as voriconazole and terbinafine, are rapidly cleared from mice (voricona-
zole causes autoclearance in rodents). In such cases, alternative guinea pig models have been
used (12).

Survival rates and tissue fungal burden, particularly the kidneys and also increasingly the
brain, are the main endpoints used to assess efficacy of an agent in the treatment of systemic
candidiasis. Other read-outs, although used infrequently include body weight (13) and physi-
ological characters of mice (such as blood pressure, heart rate, and body temperature as well as
blood chemistry parameters) (14).
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Vaginal Candidiasis Models

Mouse and rat models of vaginal candidiasis have been used for testing the efficacy of topical
or systematic antifungal agents. Different kinds of animal strains, such as mice [BALB/c (15),
C57BL/6, CBA/] (16), DBA/2, and C3H/HEN] and rats [Sprague-Dawley (17), CD, Wistar,
and Alderley Park], have been used in these models. Calderon et al. reported that differences
in host factors influence the susceptibility of the different strains to vaginally administrated C.
albicans. These authors compared BALB/c, CD-1, DBA/2, AKR/j, C3H/HeN, A/], C57BL/6,
and CBA /] mice strains for their susceptibility to Candida infections. Of these mice strains, only
CD-1 mouse showed resistance to vaginal candidiasis (18). Therefore, all of the different mouse
strains tested, with the exception of CD-1 strain, can be used in in vivo screening of potential
antifungal agents for treating vaginal candidiasis.

Vaginitis in rodents is inducible only under conditions of a pseudo-estrus (19). Estradiol
valerate is injected subcutaneously to induce and maintain the pseudo-estrus condition (15,17).
Animals are anesthetized and inoculated intravaginally with 1 x 10° to 5 x 10° cells/mouse
(15) or 107 cells/rat (17). Topical drugs are administrated with a small volume of oil-based
vehicle such as polyethyleneglycol using a pipetman or a gavage needle, while p.o. treatment
is administrated using a gavage needle.

To monitor the course of infection and the efficacy of antifungal agents in the treatment
of fungal candidiasis, fungal cells are recovered from lavage fluid or homogenized tissue.
Vaginal lavage is obtained by gentle to moderate agitation with phosphate buffered saline.
Alternatively, vaginal infection is monitored by obtaining a swab from the vagina and used
for semi-quantitative evaluation. The vaginal lumen is sampled with a sterile cotton swab or a
calibrated (1 L) plastic loop and either plated onto Sabouraud dextrose agar (SDA) plates or
phosphate buffered saline (PBS) for serial dilution and plating.

Oral Candidiasis Model

Oropharyngeal Candida infection is a serious problem for patients with AIDS, diabetes mellitus,
those receiving broad-spectrum antibiotics, steroids or immunosuppressive drugs, as well as
radiation for head and neck cancer. There are several variants of oral candidiasis such as
pseudomembranous, erythematous, angular cheilitis, and hyperplastic type (20,22). Among
these variants, pseudomembranous candidiasis (thrush) is the best-known form of mucosal
candidiasis and is mainly encountered in HIV-infected patients.C. albicans is the predominant
species to cause oral candidiasis. However, recent data shows that C. glabrata is increasing in
incidence particularly in head and neck cancer patients treated with radiation (23).

Rats and mice have been most used to develop oral candidiasis models because of
their variety and convenience to manipulate. Since establishing an oral candidal infection is
challenging in immunocompetent animals, a variety of approaches have been employed to
establish the infection. These approaches include use of (i) broad-spectrum antibiotic therapy
(e.g., tetracycline) (21), (ii) carbohydrate-rich diets (24), (iif) topical use of corticosteroids (25),
(iv) corticosteroid inhalation (26), (v) estrogen injection (27), (vi) trauma (28), (vii) iron deficiency
(29), (viii) diabetes (30), (ix) xerostomia (30), and (x) immunosuppressive therapy (31).

Oral infection is accomplished by means of a cotton swab rolled over all parts of the mouth
(32), while drug efficacy is assessed by measuring the number of C. albicans organisms (CFUs)
in oral swabs or homogenized tissue. Histopathological examination is also employed to assess
the efficacy of drugs (32).

Rabbit Candida Biofilm Model

Central venous catheters infected with Candida biofilms are problematic since biofilms are nearly
totally resistant to common antifungal agents (33-35). Therefore, developing and evaluating
new drugs against Candida biofilm by using animal models is quite valuable. While rabbits
and rats have been used to develop catheter-associated Candida biofilm models (36), rabbits
are more commonly used in evaluating the efficacy of antifungal agents in the treatment of
catheter infections caused by candidal biofilms (37). For example, the author’s group showed
that using a rabbit model of catheter-associated C. albicans biofilm, lipid-based amphotericin B,
and echinocandins (anidulafungin, caspofungin, and micafungin) are effective in the treatment
of biofilms formed on catheter intraluminally when used as antifungal lock therapy (38). In
brief, the rabbit model involves surgically placing a silicone catheter in the external jugular
vein of New Zealand white rabbits under anesthesia (Fig. 2). To form a biofilm, an inoculum of
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Figure 2 Surgical placement of the intravenous catheter. (A—C) Catheter insertion into the external jugular vein;
(D-F) attachment of the heparin lock device to skin; (G) postoperative venogram of catheter placement (38).
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Figure 3 Mature in vivo biofilm formation during model development. Scanning electron micrographs of
C. albicans biofilms adherent to the intraluminal surface of catheters showing no difference in biofilm archi-
tecture at seven days postinfection (magnification, x6500) (A) and three days postinfection (magnification, x2500)
(B) are shown (38).

Candida cells are locked in the internal lumen of the catheter, allowed to dwell for 24 hours and
then removed. To evaluate the efficacy of a candidate antifungal in the treatment of catheter-
associated biofilm, a solution of the agent is locked in the lumen for between 2 and 8hr/day for
7 days. Upon completion of therapy, blood cultures are obtained and the catheters are removed
for quantitative culture (CFU determination). Additionally, the ability of the agent to eradicate
the biofilm is also analyzed using scanning electron microscopic analyses (Fig. 3).

Mouse Subcutaneous Candida Biofilm Model

While using mice to evaluate the ability of lock solutions to treat intraluminal biofilms is
challenging, owing to difficulties encountered in placing a catheter in their tiny vein, this
animal has utility as a subcutaneous model in evaluating the effectiveness of catheter coating in
preventing biofilm formation (39). This model employs BALB/c mice. The mice are anesthetized,
their backs shaved, a midline incision is made in the skin above the midthoracic spine, and a
pocketis made subcutaneously (s.c.) by blunt dissection. The author’s group used this s.c. model
and evaluated the ability of amphogel, a dextran-based hydrogel into which amphotericin B is
adsorbed, in killing C. albicans biofilm. Amphogels or hydrogels without amphotericin B were
inoculated with C. albicans, then implanted s.c. in mice and allowed to form a biofilm. Animals
were sacrificed, disks removed for enumeration of cells and microscopic examination. The data
showed that no fungal survival was observed with amphogels, whereas dextran hydrogels were
heavily colonized. Additionally, SEM analysis showed that amphogel surfaces did not have any
Candida cells or biofilm attached [Fig. 4(C). In contrast, dextran hydrogels without amphotericin
B were covered with Candida biofilm [Fig. 4(E)], Candida blastosphores, and white blood cells
[Fig. 4(F)] (39).

ASPERGILLOSIS

To test the efficacy of antifungal agents in invasive aspergillosis, some animal models including
rabbits (40), guinea pigs (41), rats, and mice were employed. In order to mimic immunocom-
promised hosts and to facilitate the establishment of infections (as Aspergillus tends to be less
pathogenic than C. albicans), immunosuppressive agents such as cyclophosphamide and/or a
corticosteroid are given to the animals. To render the animals neutropenic, cyclophosphamide
is usually administered before and after challenging them with the fungi (42). Cortisone acetate
is also used to produce an immunocompromised host (43). To prevent bacterial superinfections,
animals receive several broad spectrum antimicrobial agents before and after animal challenge
(44). This chapter describes rats and mice models of invasive pulmonary aspergillosis. For
description of aspergillosis in rabbits, refer to the work of Walsh et al. (45).

Rat Pulmonary Aspergillosis Model
Aspergillus fumigatus is delivered to the lung by several methods: (i) intratracheal (surgical): the
trachea of the animal is surgically opened and then the conidial suspension is injected into the
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Figure 4 Histopathological findings for lung tissues of mice treated with 5% glucose (A), AmBisome at 2.0mg/kg
(B), PEG-L-AmB at 2.0mg/kg (C), and 34A-PEG-L-AmB at 2.0mg/kg (D) on day 3 after injection. The tissues were
stained with periodic acid-Schiff stain (53).

trachea with a tuberculin syringe (46), (ii) intratracheal (nonsurgical): a tube is nonsurgically
intubated, then a cannula is passed through the tube and conidial suspension is introduced
(47) to the lung of the animals, and (iii) intranasal: a conidial suspension is delivered with a
micropipette to the nares of the rat (42). Antifungal agents are given to the animals via i.v. (48),
p-0. (49), i.p. (48), or inhalation. The effect of antifungal treatment is evaluated by survival rate,
tissue fungal cells burden, or histopathological examination (42).

Mouse Pulmonary Aspergillosis Model

There are several routes for conidial inoculation in murine models of aspergillosis, including (i)
intratracheal: a conidial suspension is delivered to surgically exposed trachea under anesthesia
by using a syringe with a small size (25-26 gauge) needle (50), (ii) intranasal: a single droplet
of a conidial suspension is slowly instilled on both nares (51), and (iii) inhalational: mice are
exposed to aerosolized conidial suspension (12mL) for one hour in an inhalational chamber (52).
Antifungal agents are administrated by i.v., i.p., or p.o. after infection. To evaluate the effects
and toxicities of the drugs, several parameters such as survival rate, pulmonary fungal burden,
histopathology (Fig. 5) (53), and drug distribution are examined.

Systemic Aspergillosis Model

For the systemic aspergillosis model, the conidial suspension is inoculated via the lateral tail
vein of immunosuppressed (induced by cyclophosphamide with/without corticosteroid) rats
(54) and mice (55). Guinea pigs have also been used in systemic aspergillosis models (56).
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Figure 5 (See color insert) Bioluminescent C. albicans ATCC 90234 strain in a mouse vulvo-vaginal candidiasis
model, with and without antifungal treatment. (A) Groups of three pseudo-estrous mice were infected in the vaginal
lumen with approximately 5x10% CFU of Candida, and were imaged on subsequent days following anesthesia
with 2-3% v/v isoflurane and vaginal lavage with 50mL 16mg/mL luciferin in PBS in the IVIS 100™ Imaging
System, and representative images are shown at four different days postinfection. Groups of mice were treated
with topical miconazole (lower group) or were left untreated as controls (Top). (B) Single untreated mouse imaged
30 days postinfection prior to end of experiment. (C) Excised vaginal/uterine tissue from mouse in (B) removed
postmortem, the lumen opened to display the inner surface, and imaged directly after application of a luciferin
solution. (D) Same vaginal/uterine imaged at high resolution with the close-up attachment lens.

CRYPTOCOCCOSIS

Animal models of cryptococcal meningitis and pneumonia are often examined to assess the
efficacy of antifungal agents to these life-threatening diseases. Among the experimental animals,
mice have been widely used to assess the efficacy of antifungal agents because their susceptibility
to Cryptococcus and ability of using a large number of animals allow comparison of a variety of
treatment regimens.

Mouse Cryptococcal Meningitis Model
Murine models of cryptococcal meningitis have been widely used to evaluate the efficacy of
antifungal agents in the treatment of this disease. Murine models are used because (i) mice can
be easily infected, (ii) disseminated cryptococcosis in the mouse produces meningoencephalitis
in a manner similar to that developed in AIDS patients (Fig. 6), (iii) a large body of literature
exists regarding antifungal therapy in this model, (iv) the mouse model is the best system for
large-scale evaluation of anticryptococcal agents, (v) the mouse is the lowest member of the
phylogenic tree in which an infection can be produced that resembles human cryptococcosis,
(vi) only small quantities of candidate compounds are needed for initial screening, and (vii) the
mouse model is more economical with respect to purchase, per diem, and husbandry costs.

To deliver the cells to intracranial space, pericranial approach is employed. Under brief
anesthesia, the animals are challenged intracranially with C. neoformans using a tuberculin
syringe through a 27-gauge needle. The needle is pushed through the skull with a rotating
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Figure 6 Intracranial model of Crytococcal infection; (A) Healthy Mouse, (B) Infected mouse.

movement into the posterior half of the skull, about 6 mm lateral to mid-line in order to avoid
the superior sagittal sinus.A sleeve attached to the needle guides the penetration of the needle
and prevents too deep penetration of the needle, which could cause death of the animal (57).
Several parameters, such as survival rate, fungal burden in the tissues (brain, CSF, lung, etc.),
histopathology, and pharmacokinetics, are evaluated to assess the efficacy of antifungal agents.

Other Animal Models for Cryptococcal Meningitis

Rabbits (58), rats (59), and guinea pigs (60) have also been used to evaluate the efficacy of
antifungals in the treatment of cryptococcosis. The advantage of using large animals (e.g.,
rabbits) include (i) reproducible infection which mimics the human infection in histopathol-
ogy and response to treatment; (ii) ease of drug administration and withdrawal of body flu-
ids, including CSE, which facilitate pharmacokinetics/pharmacodynamic studies; (iii) drug
pharmacokinetics/pharmacodynamics can be studied concurrently with the efficacy studies;
(iv) immunosuppression is an important feature of the model which is similar to many human
cases of cryptococcal infection; (v) a fewer number of animals are required because this model
has been relatively consistent and statistical comparison can be made with small numbers,
(vi) it provides an alternative species for pharmacokinetics analysis, and (vii) comparison with
most old and new antifungal agents is already available. However, since rabbits and guinea
pigs are less susceptible to C. neoformans, they are treated by steroids to maintain the infection.
C. neoformans cell suspension is inoculated intracisternally to these animals. In addition, guinea
pigs can be infected via pericranial puncture (60).

Mouse Pulmonary Cryptococcosis

To establish a cryptococcal infection of the lungs, C. neoformans cell suspension is inoculated
to the mouse either intratracheally or nasally. For the intratracheal infection, a 30-50 w.L of cell
suspension is placed in the trachea distal to the vocal cords, using a blunted 25-gauge needle
followed by injection of 200 pL of air at the same site to disperse the instilled organisms (61).
For the intranasal infection, a single droplet (50 wL) of yeast cell suspension is instilled on both
nares (62). Gilbert et al. showed the time course of experimental murine model of cryptococcal
pneumonia induced by intranasal fungal inoculation (62). Although the total number of organ-
isms in the lungs is dependent on the size of the initial inoculum, the greatest increase in growth
took place with smaller inocula during the first 7 to 10 days (62). Lungs appeared to become
saturated with organisms by about two to three weeks, with most alveoli containing one or
more yeast cells when examined histologically (62). At this time, cryptococcal cells could be
found in other organs as well, especially the brain, liver, and kidneys (62). Over the four-week
period, the level of cryptococcal cells in the lungs, brain, and liver with the two largest inocula
used to challenge the animals increased 10- to 100-fold or more (62).

DERMATOPHYTOSIS

Guinea pigs have been used in in vivo models to assess the efficacy of antifungals in the
treatment of dermatophytosis caused principally by the three fungal genera that belong to the
dermatophytes, namely Trichophyton, Microsporum, and Epidermophyton (63).
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Figure 7 (A) Untreated showing: hair loss, redness, scaling and (B) Treatment showing: normal hair growth, no
redness, no scaling.

Animals are anesthetized intramuscularly and an area of skin on the left side of the guinea
pig’s back is clipped, shaved, and a square drawn on the guinea pig. The marked area is
abraded with sandpaper, and infected with a standardized suspension (1 x 107) of Trichophyton
mentagrophytes conidia using a sterile pipette-tip and rubbed thoroughly. Animals can be treated
topically or systemically. Both clinical and mycological criteria are used to evaluate the efficacy
of potential antifungals. Clinical evaluation involves daily monitoring of changes in redness
(mild, moderate, or severe), ulceration, scaling, or hair-loss at the site of inoculation. These
signs are used in the clinical assessment of efficacy of different treatments and control regimens.
Clinical efficacy is scored on a scale from 0 to 5 as follows: 0 = no signs of infection; 1 = few
slightly erythematous areas on the skin; 2 = well-defined redness, swelling with bristling hairs,
bald patches, scaly areas; 3 = large areas of marked redness, incrustation, scaling, bald patches,
ulcerated in places; 4 = partial damage to the integument, loss of hair; and 5 = extensive damage
to the integument and complete loss of hair at the site of infection (Fig. 7).

Mycological evaluation of efficacy (also known as the hair root invasion test) is used to
assess mycological cure resulting from antifungal treatment. In brief, following clinical assess-
ment, hairs are removed from each animal in the treatment and control groups, and then planted
on the surface of potato dextrose agar Petri dishes. Following incubation, hairs showing fungal
growth at the hair root are counted (Fig. 8). Mycological evaluation is based on the number of
culture positive hair obtained from each animal.

In addition, the efficacy of an agent is assessed using histopathology analysis, where skin
biopsy samples are obtained from a representative animal. Next, the tissue is fixed with 10%
neutral buffered formalin, embedded in paraffin, and processed for histopathological exami-
nation. Fungal elements are visualized using Grocott Methenamine Silver (GMS) stain. Tissue
is examined for the presence of fungal elements, inflammation, and tissue destruction using a
light microscope.

NONINVASIVE MONITORING OF INFECTION IN LIVING ANIMAL MODELS
Animal models commonly used to evaluate efficacy of antimicrobial agents including antifun-
gals utilize post mortal recovery of the infected tissue, homogenization, plating on agar plates,
and counting CFUs. Such an approach requires a large number of animals to be sacrificed
(which is frowned upon by animal review committees), and comparison of data sets from dif-
ferent groups of animals introduces unavoidable large variations. Moreover, these conventional
models are expensive, time consuming, and labor intensive. Therefore, alternative models that
use noninvasive approaches are encouraged.

One such approach is the use of noninvasive monitoring of infection in living animals
using bioluminescent gene-tagged organisms (64,65). The usefulness of employing such a model
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Figure 8 Hair root invasion test: Note the reduction of fungal growth in hairs obtained from the treated guinea
pigs (top). Untreated controls showed abundant fungal growth (bottom) in the hair root when cultured in PDA
plates.

with candidiasis has been demonstrated by Doyle et al., who used a C. albicans strain that func-
tionally expresses the firefly luciferase in infected animals (15). C. albicans clinical isolates,
which are stably transformed with a codon-optimized luciferase gene to constitutively express
luciferase, are infected systemically or vaginally to mice. Mice infected with this luciferase-
expressing strain are imaged following luciferin injection at a number of time points post infec-
tion using an IVIS 100™ CCD camera system. The efficacy of the antifungal drug miconazole
was tested in this model, and clearance in animals was apparent by both direct imaging and
fungal load determination (15).

INVERTEBRATE HOST

Invertebrate organisms have been increasingly used as “in vivo” assays for antifungal drug
efficacy studies because of their low cost and simplicity (66) (Table 1). For example, Drosophila
melanogaster have been used as Aspergillus (67) and Candida (68) infection models. Drosophila
is infected with fungi either by injection, rolling, or ingestion methods. For injection assay,
the dorsal side of the thorax of COs-anesthetized Drosophila flies is punctured with a thin
sterile needle that is dipped in concentrated solutions of fungal cells. For rolling assay, CO,-
anesthetized Drosophila flies are rolled for two minutes on yeast extract glucose plates that
contain a carpet of fungal cells. For ingestion assay, flies are placed in special fly-food vials
containing yeast extract-peptone-dextrose agar medium, on which a lawn of fungal cells grew.
Antifungal drugs—containing foods are given to the animals for the treatment (68).

Galleria mellonella (the greater wax moth) caterpillar is used for cryptococcal infection.A
10-pL Hamilton syringe is used to inject 10 wL of inoculum into the hemocoel of each caterpillar
via the last left proleg. Antifungal drugs are injected using the same technique that was used
for fungal challenge (69).

Silkworms have been used to evaluate the efficacy of antifungals in the treatment of
Candida infections. Suspensions of C. albicans or C. tropicalis in Sabouraud dextrose medium are
injected into the hemolymph through the dorsal surface of the silkworm. Antifungal drugs are
injected into the hemolymph or by the intramidgut route (70).

Although these studies provide an alternative to using live animals, these invertebrate
models have a number of limitations, which include neither drug levels being measured
nor pharmacokinetic analysis undertaken. Although high-performance liquid chromatogra-
phy (HPLC) analysis and bioassay methods are feasible in invertebrates, such studies are more
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Table 1 Invertebrate Animal Models for the Study of Antifungal Agents
Invertebrate Fungus Infection Treatment Evaluation Reference
Drosophila Aspergillus Injection VRC via Survival rate Tissue 67
melanogaster fumigatus Rolling drug-containing fungal burden
(Oregon R fly, Ingestion food (PCR) Tissue
WT and Toll drug
mutant) concentration
(Bioassay)
Histopathological
and SEM analysis
Drosophila C. albicans C. Injection FLC via Survival rate Tissue 68
melanogaster parapsilosis C. Ingestion drug-containing fungal burden
(Oregon R fly, krusei food (CFU)
WT and Toll Histopathology
mutant)
Galleria C. neoformans Injection AMB, FLU and Survival rate Tissue 69
mellonella (in C. laurentii 5-FC via fungal burden
the final instar injection (CFU)
larval stage)
Silkworms C. albicans C. Injection AMB and FLU via Survival rate 70
tropicalis drug-containing

food or injection

cumbersome, imprecise, and technically challenging in these models compared with mammal
models (66). Furthermore, little is known regarding the metabolism and elimination pathway of
drugs and potential for drug—drug interactions in mini-host models (66). However, despite these
limitations, invertebrates are attractive models for the mass screening of candidate antifungal
compounds that require subsequent validation in mammalian systems (66).

CONCLUSION

Animal models for evaluating the efficacy of antifungal agents in the treatment of various
mycoses with demonstrated utility are available. Because of ethical concerns (advocating lim-
iting the number of animals in each treatment), new alterative models, such as using biolumi-
nescent pathogens, have been developed. Showing that a compound is effective in vivo is an
important step in drug discovery since it shows the potential of activity in humans and iden-
tifies toxicity issues early.A compound that fails to demonstrate efficacy in animals is unlikely
to show potency in humans. However, showing activity in vivo does not guarantee success in
patients.
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INTRODUCTION

Resistance to commonly used antifungals (e.g., azoles, polyenes, echinocandins, allylamines) is
a significant problem in nosocomial infections (including invasive and superficial mycoses), as
well as those associated with indwelling devices like central venous catheters, urinary catheters,
and contact lenses (fungal keratitis). Fungal resistance has been reported even for newer anti-
fungals, such as the echinocandins, underscoring the importance of gaining insight into the
mechanisms of antifungal resistance. This chapter briefly describes the methods used to eval-
uate antifungal susceptibility of fungi, reviews the significance of antifungal resistance, and
summarizes recent advances in identification of the underlying mechanisms.

METHODS USED TO EVALUATE ANTIFUNGAL SUSCEPTIBILITY IN VITRO

Antifungal agents are broadly categorized as fungistatic, which inhibit but do not kill fungi,
and fungicidal, which kill fungal organisms. Common methods of evaluating in vitro antifungal
susceptibility of fungi involve determination of the minimum inhibitory concentration (MIC),
minimum effective concentration (MEC), or time-kill assay (1,2). Fungicidal agents are evaluated
based on their minimum fungicidal concentration (MFC), which is the drug concentration that
results in at least a 3-log (or 99.9%) reduction in colony-forming units (CFUs) compared to the
starting fungal inoculum.

Minimum Inhibitory Concentration

Minimum inhibitory concentration (MIC) of an antifungal agent is defined as the minimum
concentration of the drug resulting in 80% (or 50% in some cases) inhibition of fungal growth
relative to growth in the absence of the drug. MIC values for antifungal agents can be deter-
mined using microdilution, disk diffusion, or Epsilometer test (E-test) methods (see Table 1 for
representative list of recent studies). Agents with low MICs are considered active, while those
with higher MICs indicate reduced susceptibility of the organism and/or antifungal resistance
(based on existing breakpoint guidelines for a given drug).

Microdilution Method

The most commonly used method to determine the MIC of antifungal agents is the
microdilution-based method, in which a standardized number of organisms (e.g., 10% cells/mL)
are exposed to serially diluted concentrations of the test agent in a 96-well format. The drug
concentration resulting in 50% or 80% growth inhibition (compared to drug-free control well)
represents the MIC of the agent against the tested organism. In studies testing large number of
isolates, antifungal activity is commonly represented by MICy, or the concentration of drugs
that inhibit growth of 90% of the isolates tested. The microdilution-based method is widely
used, and standardized methods to determine MIC of antifungals against yeasts and molds
(M 27A-3 and M 38-A2) have been developed and validated through the Clinical and Labora-
tory Standards Institute (CLSI) (3-5).
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Table 1 Representative Studies Describing Use of Different Method to Evaluate Antifungal Susceptibilities
Testing method Drugs tested Organism Study conclusion Reference
Broth Amphotericin B, Candida spp. Caspofungin was active 189
microdilution flucytosine, against the majority of
fluconazole, isolates
itraconazole,
voriconazole and
caspofungin
Flucytosine, Candida spp. In vitro susceptibility of 190
fluconazole, 375 C. albicans
itraconazole, isolates and biofilm
posaconazole, production
voriconazole and
caspofungin
Voriconazole, Candida and Both voriconazole and 191
posaconazole, and Cryptococcus spp. posaconazole were
fluconazole more active than
fluconazole against all
Candida spp. and C.
neoformans
Disk diffusion Lemongrass oils and Candida spp. Lemongrass oil and citral 192
citral (main have a potent in vitro
component of activity against
lemongrass oil) Candida spp.
Fluconazole and Candida spp. Voriconazole was very 193
voriconazole active in vitro against
C. glabrata and C.
krusei
Fluconazole and Cryptococcus spp., Voriconazole exhibits 7
voriconazole Saccharomyces broad-spectrum
spp., Trichosporon against opportunistic
spp., and yeast pathogens but
Rhodotorula spp. has reduced activity
against less common
species
Voriconazole C. krusei No evidence of increasing 71
resistance of C. krusei
to voriconazole from
2001 to 2005
Ciclopirox, terbinafine, Trichophyton spp., Correlation between 12
griseofulvin, Microsporum microdilution and disk
fluconazole, canis, diffusion methods was
itraconazole, Epidermophyton variable
posaconazole, and floccosum
ravuconazole
Voriconazole, Absidia corymbifera, Identified optimal testing 9

posaconazole,
itraconazole,
amphotericin B, and
caspofungin

Aspergillus spp.,
Alternaria spp.,
Bipolaris spicifera,
Fusarium spp.,
Mucor spp.,
Paecilomyces
lilacinus, Rhizopus
spp., and
Scedosporium
spp.,

conditions for mold disk
diffusion testing
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Table 1 Representative Studies Describing Use of Different Method to Evaluate Antifungal Susceptibilities
(Continued)

Testing method Drugs tested Organism Study conclusion Reference
E-test Ketoconazole and Candida spp. Increase in Candida 44
itraconazole bloodstream infections
were due to
non-albicans Candida
spp.
Posaconazole Candida spp. Posaconazole exhibited 15

excellent in vitro activity
against Candida strains
Voriconazole Trichophyton rubrum  Voriconazole was the 194
most and fluconazole
was the less-active
drug
Posaconazole Candida spp. Disk diffusion zone 16
diameters are highly
reproducible and
correlate well with both
the E-test and the
microdilution method

Disk Diffusion Assay

Disk diffusion assay, available as a standardized CLSI method (M-44A) for fluconazole suscep-
tibility testing (6), involves placing disks that contain different concentrations of drugs on agar
media plates (supplemented with 2% glucose and 0.5 g of methylene blue per mL) seeded
with the fungus. The plates are incubated for specific time periods (usually 24-48 hours); drug
activity is indicated by clearance zone around the disks, and the zone diameter is measured to
calculate the MIC. Disk diffusion method has been used in several studies (7-14) including the
ARTEMIS DISK Global Antifungal Surveillance Study (7,13), which evaluated in vitro suscep-
tibility of fluconazole by the CLSI M44-A disk diffusion method for thousands of Candida and
non-Candida yeasts collected in 40 countries over a 10-year period (1997-2007).

Epsilometer Strip Test

The Epsilometer test (E-test; AB Biodisk, Solna, Sweden) is also used to determine the in
vitro efficacy of antifungal agents. MICs are determined from the point of intersection of a
growth inhibition zone with a calibrated strip impregnated with a gradient of antimicrobial
concentration and placed on an agar plate lawned with the microbial isolate under test. Several
studies have demonstrated good correlation between MIC values obtained using the E-test and
broth macro/microdilution testing methods (15-21).

Minimum Effective Concentration

Antifungal susceptibility of Aspergillus and other filamentous fungi is often evaluated by deter-
mining the MEC, which is defined as the lowest drug concentration causing a morphological
effect (e.g., abnormally swollen and highly branched hyphal tips, cells with distended balloon
shapes, and stubby growth with thick cell walls) (22). The MEC assay is often related to inhi-
bition of glucan synthase activity in vitro, especially for filamentous fungi, and is increasingly
being used to determine echinocandins susceptibilities of filamentous fungi (23-25).

Time-Kill Assay

Time-kill assays are used to evaluate the effect of an agent on the rate and extent of antifungal
activity over time, thus providing a measure of its in vitro pharmacodynamics (26-28). In this
method, a standardized cell suspension (usually 5 x 10° cells/mL) is exposed to different
concentrations of drug combinations for different time intervals. After a specified treatment
time, cells are retrieved, plated onto agar medium, and incubated to allow growth. The number
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of CFUs for each incubation time point per milliliter (CFUs/mL) are determined, and plotted
as a function of time—resulting in “time-kill” curves for each drug combination tested.

EPIDEMIOLOGY OF ANTIFUNGAL RESISTANCE

Resistance Against Azoles

Historically, a large body of knowledge is available for resistance against azole antifungals,
mainly because these are also the most commonly used antifungal agents. In particular, major-
ity of resistance has been reported for fluconazole and itraconazole, while the newer third-
generation triazoles (voriconazole, posaconazole, etc.) exhibit excellent activities against all
Candida spp. Most cases of azole resistance are associated with prior exposure to the agent or
infection with non-albicans Candida spp. Risk factor analyses have reported that prior surgery
and systemic antifungal exposure were significantly associated with candidemia due to non-
albicans Candida spp. and a potentially fluconazole-resistant Candida spp. (29-31).

Azole Resistance Among Candida Species

Azole resistance among C. albicans isolates is uncommon, but is known to occur. In a recent
study, Li et al. (32) collected 21 C. albicans isolates from three HIV-infected patients over a period
of three years and reported fluconazole resistance in five (24%) isolates, while four (19%) isolates
exhibited dose-dependent susceptibility. Pulsed-field gel electrophoresis analysis of the isolates
revealed that identical isolates were obtained for individual swab samples. Furthermore, for
each patient, identical isolates were recovered at different time points. Based on these studies,
these investigators associated long-term fluconazole therapy with development of fluconazole
resistance.

Azole resistance has been reported to occur frequently among non-albicans Candida spp.
International surveillance programs conducted in the late 1990s reported development of azole
resistance among C. glabrata and C. krusei isolates obtained from patients in the United States,
Canada, South America, and Europe (33-36). Similar trends in resistance have continued, as
shown by more recent studies. For example, Richter et al. (37) performed susceptibility testing
on vaginal yeast isolates collected from 429 patients with suspected vulvovaginal candidiasis
(1998-2001), and reported resistance to itraconazole (MIC > 1pg/mL) among C. glabrata (74.1%),
C. krusei (58.3%), Saccharomyces cerevisiae (55.6%), and C. parapsilosis (3.4%) isolates. In another
study, Ruan et al. (38) evaluated the impact of C. glabrata fungemia on ICU patients over a
five-year period (2000-2005), and reported that among 147 episodes of candidemia occurring in
adultICUs, C. glabrata was the second most common species (accounting for 30% episodes) and
11% of these isolates exhibited fluconazole resistance. Other recent studies have also pointed
to the continued occurrence of fluconazole resistance among non-albicans Candida spp. such as
C. glabrata (39-44), C. tropicalis (45-47), C. dubliniensis (48), C. nivariensis (49), C. haemulonii (50),
C. guilliermondii (51). Borman et al. (49) reported that clinical isolates of the newly identified
yeast species (C. nivariensis, which is genetically related to C. glabrata) are less susceptible than
C. glabrata isolates to itraconazole, fluconazole, and voriconazole, and also have significantly
higher flucytosine MICs than C. glabrata strains.

Some studies have suggested geographical distribution of antifungal resistance, although
a conclusive association remains to be demonstrated. In this regard, Pfaller et al. (52) studied
variation in species and strain distribution and antifungal susceptibility of 408 isolates of Candida
spp. obtained from the National Epidemiology of Mycoses Survey (NEMIS), and reported
variation in susceptibility to itraconazole and fluconazole: MICyps of itraconazole ranged from
0.25 pg/mL in Texas to 2.0 pg/mL in New York. Similarly, the MICyy for fluconazole was
higher for isolates from New York (64 pg/mL) compared to the other sites (8-16 wg/mL). In
a separate study, Pfaller et al. (53) evaluated azole susceptibility of Candida isolates obtained
from bloodstream infections in the United States, Canada, and Latin America, and reported
that isolates from Canada and Latin America were generally more susceptible to both triazoles
than U.S. isolates. Arendrup et al. (54) reported surveillance results of fungemia in Denmark
during the period 2004-2006, and showed that the number of isolates with reduced fluconazole
susceptibility was >30% in 2006, with 12 (14%) C. glabrata isolates resistant to voriconazole in
2006. Tortorano et al. (55) performed an analysis of multi-institutional surveys of Candida BSIs



ANTIFUNGAL DRUG RESISTANCE: SIGNIFICANCE AND MECHANISMS 67

performed in Europe, including the large prospective survey by the European Confederation of
Medical Mycology (2089 episodes from seven countries), and suggested limited role of species
with decreased susceptibility to azoles in causing bloodstream infections and a low proportion
of antifungal resistance in Europe. Although these studies indicate that antifungal resistance
may be linked to specific regions or countries, more detailed investigations into this possibility
need to be performed.

Azole Resistance Among Cryptococcus /solates
Several studies have shown that Cryptococcus neoformans can develop resistance against azoles.
Brandt et al. (56) used CLSI microdilution and E-test methodologies to determine antifungal
susceptibilities of C. neoformans over a six-year period from 1992 to 1998 (56), and showed
that although MIC ranges of fluconazole, itraconazole, flucytosine, and amphotericin B did not
change during this time period for majority of the isolates, isolated incidences of resistance
development were noted. For example, in serial isolates from seven patients (12% of all serial
cases identified in the study) the increase in the MIC was at least fourfold, while for isolates from
another patient there was a 32-fold decrease in the fluconazole MIC over a one-month period.
Datta et al. (57) evaluated susceptibility of clinical isolates of C. neoformans against fluconazole
and itraconazole at a tertiary care center in India using CLSI methodology, and showed that
MICgqy values for fluconazole and itraconazole was 16 and 0.125 pg/mL, respectively, with
MIC /MEC ratios for fluconazole and itraconazole >1:32, indicating possible azole tolerance.
In an early study, Mondon et al. (58) reported isolation of C. neoformans isolates that exhib-
ited unusual patterns of resistance to fluconazole and voriconazole from seven isolates from two
different geographical regions: one isolate from an Israeli non-AIDS patient and six serial isolates
from an Italian AIDS patient, who had suffered six recurrent episodes of cryptococcal meningi-
tis. Each isolate produced cultures with heterogeneous compositions in which most of the cells
were susceptible, but cells highly resistant to fluconazole (MICs > 64 pg/mL) were recovered
at a variable frequency. These investigators reported that “heteroresistance” phenotype was
innate and unrelated to drug exposure since the Israeli patient had never been treated with
azoles or any other antimycotic agents. However, in a subsequent study, Yamazumi et al. (59)
evaluated fluconazole susceptibility among 107 clinical isolates of C. neoformans (MIC between
0.25 and 32 pg/mL), and showed that exposure to fluconazole can induce heteroresistance.
Hsueh et al. (60) demonstrated that three C. neoformans isolates (4%) were resistant to flucona-
zole (MICs > 16 pg/mL), while two (3%) isolates were resistant to 1 ug/mL of amphotericin
B. Bii et al. (61) reported the existence of azoles resistance in C. neoformans isolates obtained
from Kenya, and associated it with the increasing use of fluconazole in HIV-infected patients in
the sub-Saharan Africa (11.2% resistant to fluconazole, 38.7% isolates resistant to itraconazole).
Sar et al. (62) used E-test method to evaluate fluconazole susceptibility of C. neoformans isolates
obtained from HIV /AIDS patients, who were given amphotericin B as initial therapy followed
by fluconazole as maintenance therapy (2000-2002). These investigators showed that MICqq of
fluconazole changed significantly during the test period, with the number of resistant isolates
increasing from 2.5% to 14%, indicating development of resistance against this agent. Taken
together, these studies clearly demonstrate that C. neoformans isolates can acquire resistance
against azoles.

Azole Resistance Among Filamentous and Other Fungi

Although azole resistance is uncommon among Aspergillus isolates, recent reports suggest this
trend may be changing. Panagopoulou et al. (63) showed that Aspergillus isolates obtained
from a tertiary care center over a 12-month period exhibited relatively reduced susceptibility
to itraconazole, voriconazole, and posaconazole. Hsueh et al. (60) reported that in a surveil-
lance study in Taiwan, four (4.2%) of the Aspergillus isolates exhibited itraconazole MICs of
8 wg/mL. Rodriguez-Tudela et al. (64) suggested that Aspergillus spp. may demonstrate cross-
resistance against azoles. Anecdotal evidence suggests a rise in zygomycosis in association with
voriconazole use in immunosuppressed patients. Kontoyiannis et al. (65) performed prospective
surveillance of patients with zygomycosis, invasive aspergillosis, and patients without fungal
infection, combined with molecular typing and in vitro susceptibility testing of Zygomycetes
isolates. These investigators found that all Zygomycetes isolates (74% of which belonged to the
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genus Rhizopus) were resistant to voriconazole. However, the new azole, posaconazole exhibits
excellent activity against Zygomycetes. A recent study reported isolation of F. solani isolates that
showed high azole MICs (66).

Azole resistance has also been reported among other fungi (e.g., Rhodotorula spp., Tri-
chosporon spp.) (67,68). For example, Diekema et al. (67) showed that Rhodotorula isolates col-
lected in surveillance programs between 1987 and 2003 exhibited resistance to fluconazole
(MICsp >128 pg/mL). However, all the new and investigational triazoles tested were active in
vitro, with ravuconazole being the most active (MICsp = 0.25 wg/mL).

Resistance Against Flucytosine

Primary resistance to flucytosine has been reported for C. albicans, but more commonly for
C. krusei or C. tropicalis isolates. Subsequent to the identification of genetically clonal clades
of Candida isolates, resistance associated with clades was first demonstrated for flucytosine,
and almost exclusively restricted to C. albicans isolates belonging to clade I (69). Pfaller et al.
(70) used CLSI guidelines to evaluate primary resistance against flucytosine in >8000 clinical
isolates of 18 Candida spp. obtained from more than 200 medical centers worldwide between
1992 and 2001. These investigators reported that while flucytosine was very active against
most of the Candida isolates tested (92-100% of all species were susceptible), C. krusei isolates
exhibited intrinsic resistance against this agent (only 5% of the krusei isolates were susceptible,
MICgp = 32 pg/mL). In a more recent study describing the results of the ARTEMIS trial, Pfaller
et al. (71) used the disk diffusion and broth microdilution methods to determine antifungal
susceptibilities of clinical C. kruseiisolates, and showed that while most isolates were susceptible
to voriconazole or echinocandins, they exhibited decreased susceptibilities to amphotericin B
(MICgp = 4 pg/mL) and flucytosine (MICgp = 16 pg/mL). In a recent survey of candidemia
in Germany, a total of 25 isolates (4.5%), all of which were identified as C. tropicalis, showed
resistance against flucytosine. Fluctyosine resistance has also been reported for C. neoformans,
as shown by Bii et al. (61) who demonstrated that 21% of C. neoformans isolates obtained from
Kenya were resistant to flucytosine (MICgy = 64 png/mL).

Resistance Against Polyenes

Amphotericin B Resistance Among Candida /solates

Amphotericin B has a wide spectrum of activity against fungi, and resistance is relatively
uncommon. However, incidences of resistance against this agent have been reported. Blignaut
et al. (69) demonstrated amphotericin B resistance among C. albicans isolates belonging to
the “SA” clade in South Africa. These investigators reported that 8.4% of South African oral
yeast isolates were naturally resistant to amphotericin B. In another report, Pfaller et al. (71)
used disk diffusion and broth microdilution to show that most C. krusei isolates tested in their
study exhibited reduced susceptibilities to amphotericin B (MICgg = 4 pg/mL). Another case
of amphotericin B resistance among non-albicans Candida isolates was recently demonstrated
by Yang et al. (72), who showed that 16 of the 17 amphotericin B-resistant isolates obtained
in a four-year period in Taiwan were non-albicans Candida spp. Similarly, Colombo et al. (73)
reported resistance to amphotericin B (MIC > 2 pg/mL) in 2.5% of isolates (two strains of C.
albicans, two of C. parapsilosis, and one of C. krusei). In a separate study, Colombo et al. (74)
reported that amphotericin B resistance in C. rugosa isolates obtained from an outbreak in six
hospitalized patients in a tertiary care teaching hospital in Sao Paulo, Brazil.

Amphotericin B Resistance Among Aspergillus and Other Fungi

Inrecent years, several cases have been reported documenting amphotericin Bamong Aspergillus
spp. Aspergillus terreus is intrinsically resistant to amphotericin B, and isolates of A. ustus and
A. lentulus have been noted increasingly as causes of invasive aspergillosis in tertiary care centers
in the United States (75,76). Panagopoulou et al. (63) showed that Aspergillus isolates obtained
from a tertiary care center in Greece over a 12-month period exhibited reduced susceptibility
to amphotericin B. Lass-Florl et al. (77) evaluated the epidemiology and outcome of infections
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due to A. terreus in Austria over a 10-year period, and showed that infections due to this fungus
were associated with a lower response rate to amphotericin B therapy (20%), compared with
47% for patients with non-A. terreus infections (P <0.05). Hsueh et al. (60) reported that A. flavus
was less susceptible to amphotericin B, with MICsg of 1 pwg/mL and MICgqg of 2 wg/mL, which
were twofold greater than those for A. fumigatus and A. niger. However, all Aspergillus isolates
were susceptible to voriconazole, including isolates with reduced susceptibility to amphotericin
B and itraconazole.

Although less common, amphotericin B resistance has been reported for other fungi also.
Hsueh (60) showed in an earlier study that two (3%) isolates of C. neoformans were not inhibited
by amphotericin B at 1 wg/mL. Scedosporium prolificans is intrinsically resistant to amphotericin
B, and resistance to this drug has also been demonstrated among S. apiospermum, Fusarium spp.,
and Sporothrix schenckii (78,79).

Resistance Against Echinocandins

Although several surveillance studies have shown that echinocandin has broad spectrum
activity against most fungi (80-82), smaller-scale studies and case reports have reported the
occurrence of echinocandins resistance, especially among Candida isolates. One of the earliest
reports demonstrating fungal resistance against echinocandins was by Laverdiere et al. (83),
who reported progressive loss of cross-echinocandin activity (increased MICs of caspofun-
gin, micafungin, anidulafungin) against four C. albicans isolates obtained at the initiation and
during micafungin therapy from a patient with advanced HIV infection and chronic oesophagi-
tis. Echinocandin resistance among C. albicans isolates is generally associated with esophageal
candidiasis/HIV as the underlying disease, while among non-albicans isolates, the underlying
conditions commonly noted are leukemia, transplants, and endocarditis. In a separate study,
Forrest et al. (84) performed a five-year retrospective review of cases at a tertiary care center and
reported significant correlations between increased caspofungin usage and an increased inci-
dence of C. parapsilosis candidemia. Similarly, Pasquale et al. (85) recently reported echinocandin
resistance in C. tropicalis isolates.

Although caspofungin, micafungin, and anidulafungin belong to the same class of com-
pounds (echinocandins), their activity and efficacy potential can vary greatly. For example,
Villareal et al. (86) showed that a C. glabrata isolate obtained from a patient who failed caspo-
fungin was nonsusceptible to caspofungin (MIC = 8 wg/mL) while remaining susceptible to
anidulafungin (MIC = 0.125 pg/mL). Other studies have also showed that the three echinocan-
dins are not alike, when tested against C. krusei or C. parapsilosis (87-89). Moudgal et al. (89)
evaluated the antifungal susceptibility of a series of C. parapsilosis isolates from a patient who
failed caspofungin treatment, and showed that although the MICs increased for both caspo-
fungin and micafungin, the isolates remained susceptible to anidulafungin. In an expanded
study, our group (90) recently assessed in vitro activity of the three echinocandins and two
triazoles (fluconazole and voriconazole) against 77 C. parapsilosis and 13 C. albicans isolates
(obtained from patients, healthcare workers, and the hospital environment) using the CLSI
M27-A2 method. It is found that C. parapsilosis isolates obtained from burn unit patients were
more susceptible to anidulafungin than to caspofungin or micafungin, while isolates obtained
from healthcare workers or environmental sources were susceptible to all antifungals examined.
C. albicans isolates were susceptible to the antifungals tested. These studies clearly demonstrate
that echinocandin cross-resistance occurs among C. parapsilosis isolates.

Wierman et al. (91) reported isolation of a set of clinical C. glabrata isolates from a
patient with disseminated candidiasis who failed therapy with caspofungin and micafungin,
but responded to amphotericin B and anidulafungin. Antifungal susceptibility testing showed
that the C. glabrata isolates were cross-resistant to caspofungin and micafungin but suscep-
tible to anidulafungin. In another study, Cota et al. (92) evaluated the activities of anidula-
fungin and caspofungin against 18 C. glabrata isolates with reduced caspofungin activity, and
showed that isolates not susceptible to caspofungin were killed by anidulafungin, with MFC
values ranging between 1 and 128 pug/mL for caspofungin compared to 0.25 and 8 pg/mL for
anidulafungin.
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Echinocandin resistance has also been reported for other fungi. Aspergillus isolates resistant
to echinocandins has been associated with biofilm formation (discussed in later section) (93).
In one recent study, Suzuki et al. (94) reported breakthrough cryptococcosis in a patient with
systemic lupus erythematosus (SLE) receiving micafungin. Moreover, echinocandins have no
activity against Zygomycetes or against Trichosporon, Scedosporium, and Fusarium spp. Therefore,
resistance against echinocandins, while uncommon, has been reported in several cases, and
more careful monitoring of echinocandin susceptibility among fungi is warranted.

Resistance Against Allylamines

Resistance against terbinafine, the commonly used allylamine, is rare. However, Mukherjee et al.
(95) reported the first instance of terbinafine resistance in dermatophytes. The in vitro antifungal
susceptibilities of six clinical T. rubrum isolates obtained sequentially from a single onychomy-
cosis patient who failed oral terbinafine therapy (250 mg/day for 24 weeks) were determined
by broth microdilution and macrodilution methodologies. Strain relatedness was examined by
random amplified polymorphic DNA (RAPD) analyses. Data obtained from both broth microdi-
lution and macrodilution assays were in agreement and revealed that the six clinical isolates
had greatly reduced susceptibilities to terbinafine. The MICs of terbinafine for these strains were
>4 png/mL, whereas they were <0.0002 pg/mL for the susceptible reference strains. Consistent
with these findings, the minimum fungicidal concentrations (MFCs) of terbinafine for all six
strains were >128 g/mL, whereas they were 0.0002 wg/mL for the reference strain. The MIC of
terbinafine for the baseline strain (cultured at the initial screening visit and before therapy was
started) was already 4000-fold higher than normal, suggesting that this is a case of primary resis-
tance to terbinafine. The results obtained by the broth macrodilution procedure revealed that
the terbinafine MICs and MFCs for sequential isolates apparently increased during the course
of therapy. RAPD analyses did not reveal any differences between the isolates. The terbinafine-
resistant isolates exhibited normal susceptibilities to clinically available antimycotics including
itraconazole, fluconazole, and griseofulvin. However, these isolates were fully cross-resistant to
several other known squalene epoxidase inhibitors, including naftifine, butenafine, tolnaftate,
and tolciclate, suggesting a target-specific mechanism of resistance.

MECHANISMS OF RESISTANCE

The antifungal activity of different classes of drugs is mediated by different mechanisms of
action. Thus, the primary mode of action of azoles is inhibition of fungal ergosterol biosyn-
thesis (by inhibiting lanosterol 14a-demethylase enzyme), while polyenes bind to ergosterol
present in fungal membranes, leading to leakage of cellular components and cell death. Flucy-
tosine is transported into the fungal cell, where it is deaminated to 5-fluorouracil, which is then
phosphorylated and incorporated into RNA, resulting in inhibition of protein/DNA synthesis.
Echinocandins inhibit synthesis of B-glucan, a key component of the fungal cell wall, result-
ing in the collapse of the fungal cell. Allylamines (e.g., terbinafine) bind squalene epoxidase
thus inhibiting fungal ergosterol biosynthesis (see Refs. 96 and 97 for a detailed description of
mode of action of different antifungals). Fungi can develop resistance against these antifun-
gal agents using one or more mechanisms including reduced availability of the drug, alter-
ation/complementation of drug target, etc. (Fig. 1). These mechanisms are described briefly
below.

Mechanism of Azole Resistance

Major mechanisms mediating resistance against azoles involve alteration in membrane sterol
composition, increased demethylase and sterol levels, reduction of azole permeability, efflux of
the drug, modification in the target enzyme, and/or reduced access to the target.

Reduced Drug Permeability

Changes in membrane lipid composition and/or fatty acids have been suggested as mech-
anisms mediating azole resistance in C. albicans (98-102). Such changes can be induced by
different mechanisms, including altered biosynthesis of membrane lipids (such as ergosterol
and sphingolipid), binding to sterol biosynthesis enzymes (e.g., demethylase, sterol desat-
urase), and modulation of membrane transporters. The net effect of changes in membrane lipid
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Figure 1 Mechanisms by which microbial cells might develop resistance. 1. The target enzyme is overproduced,
so that the drug does not inhibit the biochemical reaction completely. 2. The drug target is altered so that the drug
cannot bind to the target. 3. The drug is pumped out by an efflux pump. 4. The entry of the drug is prevented at the
cell membrane/cell wall level. 5. The cell has a bypass pathway that compensates for the loss-of-function inhibition
due to the drug activity. 6. Some fungal “enzymes” that convert an inactive drug to its active form are inhibited.
7. The cell secretes some enzymes to the extracellular medium, which degrade the drug. Source: Adapted from
Ref. 96, reproduced with permission from American Society for Microbiology.

composition is to alter the membrane permeability, thus restricting the amount of azole that can
enter the cell.

Mago and Khuller (98) showed that exposure to cerulenin (a specific inhibitor of fatty
acid and sterol biosyntheses) inhibited growth and lipid synthesis in C. albicans, an effect
that was reversed by exogenous addition of fatty acids. These fatty acid—supplemented cells
contained altered levels of phospholipids and sterols, and were more resistant to miconazole,
showing that alteration in fatty acid composition is a mechanism by which C. albicans is rendered
resistant to azoles. Changes in sterol composition [e.g., replacing membrane ergosterol with
fecosterol (99)] have been observed in azole-resistant C. albicans strains, and been proposed to
be a mechanism of azole resistance in fungal cells. Furthermore, Hitchcock et al. (103) showed
that in a C. albicans isolate resistant to both polyene and azole groups of antifungals, ergosterol
was replaced by methylated sterol (lanosterol, 24-methylene-24,25-dihydrolanosterol, and 4-
methylergostadiene-3-ol), which results in double resistance by preventing polyene binding and
reducing azole permeability. Other studies have also provided evidence that cross-resistance
to fluconazole and amphotericin B among C. albicans can be explained by similar defects in
sterol A5,6-desaturation (104). In a separate study, Kohli et al. (105) showed that C. albicans
strains serially passed through increasing concentrations of fluconazole led to acquisition of
resistance, overexpression of CDR1 and CDR2 genes, and alterations in membrane fluidity
and asymmetry.

However, changes in membrane sterol composition cannot always explain azole resistance
in fungal cells, as shown in different studies (106). In one such study, Hitchcock et al. (106)
demonstrated that although the 14a-sterol demethylase enzyme in an azole-resistant C. albicans
strain was less sensitive to a triazole than two azole-sensitive strains, there was no direct
correlation between the ICs values for triazole inhibition of the demethylase and ICsy values
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for growth, and suggested that the basis of azole resistance in this strain may be linked to
altered or absent azole targets. Lamb et al. (107) separately showed that azole resistance in C.
albicans strain NCPF 3363 was associated with reduced intracellular accumulation of drug and
not reduced affinity for the target site.

Alteration in Target Enzymes

Azole resistance has also been associated with alteration in activity of cytochrome P450-
dependent 14a-demethylase and that of other ergosterol biosynthesis enzymes, such as A5-6
desaturase (108-111). In this regard, Vanden Bossche et al. (112) demonstrated increased micro-
somal cytochrome P450 content and subcellular ergosterol synthesis from mevalonate or lanos-
terolin azole-resistant C. glabrata, indicating that the level of P450-dependent 14a-demethylation
of lanosterol was higher in these cells, and contributed to resistance. Azole resistance in C. kru-
sei has been linked to reduced susceptibility of 14a-demethylase because of reduced binding
affinity (113). Overexpression of CYP51A1 in C. albicans and C. glabrata may also account for a
decreased susceptibility to azole antifungal agents (114).

Accumulation of Toxic Intermediates
Inhibition of sterol biosynthesis pathway can also result in accumulation of intermediates that
are toxic to the fungal cells. In this regard, Marichal et al. (101) showed that two azole-resistant C.
albicans isolates (C48 and C56) overexpressed efflux pumps and contained increased intracellular
levels (20-30%) of 14o-methyl-ergosta-8,24(28)-diene-383,6a-dio 1 (3,6-diol). Itraconazole treat-
ment of C43 resulted in a dose-dependent inhibition of ergosterol biosynthesis and accumulation
of 3,6-diol (up to 60% of the total sterols), eburicol, lanosterol, obtusifoliol, 14a-methyl-ergosta-
5,7,22,24(28)-tetraene-3betaol, and 14a-methyl-fecosterol. These investigators also showed that
itraconazole exposure led to increased levels of obtusifolione, a toxic 3-ketosteroid earlier shown
to accumulate after itraconazole treatment in C. neoformans and Histoplasma capsulatum, and that
obtusifolione accumulation correlated with inhibition of growth of these azole-resistant strains.

Both reduced permeability and activity of demethylase have been suggested to explain
azole resistance among A. fumigatus isolates (115,116). Denning et al. (116) demonstrated at
least two mechanisms of resistance to be responsible for itraconazole resistance in three clinical
isolates of A. fumigatus (AF72, AF91, and AF92) obtained from two patients. These investigators
showed that isolate AF72 had reduced ergosterol content, greater quantities of sterol interme-
diates, a similar susceptibility to itraconazole in cell-free ergosterol biosynthesis, and a reduced
intracellular itraconazole concentration. In contrast, isolates AF91 and AF92 had slightly higher
ergosterol and lower intermediate sterol concentrations, fivefold increased resistance in cell-
free systems to the effect of itraconazole on sterol 14a-demethylation, and intracellular itra-
conazole concentrations found in susceptible isolates. These studies showed that at least two
mechanisms—one involving reduced permeability of itraconazole and the other due to a more
direct effect on enzyme activity—were mediating resistance in these isolates. In a subsequent
study, Manavathu et al. (115) evaluated itraconazole susceptibility of two resistant A. fumigatus
isolates, and showed that intracellular accumulation of itraconazole in azole-resistant isolates
was reduced by up to 80% compared to the susceptible parent, suggesting that the reduced
accumulation of itraconazole is more likely associated with diminished drug permeability and
not with drug efflux. Moreover, the respiratory inhibitor carbonyl cyanide m-chlorophenyl
hydrazone reduced the intracellular accumulation of itraconazole by around 36% in the par-
ent and in the mutant strains, demonstrating that uptake of itraconazole in A. fumigatus is an
energy-dependent process.

Recently, Willger et al. (117) showed that azole resistance in A. fumigatus is modulated by
a sterol-regulatory element-binding protein, SrtbA. A mutant strain lacking this protein SrbA
was hyper-susceptible to fluconazole and voriconazole, suggesting that SrbA plays a role in
modulating fungal susceptibility to azoles, most likely by regulating ergosterol biosynthesis.

Modification of Drug Target: Mutation and Overexpression

Mutations in drug target have been associated with azole resistance in several studies. Marichal
et al. (118) identified mutations in cytochrome P450 14a-demethylase (Ergllp, Cyp51p) that
play critical roles in azole resistance among fungi. Xu et al. (119) evaluated the relationship
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between mutations in the ERG11 gene of 15 fluconazole-resistant and 8 fluconazole-susceptible
C. albicans isolates obtained from non-AIDS patients, and demonstrated 18 silent mutations
and 19 missense mutations. These investigators showed that six missense mutations occurred
in resistant isolates: G487T (A114S), T916C (Y257H), T541C (Y132H), T1559C (I1471T), C1567A
(Q474K), and T1493A (F449Y), of which the first four are known to contribute to fluconazole
resistance, while the role of the last two have not been investigated.

Modification of the target enzyme is a common mechanism identified for azole resis-
tance in Aspergillus spp., primarily through amino acid substitutions in the drug target Cyp51
(encoding 14 a-lanosterol demethylase) (120-122). In azole resistant A. fumigatus isolates, the
most frequent amino acid substitutions occur at the positions Gly 54, Gly 138, Met 220, and
Leu 98, coupled with a tandem repetition in the gene promoter (64,120,121). Other amino acid
substitutions identified in Cyp51 genes of voriconazole-resistant isolates include N22D and
M2201 in A. fumigatus (122). Among resistant A. flavus isolates commonly identified substitu-
tions include K197N, Y132N, T469S, K197N, D282E, and M288L (123). Another mechanism by
which fungi become resistant is by expressing multiple copies of the drug target. An example
of this approach is evident in the study by Osherov et al. (124), who showed that A. nidulans
and A. fumigatus isolates that are resistant to itraconazole induce overexpression of the P450
14a-demethylase gene.

Transporter-Mediated Drug Efflux

A major mechanism of azole resistance is induction or overexpression of drug efflux pumps
(Candida drug resistance, CDR) and transporters (major facilitator superfamily, MFS), which
mediate clearance of the drug from fungal cells. Several studies have demonstrated that drug
efflux mediates resistance to azoles (125-129). Prasad et al. (125) cloned and sequenced the
C. albicans CDR1 gene, and showed that transformation of a hypersensitive S. cerevisiae strain
with CDR1 resulted in resistance to miconazole, cycloheximide, and chloramphenicol. Role of
multiple efflux mechanisms in azole resistance was also shown by Albertson et al. (130), who
demonstrated that a set of fluconazole-resistant C. albicans strains contained elevated amounts of
CDRI mRNA, and some of these isolates also contained increased amounts of mRNA encoding
Ben', an MFS transporter. These studies suggested that fluconazole resistance may involve
energy-dependent drug efflux associated with increased expression of Ben" and/or Cdrl.

Different studies have demonstrated that multiple mechanisms can be operative in fungal
cells and contribute to azole resistance in C. albicans (131-133). White (131) evaluated mRNA
levels in a series of 17 clinical isolates taken from a single HIV-infected patient over two years,
during which time the levels of fluconazole resistance of the strain increased over 200-fold. These
investigators reported increased mRNA levels of ERG16 (which encodes the 14a-demethylase
enzyme), CDR1, and MDRI in this series, which correlated with increases in fluconazole resis-
tance of the isolates. In a second study, Franz et al. (132) reported the isolation of five C. albicans
isolates from two AIDS patients with oropharyngeal candidiasis, from recurrent episodes of
infection that became gradually resistant against fluconazole during treatment. Isolates from
patient 1 exhibited enhanced expression of MDR1 and constitutively high expression of ERG11,
which correlated with a stepwise development of fluconazole resistance. In the isolates from
patient 2, increased MDR1 mRNA levels and the change from heterozygosity to homozygosity
for a mutant form of the ERG11 gene correlated with continuously decreased drug susceptibil-
ity, reduced drug accumulation, and increased resistance in activity of sterol 14a-demethylase.
Exposure of cells to fluconazole can also induce expression of CDR1, which can contribute to
development of azole resistance (134).

Sanglard et al. (135) showed that C. glabrata CDR1 (CgCDR1) is involved in the resistance
of clinical isolates to azole antifungal agents (135), while Torelli et al. (136) recently implicated
upregulation of another ATP-binding cassette transporter, CgSNQ2, in azole resistance among
C. glabrataisolates. Furthermore, Thakur et al. (137) showed that a nuclear receptor-like pathway
regulates multidrug resistance in C. glabrata.

In a separate study, Katiyar and Edlind (138) showed that in azole-resistant C. krusei
cells, expression of two ATP cassette-binding (ABC) transporters (ABC1 and ABC2) increased
at stationary phase. This increase correlated with decreased susceptibility to miconazole. Fur-
thermore, ABC1 was upregulated following a brief treatment of C. krusei with miconazole and
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clotrimazole (but not other azoles), and the unrelated compounds albendazole and cyclohex-
imide. The latter two compounds antagonized fluconazole activity versus C. krusei, supporting
a role for the ABCI transporter in azole efflux. Finally, miconazole-resistant mutants selected in
vitro demonstrated increased constitutive expression of ABC1. Based on these expression data,
genetic and functional characterization of the ABC1 transporter to directly test its role in C. krusei
azole resistance would appear to be warranted. Molecular mechanisms of azole resistance in
C. dubliniensis include increased drug efflux, modifications of the target enzyme, and alterations
in the ergosterol biosynthetic pathway (48,139).

Efflux pumps have been shown to contribute to drug resistance in Aspergillus and Crypto-
coccus spp. Overexpression of efflux pumps play a critical role in itraconazole resistance among
A. fumigatus isolates, with Afumdr3, Afumdr4, and AtrF playing critical roles, especially in the
early stages of resistance acquisition (122,140,141). Posteraro et al. (142) cloned and sequenced
an ABC transporter-encoding gene, C. neoformans AntiFungal Resistance 1 (CnAFR1), from a
fluconazole-resistant C. neoformans isolate, and demonstrated that the isogenic knock-out mutant
cnafrl (in which the CnAFR1 gene was disrupted) was highly susceptible to fluconazole, while
reintroduction of the functional gene in cnafr1 resulted in restoration of the resistance pheno-
type. These studies clearly showed that efflux pumps play important roles in drug resistance
among different fungal species.

Mechanism of Polyene Resistance

Altered Membrane Lipid Composition

Much of amphotericin B resistance is related to changes in sterols in the cell membranes since
ergosterol is the molecule interacting with this drug. Such changes include decreased ergos-
terol production and altered ergosterol products caused by mutation in the sterol biosynthesis
pathway.

Walsh et al. (143) showed that amphotericin B resistance in A. terreus is linked to decreased
levels of membrane ergosterol. These investigators used a persistently neutropenic rabbit model
of invasive pulmonary aspergillosis due to A. terreus and A. fumigatus, and investigated pos-
sible mechanisms of resistance in A. terreus using microbicidal time-kill assays, colorimetric
MTT assays of hyphal damage, and sterol composition analysis of the fungal cell membrane
by gas-liquid chromatography (GLC). Both time-kill and MTT assays showed that A. terreus
was resistant to the fungicidal effects of amphotericin B. Membrane sterol composition analysis
revealed that the amphotericin B-resistant A. terreus contained reduced ergosterol levels (20.3%),
and increased levels of zymosterol (17.1%) and squalene (17.5%). These investigators suggested
that the depletion of ergosterol in the amphotericin B-resistant A. terreus contributes substan-
tially to diminished binding of amphotericin B to the cytoplasmic cell membrane, resulting
in polyene resistance. The substituted nonergosterol cytoplasmic membrane sterols and lipids
(e.g., zymosterol and squalene) may have further reduced affinity for AmB, resulting in dimin-
ished binding. These studies indicated that amphotericin B resistance in A. terreus isolates is
likely due to reduction in membrane ergosterol levels. In a separate study, defective A-8,7 iso-
merase was found to be associated with decreased intercalation of the drug with the membrane,
resulting in amphotericin B resistance in C. neoformans (78,144-146).

Modifications in Drug Target and Binding
Amphotericin B resistance can also result from alteration in the drug’s target. In a recent study,
Vandeputte et al. (147) recently reported that a missense mutation in ERG6 gene (Cys-Phe
substitution) correlated with reduced polyene susceptibility (determined using disk diffusion
method) of a clinical C. glabrata isolate that grew as pseudohyphae. This isolate lacked ergosterol
and accumulated late sterol intermediates, indicative of a defect in the final steps of the ergosterol
pathway. Functional complementation of the mutation restored susceptibility to polyenes and
a classical morphology, demonstrating the role of ERG6 in amphotericin B in C. glabrata.

Ikeda et al. (148) suggested that melanin, a virulence factor in C. neoformans, also medi-
ates antifungal resistance. These investigators induced melanin formation by growing laccase-
active strains of C. neoformans and C. albidus in L-DOPA, and observed no change in MIC of
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amphotericin B and fluconazole for these cells. However, live cells were detected in wells con-
taining amphotericin B—inhibited cells, and contained melanin. In contrast, melanization did
not protect C. albidus being killed by amphotericin B. Time-kill analysis of the effect of ampho-
tericin B on C. neoformans revealed that higher number of melanized cells survived in the first
few hours than nonmelanized cells. Binding studies suggested that melanin in the cell walls
binds amphotericin B, thus reducing its effective concentrations and consequently minimizing
exposure of C. neoformans cells to this agent.

Zaragoza et al. (149) showed recently that enlargement of the polysaccharide capsule of
C. neoformans resulted in protection against resistance to reactive oxygen species (ROS) induced
by catalase-independent hydrogen peroxide, suggesting that the capsule can act as a scavenger
of ROS, thus protecting the cells from phagocytosis. Interestingly, these investigators reported
that capsule enlargement also conferred resistance to amphotericin B.

Mechanism of Flucytosine Resistance

Mechanism of flucytosine resistance in fungal cells is well documented, and is commonly medi-
ated by modification in cytosine permease and ribosyl transferase activities (150-153). Addi-
tional mechanisms include failure to metabolize flucytosine to SFUTP and 5FdAUMP, or from
the loss of feedback control of pyrimidine biosynthesis (114,154). The homozygous resistant
strain fcyl/fcyl (lacking functional UMP pyrophosphorylase) was associated with decreased
UMP pyrophosphorylase activity that resulted in poor conversion from 5-flucytosine to FUMP,
whereas resistance in fcy2/fcy2 strains was associated with decreased cytosine deaminase
activity (155,156). Hope et al. (153) evaluated flucytosine resistance mechanisms in 25 C. albi-
cans strains by identifying and sequencing the genes FCAI (encoding cytosine deaminase),
FUR1 (encoding uracil phosphoribosyltransferase; UPRT), FCY21 and FCY22 (encoding two
purine-cytosine permeases). These investigators showed an association between a polymorphic
nucleotide and resistance to flucytosine within FUR1 (with a C301T nucleotide substitution),
which resulted in R101C substitution in UPRT. A single resistant isolate, lacking this FUR1 poly-
morphism, contained instead a homozygous polymorphism in FCAI that resulted in a G28N
substitution in cytosine deaminase. Single nucleotide polymorphism has also been linked to
clade-specific resistance in C. albicans clades. In this regard, Dodgson et al. (157) evaluated
flucytosine resistance patterns in C. albicans clades and showed that a single nucleotide change
(C301T) in FURI can lead to flucytosine resistance in clade I isolates. The flucytosine MICs for
strains with no copies, one copy, and two copies of the mutant allele were <0.25, >0.5, and >16
ng/mL, respectively. Vlanti and Diallinas (158) recently cloned and characterized the A. nidulans
fcyB, encoding the closest homologue to the yeast Fcy2p /Fcy21p permeases. A fcyB null mutant
lacked all known purine transporters, and was resistant to flucytosine. These investigators
showed FcyBp to be a low-capacity, high-affinity, cytosine-purine transporter, with scaveng-
ing of cytosine—purine as its main function. In a recent study, Papon et al. (159) showed that
inactivation of the FCY2, FCY1, and FURI1 genes in C. lusitaniae produced two patterns of resis-
tance to flucytosine. Mutant furl demonstrated resistance to 5-fluorouracil, whereas mutants
feyl and fey2 demonstrated fluconazole resistance in the presence of subinhibitory flucytosine
concentrations.

Flucyosine—fluconazole cross-resistance has also been reported (159,160). In one such
study, Noel et al. (160) demonstrated that the cross-resistance involved a fluconazole uptake
transporter in purine-cytosine permease-deficient C. lusitaniae clinical isolates. Genetic analyses
showed that resistance to flucytosine was derived from a recessive mutation in a single gene,
whereas cross-resistance to fluconazole seemed to vary like a quantitative trait. Kinetic transport
studies with flucytosine showed that flucytosine resistance was due to a defect in the purine-
cytosine permease.

Mechanism of Allylamine Resistance

Resistance against allylamines (e.g., terbinafine) is mostly due to changes in the squalene epox-
idase enzyme, which catalyzes the conversion of squalene to epoxysqualenes in the ergosterol
biosynthesis pathway (161).
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Modification of Drug Target: Overexpression and Mutation

Expression of increased number of copies of squalene epoxidase had been shown to lead to
terbinafine resistance in Aspergillus isolates (162). Liu et al. (162) identified the gene responsible
for terbinafine resistance as the A. fumigatus squalene epoxidase gene (ERGI). In a separate
study, Rocha et al. (163) showed that a F389L substitution in ergA confers terbinafine resistance
in Aspergillus. Osborne et al. (164) characterized a new clinical strain of T. rubrum highly resistant
to terbinafine and showed that resistance to terbinafine in this strain is caused by a missense
mutation in the squalene epoxidase gene leading to the amino acid substitution F397L.

Degradation of Drug

Graminha et al. (165) demonstrated that terbinafine resistance in UV-induced A. nidu-
lans mutants was mediated by salicylate 1-monooxygenase (salA), a naphthalene-degrading
enzyme, since transformation of sensitive strain with this gene rendered it resistant. Moreover,
salA transcript accumulation analysis showed terbinafine-dependent induction in the wild-type
strain. These investigators suggested that terbinafine resistance in the resistant isolate could be
due to degradation of the naphthalene ring contained in terbinafine.

Mechanism of Echinocandin Resistance
Echinocandin resistance can be mediated by mutations in the FKS1 gene, adaptive or lower
level drug tolerance, and stimulation of chitin synthase gene (166).

Modification in Drug Target: Mutations and Altered Substrate

Mutations in two distinct FKS1 regions, Hotspot 1 (HS1) and Hotspot 2 (HS2), have been linked
to echinocandin resistance. The region around Ser645 (within HS1) is considered to be the major
contributor to echinocandin resistance, with the highest frequency of substitution. Amino acid
substitutions in HS1 and HS2 were evaluated following DNA sequence analysis of FKS1 genes
from susceptible and resistant Candida spp. (167). In a recent study, Garcia-Effron et al. (168)
reported that a naturally occurring Fkslp P600A substitution (immediately distal to the hot
spot 1 region) was responsible for reduced echinocandin susceptibility of C. parapsilosis, C.
orthopsilosis, and C. metapsilosis.

Although mutations in the FKS1 gene are common mechanismes, all cases of echinocandin
resistance cannot be explained by this phenomenon. For example, our analysis of echinocandin
cross-resistant C. parapsilosis isolates (90) showed that although anidulafungin and caspofun-
gin possess equivalent activity against the caspofungin-susceptible C. parapsilosis strain, they
differed in their ability to damage the caspofungin nonsusceptible strain [cellular damage and
distortion of morphology was induced by lower concentrations of anidulafungin (1 wg/mL)
than that of caspofungin (16 wg/mL)]. To determine whether the nonsusceptibility of C. para-
psilosis isolates to caspofungin could be due to mutations in the FKSI gene, the sequence of
the 493bp portion of this gene associated with echinocandin resistance was compared, and no
differences were found in the amino acid pattern within the targeted region. Therefore, differ-
ences in the activity between anidulafungin and the other echinocandins cannot be attributed
to mutations within the FKSI gene (90), and the observed nonsusceptibility to caspofungin is
due to some other mechanism.

Some studies have suggested that modulation of echinocandin susceptibility is associated
with differential expression of overlapping set of genes involved in FKS regulation, compen-
satory chitin synthesis, protein mannosylation, and the protein kinase C1 (Pkc1)-dependent
cell integrity pathway (169,170). Osherov et al. (171) proposed overexpression of SBE2 (which
encodes Sbe2p, a Golgi protein involved in the transport of cell wall components) as an adaptive
mechanism of resistance against echinocandins. These investigators showed that overexpression
of Sbe2p resulted in caspofungin resistance in S. cerevisiae, and that deletion of SBE2 rendered
the yeast hypersensitive to caspofungin, thus showing that overexpression of Sbe2p imparts
caspofungin resistance.

Recently, Walker et al. (172) reported that treatment of C. albicans with low levels of
echinocandins stimulated expression of the gene encoding chitin synthase (CHS), increased
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activity of this enzyme, elevated chitin content, and rendered the cells less susceptible. The role
of substrate availability in echinocandin resistance is also underscored by the study performed
by Feldmesser et al. (173), who showed that inactivity of caspofungin against C. neoformans is
largely due to difference in glucan structure in this fungus, which contains both 1,3 8-D-glucan
and 1,6 B-D-glucan in the cell wall.

Drug Efflux

Echinocandins are poor substrates for most multidrug efflux transporters, and several stud-
ies have argued against the role of drug efflux pumps in echinocandin resistance (174-176).
However, one study showed that efflux pumps were upregulated in azole—echinocandin cross-
resistant isolates (177). Therefore, it is likely that more than one mechanism of resistance could
be operative in such cross-resistant isolates. For example, it is possible that mutation in FKS1 and
overexpression of efflux pumps may be operational in the azole—echinocandin cross-resistant
isolates, thereby accounting for the broad cross resistance.

Biofilm Formation as a Mechanism of Resistance

Fungal cells including Candida, Cryptococcus, Aspergillus, and Fusarium spp. have been shown
to form biofilms on surfaces such as catheters, dentures, contact lenses, and wells of microtiter
plates (93,178-182). Biofilms are communities of cells encased in self-produced extracellular
matrix (ECM), and are characterized by resistance against commonly used antifungal agents
as well as common biocides (178,179,183), prompting the notion that growth as a biofilm also
represents a mechanism by which fungi become drug resistant. This section briefly summarizes
the mechanisms by which fungal biofilms are rendered drug resistant.

Phase-Dependent Mechanisms Mediate Drug Resistance in Fungal Biofilms

Ramage et al. (184) reported that efflux pumps including Cdrlp, Cdr2p, and Mdrlp were
not involved in drug resistance associated with mature C. albicans biofilms formed on 96-well
microtiter plates. In a subsequent study, Mukherjee et al. (185) compared the mechanism of
antifungal resistance in biofilms at early and mature phases. These investigators showed that
in early phase biofilms, efflux pumps contributed to antifungal resistance, while in mature
phase biofilms, resistance was associated with changes in levels of ergosterol biosynthesis
intermediates. The role of efflux pumps in biofilm-associated resistance was confirmed in a
separate study by Mateus et al. (186), who showed that expression of MDR1 and CDR1 genes
was significantly lower in daughter cells from 48-hour biofilms than in firmly adherent cells
(two hours after attachment), demonstrating that efflux pump expression in adherent cultures
is transient. These studies clearly demonstrated that antifungal resistance in Candida biofilms
is due to multiple mechanisms in a phase-dependent manner.

Role of Capsule in Biofilm Resistance

Recent studies have characterized the role of biofilm formation in drug resistance profile of C.
neoformans (187,188). Martin and Casadevall (188) showed that while exposure of C. neoformans
to amphotericin B or echinocandin prevented biofilm formation, fluconazole, or voriconazole
did not have any effect on biofilm-forming ability of this organism. Interestingly, C. neoformans
biofilms exhibit reduced susceptibility to host antimicrobial peptides, amphotericin B, and
caspofungin than planktonic cells, and the presence of melanin in fungal cells resulted in further
reduction of susceptibilities to these drugs (187,188). C. neoformans biofilms were found to be
susceptible toamphotericin B and caspofungin at concentrations >2 and 16 wg/mL, respectively,
but resistant to fluconazole and voriconazole. It is notable that although amphotericin B and
caspofungin reduced biofilm formation by C. neoformans cells, the concentrations used were
high and were above the levels achievable in vivo after systemic administration.

CONCLUSIONS
Antifungal resistance is mediated by a variety of mechanisms, which vary by both species and
genera. Given the fact that antifungal resistance mechanisms as well as susceptibility patterns
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among fungi are greatly influenced by the species, it is critical to identify the organisms under
investigation to the species level. With recent advances in technology, such identification is
becoming more easily accessible and reliable, and may lead to the better identification of the
mechanism of resistance, which in turn will be an important tool to overcome such resistance.
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is Worth a Pound of Cure
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INTRODUCTION

Given the difficulties inherent in diagnosing and treating invasive fungal infections (IFIs), much
attention has been given to the role of prophylaxis against fungal infections. Key components of
a successful prophylactic strategy include the following: identification of appropriate high-risk
patients, identification of which fungi are most likely to cause infection, effort to decrease risk of
infection through nonpharmacologic mechanisms (e.g., laminar air flow rooms to decrease risk
of invasive mold infections in hematopoietic stem cell transplant recipients), and selection of
the appropriate drug at the appropriate dose to provide effective prophylaxis while minimizing
side effects and adverse drug reactions. This chapter will provide evidence for prophylaxis
against both yeast and mold infections in high-risk settings.

CANDIDA PROPHYLAXIS

Prophylaxis against Candida infections is a key component of patient care in certain high-risk
situations, particularly in patients hospitalized in intensive care unit (ICU) settings, preterm
infants, those receiving hematopoietic stem cell transplantation, and those with certain hema-
tologic malignancies (i.e., acute myelogenous leukemia and myelodysplastic syndromes) and
solid organ transplant recipients. In addition to the major risk groups mentioned above, risk
factors for the development of invasive candidiasis (IC) also include receipt of broad-spectrum
antibacterial agents, disruption of gastrointestinal integrity (mucositis, gastrointestinal surgery
or perforation, administration of total parenteral nutrition, presence of central venous catheters,
burns, and mechanical ventilation (1,2). Colonization with Candida species at multiple sites
remains a somewhat controversial risk factor; however, many studies have noted that while the
positive predictive value of Candida colonization for development of IC may be low, the negative
predictive value is quite high (1). Thus, one should note Candida colonization but not necessarily
institute routine surveillance cultures of stool or the oropharynx to document colonization.

In addition to prophylaxis against IC, notable additional issues include the inclusion of
mold-active agents in prophylaxis (as opposed to fluconazole prophylaxis) and, for allogeneic
stem cell transplant recipients, the extension of prophylaxis to the post-engraftment period
during the time of acute and chronic graft-versus-host disease (GVHD) prophylaxis or treat-
ment. As the clinical situation differs markedly for each group mentioned above, prophylactic
strategies are typically evaluated in a risk-group-specific fashion.

Risk Groups

Intensive Care Unit

Due to evidence of increased risk of developing IC amongst persons hospitalized in ICUs, the
concept of prophylaxis in this setting has received considerable attention. The greatest difficulty
in addressing the role of prophylaxis in the ICU is identification of the appropriate patients
to receive prophylaxis. Additional key issues relating to ICU antifungal prophylaxis include
the choice of agent, route of administration (if applicable, i.e., azoles). Goals of prophylaxis
in this setting also vary, with the most obvious goal being reduction of episodes of IC, with
secondary goals being reduction of overall mortality, avoidance of toxicity, and avoidance of
induction of drug resistance (3). Although the concept that Candida colonization precedes and
thus predicts disease is somewhat controversial (1); some studies of antifungal prophylaxis in
the ICU also express the goal of reducing Candida colonization. In some settings, investigators
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have attempted to calculate a “colonization index (CI)” (ratio of the number of culture-positive
surveillance sites for Candida spp. to the number of sites cultured) for each patient. Typically,
patients undergo culture of the nose, throat, stool, urine, and/or protected tracheal aspirate on
admission to the ICU and then weekly. Once data is obtained, then a threshold CI of >0.4 or
0.5 is used as an indication to institute prophylaxis (4,5). While this approach identifies patients
who are at potentially high risk for developing IC, it is also labor-intensive and costly. At this
time, practice guidelines for prophylaxis in the ICU are still being defined.

The bulk of the studies evaluating the role of anti-Candida prophylaxis in the ICU is single-
center studies. Key early trials were conducted in surgical ICUs with considerably high rates
of IC. An early study enrolled 43 extremely high-risk patients with refractory gastrointestinal
perforation or leakage in a randomized, prospective, double-blind placebo-controlled trial of
fluconazole 400 mg IV per day versus placebo (6). The observed rate of Candida peritonitis was
reduced from 35% in the placebo group to 4% in the fluconazole group (p = 0.02), highlighting
the potential for fluconazole prophylaxis in a highly select group of patients. Subsequently, a
larger randomized, double-blind, placebo-controlled trial was performed in a large academic
surgical ICU (7). Inclusion criteria for this study were broad and included any patient predicted
to have an ICU stay of at least three days. Patients were randomized to receive fluconazole
400 mg/day or placebo. Receipt of fluconazole prophylaxis decreased the rate of IC from 15.3%
in the placebo group to 8.5% in the fluconazole group (p = 0.07). Other endpoints included
time to onset of fungal infection which showed marked benefit with fluconazole versus placebo
(p =0.01). Adjusted overall risk of IFI reduced by 55% with fluconazole compared with placebo
(RR 0.45; 95% CI = 0.21-0.98). A follow up to this study analyzed the rate of infection and species
type in the pre- and postfluconazole prophylaxis era. This study found that the infection rate in
the time period prior to initiation of universal prophylaxis was 1.94/1000 patient days versus in
the postprophylaxis era, infection rate was 0.76 /1000 patient days (OR 0.44; 95% CI = 0.25-0.78;
p = 0.004). Importantly, this retrospective look at Candida epidemiology revealed a change in
predominant flora to azole-resistant isolates in this ICU (8). This evaluation occurred in the
two years following institution of fluconazole prophylaxis as standard of care in this particular
ICU, and would bear repeating after a longer duration as well. Finally, a large randomized trial
involving 220 patients evaluated fluconazole 100 mg/day versus placebo in medical or surgical
ICU patients, who were on or greater than day 3 of ICU hospitalization (9). Patients in this
study were all mechanically ventilated and had undergone selective digestive decontamination.
Although administration of low dose fluconazole as prophylaxis in this study reduced the
absolute number of episodes of IC (8.9% of placebo group versus 3.9% of fluconazole group,
p = 0.2), reductions in frequency and intensity of candidal colonization was also found in the
fluconazole group as compared to the placebo group (9).

The major detraction from the findings in the above-mentioned trials is that each was
conducted at a single center. As the incidence and epidemiology of IC varies greatly between
institutions, prophylactic measures deemed successful in one setting may not be applicable
to other institutions. Meta-analyses of well-constructed, randomized, controlled trials provide
a broader insight into the role of Candida prophylaxis in the ICU setting. A meta-analysis of
12 trials evaluating either fluconazole (8) or ketoconazole (4) versus placebo as prophylaxis
in high-risk ICU patients showed that when combined, fluconazole/ketoconazole reduced
total mortality by one-quarter (relative risk 0.76, 95% CI = 0.59-0.97) and invasive fungal
infections by about one-half (relative risk 0.46, 95% CI = 0.31-0.68) (10,11). An additional meta-
analysis of six randomized, controlled trials of either fluconazole (four), itraconazole (one), or
ketoconazole (one) versus placebo concluded that the use of an azole reduced the risk of IC by
75% amongst nonneutropenic adults hospitalized in an ICU (12). For the purposes of the meta-
analysis, the risk factors for IC were defined as having three or more of the following: fungal
colonization, diabetes mellitus, solid tumor, abdominal surgery, presence of a central venous
catheter for more than three days, antibacterial exposure, intubation, or receipt of a solid organ
transplant with anticipated more than five days ICU postoperative stay. Additionally, fewer
fungal infections (816 patients, 0.20, 0.13-0.32), fewer episodes of candidemia (604 patients
OR 0.28, 95% CI = 0.09-0.86), nonbloodstream IFIs (OR 0.26, 0.12-0.53), and superficial fungal
infections (0.22, 0.11-0.43) were noted in the group receiving prophylaxis versus the placebo
group. Overall mortality reduction was similar between groups receiving prophylaxis versus
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those receiving placebo (0.74, 0.52-1.05), as were adverse events (1.28,0.82-1.98). As stated in the
editorial for the above-discussed meta-analysis, “focused studies in selected high-risk groups
have shown that meaningful prophylaxis is possible (6,7), but generalizing the idea has not yet
been possible” (13). At this time, the Infectious Diseases Society of America (IDSA) recommends
that physicians consider prophylaxis against IC in ICUs where “high” rates of IC persist despite
adequate infection control measures” (14). Despite the availability of multiple meta-analyses of
prophylaxis trials, identification of the appropriate patients for prophylaxis and which agent is
optimal are the key issues for development of effective IC prophylactic strategies for the ICU.

As not every ICU is a particularly “high risk unit” where universal prophylaxis may be
the best option, other authors advocate the use of a “Candida score” incorporating known risk
factors for IC to predict which patients may benefit from fluconazole prophylaxis (15,16). The
Candida prediction score developed by Ostrosky-Zeichner and colleagues was based on data
generated from reviewing 2890 patients, who were hospitalized for four or more days in an ICU
(medical or surgical). Persons were excluded if they were on antifungal agents at the time of
admission to the ICU or if the status of antifungal therapy was unknown. This dataset recorded
an incidence of IC of 3% (88/2890). Evaluation of multiple predictors derived a prediction rule
that predicted 34% of cases (rate of 9.9%, RR 4.36, sensitivity 0.34, specificity 0.9, PPV 0.01, NPV
0.97). A patient defined as “high risk” using this rule would meet the following criteria:

e Major criteria: Abx days 1-3 OR CVC days 1-3
e Need 2 minor criteria: TPN days 1-3, surgery days -7 to 0, pancreatitis days -7 to 0, steroids
days -7 to 3, immunosuppression days —7 to 0

This rule requires prospective validation, but provides framework for clinical trial design.

As clinical prediction rules are often faulted for being difficult to implement clinically, sim-
pler risk predictors that can be applied to a variety of ICU settings have been developed as well.
Modeling of individual risk factors versus background rates of candidemia in any given ICU
provides a conceptual framework for prophylaxis protocols (17), as well as defines a number-
needed-to-treat (NNT) of approximately four persons to prevent one Candida-related death,
provided a drug efficacy of 65%. Importantly, this paradigm provides outstanding framework
for clinical trials of prophylaxis in the ICU setting. Shortcomings of this framework include the
inclusion of only three risk factors, as well as requiring physicians to have up-to-date informa-
tion regarding background rates of candidemia in the ICU.

Solid Organ Transplantation

Additional situations where prophylaxis against candidal infections is utilized are in abdominal
organ transplant recipients (liver, pancreas, small bowel). For a full discussion of the role of
prophylaxis against IC and other fungal infections in solid organ transplant recipients, see
chapter 25 “Prophylaxis and Treatment of Invasive Fungal Infection in Neutropenic Cancer and
Hematopoietic Stem Cell Transplant”.

Preterm Infants

Low birth weight and very low birth weight infants represent a high risk group for the devel-
opment of IC. For a full discussion of the epidemiology, prophylaxis, and treatment of IC in
preterm infants, see chapter 26 “Infants: Yeasts and Beasts in Early life”.

CANDIDA AND MOLD PROPHYLAXIS

Certain clinical situations, specifically patients with acute leukemia/hematologic malignancies
or those who undergo hematopoietic stem cell transplantation, expose patients to risk of both
IC and invasive mold infections. Clinicians caring for these patients must consider risk for
both types of infection, as portals of entry differ (gastrointestinal tract or IV catheter for yeast
vs. inhalation for molds), as do the susceptibility to various potential prophylactic agents.
Guidelines for who should receive prophylaxis are more well established for these clinical
situations as compared to ICU prophylaxis; however, much still remains to be learned regarding
the optimal agent, dose, and duration.
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Risk Groups

Hematologic Malignancies

Risk factors for development of invasive fungal infections differ amongst persons with hema-
tologic malignancies, with the lowest risk being those persons undergoing autologous trans-
plantation (Table 1). Patients at highest risk for IFI include those with profound and persistent
neutropenia (<0.1 x 10°/L for over three weeks), those undergoing allogeneic unrelated or
mismatched unrelated transplant, those colonized by C. tropicalis and those receiving high dose
corticosteroids or certain types of chemotherapy (high-dose Ara-C) (18). Of all hematologic
malignancies, acute myelogenous leukemia and myelodysplastic syndrome are amongst the
highest risk for development of IFIs, including both candidiasis and mold infections (18). This is
likely due to intrinsic defects in myeloid cells as well as decreased numbers of functional myeloid
cells and mucositis. Fluconazole prophylaxis during the period of neutropenia for patients with
hematologic malignancies has been given a C1 recommendation (19) (poor evidence to show
support for a recommendation) (20). Similarly, itraconazole prophylaxis has been given a Bl
recommendation (moderate evidence from >1 randomized controlled trial) based on a trial
comparing itraconazole oral solution to placebo in 405 neutropenic patients with hematologic
malignancies. Proven and suspected deep fungal infection occurred in 24% of itraconazole recip-
ients and in 33% of placebo recipients, a difference of nine percentage points (95% CI = 0.6-22.5%;
p = 0.035). Fungemia due to Candida species was documented in 0.5% of itraconazole recipients
and in 4% of placebo recipients, a difference of 3.5 percentage points (95% CI = 0.5-6%; p = 0.01)
(21). An additional open label trial comparing fluconazole to itraconazole oral suspension in
494 patients with high-risk hematologic malignancies demonstrated equivalence between the
two agents, with overall low rates of IFI (1.6% for the itraconazole group and 2.0% for the flu-
conazole group) (22). In both trials, itraconazole oral solution was well tolerated and effectively
prevented proven and suspected deep fungal infection as well as systemic infection and death
due to Candida species. Owing to issues of bioavailability and the need for adequate serum levels
for prophylactic activity, itraconazole usage should be limited to the oral solution, as opposed

Table 1 Risk Stratification Scheme for Invasive Fungal Infections in Patients with Hematologic
Malignancies or Hematopoietic Stem Cell Transplantation

Low risk
Autologous transplant
Childhood ALL (except for Pneumocystic carinii pneumonia)
Lymphoma
Intermediate risk
Low-intermediate
Moderate neutropenia (0.1—0.5 x 108/L < 3 wk, lymphocytes <0.5 x 108/L + antibiotics)
Older age
Central venous catheter
High-intermediate
Colonized > 1 site or heavy at one site
Neutropenia < 0.5 to > 0.1 x 108/L > 3-5 wk
AML
TBI
Allogeneic matched sibling donor BMT
High risk
Neutrophils < 0.1 x 108/L > 3 wk
Colonized by Candida tropicalis
Allogeneic unrelated or mismatched donor BMT
GVHD
Neutropenia < 0.5 x 108/L >5 wk
Corticosteroids > 1 mg/kg and neutrophils <1 x 108/L > 1 wk
Corticosteroids > 2 mg/kg > 2 wk
High-dose Ara-C
Fludaranine?

ALL, acute lymphocytic leukemia; AML, acute myelogenous leukemia; TBL, total body irradiation BMT, bone
marrow transplant; GVHD, graft-vs-host disease.
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to capsules (20). Additionally, a meta-analysis of antifungal prophylaxis trials demonstrated the
efficacy of prophylaxis in key subgroups of patients along several parameters. This comprehen-
sive analysis included 38 trials (total 7014 patients; study agents, 3515 patients; control patients,
3499 patients). Overall, when comparing patients receiving prophylaxis to patients receiving
placebo, there were reductions in the use of parenteral antifungal therapy [prophylaxis success:
odds ratio (OR), 0.57; 95% CI = 0.48-0.68; relative risk reduction (RRR), 19%; number requiring
treatment for this outcome (NNT), 10 patients], superficial fungal infection (OR, 0.29; 95% CI =
0.20-0.43; RRR, 61%; NNT, 12 patients), invasive fungal infection (OR, 0.44; 95% CI = 0.35-
0.55; RRR, 56%; NNT, 22 patients), and fungal infection-related mortality (OR, 0.58; 95% CI =
0.41-0.82; RRR, 47%; NNT, 52 patients). As expected in these highly complex patients, overall
mortality was not reduced based on use of antifungal prophylaxis (OR, 0.87; 95% CI = 0.74-
1.03). However, subgroup analyses showed reduced mortality in studies of patients who had
prolonged neutropenia (OR, 0.72; 95% CI = 0.55-0.95) or were HSCT recipients (OR, 0.77; 95%
CI = 0.59-0.99). From the multivariate meta-regression analyses performed, key predictors of
treatment effect identified were HSCT, prolonged neutropenia, acute leukemia with prolonged
neutropenia, and higher azole dose (23). A key point learned from the prophylaxis data in these
patients is that need is not universal in all patients with hematologic malignancies who undergo
cytotoxic chemotherapy, but that certain subsets of patients benefit greatly.

Posaconazole, a broad-spectrum triazole, has recently been demonstrated to reduce IFI and
mortality in patients with newly diagnosed or relapsed acute myelogenous leukemia (AML)
or myelodysplastic syndrome (MDS), who were treated with intensive chemotherapy (24).
Notably, this study enrolled only the highest risk patients (MDS or AML). Patients enrolled
in this study received posaconazole, 200 mg thrice daily (n = 304) or a standard azole regi-
men [either fluconazole, 400 mg once daily (1 = 240) or itraconazole, 200 mg twice daily (n =
58), choice determined by the investigative site] with each cycle of chemotherapy until com-
plete remission or for up to 12 weeks. Use of posaconazole as compared to use of fluconazole
or itraconazole was associated with fewer total IFI during the treatment phase (2% vs. 8%;
p = 0.0009) and fewer episodes of invasive aspergillosis (1% vs. 7%; p = 0.0001) (25). In addi-
tion to the efficacy of posaconazole for prevention of IFIs in this group of patients, a mortality
benefit was found as well. At 100 days postrandomization, there was a survival benefit in favor
of posaconazole in terms of all cause (15% vs. 22%; p = 0.0354) and IFI-related death (2% vs. 5%;
p = 0.0209). The rates of adverse events were similar between the two treatment groups.

Hematopoietic Stem Cell Transplantation

Owing to overt immune suppression, as well as disruption of gastrointestinal integrity during
intensive chemotherapy, persons undergoing hematopoietic stem cell transplantation (HSCT)
are at risk for developing IFIs during the pre-engraftment phase of transplantation. Typically,
the risk for IC is highest during the pre-engraftment period. An additional risk period for
invasive mold infections occurs during the time of acute GVHD, as the disease itself as well as
the agents used for prophylaxis and/or treatment induce immune suppression.

Several large trials have demonstrated the efficacy of fluconazole versus placebo for
the prophylaxis against IC during the period of neutropenia following conditioning for allo-
geneic and autologous stem cell transplantation. Given the overwhelming evidence from mul-
tiple well-constructed clinical trials, the Infectious Diseases Society of America, The Centers
for Disease Control and Prevention, and the American Society for Blood and Marrow Trans-
plant currently recommend prophylaxis against IC with fluconazole 400 mg IV or PO daily for
hematopoietic stem cell transplant recipients from the time of neutropenia through the time of
engraftment (26). Concern about fluconazole-resistance amongst Candida isolates has prompted
the evaluation of echinocandin antifungals for prophylaxis in this setting as well. Based on a
randomized, controlled trial of prophylaxis with micafungin (50 mg/day) versus fluconazole
(400 mg IV/day), micafungin was found to be superior to fluconazole for prophylaxis dur-
ing the neutropenic period in patients undergoing allogeneic HSCT (proportion free of IFI at
four weeks 80% in micafungin group vs. 73.5% in fluconazole group, 95% CI = 0.9-12%, p =
0.03). Data from this randomized trial led to the approval of micafungin by the US FDA for
prophylaxis against IFI in stem cell transplant recipients during the period of neutropenia to
engraftment (27).
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As the risk period for infection does not end with engraftment, the effects of extension of
fluconazole prophylaxis through day 475 following autologous (12%) and allogeneic (88%) stem
cell transplantation was evaluated. Despite the spectrum limitations of fluconazole, extension of
prophylaxis through the post-engraftment period provided benefit in reduction of IFIs. During
prophylaxis, systemic fungal infections occurred in 10 (7%) of 152 fluconazole-treated patients
compared with 26 (18%) of 148 placebo-treated patients (p = 0.004). The probability of survival
atday 110 following transplantation was improved in fluconazole recipients, in whom 31 deaths
occurred as compared with 52 deaths in placebo recipients (p = 0.004) (28). Eight year follow
up of these patients found that extension of fluconazole prophylaxis (400 mg PO qd) for IC for
75 days following allogeneic stem cell transplantation not only decreased subsequent IC (30
of 148 placebo vs. 4 of 152 fluconazole, p <0.001) but also had a positive impact on eight year
mortality (68 of 152 fluconazole vs. 41 of 148 placebo, p = 0.0001). This decrease in mortality was
likely as a result of decreased development of gastrointestinal GVHD (20 of 143 placebo vs. 8 of
145 fluconazole, p = 0.02) in addition to decreased IC (29). As a result of this trial, many centers
have instituted prolonged fluconazole prophylaxis (through day +75) for allogeneic stem cell
transplant recipients.

In addition to IC, invasive mold infections remain a predominant cause of morbidity
and mortality in HSCT recipients. Given the limitations of fluconazole coverage, multiple tri-
als have evaluated antifungal agents with activity against yeasts and molds as prophylaxis in
hematopoietic stem cell transplant recipients. Risk in autologous transplant recipients is low,
particularly compared to allogeneic transplant recipients, due to decreased length of neutrope-
nia and absence of GVHD. Many antifungal doses and agents have been studied as prophylactic
agents in HSCT recipients. Current published studies evaluating fungal prophylaxis in HSCT
compare itraconazole to placebo (30), itraconazole to fluconazole (31-33), amphotericin B prod-
ucts to placebo (34), and low-dose amphotericin B products to fluconazole (35,36). Results from
a comparator trial of fluconazole versus voriconazole are currently pending. The results of a
double-blind, randomized controlled trial evaluating posaconazole versus oral fluconazole for
prophylaxis against fungal infections during the period of severe acute GVHD in allogeneic
HSCT recipients (24) has positioned posaconazole to become a first line agent for prophylaxis
against IFI in allogeneic stem cell transplant recipients with GVHD.

In this study of 600 allogeneic stem cell transplant recipients with GVHD, patients were
randomized to receive posaconazole, 200 mg thrice daily (n = 301) or fluconazole, 400 mg
once daily (n = 299) for up to 16 weeks (24). Although the incidence of total IFI during the
16-week study period was similar in the posaconazole and fluconazole groups (5% vs. 9%;
p = 0.0740), there were fewer total breakthrough IFIs in the posaconazole arm (2% vs. 8%;
p = 0.0038). Notably, Aspergillus infections were significantly reduced among patients receiving
posaconazole during the study period (2% vs. 7%; p = 0.0059). The overall mortality rates were
similar in the two arms (25% in the posaconazole arm vs. 28% in the fluconazole arm). Mortality
due to IFI was lower in the posaconazole group (1%) versus 4% in the fluconazole group
(p = 0.046). The side-effect profiles of the two agents were similar.

Itraconazole (oral solution and intravenous injection) can be used in patients undergoing
allogeneic HSCT who can tolerate the drug and who are not at increased risk for significant drug
interactions (31,33). Based on the insufficient power of available studies and the risk of toxicity,
amphotericin B (in any formulation) is not recommended for antifungal prophylaxis (18).

Many options exist for IFI prophylaxis in high-risk stem cell transplant recipients. Com-
parison of efficacy, toxicity, and cost can be used to determine the appropriate prophylaxis pro-
gram for individual patients and centers. As prophylaxis regimens become broader spectrum
in scope, clinicians must consider new strategies for empiric therapy when patients develop
febrile episodes or pulmonary infiltrates while taking prophylaxis. Many experts believe that
empiric regimens for febrile neutropenia will evolve to more “watchful waiting” as prophylactic
regimens broaden (37), although trials evaluating this strategy are indicated.

OTHER SITUATIONS

Human Immunodeficiency Virus/Acquired Inmune Deficiency Syndrome (HIV/AIDS)
Based on overall CD4 count or percentage, persons infected with the HIV virus are at risk for
a myriad of fungal infections, including Pneumocystis jirovecii pneumonia and oro-esophageal
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Table 2 Fungal Prophylaxis Strategies in Patients with AIDS
Fungal Timing of Endemic Prophylactic Key
pathogen prophylaxis area agents Other issues literature
Pneumocystis CD4 cell count N/A TMP-SMX DS Can discontinue 38-43
Jirovecii <200/pL OR tablet qd or prophylaxis if
oropharyngeal gqMWF; CD4 count is
candidiasis second line: >200 cells/p.L for
dapsone, 3 mo and person
atovaquone, on stable
inhaled antiretroviral
pentamidine therapy
Candida species  Typically CD4 N/A Fluconazole Not typically 44
(oro- < 200 cells/pL recommended as
esophageal primary
candidiasis) prophylaxis due
to risk of
resistance; may
be considered as
secondary
prophylaxis in
patients with
recurrent
infections
Histoplasma CD4 lymphocyte Ohio River Itraconazole Guidelines on 45-47
capsulatum counts of <100 Valley, (first line); discontinuation of
cells/pL who live Puerto fluconazole prophylaxis not
in areas of Rico (second line) developed; also
hyperendemicity prevents
(defined by >10 development of
cases per 100 cryptococcal
patient-years) or disease
who have
high-risk
occupations that
involve frequent
exposure to soil
Penicillium Patients with CD4 Chiang-Mai  Itraconazole 200  Discontinuation of 48-50
marneffei count <100 province mg PO qd prophylaxis
cells/pL who live of reasonable in
in endemic area Thailand persons on

HAART with CD4
counts of >100
cells/pL for >6
mo; also provides
prophylaxis
against
cryptococcal
disease

candidiasis. Geographic location imparts additional risk for infections such as cryptococcosis,
histoplasmosis, coccidioidomycosis, and infection with Penicillium marneffei. Recommendations
for prophylaxis against fungal infections in HIV-infected persons are thus based on both degree
of immune suppression and geography. Major prophylactic recommendations are summarized

in Table 2.

CONCLUSIONS

Given the significant morbidity and mortality associated with invasive fungal infections, many
situations are suitable for the use of antifungal prophylaxis. While prophylactic regimens have
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many goals, the foremost is to prevent invasive fungal infections. Preventing colonization,
avoiding drug resistance, and avoiding toxicity are secondary goals to consider. As diagnostics
for fungal infections improve, the role of prophylaxis will undoubtedly evolve.
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INTRODUCTION

Despite the availability of broad spectrum antifungal drugs, invasive fungal infection (IFI)
remains a major cause of morbidity and mortality in immunosuppressed patients as well as
among critically ill patients in the intensive care unit (ICU). Early initiation of appropriate anti-
fungal therapy appears to improve outcomes, especially in neutropenic patients (1,2). Unfor-
tunately, clinical risk assessment in conjunction with physical examination and radiography is
often neither sensitive, nor specific enough to make a rapid diagnosis of IFI. The clinical utility
of fungal culture is also limited. Cultures frequently remain negative or only become positive
in the advanced stages of infection. Furthermore, deciphering colonization from invasive infec-
tion can be extremely difficult when samples are obtained from nonsterile sites. Histopathologic
examination of infected tissue has historically been the diagnostic gold standard, but invasive
testing may not be feasible in critically ill patients or in those with underlying coagulopathy.

Given the potentially devastating effects of IFI, prevention of overt disease is preferable.
Current strategies for the prevention and management of IFI include (i) antifungal prophy-
laxis, (if) preemptive therapy, (iif) empiric treatment, and (iv) treatment of established infection.
Definitions in addition to the advantages and disadvantages of each approach are outlined in
Table 1.

Improved diagnostic tests including the galactomannan assay, (1,3)-B-D-glucan test, and
the direct detection of fungal DNA have the potential to facilitate identification of IFI and to
better inform early antifungal treatment decisions. These tests can be useful as adjuncts for the
diagnosis of IFI, but their effectiveness as a trigger for preemptive antifungal therapy in at-risk
patients has not been clearly defined. Preemptive antifungal therapy guided by noninvasive
laboratory markers is an attractive way to direct early antifungal treatment to those patients
most likely to benefit from the intervention. This chapter reviews the primary, nonculture-based,
fungal diagnostic techniques and examines the evidence for their use in clinical practice.

GALACTOMANNAN

Assay Principles
Galactomannan (GM) is a polysaccharide cell-wall component released by the growing hyphae
of Aspergillus and Penicillium species (spp.). The GM molecule comprises a nonimmunogenic
mannan core with immunoreactive galactofuranosyl (galf) containing side chains of varying
lengths (3). GM was first identified as a potential biomarker of invasive aspergillosis (IA) by
Reiss and Lehman (4). Commercially available GM assays utilize a rat monoclonal antibody
(EB-A2) directed against B (1,5)-linked galactofuranoside side chain residues (5). Four or more
epitopes are typically required for antibody binding and multiple immunoreactive epitopes
are present on each GM molecule (6). In addition to GM, other fungal glycoproteins including
phospholipase C and phytase have been shown to react with EB-A2 antibodies (3,7). It is likely
that the so-called “GM antigen” is really a family of molecules whose expression is modulated by
the localized fungal microenvironment (8). Interestingly, the actual galf antigens that circulate
in vivo have not been fully characterized.

A sandwich enzyme-linked immunosorbent assay (EIA) (Platelia™ BioRad, Marnes-La-
Coquette, France) and a latex agglutination test (Pastorex Sanofi Diagnostics Pasteur, Marnes-
La-Coquette, France) for the detection of GM in vivo are commercially available. The EIA has
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Table 1 Strategies for the Prevention and Treatment of Invasive Fungal Infection (IFI)
Strategy Definition Advantages Disadvantages
Universal Administration of antifungal  Effective and logistically 1. Drug toxicity
prophylaxis therapy during a defined easy 2. Development of
period to prevent IF| antimicrobial resistance

3. Costincurred by patients
who would never
develop IFI

Preemptive Initiation of therapy based 1. Targets those patients 1. Effectiveness is based
therapy on serial monitoring with most likely to benefit on the performance of
sensitive laboratory from antifungal therapy the screening strategy in
markers, radiographic 2. Facilitates early initiation different patient
studies, or both, to treat of antifungal therapy populations
early IFI which may improve 2. Difficult to incorporate
outcomes into outpatient
3. Monitoring is management
noninvasive 3. Cost of the screening
test(s)

4. Not yet shown to
improve IFI morbidity or
mortality

Empiric Initiation of therapy to treat  Improved outcomes Waiting until signs or
treatment suspected IFI based on documented in the setting symptoms of IFl are

clinical features
(Example: Antifungal

of neutropenic fever of
unknown origin

present delays potentially
effective therapy

therapy for patients with
persistent fever in the
setting of neutropenia,
without a known source,
and despite appropriate
antibiotic therapy.)

Treatment of patients who
meet criteria for proven
or probable IFI

Treatment of
established IFI

Currently available
antifungal agents are
effective in some patients

Waiting until signs or
symptoms of IFl are
present delays potentially
effective therapy

a reported limit of detection of 0.5 to 1.0 ng/mL, which is 10 to 15 times lower than the latex
agglutination test (6,9). For this reason, the EIA has become the method of choice in most
clinical laboratories that perform GM testing and will be the focus of this review. The Platelia
assay (Fig. 1) has been available in Europe for over a decade and was approved by the US
Food and Drug Administration in May 2003 for diagnostic use in cancer patients. Laboratory
test turnaround time is approximately 3 to 3.5 hours, which marks a significant advance over
standard culture techniques.

Kinetics

Despite many years of clinical and laboratory investigation, the kinetics of GM production,
release, and systemic circulation in vivo are incompletely understood. It is likely that many
factors including fungal species, fungal growth rate, localized tissue microenvironment, and
characteristics unique to the host all influence detectable GM concentrations (10). Multiple
groups have shown that GM production is proportional to the tissue fungal burden using both
animal models and models of the human alveolus (11-13). GM levels also appear to have
prognostic value, with persistently high or rising concentrations portending a poor progno-
sis (14-16). Administration of effective antifungal therapy typically reduces circulating GM
levels (11,12,17,18); however, clinical improvement without a concomitant decline in GM has
been described in the setting of protracted neutropenia and echinocandin therapy (19-21).
Similarly, GM has been reported to remain elevated in successfully treated patients with under-
lying renal failure (22). GM is thought to be metabolized by a combination of renal excretion,
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Figure1 (See colorinsert) Platelia galactomannan EIA Test. The Sassay uses rat EB-A2 monoclonal antibodies
directed against Aspergillus galactomannan. (A) Monoclonal antibodies are used to coat the wells of a microplate,
(B) monoclonal antibodies capture the galactomannan antigens and a peroxidase-labeled conjugate is added to
bind the antigen—antibody complex, (C) a substrate solution is added that reacts with peroxidase, and (D) antigen
detection via enzymatic color reaction. Source: Adapted from Ref. 10.

hepatic clearance, and uptake by macrophage mannose receptors (23,24). A feature lending to
the potential utility of GM as a screening test is that circulating GM can be detected 1 to 2 weeks
before the development of clinical signs or symptoms of IA in some patients (16,25,26). Fur-
thermore, GM may also precede abnormalities on high-resolution CT scan in individuals with
suspected pulmonary IA (27). Not all studies, however, have demonstrated the development of
GM antigenemia before a conventional diagnosis of IA was made (26,28-30).

Defining a Positive Result

Definition of the optimal optical density (OD) index to define a positive GM EIA result remains
a matter of some debate. The OD index is defined as the OD value of the specimen divided by
the mean OD of the wells containing control serum. The manufacturer recommends interpreting
an index of >1.5 as a positive test, with <1.0 defining a negative result, and the 1.0 to 1.5 range
being intermediate. A reduced threshold for negative (OD < 0.8) and for positive samples (OD
> 1.0) was suggested in the original evaluation of the inter-laboratory reproducibility of the test
(30). In practice, many European centers actually implemented lower OD thresholds to classify
positive results (31,32) and an index of >0.5 has been adopted as the positive test cutoff in the
United States (33).

Lower OD cutoffs improve the sensitivity of the test, but also lead to some reduction in
specificity. In a multicenter study of 124 adult patients at high risk for IA due to prolonged neu-
tropenia, lowering the positive cutoff from 1.5 to 0.5 increased sensitivity by 14% (from 83% to
97%) but also decreased the specificity by 15% (from 100% to 85%) (32). A second retrospective
analysis demonstrated a sensitivity increase of 21% (from 76% to 97%) with a decrease in speci-
ficity by 7% (from 98% to 91%) when the threshold was lowered from 1.5 to >0.5 (34). Similarly,
in a cohort of stem cell transplant recipients who were receiving empiric or prophylactic anti-
fungal therapy, decreasing the cutoff from >1.0 to >0.5 improved the sensitivity significantly
(increase from 18% to 82%) while only modestly impacting specificity (decrease from 100% to
77%) (12).

The OD threshold also influences the timing of positive test results in relation to the
development of signs and/or symptoms of IA. GM antigenemia was detected in the week
preceding or coinciding with a conventional diagnosis of IA in 72% of cases of proven or
probable disease (n = 29) when a cutoff >0.5 was applied as compared to 41% of the time using
the conventional cutoff of 1.5 (32). This finding was reproduced in 78% of episodes of proven or
probable IA when the lower cutoff was used to define a positive test (34). The primary benefit
of the lower threshold, therefore, may actually be the earlier detection of cases of IA.

To maximize accuracy, the manufacturer recommends retesting a second fresh aliquot
from all GM positive specimens in addition to collecting a new sample for confirmatory testing
from all GM positive patients. Requiring two consecutive samples with an OD threshold >0.5
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to define a positive test has been demonstrated to improve test accuracy in some studies
(32,34). However, even with consecutive positive samples, the false-positive rate has remained
problematic (rate as high as 23%) in some studies (25,35-39).

Frequency of Sample Collection

The optimal sample collection strategy for IA surveillance has not been rigorously defined.
Once or twice weekly determination has generally been used in the published reports to date.
In theory, the frequency of monitoring may affect sensitivity, with sporadic testing missing
periods of transient antigenemia. Some experts have also recommended assessing GM levels
immediately in patients with clinical features suggestive of IA to assist in making a definitive
diagnosis (40). The test performance of GM in a nonsurveillance setting, however, is less certain
than it is for monitoring high-risk patients.

Test Performance

For the purposes of evaluating a novel diagnostic test, it is essential that a correct diagnosis
be made by the comparator or gold standard method. Unfortunately, establishing a diagnosis
of IFI remains a major obstacle in studies evaluating fungal diagnostics (41). The European
Organization for Research on the Treatment of Cancer/Mycoses Study Group (EORTC/MSG)
has developed standardized definitions for IFI that are intended for use in the context of
research (42). The system employs a combination of clinical and microbiological criteria for the
classification of “proven,” “probable,” or “possible” cases of IFI. Diagnoses other than proven
disease, however, are often subject to considerable debate. Furthermore, the EORTC/MSG
criteria categorize a positive GM Aspergillus EIA as microbiologic evidence for probable IA
even in the absence of culture confirmation. Inclusion of GM results in the definition of IFl is a
potential source of bias in clinical studies assessing the utility of the GM test (43).

The majority of studies evaluating the role of GM monitoring has been conducted in
patients receiving cancer chemotherapy or following stem cell transplantation (SCT) with a few
investigations focusing specifically on pediatric populations or solid organ transplant (SOT)
recipients. Several of the larger prospective surveillance studies providing patient level data are
reviewed below and are also summarized in Table 2.

Studies Involving Hematology—0Oncology and Stem Cell Transplant Patients

OD Cutoff >1.5

In theory, studies incorporating an OD cutoff of >1.5 should reflect optimal assessments of
specificity and positive predictive value (PPV). Herbrecht et al. followed 728 adult and pediatric
patients with either neutropenic fever (n = 261), suspected pulmonary infection (1 = 297),
nonpulmonary aspergillosis (n = 28), or those undergoing routine surveillance after SCT (n =
211) (31). Patients had sequential samples collected for the GM assay at predefined intervals
depending on the clinical setting. Overall the test was 35% sensitive and 93% specific for
proven or probable IA. Three additional studies reported more favorable sensitivities using
the conventional cutoff. The first was a large prospective study of 347 pediatric hematology
patients and in 450 adult and pediatric SCT recipients (25). In the pediatric hematology group,
the test was 100% sensitive and 90% specific. In the SCT cohort, the sensitivity was 89% with a
specificity of 94%. Rovira et al. evaluated 74 SCT recipients and observed relatively few cases
of proven or probable IA (53). In this analysis, GM had a sensitivity of 67% with a specificity of
97%. The third study conducted by Pazos et al. included 40 adult neutropenic patients (27). In
this small group, the sensitivity and specificity for proven or probable IA were 88% and 90%,
respectively.

Cutoff >1.0

Studies employing a 1.0 OD cutoff have been divided on the clinical efficacy of GM surveil-
lance. Maertens et al. screened 186 consecutive adult hematology patients who were receiving
itraconazole prophylaxis (37). Based on the evaluation of 27 patients with autopsy-verified IA,
the sensitivity and specificity both exceeded 90% and more than half of the time GM anti-
genemia was detected before clinical suspicion of IA arose (median, six days before). The same
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Table 2 Efficacy of Serum Galactomannan Surveillance for the Diagnosis of Proven or Probable Invasive
Aspergillosis in Immunosuppressed Patient Populations

No. of
samples
Frequency of required for Proven Probable Prev

Study sampling oD positivity cases cases (%) SN SP PPV NPV
(31) \Y 1.5 1 31 67 13.46 0.32 0.93 0.38 0.91
(25) 2/wk 1.5 2 27 26 6.65 0.91 0.94 0.52 0.99
(38) 2/wk 15 1 1 5 8.11 0.67 097 0.67 0.97
(27) 2/wk 1.5 2 5 3 20.00 0.88 0.90 0.70 0.96
(44) \Y 1.5 2 8 3 6.67 0.33 099 0.75 0.97
(45) 1/wk 1.5 2 33 0 27.04 0.58 097 0.86 0.87
(37) 2/wk 1 2 27 0 14.51 093 095 0.93 0.95
(16) 2/wk 1 2 5 8 13.00 0.85 092 0.93 0.99
(26) 2/wk 1 1 7 9 15.38 0.75 0.93 0.86 0.96
(15) 1/wk 1 2 3 3 12.00 1.00 0.77 038 1.0

(36) \' 1 2 3 31 4.21 0.50 0.98 0.50 0.98
(12) 1/wk 1 1 13 11 35.82 054 0.74 0.93 0.99
(46) NR 1 1 NR NR 5.83 056 094 0.71 0.89
(47) NR 0.5 2 20 26 . 0.70 0.88 0.52 0.94
(32) 2/wk 0.5 2 16 13 27.88 0.97 098 0.93 0.99
(48) 2/wk 0.5 2 2 12 10.9 0.86 0.78 0.32 0.98
(49) 2/wk 0.5 1 0 1 1.56 1.00 0.87 0.11 1.00
(50) 2/wk 0.5 1 9 3 17.14 025 075 0.17 0.84
(51) 2/wk 0.5 1 0 1 0.65 0.00 0.87 0.00 0.99
(52) 1/wk 0.5 2 9 2 11.46 1.00 0.84 0.35 1.00

Abbreviations: V, variable; NR, not reported; OD, optical density; Prev, prevalence; SN, sensitivity; SP, specificity; PPV, positive
predictive value; NPV, negative predictive value.

monitoring strategy was used to evaluate 100 consecutive adult myeloablative SCT recipients on
mold-active antifungal prophylaxis (35). Eighteen patients with proven disease were identified
when autopsy findings were incorporated into the final determination of IA. In this group, the
GM assay had a sensitivity and specificity of 94% and 99%, respectively. When only antemortum
data were considered, the test performed less well (85% sensitive and 98% specific). Antigen-
emia again preceded radiographic findings or culture confirmation in the majority of patients
and was also more reliable than unexplained fever, new pulmonary infiltrates, or isolation of
Aspergillus species in culture for the diagnosis of IA.

Two additional investigations found that GM did not have meaningful impact on clinical
decision making in real-time. Williamson et al. followed 104 pediatric and adult bone marrow
transplant (BMT) recipients, who were receiving mold-active antifungal prophylaxis (26). In
this study, GM was 75% sensitive in patients who died with proven or suspected IA. GM did
not contribute to the management of the majority (69%) of patients, either because the test
was never positive (4 of 16), or because the diagnosis had been obtained by other means (7 of
16). Bretagne et al. monitored 50 neutropenic adult and pediatric hematology and reported an
overall sensitivity of 100% with a specificity of 77% for proven or probable disease; however,
a positive GM did not anticipate the initiation of antifungal therapy in any case already based
on clinical suspicion alone. Furthermore, a relatively high number of false-positive tests (23%)
were observed.

Lastly, Pinel et al. monitored 807 adult and pediatric hematology and ICU patients with
GM either once or twice a week (36). The calculated sensitivity for proven or probable IA was
a meager 50%. In an attempt to explain this, the authors noted that 4 of 31 patients classified
as having probable IA met criteria for that diagnosis based solely on a positive GM result. In
addition, the average number of samples collected from patients with probable IA was lower
in the subset of patients with negative GM results compared to those that had GM antigenemia
detected. The difference (four vs. five serum samples) was minimal, however, and does not
explain the false-negative results observed in three of three patients with proven IA.
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Cutoff >0.5

The Platelia Aspergillus EIA test package insert summarizes the prospective studies leading to
FDA approval of the test (47). Adult data were collected from 143 SCT and leukemic patients
across three centers in North America. For the combined diagnosis of proven or probable IA,
the test was 70% sensitive (95% CI = 62-90%) and 89% specific (95% CI = 83-93%). The control
group in this study included hematology and BMT patients withoutIA. Similar test performance
was documented by Yoo et al., who evaluated 128 patients with hematologic diseases and/or
status-post SCT during periods of neutropenic fever (48). Maertens et al. obtained an even better
sensitivity (97%) and specificity (98%) using the lower cutoff in 104 adult hematology—oncology
patients (32).

Studies Involving Pediatric Patients

Multiple GM studies have included children, but only a few have reported pediatric specific
data. Early reports described poorer specificities in pediatric as compared to adult populations
(25,31); however, this observation has not been reproduced in subsequent pediatric evaluations.
In the pediatric portion of the study leading to licensing in the United States, GM was 53%
sensitive (95% CI = 31-74%) and 98% specific (95% CI = 83-93%) for proven or probable IA
(47). Of the 17 children with proven or probable disease in this analysis, nine were GM negative.
The false-negative results were ascribed to mold-active antifungal therapy administered around
the time GM testing was performed. A second, more recent, study involved 64 pediatric SCT
recipients (49). Of the 63 patients without IA, eight (13%) had at least one positive GM result
with four of these coinciding directly with piperacillin-tazobactam therapy. Overall, specificity
was moderate to good (87%; 95% CI = 77-93%).

Studies Involving Solid Organ Transplant Recipients

Three studies have evaluated the utility of serum GM surveillance in SOT recipients. Husain
et al. assessed biweekly monitoring in 70 consecutive lung transplant recipients, the majority of
whom were receiving fluconazole prophylaxis (50). GM was detected in 3 of 12 patients with
proven or probable IA, for a patient-based sensitivity of 25%. Two of the three patients with
a positive GM had invasive lung disease and the third had systemic IA. There were also four
cases of tracheobronchitis caused by Aspergillus, but none of these subjects had a positive GM
test. Fourteen patients without IA had 36 false-positive tests. Colonization with Aspergillus was
not associated with false-positive test results in this study. The same group of investigators
evaluated an identical surveillance strategy in 154 liver transplant recipients (51). A single case
of probable invasive pulmonary disease developed during the study period, with GM detected
in three samples on initial, but not on repeat testing. Twenty-one patients without IA had 23
false-positive tests (patient-based specificity 86%). Fortun et al. conducted a retrospective case-
control study of IA in 240 liver transplant recipients using stored frozen serum obtained during
the posttransplant period (46). Fourteen cases of proven or probable IA were identified. Using
an OD threshold of >1.0 that was confirmed on repeat testing, the sensitivity of the test was
56% with a specificity of 94%.

Factors Associated with False-Positive Test Results

False-positive GM results have been observed in all of the published clinical studies, but the
prevalence of this finding has varied significantly. As discussed previously, requirements for
persistent GM detection in sequential specimens may impact the specificity. Other host factors
such as age and underlying disease in conjunction with the administration of certain medica-
tions, or infection with microbial species known to cross-react with the rat monoclonal antibody
(EB-A2) used in the commercial EIA, may also lead to false-positive results in some patients.

Host Factors

Host characteristics appear to be an influential factor in GM test performance. Herbrecht et
al. observed high false-positive rates in children with neutropenic fever [11 of 25 patients
(44%)] and in pediatric SCT recipients [9 of 12 patients (75%)] (31). In a separate study of
critically ill premature infants, five of six (83%) had false-positive GM results documented (54).
It has been suggested that GM present in certain milk formulas could cause false-positive test
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results in children owing to immature and/or impaired gut integrity in the setting of mucositis
(55). Heavy colonization with bifidobacteria, which is also observed in some neonates and
young infants, has also been implicated as a possible cause of false-positive tests in young
patients (56).

Herbrechtetal. also observed a lower specificity in adult allogeneic SCT recipients (93%) as
compared to autologous SCT or nontransplant patients (99%); with the majority of false-positive
tests occurring at first month posttransplant (31). Several other groups have also observed false-
positive reactions more frequently within the first two weeks following cytotoxic chemotherapy
(6,25,37) or after lung transplantation (50) as well as during periods of graft-versus-host disease
(GVHD) (57,58). Potential explanations for these observations have included dietary absorption
of GM (59) due to impaired mucosal barriers after cytotoxic chemotherapy or from GVHD
(58) and the presence of interfering substances such as cyclophosphamide metabolites (60),
antibiotics, or auto-antibodies (51,57) that are present during these periods.

B-Lactam Antibiotics

GM reactivity has been observed in some, but not all, patients receiving B-lactam antibiotics. The
administration of piperacillin-tazobactam (61-65), amoxicillin—clavulonate (62,66), amoxicillin
(62), ampicillin (62), and phenoxymethylpenicillin (62) has all been associated with false-positive
GM tests. Since Penicillium is used in the production of these drugs, and this organism in known
to release GM antigens, it is not surprising that these compounds would cross-react with the GM
EIA. Several groups have reported direct detection of GM in batches of reconstituted 3-lactams
by EIA testing (62,65,67,68), but were unable to either culture or amplify Aspergillus DNA from
the antibiotics themselves (67).

The kinetics of GM following the administration of various B-lactams has been ana-
lyzed using serum samples collected from hematology patients (62,67). Bart-Delabesse et al.
described three patterns of GM reactivity in patients receiving GM-positive batches (62). The
first group (66%) had persistently elevated OD indexes >2.0 during treatment, the second
(26%) had indexes between 0.5 and 1.5, and the third group had variable GM levels over time.
In this study, GM concentration in the antibiotic failed to predict GM titers in all patients,
and serum sampling during the antibiotic trough period did not necessarily allow the GM
level to fall below the positive cutoff in patients. The average time to a negative antigen after
antibiotic discontinuation was calculated to be 5.5 days (95% CI = 4.1-7.0) using regression
modeling (67).

Cross-Reacting Microorganisms

Fungi

Multiple fungi including several pathogenic species affecting immunocompromised hosts, com-
mon human comensuals, and potential laboratory contaminants have been shown to cross-react
with the antibodies used in the licensed GM assays (Table 3). The magnitude of GM release by
fungi other than Aspergillus or Penicillium, however, is significantly lower in vitro than is seen
with either of the two primary genera (39,69). One concern has been that patients colonized
with Aspergillus or Penicillium would have false-positive serum GM tests. This has not been
observed in the studies reporting on colonization among hematology—oncology patients (16),
lung transplant recipients (50), and children with cystic fibrosis (38).

Bacteria

False-positive GM tests have been reported in neutropenic patients with bacteremia (27,39).
When the bacterial isolates from these patients were tested directly, however, no reactivity with
the GM EIA was seen (39). Others have failed to confirm the development of false-positive
tests in bacteremic patients (37), which suggest that the false positives may actually be related
to antibiotic usage or another confounder. In vitro, only Bifidobacteria (except B. infantis and
B. adolescentis) and Eggerthella lenta have been shown to possess reactivity with the GM EIA by
virtue of cross-reactive lipoglycan epitopes in the cell wall (56). Translocation of these organisms
into the systemic circulation, therefore, remains a feasible explanation for false-positive tests in
some patients.
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Table 3 Non-Aspergillus Species that
Cross-React with the Galactomannan
EIA Test

Fungus

Acremonium species (69)
Alternaria altenaria (69)

Botrytis tuliae (5)

Cladosporium cladosporiodes 5)
Cladosporium herbarum (69)
Cryptococcus neoformans (70)
Fusarium oxysporum (6,69) (not F. solani)
Geotrichum capitatum (71)
Paecilomyces variotii (39)
Penicillium chrysogenum (5,69)
Penicillium digitatum (5,39)
Penicillium marneffei (5)
Rhodotorula rubra (5,69)
Phialophora americana (15)
Trichophyton interdigitalis (5)
Trichophyton rubbrum (5)
Wallemia sebi (5)

Wangiella dermatitidis (69)

Factors Associated with False-Negative Tests

The reported sensitivity of the GM immunoassay as an early diagnostic tool for IA has been
widely variable, ranging from 22% to 100% overall (9,72). The primary factors influencing sen-
sitivity are selection of the positive cutoff value in addition to receipt of mold-active antifungal
compounds and potentially the patients underlying disease.

Impact of Antifungal Therapy

Marr et al. reported a GM EIA sensitivity of 54% with a specificity of 98% in 67 adult and
pediatric SCT patients with proven (n = 13) or probable (1 = 11) IA using a positive cutoff of
>1.0and repeated testing of the same sample to verify positive results (12). Test performance was
then recalculated after stratifying for receipt of mold-active antifungal therapy in the two weeks
preceding a diagnosis of IA. The sensitivity was significantly lower in those receiving antifungal
compounds (18%) as compared to those not receiving empiric or prophylactic treatment (85%)
(12). In a separate per-test analysis that used a GM cutoff value of 0.5 in hematology patients
with proven (n = 20) or probable (n = 26) IA, serum samples obtained from patients who were
not on mold-active antifungal agents showed a GM sensitivity of 89% (95% CI = 65-97%) as
compared to 52% (95% CI = 41-71%) among samples obtained during antifungal treatment or
prophylaxis (73).

Underlying Disease

False-negative GM results were reported in a four-year-old boy with chronic granulomatous
disease (CGD) and progressive pulmonary aspergillosis despite appropriate antifungal therapy
(74). Similarly, Walsh et al. reported reduced expression of GM antigenemia in patients with IA
and CGD or Job’s syndrome (75). It was hypothesized that angioinvasion might be lower in this
host group, thus limiting the amount of circulating GM.

Anti-Aspergillus antibodies

One study evaluated the impact that anti-Aspergillus antibodies may have on the sensitivity of
the GM EIA (31). Serologic testing for antibodies was performed using an in-house developed
assay at the onset of infection in 150 episodes of IA. Anti-Aspergillus antibodies were detected
in 36% of patients with IA despite their immunocompromised status (31), which is similar to
separate study of hematology patients with proven IA (33% seroprevalence) (76). Sensitivity of
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the GM test was lower in patients with detectable anti-Aspergillus antibodies as compared to
patients with negative Aspergillus serology (P = 0.0001) (31).

Galactomannan Testing Using Specimens Other Than Serum

The GM Immunoassay has primarily been validated for use on serum samples. Because the
molecule is a water-soluble carbohydrate, it can also be detected in other body fluids as well as
in tissue specimens (77,78). There has been particular interest in performing GM testing directly
on respiratory specimens for the diagnosis of invasive pulmonary aspergillosis (IPA). Kauffman
et al. showed that antigenic determinants released by Aspergillus conidia are negative to only
weakly positive by immunologic assays, while the components released from growing hyphae
are strongly immunogenic (79). It has been extrapolated that the presence of GM in bronchi-
alveolar lavage (BAL) fluid might be a better indicator of hyphal growth in the respiratory tract
as compared to standard culture for the organism.

Hematology—Oncology Patients

Becker et al. systematically performed BAL in 160 neutropenic cancer patients with radiographic
abnormalities on chest CT, who did not have contraindications to the procedure (80). Using
standard definitions for proven, probable, or suspected IPA with a positive GM BAL cutoff of
>1.0, the sensitivity, specificity, positive, and negative predictive values of the test were all 100%
(80). The sensitivity and specificity of GM detection in serially collected serum from the same
cohort were significantly lower (47% and 93%, respectively) than was observed using the BAL
specimens. The authors suggest that early initiation of antifungal therapy, based on CT findings,
may have impacted the sensitivity of weekly serum GM surveillance. A second investigation
assessed the utility of BAL GM in hematology patients (81). Twenty patients with proven or
probable IPA in addition to 20 without aspergillosis were included in the analysis. Overall, the
sensitivity and specificity were again, both 100% using an OD cutoff value of >1.5 (81).

Not all studies have found such impressive results using BAL fluid. A relatively large
retrospective analysis compared results from 50 HSCT recipients with proven or probable IPA
to 50 control patients without IPA (82). The calculated sensitivity of GM in BAL fluid was 61%
using an OD cutoff of 1.0 and 76% when a threshold of 0.5 was applied. The corresponding
specificities were 98% and 94%, respectively. In addition, Verweij et al. reported a 7% false-
positive rate when evaluating BAL fluids from nonneutropenic cancer patients with fever and
pulmonary infiltrates visualized on chest X-ray (83).

Solid Organ Transplant Recipients

A recent single-center review of 81 SOT recipients, who underwent bronchoscopy for a variety of
reasons, retrospectively evaluated the utility of GM testing of BAL fluid (84). The investigators
reported a sensitivity, specificity, positive, and negative predictive value of 100%, 91%, 42%,
and 100%, respectively using a GM cutoff of >1.0. The sensitivity of GM testing on BAL fluid
in this analysis was better than that of serum GM or BAL fungal culture for the diagnosis of
invasive IPA. An important observation was that lung transplant recipients (3 of 19 patients)
accounted for a significant proportion of the false-positive results in this study (three of seven).
The absence of proven or probable cases of IPA in lung recipients, however, precluded a full
assessment of the diagnostic utility of the test in this subgroup. The authors hypothesized that
the false-positive test results reflected a high rate of airway colonization in the lung transplant
population. In a separate evaluation of 116 consecutive lung transplant recipients undergoing
bronchoscopy for routine surveillance or suspected rejection, a BAL GM index of >1.0 had a
sensitivity of 60% with a specificity of 98% (85). Seven of the 116 patients (6%) in this study had
at least one false-positive test result, with six of the seven patients being colonized by either
Aspergillus or Penicillium spp.

Factors Associated with False-Positive Tests

Airway colonization with Aspergillus or other fungal species known to cross-react with the GM
EIA is a source of false-positive test results when BAL samples are analyzed (84,85). Plasmalyte
(Baxter International Inc, Deerfield, IL), an isotonic solution used to perform the bronchial-
alveolar lavage procedure itself, has also been shown to cross-react with the GM EIA (86).
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Lastly, Dalle et al. reported false-positive GM results when testing a brain biopsy specimen
wrapped in cotton (87). The authors hypothesized that epitopes cross-reactive with the GM
Aspergillus EIA may be present in this material.

Summary

Individual studies examining the utility of repeated serum GM monitoring for IA in high-
risk patients have reported inconsistent results. The observed variability in test performance is
likely related to multiple factors including heterogeneity in study design in addition to inherent
differences in the populations being studied, plus or minus prior receipt of antifungal therapy in
some patients. Such discrepancies make it difficult to generalize results across studies. A recent
meta-analysis synthesized the existing English and Spanish literature on serum GM screening,
with a total of 27 studies meeting the investigator’s inclusion criteria (72). The pooled mean
sensitivity was 71% (95% CI = 0.68-0.74) and specificity 89% (95% CI = 0.88-0.90) for proven
cases of IA. For proven or probable disease, the mean sensitivity was 61% (95% CI = 0.59-0.63)
and specificity 93% (95% CI = 0.92-0.94). The test appeared to perform best in patients with
hematological malignancies and following SCT while studies that used stricc EORTC/MSG
criteria for proven or probable IA tended to report lower sensitivities.

In the majority of hematology—oncology studies performed to date, the negative predictive
value of serial serum GM testing has been good, which suggests that the test can be useful to
help exclude the possibility of IA in this patient population. False-negative tests do occur,
however, and have been associated with anti-Aspergillus antibodies, mold-active antifungal
therapy, and minimally invasive disease. The reasons for false-negative results are not always
readily apparent and future studies must strive to better define confounding factors. False-
positive tests are also problematic. Sequential positive results with a rising OD index are typically
more suggestive of true infection than are single or isolated determinations.

The clinical utility of GM antigen detection in specimens other than serum is also not well
established. Detection in other body fluids may provide corroborative evidence of IA as well as
help to exclude the possibility of a false-positive or false-negative serum test. A recent review of
the literature concluded that, at best, GM detection in urine, cerebrospinal fluid, BAL, or tissue
is a promising diagnostic tool to be used in conjunction with serum monitoring (88). Looking
across studies of BAL fluids specifically, the sensitivity has ranged from 60% to 100% for the
diagnosis of IPA.

(1,3)-B-D-GLUCAN

Assay Principles

(1,3)-B-D-Glucan (BDG) is a cell wall component found in high concentrations in a wide variety
of fungi; the notable exceptions are Cryptococcus and the Zygomycetes (89-91). Several assays
have been developed that are capable of measuring glucan levels in the serum of patients
with suspected IFI, but a positive reaction does not yield a genus-specific diagnosis. All of the
currently available BDG tests are predicated on the ability of the glucan molecule to induce
clot formation in the hemolymph of horseshoe crabs (Fig. 2). Fungi containing BDG within
their cell wall structure activate Factor G, a serine protease present in the horseshoe crab
coagulation cascade (92,93). Upon contact with trace amounts of BDG (analytical sensitivity
approximately 1 pg/mL), crab amebocytes degranulate and release the zymogens that become
activated Factor G. Activated factor G then converts inactive proclotting enzyme to the activated
form, which in turn cleaves an artificial substrate used for detection via chemiluminescence
or turbidity. The commercially available chromogenic assays include FungiTec-G (Seikagaku
Kogyo Corporation, Tokyo, Japan), and Fungitell (Associates of Cape Cod, Falmouth, MA) (40).
Fungitell, previously called Glucatell, is FDA cleared for the diagnosis of IFI in the United States.
The Wako test is a turbidimetric-based assay manufactured by Wako Pure Chemical Industries
(Osaka, Japan) (40).

Kinetics
Little is known about the release and metabolism of BDG in vivo. Like galf antigens, BDG is
released during the logarithmic growth phase of Aspergillus fumigatus in vitro (95). In culture,
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(1,3) B-b-Glucan

l

Factor G —— Activated factor G

l

Proclotting enzyme ——— > Clotting enzyme

l

Artificial peptide substrate Boc-Leu-Gly-Arg
Boc—Leu-Gly—Arg—pNA + pNA

Figure 2 Fungitell (1,3)-B-D-glucan assay. (1,3)-3-D-Glucan activates factor G, a serine protease zymogen in
the Limulus (horseshoe crab) coagulation cascade. Activated factor G converts the inactive proclotting enzyme
to the active form, which in turn cleaves pNA from the chromogenic peptide substrate Boc—Leu—Gly—Arg—pNA,
creating a chromophore that absorbs at 405 nm. Source: Adapted from Ref. 94.

BDG concentration begins to decrease after 24 hours, which is thought to be related to the activity
of Aspergillus cell wall-associated glucanases (95). Similar evaluations with other medically
important species (e.g., Candida spp., Fusarium spp., Pneumocystis) have not been published.

Defining a Positive Result

The BDG level defining a positive test varies by assay. A provisional cutoff for the Fungitell
test was determined using stored serum samples collected from 30 nonneutropenic subjects
with symptomatic candidemia (96). These results were then compared to samples collected
from 30 healthy adults. Sera obtained from the candidemic subjects contained a mean BDG
concentration of 2999 pg/mL (range, 36-22,263 pg/mL) as compared to 17 pg/mL (range, 0-86
pg/mL) in blood of healthy volunteers. A positive cutoff value of >60 pg/mL was selected in
this study because it appeared to optimize both the sensitivity (97%) and specificity (93%) of the
test (96). The FDA-approved protocol defines values >80 pg/mL as positive, and levels from
60 to 79 pg/mL as “equivocal” results (94). The >80 pg/mL was established in a multicenter
validation study reviewed in the following section (97).

The Fungitell cutoff is higher than the values established for the Fungitec-G and Wako
assays. A 20 pg/mL threshold was set for Fungitec-G test based on the observation that plasma
BDG levels in 60 healthy adult controls were all <10 pg/mL and 37 of 41 patients with autopsy-
verified or microbiologically documented fungal infections had concentrations above this level
[sensitivity 90% (95% CI = 77-97%)] (98). At a concentration >20 pg/mL, the Fungitec-G test
also showed 100% specificity when analyzing 59 samples from subjects with nonfungal infection
or fever of noninfectious origin (98). The dissimilarity of cutoff values among chromogenic test
kits may be related to differences in the affinity/reactivity of reagents used in each assay.
Reagents utilized in the test Fungitell are extracted from Limulus polyphemus, a different genera
of horseshoe crab than is used in Fungitec-G (Tachypleus tridentatus) (96).

Test Performance

The majority of studies that have evaluated the clinical performance of BDG testing have been
conducted using selected patients. There is relatively little experience using the assay for IFI
surveillance. The current literature is summarized below and is displayed in Table 4.

Studies Using Samples Collected from Cases and Controls

Results from the multicenter study that contributed to the FDA approval of the Fungitell assay
were recently published (97). Single serum samples were collected from patients within 72 hours
of a diagnosis of proven or probable IFI (based on EORTC/MSG criteria). Results from the IFI
cases (n = 170) were then compared to unmatched control specimens (n = 163) obtained from
healthy volunteers, outpatients, or hospitalized patients with medical problems other than
IFI. The majority of fungal infections in this analysis were due to Candida (65%), followed
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Table 4 Performance of Serum (1,3)-8-Glucan for the Diagnosis of Proven or Probable Invasive Fungal
Infection in Immunosuppressed Patient Populations

No. of
samples
Cutoff Frequency required for Proven Probable Prev
Study Assay (pg/mL) of sampling positivity cases cases (%) SN SP PPV NPV

(27)  Fungitell 120 2/wk 1 5 3 519 0.88 0.90 0.70 0.96
(99)  Fungitel 120 2/wk 1 3 3 3.90 0.83 0.90 0.63 0.96
(94)  Fungitell 80 NR 1 NR NR NR 0.65 0.81 0.81 077
(96)  Fungitell 60 NR 1 16 4 7.07 1.00 0.90 0.43 1.00
(100) FungiTec 20 1/wk 1 16 NR 744 063 076 0.16 0.96
(45)  FungiTec 20 1/wk 1 33 NR  27.05 0.67 0.84 0.61 0.87
(52)  Wako 11 1/wk 1 9 2 11.46 055 0.98 0.67 0.96

Abbreviations: NR, not reported; Prev, prevalence; SN, sensitivity; SP, specificity; PPV, positive predictive value; NPV, negative
predictive value.

by Aspergillus (13%), and Cryptococcus (7%). At a cutoff of 60 pg/mL, the overall sensitivity,
specificity, PPV, and NPV of the test were 70%, 87%, 84%, and 75%, respectively. Using the
80 pg/mL threshold, the test was less sensitive but more specific (sensitivity 64%, specificity
92%, PPV 89%, and NPV 73%). In the subset of 107 patients with proven invasive candidiasis
(IC), the test was 81% sensitive at the 60 pg/mL level. Interestingly, differences in sensitivity
were noted among Candida species, with the assay detecting C. parapsilosis less often than other
species. The authors correlate this observation with the fact that the echinocandin class of
antifungal agents, which act through the inhibition of BDG synthesis, tend to have higher MICs
for C. parapsilosis. Additional sub-group analyses of other fungi showed a sensitivity of 80% for
the detection of Aspergillus spp. (n = 22) and 100% for Fusarium spp. (n = 3). Only 3 of 12 subjects
with cryptococcosis had a positive test, while none of the subjects infected with Mucor (n = 2) or
Rhizopus (n = 1) had BDG levels above the 60 pg/mL threshold. Lastly, the investigators sought
to assess the impact of antifungal therapy on the sensitivity of the BDG test. Of the 142 subjects
with proven IFI, sensitivity was higher in those not receiving antifungal therapy [83% (20 of 24
subjects with a positive test)] as compared to those receiving antifungal drugs [73% (86 of 118)
with a positive test]. This difference did not reach statistical significance (P = 0.69), but may be
clinically relevant.

A second smaller study evaluated the Fungitell assay using residual serum and plasma
obtained from patients who had blood cultures growing with yeast or bacteria (101). Sera that
remained after testing for Histoplasma antigen or GM Aspergillus EIA were also analyzed in
conjunction with blood obtained from healthy donors. A threshold of >80 pg/mL was used
to define a positive BDG result in this study. None of the healthy volunteers had a positive
BDG test. Of the 39 samples obtained from 15 patients with fungemia, 30 were positive (77%)
and two were in the “indeterminate” range (60—79 pg/mL). The impact of antifungal therapy,
especially in samples that were collected after the blood culture result had been reported to
the care providers, was not assessed. Twenty-two of 36 samples drawn from 15 patients with
gram-positive bacteremia also had a positive BDG test and 11 of these patients had >1 positive
samples. On review of the medical record, six patients with gram-positive bacteremia had
received a B-lactam antibiotic and one had received intravenous immunoglobulin. Three of
10 patients with gram-negative bacteremia also developed false-positive BDG tests, one of
whom was treated with a B-lactam drug. All 6 patients with a positive Histoplasma antigen and
31 of 32 patients with a GM antigenemia were also BDG positive.

Digby et al. collected single serum samples from 53 patients admitted to the ICU as
well as from eight healthy control subjects (102). The ICU patients were stratified as either
being infected (1 = 46) or uninfected (n = 7). Surprisingly, definitions for what constituted
an “infection” were not specifically stated in the study methods. Using the Fungitec-G assay
and a positive threshold of 20 pg/mL, none of the healthy volunteers had BDG detected but
two uninfected ICU subjects had a positive test. Thirty-five of the 47 “infected” ICU patients
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(74%) had a positive BDG test. Unfortunately, no breakdown of BDG results by underlying
infection (i.e., causative pathogen and/or site) or by treatments known to be associated with
false-positive BDG tests was provided. Overall, there was no statistical difference in the mean
BDG level observed in patients with fungal infections as compared to those with bacterial
infections.

Studies Using Samples Prospectively Collected from Selected Patients

Pazos et al. collected serum twice weekly for IFI monitoring in addition to obtaining weekly
surveillance cultures for yeasts (27,99). Two separate analyses of adult hematology patients
(n = 154) considered at high-risk for IA were performed. In the first study, 40 selected neu-
tropenic patients (5 with proven IA, 3 with probable 1A, 3 with possible IA, and 29 without
IA) were identified (51). Patients were judged to be positive by Fungitell if their BDG level was
>120 pg/mL in a single sample. All of the proven IA cases and two of three probable IA cases had
at least one positive BDG test. Ten percent of patients (3 of 29) without IA also had BDG detected
at least once. The first patient had Escherichia coli bacteremia, the second had low level Candida
colonization of a single site, and third had high levels of Candida cultured from multiple sites.
The number of patients colonized with yeasts who had negative BDG tests was not described.
Analysis of BDG kinetics was useful for interpreting the validity of positive tests in this study.
In the patients with proven disease, BDG levels rose consistently before clinical or microbiologic
evidence of IA existed. Levels then decreased if the patient improved with antifungal therapy.
Patients with false-positive results tended to have abrupt rises and falls in BDG levels in the
absence of antifungal treatment. In the second analysis, banked serum samples from another
35 selected patients (three with proven IC, three probable IC, and 29 without IC) were evaluated
to determine the ability of the Fungitell assay to identify patients with candidiasis (99). A >120
pg/mL cutoff in a single sample was again employed. All three patients with proven IC had a
positive test, two of three with probable disease had BDG detected, as did three of the control
subjects. Similar to their previous analysis, patients with proven IC had consistent rises in BDG
which preceded clinical or microbiologic evidence of infection. BDG levels then declined in
response to effective antifungal therapy.

Evaluations of Serial Monitoring
The efficacy of twice weekly BDG monitoring was studied in 283 consecutive neutropenic
adult patients with newly diagnosed AML or MDS, who were receiving mold-active antifungal
prophylaxis (96). Using a Fungitell cutoff value of 60 pg/mL, all of the patients with proven
(n = 16) or probable (n = 4) IFI had at least one serum sample positive for BDG. The proven
and probable infections were due to Candida spp. (n = 11), Aspergillus spp. (n = 4), Trichosporon
asahii (n = 3), and Fusarium spp. (n = 2). Ten patients (4%) without IFI had at least one positive
BDG test. The specificity of the test increased from 90% for one positive sample to 96% and 99%
when two and three sequential samples, respectively, were required to define a positive result.
The sensitivity declined correspondingly when consecutive positive samples were required (i.e.,
sensitivity 100% for one positive sample, 65% for >2 sequential positive samples, and 60% for
>3 sequential positive samples), suggesting that glucan antigenemia may be transient in some
patients. The potential impact of antifungal therapy in these cases, however, was not explored.
On average, BDG was positive 10 days before the clinical diagnosis (range, 32 days before to
2 days after) in this analysis.

Once a week monitoring has also been assessed using the Fungitec-G assay (100).
This study included 215 consecutive hematology—-oncology patients undergoing cytotoxic
chemotherapy with systemic antifungal prophylaxis. Sixteen subjects went on to develop “def-
inite” IA and 14 had “suspected” IA. Using a >20 pg/mL cutoff, the sensitivity and specificity
of the test for definite IPA was 63% and 76%, respectively. For definite or suspected IPA, the test
was 60% sensitive. BDG typically became positive after the onset of fever (mean 24 days later,
range 0-53) and later than CT findings (mean 12 days later, range —7 to 40) in patients with def-
inite lung disease. Other IFIs included four cases of IC and one zygomycosis. All four patients
with IC had at least one positive BDG test and the results for the patient with zygomycosis
were not specifically described. False-positive tests occurred in 40 patients (19%) without evi-
dence of IFI, with a disproportionate number of these observed during periods of neutropenia
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(P <0.001). Potential explanations for the high false-positive rate in this study were not explicitly
explored.

(1,3)-B-p-Glucan as a Predictor of Response to Empiric Fluconazole Therapy

Takesue et al. enrolled surgical patients with risk factors for IC, documented Candida coloniza-
tion, and fever despite antibiotic therapy (103). Patients with documented IFI and those who
had received antifungal therapy in the preceding month were excluded. Before starting empiric
fluconazole therapy in these high-risk patients, plasma BDG concentration was measured using
the Fungitec-G assay. A total of 64 patients were included in the analysis, 18 of whom responded
clinically to empiric fluconazole. Thirty-two patients (50%) had a BDG level >20 pg/mL. Half
of these (16 of 32) responded serologically to empiric antifungal therapy (6 normalized, 10
improved) and 15 (47%) improved clinically. Patients with a positive BDG test were more likely
to respond to fluconazole treatment [15 of 32 (47%)] than were those who had a negative BDG
test [3 of 32 (9%)] (P < 0.01). Additionally, there was a significant difference in BDG levels
between patients who showed a positive response to treatment as compared to those who did
not respond (105.0 pg/mL =+ 127.5 for responders vs. 26.7 pg/mL % 51.1 for nonresponders; P =
0.02). These findings suggest that BDG assessment could also be useful as a trigger for initiation
of antifungal therapy in high-risk surgical patients.

(1,3)-B-p-Glucan as a Predictor of Catheter-Associated Candida Infection

Nett et al. have proposed using BDG as a surrogate marker of biofilm formation by Candida
(104). Biofilms are microbial communities growing on prosthetic material such as intravenous
catheters. Nearly all device-associated infections involve microbial growth in a biofilm and
Candida cells growing in this way are up to 1000-fold more resistant to antifungal agents than
are their free-floating counterparts (105,106). Nett et al. used the Fungitell assay to quantify
BDG in the supernatants from planktonic and biofilm cultures and assessed serum obtained
from rats with catheter-related disseminated candidiasis (104). They observed increased BDG
content in the cell walls of C. albicans growing in biofilm as compared to planktonic organisms
both in vitro and in the rat model. The authors suggest that the high levels of BDG secreted
from biofilms may be a useful diagnostic tool to identify the development of device-associated
infections and, in theory, identify patients that would benefit most from catheter removal.
Additional studies are needed to determine whether this assay can reliably identify Candida
biofilms and/or device-associated infections in humans.

(1,3)-B-p-Glucan for the Diagnosis of Pneumocystis Pneumonia

Pneumocystis ribosomal RNA phylogenetically resembles that of fungi and glucan can be
detected in the organism’s cyst wall (107,108). Several groups have reported on the utility
of BDG testing as a noninvasive diagnostic for Pneumocystis jiroveci pneumonia (PCP). Stud-
ies to date have largely been retrospective analyses of single center experiences, each using a
different BDG assay. Marty et al. identified 16 patients who had serum BDG measurements
performed around the time PCP was diagnosed by immunofluorescent staining of respiratory
samples (109). BDG was positive (=80 pg/mL by Fungitell) in 15 of 16 (94%) patients with a
median value of >500 pg/mL (range, 141 to >500 pg/mL). The BDG concentration decreased but
remained elevated in five patients who had subsequent measurements performed on treatment.
Tasaka et al. evaluated 57 patients with PCP diagnosed by Grocott-Gomori methenamine and
Calcofluor white staining of BAL fluid (110). Serum BDG levels were significantly increased in
PCP-positive patients (P < 0.0001). Using receiver—operator characteristic curves and the Wako
BDG test, a cutoff of 31.1 pg/mL yielded a sensitivity, specificity, PPV, and NPV of 92%, 86%,
61%, and 98%, respectively. Compared to other nonspecific markers such as elevated LDH or
C reactive protein, BDG was the most reliable noninvasive indicator of PCP in this cohort. Fuji
et al. also used the Wako assay to measure serum BDG in 28 AIDS patients with PCP (111).
All but one patient had a positive test (threshold > 5 pg/mL), with BDG levels ranging from
5 pg/mL to 6920 pg/mL. Another group used the Fungitec-G test to analyze BAL fluid and
serum from AIDS patients with and without PCP (112). The mean level of BDG in BAL fluid
from PCP patients (n = 4) was significantly higher than in BAL fluids from patients with other
lung diseases (n = 4) [7268 pg/mL (range, 1355-15,500) in patients with PCP vs. 243 pg/mL
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(range, 17-615)]. Elevated serum BDG levels were also observed in six of seven patients with
PCP [494 pg/mL (8.5-1135)].

Factors Associated with False-Positive Tests

Laboratory contamination of samples is possible if glucan-free glassware and/or plastics are
not used when performing the test. False-positive BDG results have also been associated with
immunoglobulin therapy, albumin supplementation, and blood products filtered through cel-
lulose filters (113-116). Likewise, cellulose-containing dialysis membranes are known to cause
false-positive BDG tests in some patients (117). Awareness of a patient’s surgical history is also
essential, as serosal exposure to glucan-containing gauze has resulted in positive BDG tests in
the immediate postoperative period (118).

Given the potential for fungal cell wall components or residua from cellulose-containing
material to be present in antibiotic preparations, Marty et al. tested 44 different antimicrobials
for the presence of BDG (119). Colistin, ertapenem, cefazolin, trimethoprim-sulfamethoxazole,
cefotaxime, cefepime, and ampicillin-sulbactam all tested positive for BDG at the reconsti-
tuted vial concentrations, but not when diluted to maximal plasma concentrations. Interest-
ingly, none of the lots of piperacillin—tazobactam tested in this study were positive for BDG.
Other investigators have correlated false-positive BDG results obtained from patients receiving
amoxicillin-clavulanic acid with direct detection of the molecule in the batches of antibiotic used
for treatment (120).

Summary
Although BDG testing has been widely used in Japan, experience with the FDA-cleared Fungitell
assay remains somewhat limited. Many of the methodological weaknesses that have plagued
evaluations of GM have also impaired assessment of (1,3)-B-D-glucan utility. Study design issues
including the use of heterogeneous patient populations with a variable prevalence of IFI, use of
inappropriate control subjects (i.e., healthy volunteers), use of different criteria to diagnose IFI
and/or a positive BDG test, all make generalization of results across studies difficult. Moreover,
false-positive tests have been reported in up to 19% of patients and are thought to be due
to cross-reacting substances in certain medications, materials, or possibly in bacteria. Candida
colonization alone, however, has not convincingly been shown to cause BDG positivity (121).
Based on the favorable negative predictive value observed in most of the prospective
studies, BDG may be most useful for excluding IFI in high-risk patients. It also has potential
as a surrogate marker of PCP in the appropriate clinical setting and could be useful as a guide
for empiric antifungal therapy in surgical patients at high risk for IC. The combination of
BDG testing with other circulating markers of IFI may help to identify false-positive tests, and
BDG kinetics might assist in the differentiation of true and false-positive results. More clinical
research is needed, however, to better define the optimal testing strategy and to further elucidate
the role the assay could have in preemptive treatment strategies.

MOLECULAR DIAGNOSTICS

Given the significant limitations of culture, histological, and serological techniques, considerable
effort has been made toward the development of robust tests that amplify and detect fungal
nucleic acid directly in clinical specimens. A few groups have described their experience with
isothermal mRNA nucleic-acid sequence-based amplification (NASBA) (48,122-124), but the
primary body of literature is accumulating in support of DNA detection by polymerase chain
reaction (PCR). PCR technology is discussed here.

PCR is rapid, can be performed quantitatively, and is applicable to a variety of specimens
including blood, body fluid, and tissue. Assays have been designed to detect a broad range
of medically important fungi as well specific genera and/or species. The application of fungal
PCR in clinical practice, however, has been severely limited by a lack of standardization across
laboratories as well as by the need for relatively expensive equipment and specialized expertise.
There are currently no well-validated, commercially available, fungal PCR assays.
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Kinetics

Two groups have assessed the kinetics of fungal DNA release using experimental models. The
first team analyzed filtrates from A. fumigatus cultures using a standard PCR assay (95). DNA
was not detected in culture supernatants during logarithmic growth but was found during the
lytic phase, which corresponded with autolysis of fungus due to lack of nutrients. Kasai et al.
measured C. albicans DNA with a quantitative real-time PCR (qPCR) using culture supernatants
and the blood of rabbits with disseminated candidiasis (125). Significant rises in extracellular,
or free DNA, was observed as early as two to four hours after culture setup. Rabbits with
IC had increasing DNA levels detected in both whole blood as well as in plasma as disease
progressed. The clinical significance of these observed differences in the timing of DNA release
by A. fumigatus as compared to C. albicans in vitro is not readily apparent at this point.

Specimens

PCR analysis of blood has become the favored approach for IFI surveillance. The optimal blood
fraction (serum, plasma, whole blood, or the white cell fraction), however, is uncertain. Costa
et al. performed qPCR on blood samples spiked with 10 ng of A. fumigatus and showed that the
DNA yield from serum and the white blood cell pellet were similar, but plasma contained sig-
nificantly less detectable DNA (126). These observations were supported in a separate analysis
of 14 serum, plasma, and white cell pellets collected from three patients with either confirmed or
probable IA (127). A second group tested plasma and whole blood specimens from three BMT
patients with proven IA (128). Nineteen specimens were PCR positive in both fractions, whereas
an additional 22 had DNA detected only in whole blood. Comparisons of plasma versus whole
blood (120) and serum versus whole blood (129) have also been done using candidemic rabbit
models. Serum or plasma PCR was equivalent to whole blood PCR using culture positive sam-
ples, but serum was more often PCR positive than whole blood when culture negative samples
were assayed (27% vs. 7% positive; P < 0.05) (129). Serum PCR was shown to be in full agree-
ment with culture in 12 candidemic patients, but 9 of 16 patients with suspected candidemia and
negative blood cultures had Candida DNA detected in serum (130). Based on these limited data,
serum may be the optimal fraction for the detection of both Aspergillus and Candida because
it does not require cell lysis or separation steps, is less likely to contain PCR inhibitors such
as heparin (131), and can be used for simultaneous antigen testing. Others might argue that
because circulating leukocytes are known to phagocytose fungal hyphae, whole blood should
result in highest DNA yields, but this has not been reproducibly established.

DNA amplification in BAL specimens has been used to help establish a diagnosis of IPA
(81-83,52,132,133). Concern has been raised, however, about the potential for inhaled Aspergillus
spores, conidia ubiquitous in the environment, and/or uncomplicated airway colonization to
cause a positive PCR reaction. The advent of qPCR allows for measurement of the fungal burden
in the airways (52,82,133), but no definitive threshold that is predictive of invasive disease has
been identified (134). Additional considerations include quality of the specimen; for example, if
the lavage does not sample the area of the lung that is most involved, inadequate quantitation,
or even false-negative results may occur (134).

Technical Features

Multiple technical issues, in addition to sample selection, have hampered the generalizability
of fungal PCR results across studies. The nucleic acid extraction technique, the gene target
exploited, and the platform selected for amplification and detection will all impact test perfor-
mance.

Nucleic Acid Extraction Methods

The most significant impediment to efficient nucleic acid extraction from clinical specimens is
the fungal cell wall, which is not readily susceptible to lysis. All extraction methods, therefore,
involve: (i) lysis of red and/or white blood cells (if a cellular fraction of blood is used), (i7)
breakdown of the fungal cell wall either by enzymatic, chemical, or mechanical means, (iii)
disruption of the cell membrane to release DNA, and (iv) DNA purification followed by isolation.
Multiple protocols have been described and compared, but no single method is optimal for all
fungal pathogens (135-139). In general, commercially available reagents and kits have the
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advantage of promoting standardization, and automated methods are desirable for laboratory
workflow. Unfortunately, contamination of commercial reagents with fungal DNA has been
described (140), and this must carefully be controlled for in the quality assurance process.

Fungal Targets and Primer Design

Selection of the gene target sequence is an essential step in assay design. The decision to
target multi- or single-copy genes will influence the performance of the assay. Multi-copy genes
can bolster the sensitivity of an assay because a larger number of molecular targets will be
present in each sample, while single-copy genes can be highly species specific. The majority
of studies to date have utilized multi-copy genes including the ribosomal DNA (rDNA) gene
cluster, Aspergillus or Candida mitochondrial genes, the Aspergillus alkaline proteinase gene, or
the Candida-secreted aspartic proteinase gene.

The rDNA complex has been the most widely exploited fungal PCR target. This region
comprises three highly conserved subunits, the small subunit (SSU) 18S gene, the 5.8S gene,
and the large subunit (LSU) 28S gene. Intergenic transcribed spacer (ITS) sequences, ITS1 and
ITS2, are positioned between the 185 and 5.8S and the 5.8S and 28S genes, respectively, and
vary markedly across various fungal species. Amplification and detection within the rDNA
complex allows for the “panfungal” detection of a wide range of fungal genera and/or species
simultaneously. Species level discrimination can then be accomplished using either species-
specific hybridization probes (141-143), restriction fragment length polymorphism (RFLP) anal-
ysis (144), single-strand conformational polymorphism detection (145), or by sequencing the
amplicons (146,147). The latter method is particularly promising given its high specificity, repro-
ducibility, and easy automation.

Amplification Techniques

Multiple amplification and detection formats have been used in the assays published to date.
Many groups have elected to use a nested PCR design, mainly to improve sensitivity. Nested
PCR involves two sets of primers and two rounds of DNA amplification. The first set of primers
is used for the initial 15 to 30 cycles of PCR. Products from this reaction are then re-amplified
using a second set of primers designed to anneal to sequence within the product generated by
the first primer pair. Amplification by the second primer pair increases the DNA yield and also
verifies the specificity of the first PCR reaction. The major disadvantage of nested PCR is the
high risk of carryover contamination that occurs during the transfer of amplicons generated in
the first round of PCR to a reaction second tube.

In recent years, real-time PCR has become the preferred PCR platform in many clini-
cal microbiology laboratories and reports of its utility for the diagnosis of IFI are emerging
(52,121,135,136,148-157). Real-time PCR means that DNA amplification and detection take
place simultaneously in the same reaction tube. Postamplification handling is not required,
which greatly reduces the potential for contamination. An additional advantage is that real-time
assays can be quantitative. Quantification of fungal burden is theoretically useful for predicting
the development of disease or monitoring treatment response. Real-time PCR typically yields a
high degree of sensitivity in conjunction with a broad dynamic range of quantitative linearity;
however, these assays may be less sensitive than nested designs (44,133,158).

Prospective Surveillance Studies

Hematology—Oncology and Stem Cell Transplant Patients

Fluorent et al. collected serum twice weekly from patients with hematological malignancies for
IA surveillance using a PCR method that amplified a fragment of the Aspergillus mitochondrial
gene common to A. fumigatus and A. flavus (159). During the study period, 33 proven (n = 4)
or probable (1 = 29) cases of IA were observed among 201 patients. Most of those with proven
or probable IA (88%) had at least one positive PCR test and a significant proportion of patients
in the possible (72%) as well as no IA groups (45%) had single positives. Of note, all of the
patients with proven disease had consecutive positive PCRs, as did 59% of probable cases, 28%
of possible cases, and 10% of patients without IA. In the majority of subjects, PCR positivity
preceded or was simultaneous with clinical indicators of infection. A second study of acute
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leukemics and SCT patients also used a nested PCR to target both A. fumigatus and A. flavus
(160). Twelve (71%) of 17 patients had Aspergillus nucleic acid detected in whole blood as a part
of weekly surveillance (two of three with probable IA, four of four with possible IA, and six of
10 with no IA). Consistently positive results were observed in just one patient with probable IA
and intermittent positivity did not predict disease. In contrast, a third study failed to observe the
same degree of “false positivity” when using a single positive PCR to define a positive test result
(161). Hebart et al. monitored the whole blood of 92 patients after SCT and /or during periods of
neutropenia once a week. Samples were analyzed using a panfungal PCR specific for Aspergillus
and Candida species. PCR positivity was documented in 34 of 92 (37%) patients. Of those with
a positive PCR, eight had a previous history of IFI, four developed proven IF], five developed
probable disease, 11 had neutropenic fever despite antibiotics and received empiric antifungal
therapy, and the remaining six (18%) neither developed clinical signs of IFI nor received empiric
antifungal therapy. PCR was the earliest indicator of IFI preceding clinical evidence of infection
by an average of six days (range, 0-14 days). The number of patients with consecutive and/or
intermittent positive PCR results was not described.

Two additional studies required consecutive PCR positive whole blood samples to define
a positive test. White et al. monitored a group of 203 at-risk hematology patients twice
weekly (162). Using an Aspergillus-specific nested PCR, the positivity rate for patients with
proven/probable IA was 92%, compared with 15% for possible 1A, and 5% for patients with
no IA. The second study also involved twice weekly monitoring in 78 hematology—oncology
patients (163). A real-time panfungal PCR detecting both Aspergillus and Candida species was
employed. Sequential positive PCR results were observed in four of the five (80%) cases of
proven IFI, two of the three (67%) cases of probable disease, and six of 11 (55%) possible cases.
All of the proven disease was due to Candida and the PCR became positive before empiric anti-
fungal therapy was initiated based on clinical suspicion in the majority of cases. Consecutive
positive results were also obtained during 29 of 106 (27%) episodes where no IFI was suspected,
but five of these patients did subsequently go on to develop IFI at a later time point.

Solid Organ Transplant Recipients

A single study evaluated the utility of PCR screening for IFI following SOT (164). Whole blood
specimens collected at weekly intervals from 48 liver transplant recipients were analyzed using
a panfungal assay that was capable of detecting and differentiating multiple Aspergillus and
Candida species. Ten patients developed proven (n = 3) or probable (n = 7) disease, with all
but one infection due to C. albicans. A single positive PCR result had a sensitivity, specificity,
PPV, and NPV of 83%, 92%, 77%, and 94%, respectively. PCR became positive an average of
21 days (range, 7-70 days) before clinical signs of IFI was present. The number of patients with
sequential or intermittent positive results was not described.

Patients with Febrile Neutropenia or Suspected IFI

Several investigators have speculated that PCR screening could be particularly valuable in
patients with neutropenic fever and/or in those with suspected IFIL In a subgroup of 51 neu-
tropenic patients without a history of IFI, a single positive panfungal PCR performed within
72 hours of fever onset had a 100% sensitivity, 73% specificity, 37% PPV, and 100% NPV for
proven or probable IFI (161). Similar test performance was reported in an analysis of 65 patients
with neutropenic fever using whole blood assayed twice weekly with a nested Aspergillus PCR
(165). When two, not necessarily consecutive, positive PCRs were used to define a positive test,
the sensitivity, specificity, positive, and negative predictive values were 100%, 75%, 46%, and
100%, respectively for proven or probable IA (1 = 13). Median time between positive results
was 10 days (IQR, 5-18 days) in patients with proven/probable IA versus 21 days (IQR, 13-32
days) for the no IA group. Consecutive positives occurred in 62% of proven/probable cases. If
preemptive antifungal therapy were initiated in response to two positive PCR results, the use
of empiric antifungal treatment would have been reduced by up to 23% in patients with no IA
at this institution. Williamson et al. collected at least two serum samples from 18 BMT patients
with suspected IA (166). Samples were also obtained from 19 additional matched patients with-
out IA. A nested Aspergillus PCR was used for sample analysis. All of the patients with IA (six
proven, nine probable, three possible, two suspected) had positive PCR results, as did four of
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the 19 patients without IA. If two positive PCR results were required to define a positive test,
excluding the cases of suspected IA, the sensitivity of their PCR was 81%, specificity 100%, PPV
100%, and NPV 90%.

Impact of Antifungal Therapy on the Detection of Fungal DNA

A single study attempted to determine the impact of antifungal therapy on the detection of
Aspergillus DNA (167). The investigators evaluated patients with hematological malignancy or
SOT who were receiving treatment due to clinical and radiographic findings suggestive of IA.
Of the 36 patients identified over a three year period, 15 had proven, 9 had probable, and 12 had
possible IA. Only 40% of patients with proven disease had fungal DNA detected in whole blood,
while 100% had a positive test using BAL fluids who were receiving therapy. The clearance of
fungal DNA from blood was associated with clinical improvement in six of nine patients and
repeated positive results were associated with a fatal outcome.

Aspergillus PCR using BAL Specimens

Multiple groups have applied PCR to BAL washings for the diagnosis of IPA. Taking the
studies conducted for the evaluation of pneumonia in patients with underlying malignancy as
a whole, 74% (89/121) of patients with proven or probable IPA had Aspergillus DNA detected
in BAL fluid (81-83,132,133,168). Studies varied in their definitions of proven/probable IPA,
PCR assay design, and whether or not patients were on mold-active antifungal therapy at
the time bronchoscopy was performed. Each investigation also included a control group, but
descriptions of these subjects were not provided in all of the reports. Overall, 5% (20/370) of
patients not suspected of having IPA had PCR positive BAL results. Higher false-positive rates
(22%) have been observed in studies that included a broader range of immunosuppressed with
a lower pretest probability for IPA (e.g., HIV positive patients) (169). PCR methods proved to
be more sensitive than culture and equivalent or less sensitive than antigen detection in BAL
(81-83). In the studies that performed qPCR, culture-positive samples tended to have higher
levels of fungal DNA than culture-negative specimens (81,82).

Summary

Caution must be exercised when comparing the results of in-house PCR assays, but in general,
well-designed fungal PCRs are highly sensitive and specific. The analytic sensitivity (i.e., lower
limit of detection) of published assays has consistently been high, on the order of 1 to 10 colony-
forming units per mL blood or as little as 1 to 10 fg DNA required for a positive PCR reaction.
As a result, it is often difficult to know whether a positive PCR reaction obtained from a
patient with no clinically apparent IFI reflects the development of early or subclinical disease,
transient DN Aemia possibly related to colonization and/or circulation of nonviable hyphae,
or, alternatively, is a false-positive test. Nested PCR assays in particular have the potential
to generate carryover contamination and commercial reagents have been shown to contain
fungal nucleic acids on occasion. Care must be taken to control and monitor for laboratory
contamination as a source of false-positive PCR reactions.

One approach to improve clinical specificity of fungal PCR has been to rely on consecutive
or intermittently positive reactions obtained in close temporal proximity to define a positive
test. The trade-off is that this strategy may also decrease clinical sensitivity in some cases of IFL
Concomitant GM or BDG assessment might also facilitate the interpretation of positive PCR
results in patients without signs or symptoms of IFI and future studies correlating fungal DNA
load with the likelihood of disease will be useful to determine whether genome copy number
could also be used to define a positive PCR test.

At the present time, the absence of fungal DNA appears to have the most clinical value.
Most studies have demonstrated an excellent negative predictive value of PCR, particularly
in patients with neutropenic fever that is unresponsive to broad-spectrum antibiotic therapy.
When a negative fungal result is obtained in these patients, an alternative diagnosis should be
sought. One caveat to this general rule may be patients receiving empiric antifungal therapy,
where the sensitivity for detecting fungal DNA in blood has been shown to be significantly
reduced.
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STUDIES COMPARING OR COMBINING DIAGNOSTIC METHODOLOGIES

A few studies have directly compared fungal diagnostics. All have focused on Aspergillus
specifically and no single test or method has emerged as being superior. Pazos et al. compared
the Glucatell BDG test with the Platelia Aspergillus EIA for twice weekly IA surveillance (27).
The two tests performed identically in hematology patients. The false-positive rate was the
same, but false positives were observed in different patients suggesting that combined testing
could be useful. Using a combination of the two assays, the specificity and PPV was increased
to 100%. Kawazu et al. compared GM, the Wako BDG test, and an in-house Aspergillus PCR in
patients with hematological disorders (52). Using ROC analyses, the BC test and PCR performed
identically. The area under the ROC was greatest for GM, which correlated with a superior
sensitivity and fewer false positives in this study. Lastly, two additional groups have reported
that a single positive PCR was more sensitive than two sequential GM tests (OD >1.5) for
the diagnosis of IA, but that PCR also generated more false-positive test results (44,45). When
>2 positive PCR results were required to define a positive test, the two sensitivities became
nearly equivalent and the specificity of PCR improved (44).

STUDIES OF PREEMPTIVE ANTIFUNGAL THERAPY

Only one report has assessed the feasibility and safety of preemptive antifungal treatment
(170). In this study, 88 adult patients with acute leukemia or undergoing myeloablative SCT
were enrolled. All received fluconazole prophylaxis and were monitored daily during periods
of neutropenia using the GM assay. Batched GM testing was then performed thrice a week.
A positive GM result was defined as an OD index >0.5 in two sequential samples and a stan-
dardized algorithm to guide the evaluation and management of study patients was employed.
Only seropositive patients or those with positive microbiologic test results plus supportive
radiographic findings received preemptive antifungal therapy. The primary endpoint was a
comparison of the number of patients treated under a preemptive strategy versus a standard
fever-driven empiric approach. Seven cases of proven and 12 cases of probable IA were iden-
tified and all met criteria for preemptive therapy. Forty-one of 117 episodes (35%) satisfied
standard criteria for empiric antifungal therapy versus 8% for the protocol-driven preemptive
approach. The protocol prompted initiation of antifungal therapy in 10 episodes (7%) that were
not clinically suspected of being related to IFI. Overall, a preemptive approach incorporating
daily GM and high-resolution thoracic CT spared patients exposure to expensive and potentially
toxic drugs (a 78% reduction) while effectively controlling for the development of IA. Other IFIs
including one case of zygomycosis and two cases of breakthrough C. glabrata fungemia were
identified by traditional methods.

CONCLUSIONS AND FUTURE DIRECTIONS

Current IFl management is limited by our inability to identify these infections in the early stages.
Difficulty with diagnosis in combination with the high associated morbidity and mortality has
promoted the routine use of universal antifungal prophylaxis and empiric therapy. Preemp-
tive treatment strategies that incorporate sensitive diagnostic tests are an attractive alternative
because they offer an opportunity to serially monitor at-risk patients and identify infection at a
point where treatment may be more effective. In addition, patients without surrogate markers of
infection could then be spared the potential toxicity and cost associated with empiric antifungal
treatment. At this time, however, the impact of routine monitoring on patient morbidity and
mortality is uncertain and the cost effectiveness of IFI surveillance is not known.

The GM and B-glucan tests have been cleared by the FDA, but molecular diagnostics
remain poorly standardized and have not been prospectively evaluated for clinical care. Many
important questions regarding the optimal use of these fungal diagnostics remain. For instance:
What cutoff most accurately defines a positive test? Should the positive test threshold vary
by patient population and/or sample type? Does fungal load, as determined by qPCR, pre-
dict invasive disease? How often should patients be monitored? Should the tests routinely be
combined for surveillance purposes? Finally, what impact does antifungal therapy have on the
reliability of the test results? To improve our antifungal treatment strategies for future patients,
well-designed prospective multicenter trials are needed to determine the feasibility and efficacy
of a targeted preemptive approach. In addressing the key issues outlined here, we must also
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rigorously investigate the etiologies and impact of false-positive and false-negative test results
on patient care.
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INTRODUCTION
Fungal infections are a leading cause of morbidity and mortality in immunocompromised
patients. Nearly 40 years ago, Bodey et al. made the critical observation that profound and
prolonged neutropenia increases the risk for disseminated fungal infection (1). Since this critical
observation, understanding for the mammalian immune response in defending the host against
fungal disease has dramatically increased (2). Along with an enhanced understanding for fungal
host defense has been the expansion in synthetic immunomodulatory and antifungal agents (3),
which have altered the ability to treat invasive fungal infections (IFIs) in immunocompromised
patients. Despite pharmaceutical advances in antifungal therapy, the fundamental requirement
for surviving an IFI in the context of immunosuppression remains recovery in host immune
function (4) (Fig. 1). Thus, the quest continues to define the host immune response to fungal
pathogen and to understand the ability of fungi to evade immune detection and elimination.
This chapter defines the known mammalian immune response to fungal disease and how
deficiencies in host immunity predispose to fungal infections with the following caveats. First,
review of fungal immunity is limited to providing an overview of immune responses with
specific examples of certain pathogens, as a comprehensive review of immunity relevant to all
fungal pathogens is beyond the scope of this chapter. Second, immunomodulatory agents and
their influence on fungal immunity and immune restoration are introduced, but more detailed
explanation for their use as treatment for fungal disease is reserved for the chapter dedicated
to antifungal immunotherapy. Lastly, contributions to the antifungal response beyond immune
effector cells (5) are not addressed in this chapter.

OVERVIEW OF THE MAMMALIAN IMMUNE RESPONSE TO FUNGAL CHALLENGE
Immunity is a coordinated and redundant response designed to discriminate between self and
nonself. The overall goal of the immune response is host preservation, particularly with respect
to infectious challenge. To this end, the immune response has classically been divided into the
innate and adaptive effector arms. These distinct, but not mutually exclusive, cellular responses
are complemented by production of soluble factors including cytokines, chemokines, and com-
plement, which serve to eliminate (i.e., antimicrobial) and modify (i.e., immunomodulatory) the
immune response to pathogen. Furthermore, the microenvironment comprising these soluble
factors directly influences both innate and adaptive immune cell activation, differentiation, and
function. The immune response also establishes memory to the pathogen in order to respond
rapidly to future infectious challenges. Finally, regulation and tolerance (nonresponse to self)
are critical to prevent aberrant autoimmune damage to the host.

Pathogen Recognition Receptors
Fungi are eukaryotic cells and thus share similar features with mammalian cells. The major
distinguishing feature between fungi and mammalian cells is that fungi possess a rigid cell
wall, containing unique pathogen-associated molecular patterns (PAMPs) including 3-glucans,
chitins, and mannoproteins. Initiation of the immune response to fungal challenge involves
recognition of these PAMPs by pathogen recognition receptors (PRRs) such as Toll-like receptors
(TLRs), mannose receptors, and B-glucan receptors (6,7).

Toll-like receptors (TLRs) are type I integral membrane glycoproteins that belong to the
TIR (Toll/interleukin-1 receptor) superfamily. The majority of TLRs are expressed on the cellu-
lar surface of immune cells (TLR 1,2,4-6,11), while TLR 3,7/8, and 9 are located in endosomal
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Figure 1 Recovery in immune function is imperative to surviving an invasive fungal infection. Percent survival of
84 patients with hematologic malignancies and Fusarium infection are shown. The highest survival rate was seen
in those patients with bone marrow (BM) recovery and who were no longer receiving immunosuppressive therapy
(No steroids). Source: Adapted from Ref. 4.

compartments (8). TLRs use a conserved TIR domain in the cytosolic region to activate one of
four adaptor proteins: the death-domain containing myeloid differentiation factor 88 (MyD88),
TIRAP (TIR-adaptor containing adaptor protein, also known as MyD88-adaptor-like protein,
MAL), TRIF (TIR-domain containing adaptor protein inducing IFN-B), and TRAM (TRIF-
adaptor molecule). Differential use of these adaptor proteins confers specificity to the TLR signal-
ing pathways (9). The majority of TLRs utilize MyD88 signal adaptor proteins to activate IRAKs
and TRAF6, which ultimately activate NF-kB and mitogen-activated protein (MAP) kinases to
synthesize inflammatory cytokines like IL-6 and TNF-a (10). In contrast, TLR3-mediated sig-
naling utilizes TRIF and IRF3 in producing type I interferons in a MyD88-independent manner
(11). TLR4 activation uniquely leads to both MyD88-dependent, early phase NF-kB transcrip-
tion of proinflammatory cytokines (IL-18, TNF-o, and IL-6) and MyD88-independent, late phase
NF-kB transcription of IFN-8 (10).

Plasticity and redundancy in innate-mediated cytokine responses directly reflect TLR
expression and signaling utilized by effector cells (12). For example, plasmacytoid dendritic
cells (pDCs) are the principal producers of type I IFN following viral (TLR-7) and bacterial
(TLR-9) challenge (13), while myeloid DCs produce smaller amounts of IFN-a in response to
viral challenge (TLR-3) (14). Finally, tight regulation of TLR signaling cascades is needed to
avoid detrimental allo- and autoimmune inflammatory responses (15,16).

Additional PRRs relevant to fungal pathogens include B-glucan (Dectin-1) (17,18), man-
nose receptors (MRs) (19), and complement receptors (CRs). Like TLRs, these PRRs are located
on the surface of phagocytes including macrophages, DCs, and neutrophils and can modulate
immune cell function (20). Specifically, ligation of Dectin-1 and MRs initiates phagocytosis in
the absence of opsonization (see sections on phagocytosis and complement below), whereas
dual ligation of complement receptors like CR3 (CD11b/CD18 or Mac-1) with receptors for
the Fc portion of immunoglobulins (FcRs) dramatically enhance microbial phagocytosis (21). In
summary, PRRs and their ligands initiate the detection phase of the fungal immune response.

Innate Immunity

Key features of innate immunity include PRR activation via recognition of PAMPs (22), induc-
tion of antimicrobial effector cell cytokines and chemokines (23), and modulation of adap-
tive immunity (24). Innate immune cells functioning as phagocytes in the antifungal immune
response include DCs, macrophages/monocytes, and polymorphonuclear (PMN) cells. These
phagocytes are primarily responsible for eliminating fungal pathogens via oxidative and nonox-
idative intracellular killing. Specifically, PMN cells ingest and package fungi into phagosomes to
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which intracellular granules fuse and then discharge their antimicrobial contents (25). Nonox-
idative killing is mediated largely through the content of specific and gelatinase granules,
which release lactoferrin, lysozyme, gelatinase, and peroxidase-positive granules including
a-defensins. Oxygen-dependent mechanisms include generation of reactive oxygen species
(ROS) via the NADPH-oxidase complex in combination with superoxide dismutase and
myeloperoxidase. Of note, soluble factors including complement and antibodies promote
phagocytosis, enhancing intracellular elimination of fungal pathogens. Finally, PMNs also elim-
inate fungi via extracellular mechanisms such as neutrophil extracellular traps (NETs), which
bind and kill fungal pathogens, particularly Candida albicans (26). Composed of DNA and asso-
ciated histones, NETs also contain granule proteins from azurophilic, specific, and gelatinase
granules. These processes literally grab and capture fungal elements, concentrating and pre-
venting their spreading from the site of infection.

Innate immune cells also serve as antigen-presenting cells (APCs) to adaptive immune
cells, namely, T cells. In so doing, innate APCs provide two critical signals to activate T-cells—
antigen in the context of MHC (major histocompatibility complex) class I or II molecules and
costimulation. Antigen processing differs depending upon the location of antigen (27). Intra-
cellular proteins (e.g., viral peptides) in the cytosol are degraded into peptides in proteasomes
and presented with class IMHC to CD8* T-cells. In contrast, extracellular peptides (e.g., fungal
proteins) are taken up by endocytosis, sequestered into endosomes, and degraded by lysoso-
mal enzymes and presented with class Il MHC to CD4* T-cells. In addition to endocytosis,
other intracellular pathways exist to deliver antigen for lysosomal degradation and MHC 1II
presentation, through a process known as autophagy (reviewed in Ref. 28).

The physical location where cellular exchange of information and molecular interaction
among innate APCs and T-cells occurs is known as the “immunologic synapse” (29). Here,
T-cell receptor (TCR)-MHC-peptide cognate interactions in the context of costimulation (CD28-
CD80/86, CD40-CD40L) activate receptor signaling cascades in T-cells resulting in their activa-
tion and cytokine production. Givenits critical role in T-cell activation, the immunologic synapse
and its associated molecules are ripe targets for immunotherapy directed at modulating T-cell
function (30).

Innate APCs function to recruit adaptive cells through production of soluble immunomod-
ulatory factors, including cytokines and chemokines. For example, TLR-stimulated phagocytes
produce IL-23, which then expands the IL-17-producing Th-17 population (discussed further in
the section on adaptive immunity) (31). IL-17, in turn, induces proinflammatory cytokines and
chemokines (32) as well as matures and recruits phagocytes to the site of infection (33).

Dendritic cells are the most potent APC for naive T-cell activation and are critically
poised to bridge innate and adaptive immune responses following PRR activation by fungal
pathogens (34). For example, activation of TLR4 causes maturation of peripheral DCs, increasing
their surface expression of adhesion and costimulatory molecules, altering their function from
antigen-capturing to antigen-processing cells, and promoting their interaction with naive T-cells
by enhancing expression of CCR7 and migration to secondary lymph nodes (35). In addition
DC crosstalk with other innate effector cells, particularly NK cells (36), is common and such
exchange modulates function in each effector cell (37,38). Finally, DCs are highly plastic effector
cells (39), a reflection of the TLRs they possess (as discussed above) as well as the pathogens
they encounter (40).

Human DCs include plasmacytoid (pDC) and myeloid (mDC) subtypes, whereas mice
have an additional lymphoid DC phenotype (41). Whether from man or mouse, DC subtypes
have distinct surface markers (42), unique TLR (43), chemokine (44), and cytokine (45) profiles,
and diverse effects on the immune response (46,47). In humans, mDCs are the primary producers
of IL-12 (48), and pDCs are the chief producers of type I interferon (49), a key mediator of antiviral
(50) and antitumor (51) immunity and of immunomodulation (52,53).

Adaptive Immunity

B- and T-cell lymphocytes comprise the adaptive immune response to fungal pathogens. In gen-
eral, B-cells produce antibodies, while T-cells produce immunomodulatory and antimicrobial
cytokines in response to fungal challenge. Both lymphoid effector cells have memory subsets
that are activated during fungal re-challenge.
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The humoral immune response to fungal pathogens is multifunctional. First, B-cells serve
as critical APCs to T-cells, and the latter also provides a reciprocal helper function to promote
antibody production [though antibody production can occur in the absence of T-helper cells
(54)]. Of note, B-cells themselves can also influence innate cells (55). Once activated, differenti-
ated B-cells (plasma cells) produce antibodies that have direct antifungal and immunomodula-
tory effects. For example, IgG-coated fungal pathogens bind to FcyR on phagocytes to initiate
antibody-dependent cellular cytotoxicity (ADCC) (56). Cellular processes such as phagocytosis
and soluble process like the classic pathway of complement (antibody-dependent complement
opsonization) are also activated by antibodies. Finally, antibodies are involved in the memory
response to fungal infection (57). Given these roles in antifungal immunity, antibodies are the
focus of intense study for successful immunotherapy against fungi (58).

T-cell phenotypes are classically divided into CD4™ and CD8* subsets, and each is respon-
sible for different immune functions. Within the CD4" genre are T-regulatory (Treg) cells, Th-17
cells, Th-1 and Th-2 cells, each with its own unique ontogeny and immune function. For exam-
ple, Th cells originate from peripheral naive CD4" T-cell precursors. In contrast, T-regulatory
cell ontogeny is more complex, as subsets arise from both peripheral Th-1 precursors, including
induced Treg cells (CD4+CD25% FoxP3™"), Trl cells and Th3 cells, and directly from thymic precur-
sors (naturally occurring Treg cells). Differentiation of CD4™ subsets is mediated by cytokines
inducing transcription factor activation within T-cell precursors. For example, TGF-B alone
induces FoxP3 expression in naive T-cells to promote inducible Ty cells (59), while TGF-8
in combination with IL-6 results in Th-17 cell differentiation (60). Finally, CD8" T-cells can
be divided into effector (primarily cytolytic or cytokine producing in function) and memory
subsets (61). Sustained CD8" T-cells memory requires priming from CD4* T-cells (62,63).

Despite their common ontogeny from the CD4* precursor, Th-17 and Treg cells have
divergent functions in the context of inflammation. Th-17 cells promote inflammation via IL-17
production (64,65), while Treg cells counteract inflammation through IL-10 and TGF-8 produc-
tion (66,67) in order to prevent deleterious chronic inflammation. Like DCs, CD4™ cells regulate
the balance between autoimmunity and tolerance within the host (68).

Soluble Factors: Complement, Cytokines, and Chemokines

Complement activation has typically been associated with the innate immune response, but
complement pathways also function to influence adaptive immune responses (21). For exam-
ple, complement augments antibody responses and enhances immunologic memory, in addition
to enhancing phagocytosis (opsonization) and mediating immune cell activation and migration.
Three activation pathways culminate to activate C3 convertase, which is instrumental in initiat-
ing development of the terminal membrane attack complex, whose formation is usually blocked
by the fungal cell wall (69). The classical pathway is initiated by immune complexes, specifically
C1 complex binding to antigen—antibody complexes on the surface of pathogens. The alternative
pathway is initiated by C3b binding to various hydroxyl groups on proteins and carbohydrates
on cell surfaces. Finally, the mannose-binding lectin (MBL) pathway is activated by the binding
of the MBL-MASP (MBL-associated serine protease) complex to mannose groups contained
within pathogens such as C. albicans (70,71). Interestingly, low levels of circulating MBL have
been associated with increased susceptibility to fungal infections (72,73), so recombinant MBL
could potentially be used as immunotherapy against IFI (74).

Inducible cytokine profiles in response to fungal challenge are a direct reflection of the
form of fungal element encountered as well as the types of PRR and intracellular signaling
pathways activated (reviewed in following section). In addition, cytokines function as direct
fungicidal agents and also mediate immune cell activation and modulate immune cell function.
Proinflammatory (Th-1) cytokines including IL-6, IL-12, TNF-a, and IFN-y provide antifungal
immunity, while antiinflammatory (Th-2) cytokines including IL-4, IL-5, IL-10, and TGF-@ confer
susceptibility to and progression of fungal disease (2,75,76). However, the distinction between
pro- and antifungal cytokines is ambiguous for several reasons. First, without antiinflammatory
cytokines, proinflammation following fungal challenge is deleterious to the host (77). Second,
antiinflammatory cytokines can protect the host against fungal infections in certain settings (78).
Thus, effects of cytokines like IL-4 (79), IL-10, and TGF-B (74) are highly context-dependent,
much like effects of suppressor cell populations themselves (80). In addition to these pro- and
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antiinflammatory cytokines, cytokine growth factors including granulocyte-stimulating factor
(G-CSF) and granulocyte-macrophage—stimulating factor (GM-CSF) have dual roles as stimula-
tors of myeloid proliferation and differentiation and as immunomodulatory agents, enhancing
phagocyte fungicidal activity and antigen presenting capacity and potentially regulating Th-1
responses (reviewed in Ref. 81).

Like cytokines, chemokines have critical roles in immune cell activation and recruit-
ment in the context of fungal infection (82) and inflammation (83). For example, macrophage
inflammatory protein-1 alpha (MIP-1a) /CCL3 and monocyte chemoattractant protein-1 (MCP-
1)/CCL2 mediate phagocyte recruitment to sites of infection (84). Likewise, chemokines such
as Epstein—Barr I1 ligand chemokine (ELC)/CCL19 and secondary lymphoid-tissue chemokine
(SLC)/CCL21 form gradients to facilitate DC trafficking and antigen presentation within sec-
ondary lymph nodes and link innate and adaptive responses (85). Cytokines like TNF-a can
also induce chemokine production from immune cells, further driving effector cell recruitment
to sites of infection and inflammation (86). Finally, chemokines like thymus and activation-
regulated chemokine (TARC)/CCL17 directly modulate antifungal responses (87).

Other soluble factors relevant to the fungal immune response include collectins, defensins,
and heat shock proteins (HSPs). In general, these factors function to enhance phagocytosis (col-
lectins) or to mediate direct antimicrobial effects (defensins). Specifically, HSPs are intracellular
molecular chaperones, which normally shuttle peptides during steady-state hemostasis, and
also function as danger signals during cell stress responses (88). Interestingly, antibodies to
HSP90 protect against C. albicans (89), enhance effects of antifungal agents (90), and potentially
decrease resistance of fungal pathogens (91,92).

Regulation

Intracellular signaling cascades of pathogen-recognition receptors like TLRs (10) ultimately
converge to activate nuclear factor kB (NF-kB), which mediates gene transcription of proin-
flammatory factors that holistically comprise the protective antifungal immune response. In
contrast, cytokine receptors signal through either Janus kinase (JAK)-signal transducers and
activators of transcription (STAT) pathways (93) or mitogen-activated protein (MAP) kinase
cascades (94). Left unchecked, acute inflammation progresses to chronic inflammation and
causes host damage (95). Therefore, the inflammatory response is regulated to preserve host
integrity (96). Such regulation occurs at multiple levels, including at the level of TLR (16), and
cytokine (97) receptor activation and signaling, at the level of NF-«kB gene transcription (98), and
at the level of MAP kinase activation (99). In addition to these signaling regulators, cytokines
(as reviewed above) and regulator cell populations down-modulate the host immune response.
Examples of suppressor populations include hematopoietic [e.g., myeloid suppressor cells (80),
regulatory T-cells (100), NKT cells (101)] and nonhematopoietic [e.g., mesenchymal stem cells
(102)] cells. Roles for these regulatory signaling and cellular factors in modulating the immune
response to fungal challenge remain largely undefined. Furthermore, these soluble and cellu-
lar factors are also likely involved in immune evasion by fungal pathogens, and so may be
important targets to enhance antifungal immune responses (103).

PUTTING IT ALL TOGETHER: IMMUNE RESPONSES TO CANDIDA ALBICANS

AND ASPERGILLUS FUMIGATUS

The host response to fungal pathogens is a complex and coordinated interaction among innate,
adaptive, and complement effector arms and their associated soluble factors that combine to
eliminate the pathogen and create long-lasting immunity against the fungal pathogen encoun-
tered (Fig. 2). The antifungal response to C. albicans and A. fumigatus will be highlighted as
representative immune responses against yeasts and molds, respectively. Table 1 provides a
summary to the key elements of the host immune response to these clinically important fungi,
while the following text provides more details highlighting the complex interactions among
immune cells and soluble factors responding to fungal challenge.

Detection, Activation, Elimination, and Regulation
Toll-like receptors (TLRs) 2 and 4 have established roles in detecting fungal elements (104),
whether alone or in combination with other PRRs such as dectin-1 (105,106). Interestingly,
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Figure 2 The immune response to fungal challenge. The host immune response to fungal challenge involves
coordination among the innate and adaptive effector arms as well as activation of complement cascades. In brief,
phagocytes (macrophages, M¢, and dendritic cells, DCs) are activated through pathogen recognition receptors
(PRR) to produce antimicrobial and immunomodulatory cytokines and chemokines. In addition, phagocytes serve
as antigen-presenting cells, processing antigen in the context of major histocompatibility complex (MHC) class |
and class Il molecules, which are recognized by the T-cell receptor (TCR) on naive T-cells in lymph nodes. Activa-
tion of T-cells requires antigen-presentation and costimulation through cognate interactions (CD28-CD80/86) and
soluble factors (IL-12, IL-4). Activation then drives proliferation of distinct CD4 subsets, including IL-17 producing
Th-17 cells, inducible T regulatory cells (Treg), proinflammatory Th-1 cells, and antiinflammatory Th-2 cells. Th-2
cells are also important for humoral immunity, including B-cell production of antibodies. Cytokine and chemokine
gradients drive immune cell differentiation and expansion, migration to secondary lymph nodes, and recruitment
to the site of infection. Secreted soluble factors are shown with curved arrows, while effects on immune cell
activation, differentiation, and migration are shown with straight arrows.

fungal dimorphism results in distinct TLR activation, ultimately leading to contrasting cellular
and cytokine responses (107,108). For example, A. fumigatus conidia and hyphae as well as C.
albicans yeasts activate TLR2, while only hyphae from either A. fumigatus or C. albicans activate
TLR4 (109). Furthermore, differential activation of TLRs during germination of A. fumigatus from
conidia (TLR2 and 4) to hyphae (TLR2 only) results in IL-10 induction and thus may contribute
to the mold’s ability to escape immune surveillance (110,111). Finally, multiple elements of the
same fungi can activate different PRRs, resulting in different downstream effects. For example,
Candida mannan activates TLR4, resulting in proinflammatory cytokine and chemokine release
and PMN recruitment (protective response) (112), while Candida glucan activates TLR2 and
induces IL-10 (susceptibility response) (113).

Similar to PRR activation, phagocytosis is complex and is affected by different recognition
receptors, resulting in unique fungicidal and immunomodulatory responses (114,115). The
different forms of phagocytosis likely reflect the plasticity in phagocyte function conferred
by possessing different PRRs. For example, Candida yeasts and Aspergillus conidia undergo
‘coiling” phagocytosis and induce IL-12 production, resulting in protective Th-1 responses.
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Table 1 Host Immune Responses to Candida albicans and Aspergillus fumigatus

Candida albicans Aspergillus fumigatus
Acquisition Colonization (breach in integrity of Inhalation (breach in pulmonary host
intestine mucosa) defense)
Detection Yeast and PLM (TLR2), Pseudohyphae Conidia (TLR2) Hyphae (TLR2 and
and hyphae (TLR4/CD14), B-glucan TLR4/CD14)
(Dectin-1/TLR2), mannose (MR)
Cellular activation TLR-inducible cytokine production; PMN TLR-inducible cytokine production; PMN
and migration and DC migration via chemokine and DC migration via chemokine
gradients gradients
Cellular PMN, DC, macrophage; Oxidative and Alveolar macrophages (conidia), PMN
phagocytosis nonoxidative killing (hyphae), and DC (conidia and
hyphae); Oxidative and nonoxidative
killing
Chemokines IL-8, KC, MCP-1, MIP-1a/B, MIP-2, IL-8, MCP-1, MIP-/2
RANTES
Fungicidal cytokines IL-1B, IL-6, IL-12, IL-15, IL-18, IFN-y, IL-1B8, IL-6, IL-12, IFN-y, TNF-a
TNF-a
Regulatory IL-4, IL-10, TGF-B IL-4, IL-10
cytokines
Memory Antibody Antibody
Immune risk factors T-cell dysfunction (predominant), Neutropenia or aberrant PMN function
neutropenia (predominant)
Acquired risk factors Broad-spectrum antibiotics, CVAD, Steroids, broad-spectrum antibiotics,
recent Gl surgery, HAL, extreme ages, infliximab therapy
prolonged ICU stay, steroids
Associated AIDS, HSCT/SOT, malignancy Chronic granulomatous disease, GVHD,
diseases HSCT/SOT

Abbreviations: CVAD, central venous access device; DCs, dendritic cells; HAL, hyperalimentation; HSCT/SOT, hematopoietic stem
cell/solid organ transplant; ICU, intensive care unit; KC, keratinocyte derived; MIP, macrophage inhibitory protein; MCP, monocyte
chemoattractant protein; MR, mannose receptor; PLM, phospholipomannan; PMN, polymorphonuclear; RANTES, regulated upon
activation, normal T-cell expressed, and secreted; TLR, Toll-like receptor.

In contrast, Candida and Aspergillus hyphae are internalized by ‘zipper-type’ phagocytosis and
induce IL-4 and IL-10 production, resulting in nonprotective Th-2 responses (reviewed in Ref. 2).
Furthermore, coiling and zipper-type phagocytosis are TLR-independent but involve different
PRRs, in particular MRs and CR3-FcyR cooperation, respectively. In similar fashion, chemokine
receptor expression (116) and chemokine induction profiles (84,117) differ depending upon the
internalized fungal form, which may ultimately impact immune cell migration and function.
Once initiated, the proinflammatory Th-1 response undergoes down-modulation. Estab-
lished mechanisms responsible for immune attenuation in the context of fungal infections
include myeloid suppressor cells and regulatory cytokines (both reviewed in previous sec-
tions). Interestingly, the role of suppressor cells such as Treg cells is still being defined, as these
cells are likely involved in regulating the proinflammatory response and in suppressing the
immune response at the site of infection [similar to their proposed effects in tumor beds (118)].

Immune Escape Mechanisms

Despite the redundancy and complexity of the antifungal immune response, fungal pathogens
cause infection, even in the immunocompetent host. Fungal pathogenesis directly reflects both
virulence factors (119) and immune escape mechanisms. The very nature of dimorphism is
perhaps the most obvious tool used by fungi to obviate the immune response (120). In addition
to undergoing morphologic changes, fungi possess virulent structures (capsule of Cryptococcus
neoformans) and toxins (gliotoxin of A. fumigatus), which inhibit immune cell activation and
function and induce immune cell apoptosis (121,122). Other forms of fungal immune evasion
include PRR escape (108), loss of TLR signaling (110), preferential PRR ligation leading to
intracellular survival within phagocytes (107), and induction of suppressor cell populations
and soluble factors as previously discussed. Finally, the intrinsic ability of fungi to evade
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Table 2 Synthetic Inmunomodulatory Agents

AULETTA

Class

Agent

Effect

Corticosteroids
Antiproliferation

Calcineurin inhibitors

Target of rapamycin (TOR)
inhibitors
Cell depletion

Soluble factor blockade

Activation blockade

Prednisone, methylprednisolone
Azathioprine

Mycophenolate mofetil
Cyclosporin A, Tacrolimus (FK506)
Sirolimus, Everolimus

Rituxumab (anti-CD20)

Gemtuzumab (anti-CD33)

Alemtuzumab (anti-CD52)

OKT3 (anti-CD3)

Daclizumab (human), Basiliximab
(chimeric)

Infliximab

Etanercept

Adalimumab

Fontolizumab

Anti-p40

Adaptacept

Belatacept

General immune suppression

Induction of thioguanine derivatives,
inhibit DNA synthesis

Blocks purine synthesis, preventing
B/T cell proliferation

Inhibit IL-2 production, T-cell
activation

Inhibit T-cell cell cycle, proliferation

B-cell depletion

Myeloid cell depletion
Mononuclear and B/T-cell depletion
T-cell depletion

Soluble IL-2 receptor blockade

TNF-a receptor blockade
TNF-a blockade

TNF-a blockade

IFN-y blockade

IL-12 and IL-23 blockade
CD28-B7 blockade
CTLA-4-Ig blocking CD28-B7

and/or suppress immunosurveillance is often complemented by iatrogenic suppression in host
immune function, as synthetic agents targeting immune cells and soluble factors have dual
roles in ameliorating deleterious allo- or auto-immunity and in inhibiting protective antifungal
immunity (30,123) (Table 2).

HOST DEFENSE: AN IMMUNOMODULATORY INTERFACE BETWEEN HOST

AND PATHOGEN

Host defense is an immunomodulatory interface between host and fungal pathogen. The poten-
tial for fungal infection reflects the immune status of the host and the cumulative attributes of
the pathogen to cause infection (Fig. 3). With respect to the patient, the more immunosup-
pressed, the higher the incidence of clinical infection and the risk for disseminated disease. In
contrast, immune restoration within the patient dramatically decreases the risk for dissemi-
nated disease and improves the likelihood for complete eradication of fungal pathogen. With
respect to the fungal pathogen, its overall prevalence, its intrinsic and acquired resistance, and
its virulence factors directly influence the type of host it will infect and the type of disease it
will cause (colonization, infection, or dissemination).

Several factors influence the net immunosuppressive state of the host, including the pres-
ence of comorbid conditions such as diabetes mellitus, prematurity or advanced age, and
concomitant infection, particularly