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Preface

Systemic fungal infections (systemic mycoses) have pro-
gressively emerged over the past 50 years as causes of
human disease in normal hosts and, more importantly,
in the ever expanding population of immunocompro-
mised hosts. Over this same period of time, much has
been learned about the causative fungal organisms, in-
cluding their molecular biology and ecologic niches.
Moreover, we now have a clearer understanding of the
epidemiology, pathogenesis, and the broad array of
clinical syndromes associated with the various systemic
mycoses. Most importantly for our patients, major ad-
vances have been achieved in the area of antifungal
therapy, namely, development of new classes of drugs
with unique fungal targets, (e.g., echinocandins), and
modifications of existing classes of drugs to enhance
spectrum of activity and improve the therapeutic: toxic
ratio (e.g., azoles and polyenes). In addition to the
availability of several new drugs, many Phase III and
Phase IV clinical trials over the past 25 years have
taught us how to use these drugs appropriately to
provide more creative and effective management ap-
proaches for prophylaxis, empirical therapy, induction
and consolidation therapy, and chronic suppressive
(maintenance) therapy of systemic fungal diseases. The
editors feel there is a need for a comprehensive and up-
to-date textbook that not only addresses the many ad-
vances alluded to above, but also provides detailed in-
formation about the current status of diagnosis and
treatment. We believe our book fills this need.

The 32 chapters are written by many of the leading
authorities in the field of clinical mycology. These au-
thors, who are distinguished clinicians as well as inves-
tigators, both basic and translational, have performed
many of the key studies that have transformed our un-
derstanding and management of fungal diseases. The
book also contains numerous color and black-and-white
photos and illustrations, plus tables and algorithms,
which help to convey essential information quickly and
easily. In addition, the references cited in each chapter
represent the latest and most significant publications on
each disease, drug, or management strategy.

To facilitate its use, the book is organized into eight

distinctive sections. The Introduction (Section I) provides
an overview of laboratory aspects of medical mycology,
which are pertinent to all fungi. Similarly, an overview
of the epidemiology of systemic fungal diseases addresses
the complex interactions of the many host and environ-
mental factors that predispose to systemic mycoses.

Systemic Antifungal Drugs (IT), which is the largest
section in the book and contains 8 chapters, addresses
both classes of drugs and specific old and new agents
in each class. Drug structure, mechanisms of action,
pharmacologic features, drug—drug interactions, ad-
verse events, clinical indications, and major clinical tri-
als are discussed in detail. In addition, two special
chapters provide extensive and valuable reviews of im-
portant and rapidly evolving areas, namely, resistance
to antifungal drugs and adjunctive therapy.

The five sections that follow are organized into the
mycotic diseases caused by various type of fungi:
Yeasts(III), Moulds(IV), Dimorphic Fungi(V), Skin and
Subcutaneous Pathogens(VI), and other mycoses (VII).
Within these sections, each chapter on a specific fungal
disease consists of comprehensive discussions of perti-
nent topics including organism, epidemiology, patho-
genesis, clinical syndromes, diagnosis and management.
The final section—Special Patient Populations (VIII)—
addresses those groups at high risk for opportunistic fun-
gal diseases including neutropenic patients, hematopoi-
etic stem cell and bone marrow as well as solid organ
transplant recipients, and patients with HIV/AIDS.

The editors express their deep gratitude to the many
authors for their scholarly contributions to this book,
to Lee Hoke and Windell Ross, our assistants, as well
as the staff at Oxford University Press for their in-
valuable support in the preparation of this work, and
to our wives, Pidgie, Alexis, and Audrey, for their con-
tinued encouragement and enduring patience. Without
these individuals, the existence and timely completion
of this book would not have been possible.

Birmingham, Alabama W.E.D.
Birmingham, Alabama P.G.P.
Detroit, Michigan J.D.S.
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Laboratory aspects of medical mycology

MARY E. BRANDT anp DAVID W. WARNOCK

Over the course of time, more than 100,000 species of
fungi have been recognized and described. However,
fewer than 500 of these species have been associated
with human disease, and no more than 100 are capa-
ble of causing infection in otherwise normal individu-
als. The remainder are only able to produce disease in
hosts that are debilitated or immunocompromised.

WHAT ARE FUNGI?

Fungi are not plants. Fungi form a separate group of
higher organisms, distinct from both plants and ani-
mals, which differ from other groups of organisms in
several major respects. First, fungal cells are encased
within a rigid cell wall, mostly composed of chitin and
glucan. These features contrast with animals, which
have no cell walls, and plants, which have cellulose as
the major cell wall component.

Second, fungi are heterotrophic. This means that they
are lacking in chlorophyll and cannot make their or-
ganic food as plants can, through photosynthesis. Fungi
live embedded in a food source or medium, and obtain
their nourishment by secreting enzymes for external di-
gestion and by absorbing the nutrients that are released
from the medium. The recognition that fungi possess a
fundamentally different form of nutrition was one of
the characteristics that led to their being placed in a
separate kingdom.

Third, fungi are simpler in structure than plants or
animals. There is no division of cells into organs or tis-
sues. The basic structural unit of fungi is either a chain
of tubular, filament-like cells, termed a hypha or hy-
phae (plural) or an independent single cell. Fungal cell
differentiation is no less sophisticated than is found in
plants or animals, but it is different. Many fungal
pathogens of humans and animals change their growth
form during the process of tissue invasion. These di-
morphic pathogens usually change from a multicellu-
lar hyphal form in the natural environment to a bud-
ding, single-celled form in tissue.

In most multicellular fungi the vegetative stage con-
sists of a mass of branching hyphae, termed a
mycelium. Each individual hypha has a rigid cell wall

and increases in length as a result of apical growth. In
the more primitive fungi, the hyphae remain aseptate
(without cross-walls). In the more advanced groups,
however, the hyphae are septate, with more or less fre-
quent cross-walls. Fungi that exist in the form of mi-
croscopic multicellular mycelium are often called
moulds.

Many fungi that exist in the form of independent sin-
gle cells propagate by budding out similar cells from
their surface. The bud may become detached from the
parent cell, or it may remain attached and itself pro-
duce another bud. In this way, a chain of cells may be
produced. Fungi that do not produce hyphae, but just
consist of a loose arrangement of budding cells are
called yeasts. Under certain conditions, continued elon-
gation of the parent cell before it buds results in a chain
of elongated cells, termed a pseudohypha.

Fourth, fungi reproduce by means of microscopic
propagules called spores. Many fungi produce spores
that result from an asexual process. Except for the oc-
casional mutation, these spores are identical to the par-
ent. Asexual spores are generally short-lived propag-
ules that are produced in enormous numbers to ensure
dispersion to new habitats. Many fungi are also ca-
pable of sexual reproduction. Some species are ho-
mothallic and able to form sexual structures within in-
dividual colonies. Most, however, are heterothallic and
do not form their sexual structures unless two differ-
ent mating strains come into contact. Meiosis then leads
to the production of the sexual spores. In some species
the sexual spores are borne singly on specialized gen-
erative cells and the whole structure is microscopic in
size. In other cases, however, the spores are produced
in millions in “fruiting bodies” such as mushrooms and
puffballs. In current mycological parlance, the sexual
stage of a fungus is known as the teleomorph, and the
asexual stage as the anamorph.

CLASSIFICATION OF FUNGI

Mycologists are interested in the structure of the re-
productive bodies of fungi and the manner in which
these are produced because these features form the ba-
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sis for the classification and naming of fungi. Most re-
cently the kingdom Fungi has been divided into four
lesser groups, termed divisions, based on differences in
their reproductive structures, as follows.

Chytridiomycota
This division consists of a single class with approxi-
mately 100 genera and 1000 species, none of which are
pathogenic to humans. Most species live in an aqueous
environment. Sexual reproduction, if it occurs, consists
of fusion of compatible nuclei. Meiosis then occurs and
motile (swimming) spores, termed zoospores, are pro-

duced.

Zygomycota

This division consists of about 175 genera and 1000
species. The thallus (vegetative body of a fungus) is
aseptate. The asexual spores, or sporangiospores, are
nonmotile and are produced inside a closed sac, termed
a sporangium, the wall of which ruptures to release
them. Sexual reproduction consists of fusion of nuclei
from compatible colonies, followed by the formation
of a single large zygospore with a thickened wall. Meio-
sis occurs on germination and haploid mycelium then
develops.

This division contains two orders of medical impor-
tance, the Entomophthorales and the Mucorales. The
former includes the genera Basidiobolus and Conid-
iobolus, and the latter includes the genera Absidia, Mu-
cor, Rhizomucor, and Rhizopus.

Ascomycota

This division contains at least 3200 genera and ap-
proximately 32,000 species. The thallus is septate.
Asexual reproduction consists of the production of
spores, termed conidia, from a generative or conidio-
genous cell. In some species the conidiogenous cell is
not different from the rest of the mycelium. In others,
the conidiogenous cell is contained in a specialized hy-
phal structure, termed a conidiophore. Sexual repro-
duction results from fusion of nuclei from compatible
colonies. After meiosis, haploid spores, termed as-
cospores, are produced in a sac-like structure, termed
an ascus. The Ascomycota show a gradual transition
from primitive forms that produce single asci to species
that produce large structures, termed ascocarps, con-
taining numerous ascl.

This division includes the genus Ajellomyces, the
main teleomorph genus of dimorphic systemic fungal
pathogens. Anamorph genera are Blastomyces, Em-
monsia, and Histoplasma. The Ascomycota also in-
clude the genus Pseudallescheria, the teleomorph of the
anamorph genus Scedosporium. This division also in-
cludes the ascomycetous yeasts, many of which have
an anamorph stage belonging to the genus Candida.

Basidiomycota

This division contains approximately 22,000 species.
The thallus is septate. Asexual reproduction is variable,
with some species producing conidia like those of the
Ascomycota, but many others are not known to pro-
duce conidia at all. Sexual reproduction is by fusion of
nuclei from compatible colonies, followed by meiosis
and production of basidiospores on the outside of a
generative cell, termed a basidium. The basidia are of-
ten produced in macroscopic structures, termed basid-
iocarps, and the spores are often forcibly discharged.

Only a few members of this large division are of
medical importance. The most prominent are the ba-
sidiomycetous yeasts of the genera Cryptococcus,
Malassezia, and Trichosporon. Filamentous basid-
iomycetes of clinical importance include the genus
Schizophyllum.

CLASSIFICATION OF ANAMORPHIC FUNGI

In many fungi asexual reproduction has proved so suc-
cessful that the sexual stage (the teleomorph) has dis-
appeared, or at least, has not been discovered. Most of
these anamorphic fungi are presumed to have (or to have
had) a teleomorph that belonged to the division As-
comycota; some are presumed to belong to the division
Basidiomycota. Even in the absence of the teleomorph
it is now often possible to assign these fungi to one or
other of these divisions on the basis of ultrastructural or
molecular genetic characteristics. In the past, however,
these anamorphic fungi were termed the Fungi Imper-
fecti and were divided into three artificial classes ac-
cording to their form of growth and production of asex-
ual reproductive structures. Many current mycological
texts still employ this system of classification.

Hyphomuycetes

The mycelium is septate. The conidia are produced di-
rectly on the hyphae or on special hyphal branches
termed conidiophores. This class contains a large num-
ber of anamorphic fungi of medical importance, in-
cluding the genera Aspergillus, Cladophialophora,
Fusarium, Microsporum, Phialophora, Scedosporium,
and Trichophyton.

Coelomycetes
The mycelium is septate. The conidia are produced in
structures that are either spherical with an apical open-
ing (termed pycnidia), or flat and cup-shaped (termed
acervuli). Only a few members of this class are of med-
ical importance. These include the genera Lasiodiplo-
dia, and Pyrenochaeta.

Blastomycetes
The thallus consists of loose budding single cells or a
pseudomycelium. These organisms are identified on the
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basis of their physiologic rather than their morphologic
characteristics. This class contains the yeasts of the
anamorphic genus Candida. Most of the so-called black
yeasts are able to produce true mycelium and are there-
fore classified under the Hyphomycetes.

NOMENCLATURE OF FUNGI
AND FUNGAL DISEASES

As Odds has commented, there are few things more
frustrating to the clinician than changes in the names
of diseases or disease agents, particularly when the dis-
eases concerned are not very common ones (Odds,
1996). The scientific names of fungi are subject to the
International Botanical Code of Nomenclature. In gen-
eral the correct name for any organism is the earliest
(first) name published in line with the requirements of
the Code of Nomenclature. To avoid confusion, how-
ever, the Code allows for certain exceptions. The most
significant of these is when an earlier generic name has
been overlooked, a later name is in general use, and
a reversion to the earlier name would cause much
confusion.

There are two main reasons for renaming. The first
is reclassification of a fungus in the light of more de-
tailed investigation of its characteristics. The second is
the discovery of the teleomorph (sexual stage) of a pre-
viously anamorphic fungus. Many fungi bear two
names, one designating their sexual stage and the other
their asexual stage. Often there are two names because
the anamorphic and teleomorphic stages were described
and named at different times without the connection
between them being recognized. Both names are valid
under the Code of Nomenclature, but that of the teleo-
morph should take precedence. In practice, however, it
is more common (and correct) to refer to a fungus by
its asexual designation because this is the stage that is
usually obtained in culture.

Unlike the names of fungi, disease names are not sub-
ject to strict international control. Their usage tends to
reflect local practice. One popular method has been to
derive disease names from the generic names of the
causal organisms: for example, aspergillosis, candidia-
sis, sporotrichosis, etc. However, if the fungus changes
its name, then the disease name has to be changed as
well. For example, moniliasis has become candidi-
asis or candidosis, and pseudallescheriasis has been
variously designated monosporiosis, petriellidiosis,
allescheriasis and now scedosporiosis to match the
changing name of the pathogen. In 1992 a subcom-
mittee of the International Society for Human and An-
imal Mycology recommended that the practice of form-
ing disease names from the names of their causes should
be avoided, and that, whenever possible individual dis-
eases should be named in the form “pathology A due

to (or caused by) fungus B” (Odds et al, 1992). This
recommendation was not intended to apply to long-
established disease names, such as aspergillosis; rather
it was intended to offer a more flexible approach to
nomenclature.

There is also much to be said for the practice of
grouping together mycotic diseases of similar origins
under single headings. One of the broadest and most
useful of these collective names is the term phaeohy-
phomycosis, which is used to refer to a range of sub-
cutaneous and deep-seated infections caused by brown-
pigmented moulds that adopt a septate hyphal form in
tissue (Ajello, 1975). The number of organisms impli-
cated as etiologic agents of phaeohyphomycosis has in-
creased from 16 in 1975 to more than 100 at the pres-
ent time (Matsumoto and Ajello, 1998). Often these
fungi have been given different names at different times
and the use of the collective disease name has helped
to reduce the confusion in the literature.

The term hyalohyphomycosis is another collective
name that is increasing in usage. This term is used to
refer to infections caused by colorless (hyaline) moulds
that adopt a septate hyphal form in tissue (Ajello,
1986). To date, more than 70 different organisms have
been implicated. The disease name is reserved as a gen-
eral name for those infections that are caused by less
common moulds, such as species of Fusarium, that are
not the cause of otherwise-named infections, such as
aspergillosis.

LABORATORY PROCEDURES FOR THE
DIAGNOSIS OF FUNGAL INFECTION

As with other microbial infections, the diagnosis of fun-
gal infection relies upon a combination of clinical ob-
servation and laboratory investigation. Superficial and
subcutaneous fungal infections often produce charac-
teristic lesions that suggest the diagnosis, but labora-
tory input can aid the diagnostic process where this is
not the case, either because several microorganisms
and/or noninfectious processes produce similar clinical
pictures, or because the appearance of the lesions has
been rendered atypical by previous treatment. In many
situations where systemic fungal infection is entertained
as a diagnosis, the clinical presentation is nonspecific
and can be caused by a wide range of infections, un-
derlying illnesses, or complications of treatment. The
definitive diagnosis of these infections is based almost
entirely on the results of laboratory investigation.
The successful laboratory diagnosis of fungal infec-
tion depends in major part on the collection of ade-
quate clinical specimens for investigation. Inappropri-
ate collection or storage of specimens can result in a
missed diagnosis. Moreover, to ensure that the most
appropriate laboratory tests are performed, it is essen-
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tial for the clinician to indicate that a fungal infection
is suspected and to provide sufficient background in-
formation. In addition to specifying the source of the
specimen, the clinician should provide information on
any underlying illness, recent travel or previous resi-
dence abroad, and the patient’s occupation. This in-
formation will help the laboratory to anticipate which
pathogens are most likely to be involved and permit
the selection of the most appropriate test procedures.
These differ from one mycotic disease to another, and
depend on the site of infection as well as the present-
ing symptoms and clinical signs. Interpretation of the
results of laboratory investigations can sometimes be
made with confidence, but at times the findings may
be helpful or even misleading.

Laboratory methods for the diagnosis of fungal in-
fections remain based on three broad approaches:
the microscopical detection of the etiologic agent in
clinical material; isolation and identification of the
pathogen in culture; and the detection of a serologic
response to the pathogen or some other marker of its
presence, such as a fungal cell constituent or metabolic
product. New diagnostic procedures, based on the de-
tection of fungal DNA in clinical material, are presently
being developed, but have not yet had a significant im-
pact in clinical laboratories. In the sections that follow,
the value and limitations of current diagnostic proce-
dures for fungal infections are reviewed.

Direct Microscopic Examination

of Clinical Specimens
In many instances, the tentative or definitive diagnosis
of fungal infection can be made by the direct micro-
scopic detection of fungal elements in clinical material.
Microscopic examination of skin scrapings or other su-
perficial material can reveal a fungal organism in a mat-
ter of minutes. This examination is very helpful to guide
treatment decisions, to determine whether an organism
recovered later in culture is a contaminant or a
pathogen, and to assist the laboratory in selecting the
most appropriate culture conditions to recover organ-
isms visualized on direct smear. Because direct micro-
scopic examination is less sensitive than culture, the lat-
ter procedure should generally always be performed on
clinical materials.

Keratinized tissues require pretreatment to dissolve
the material and more readily reveal fungal elements.
Skin scrapings and other dermatological specimens,
sputum and other lower respiratory tract specimens,
and minced tissue samples can be examined after treat-
ment with warm 10%-20% potassium hydroxide
(KOH). These samples can then be examined directly,
without stain, as a wet preparation (See Color Figs. 1-1
and 1-2 in separate color insert). Alternatively, a drop
of lactophenol cotton blue, methylene blue, or other

fungal stain can be mixed with the sample on the mi-
croscope slide. Another useful tool is the chemical
brightener, calcofluor white, a compound that stains
the fungal cell wall. The preparation is stained with cal-
cofluor white, with or without KOH, and then read
with a fluorescence microscope. The fungal elements
appear brightly staining against a dark background.

India ink is useful for negative staining of cere-
brospinal fluid (CSF) sediment to reveal encapsulated
Cryptococcus neoformans cells. Gram staining can be
helpful in revealing yeasts in various fluids and secre-
tions. Both Giemsa stain and Wright’s stain can be used
to detect Histoplasma capsulatum in bone marrow
preparations or blood smears. The Papanicolaou stain
can be used on sputum or other respiratory tract sam-
ples to detect fungal elements.

It is necessary to appreciate that both false-positive
and false-negative results do occur with direct micro-
scopic examination. The results may vary with the qual-
ity and age of the specimen, the extent of the disease
process, the nature of the tissue being examined, and
the experience of the microscopist.

Histopathologic Studies
Histopathologic examination of tissue sections is one
of the most reliable methods of establishing the diag-
nosis of subcutaneous and systemic fungal infections.
However, the ease with which a fungal pathogen can
be recognized in tissue is dependent not only on its
abundance, but also on the distinctiveness of its ap-
pearance. Many fungi stain poorly with hematoxylin
and eosin and this method alone may be insufficient to
reveal fungal elements in tissue. There are a number of
special stains for detecting and highlighting fungal or-
ganisms and the clinician should request these if a my-
cotic disease is suspected. Methenamine-silver (Grocott
or Gomori) and periodic acid-Schiff staining are among
the most widely used procedures for specific staining
of the fungal cell wall. Mucicarmine can be used to
stain the capsule of C. neoformans.

It should be appreciated that these staining methods,
although useful at revealing the presence of fungal el-
ements in tissue, seldom permit the precise fungal genus
involved to be identified. For example, the detection of
nonpigmented branching, septate hyphae is typical of
Aspergillus infection, but it is also characteristic of a
large number of less common organisms, including
species of Fusarium and Scedosporium. Likewise, the
detection of small, budding fungal cells seldom permits
a specific diagnosis. Tissue-form cells of H. capsulatum
and Blastomyces dermatitidis, for instance, can appear
similar, and can be confused with nonencapsulated cells
of C. neoformans. To overcome this problem, a num-
ber of methods have been developed on a research ba-
sis for identifying various fungal organisms specifically
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in tissue. Immunoperoxidase and immunofluorescent
staining reagents, both monoclonal and polyclonal, are
available for some fungal agents (Arrese-Estrada et al,
1990; Kaufman et al, 1997). Immunochemical staining
can facilitate the identification of atypical fungal ele-
ments and the detection of small numbers of organ-
isms. For example, an IgG1 monoclonal antibody 3H8
has been described that specifically recognizes Candida
albicans in tissue sections using either immunofluores-
cent or immunohistochemical staining formats (Mar-
cilla et al, 1999). Currently under investigation are a
number of techniques that involve specific binding of
DNA probes to the nucleic acid of the fungal agent ei-
ther directly on the slide (in situ hybridization) or in a
test tube (Lischewski et al, 1997; Zimmerman et al,

2000).

Culture

Isolation in culture will permit most pathogenic fungi
to be identified. Most of these organisms are not fas-
tidious in their nutritional requirements and will grow
on the media used for bacterial isolation from clinical
material. However, growth on these media can be slow
and development of the spores and other structures
used in fungal identification can be poor. For these rea-
sons, most laboratories use several different culture me-
dia and incubation conditions for recovery of fungal
agents. However, a variety of additional incubation
conditions and media may be required for growth of
particular organisms in culture. The laboratory should
be made aware of the particular fungal agent(s) that
are suspected in a given sample so that the most ap-
propriate media can be included.

Most laboratories use a medium, such as the Em-
mons modification of Sabouraud’s dextrose agar or
malt agar that will recover most common fungi. How-
ever, many fastidious organisms such as yeast-phase H.
capsulatum will not grow on these substrates, and re-
quire the use of richer media, such as brain heart in-
fusion agar. CHROMagar Candida medium (CHRO-
Magar Co., Paris, France) is a chromogenic agar that
incorporates multiple chemical dyes in a solid medium.
The medically important Candida species appear as dif-
ferent colored colonies due to differential uptake of
these chromogenic compounds. After incubation for
48-72 hours C. albicans produces green colonies, while
C. tropicalis produces blue colonies, C. glabrata pro-
duces dark pink colonies, and C. parapsilosis produces
cream to pale pink colonies. CHROMagar can be help-
ful in detecting the presence of mixed cultures, as well
as providing a preliminary species identification.

Many clinical specimens submitted for fungal culture
are contaminated with bacteria and it is essential to add
antibacterial antibiotics to fungal culture media. Me-
dia containing chloramphenicol are commercially avail-

able. However, gentamicin, vancomycin, and other
antimicrobial agents are increasingly being used to sup-
press growth of bacteria resistant to older agents. If
dermatophytes or dimorphic fungi are being isolated,
cycloheximide (actidione) should be added to the
medium, to prevent overgrowth by faster-growing
fungi.

The optimum growth temperature for most patho-
genic fungi is around 30°C. Material from patients with
a suspected superficial infection should be incubated at
25°C-30°C, because most dermatophytes will not grow
at higher temperatures. Material from subcutaneous or
deep sites should be incubated at two temperatures,
25°C-30°C and 37°C, because a number of important
pathogens, including H. capsulatum, B. dermatitidis
and Sporothrix schenckii, are dimorphic and the change
in their growth form, depending on the incubation con-
ditions, is useful in identification. At 25°C-30°C these
organisms develop as moulds on Sabouraud’s dextrose
agar, but at higher temperatures on an enriched
medium, such as brain-heart infusion agar, these or-
ganisms grow as budding yeasts. Many pathogenic
fungi grow slowly in culture and require plates to be
held for up to 4 weeks, before being discarded as neg-
ative. However, some common pathogenic fungi, such
as Aspergillus fumigatus and C. albicans, will produce
identifiable colonies within 1 to 3 days. Cultures should
be examined at frequent intervals (at least three times
weekly) and appropriate subcultures made, particularly
from blood-enriched media on which fungi often fail
to sporulate.

It is important to appreciate that growth of an or-
ganism in culture does not necessarily establish its role
as a pathogen. When organisms such as H. capsulatum
or Trichophyton rubrum are isolated, the diagnosis can
be established unequivocally. If, however, an oppor-
tunistic organism such as A. fumigatus or C. albicans
is recovered, its isolation may have no clinical relevance
unless there is additional evidence of its involvement in
a pathogenic process. In these cases, culture results
should be compared with those of microscopic exami-
nation. Isolation of opportunistic fungal pathogens
from sterile sites, such as blood or cerebrospinal fluid,
often provides reliable evidence of deep-seated infec-
tion, but their isolation from material such as pus, spu-
tum or urine must be interpreted with care. Attention
should be paid to the amount of fungus isolated and
further investigations undertaken.

Many unfamiliar moulds have been reported as oc-
casional causes of lethal systemic infection in im-
munocompromised patients. No isolate should be dis-
missed as a contaminant without careful consideration
of the clinical condition of the patient, the site of iso-
lation, the method of specimen collection, and the like-
lihood of contamination. It is, however, notable that,
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in a recent study only 24% of 135 unusual moulds iso-
lated from sterile body sites were shown to be respon-
sible for significant clinical disease (Rees et al, 1998).
In another recent report, only 245 of 1209 isolates of
Aspergillus species collected from hospitalized patients
represented cases of clinical aspergillosis (Perfect et al,
2001). In addition to demonstrating that not every fun-
gal isolate represents a pathogen, these studies also
make a case that laboratories should investigate the
clinical significance of fungal isolates before indiscrim-
inately identifying to species level every isolate that is
recovered from a patient sample.

Although culture often permits the definitive diag-
nosis of a fungal infection, it has some important lim-
itations. In particular, the failure to recover an organ-
ism does not rule out the diagnosis, as a negative culture
may be due to inadequate specimen collection or im-
proper or delayed transport of specimens. Incorrect iso-
lation procedures and inadequate periods of incubation
are other important factors.

Blood Culture

In general, Candida species are more readily recovered
from blood than are dimorphic fungi and moulds. Iso-
lation rates are higher when the medium is vented and
aerated, and biphasic media incorporating both agar
and broth phases are more effective than broth. The
chances of successful isolation are increased if multiple
samples of blood are collected, and larger volumes are
cultured. The lysis-centrifugation method (Isolator,
Wampole Laboratories, Cranbury, NJ) is currently the
most reliable procedure for isolation of fungi from
blood, but it is more labor-intensive than other meth-
ods, precluding its routine use in some laboratories.
With this procedure, 10 milliliters of blood are collected
into a tube that contains chemicals that lyse blood cells
and inactivate antimicrobial substances present in
blood. The tube is centrifuged and the sediment is then
inoculated onto appropriate culture media. With this
method, fungi are recovered at a higher rate and much
faster than with other blood culture methods (Elder and
Roberts, 1986). Recent improvements in the formula-
tion of blood culture media, together with the devel-
opment of improved automated blood culture systems,
have made the recovery of Candida species from blood
culture bottles almost as effective as that from lysis cen-
trifugation tubes (Wilson et al, 1993). However, lysis
centrifugation remains superior to other systems for re-
covery of C. neoformans, dimorphic fungi and moulds
(Reimer et al, 1997).

Fungal Identification
Most fungi can be identified after growth in culture.
Classical phenotypic identification methods for moulds
are based on a combination of macroscopic and mi-

croscopic morphologic characteristics. Macroscopic
characteristics, such as colonial form, surface color and
pigmentation, are often helpful in mould identification,
but it is essential to examine slide preparations of the
culture under a microscope. If well prepared these will
often give sufficient information on the form and
arrangement of the spores and spore-bearing structures
to allow identification of the fungus. Because identifi-
cation is usually dependent on visualization of the par-
ticular structures an organism produces when it is
sporulating, identification is usually dependent on the
ability of the organism to sporulate (See Color Figs.
1-3 and 1-4 in separate color insert). For “difficult”
organisms, much laboratory time is spent attempting
to induce sporulation on various media so that these
structures can be studied. Moulds often grow best on
rich media, such as Sabouraud’s dextrose agar, but
overproduction of mycelium often results in loss of
sporulation. If a mould isolate fails to produce spores
or other recognizable structures after two weeks, it
should be subcultured to a less-rich medium to en-
courage sporulation. Media such as cornmeal, oatmeal,
and potato-sucrose agars can be used for this purpose.
The use of DNA-based identification methods may
eliminate this requirement in future.

With some moulds, such as species of Aspergillus,
the characteristic spore-bearing structures can be eas-
ily identified after a small portion of the growth is re-
moved from the culture plate, mounted in a suitable
stain (such as lactofuchsin) on a microscope slide and
examined. However, it is sometimes essential to pre-
pare a slide culture in order to identify an isolate. In
this technique, a thin square block of a suitable agar is
placed on a sterile microscope slide, inoculated with a
small amount of the fungal culture, covered with a ster-
ile cover slip, and incubated for up to 2 weeks. The
cover slip and agar block are then removed, mounting
fluid is added, and a clean cover slip applied to the slide.
The fungal growth on the slide is then examined for the
presence of spores and other characteristic structures.

Historically, dimorphic fungi such as Coccidioides
immitis, H. capsulatum, and B. dermatitidis were iden-
tified by observing the conversion of mycelial growth
at 25°C to yeast-like growth at 37°C. However, devel-
opment of DNA probe-based tests (Accuprobe, Gen-
Probe Inc., San Diego, CA) has enabled these pathogens
to be identified using only a small amount of mycelial
material.

Yeasts are usually identified on the basis of their
morphologic and biochemical characteristics. Useful
morphologic characteristics include the color of the
colonies, the size and shape of the cells, the presence
of a capsule around the cells, the production of hyphae
or pseudohyphae, and the production of chlamy-
dospores. Useful biochemical tests include the assimi-
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lation and fermentation of sugars, and the assimilation
of nitrate and urea. Most yeasts associated with human
infections can be identified using one of the numerous
commercial identification systems, such as API 20C
AUX (bioMerieux-Vitek Inc., Hazelwood, MO), that
are based on the differential assimilation of various car-
bon compounds. However, it is important to remem-
ber that morphologic examination of Dalmau plate cul-
tures on cornmeal agar is essential to avoid confusion
between organisms with identical biochemical profiles.
A number of simple rapid tests have been devised for
the presumptive identification of some of the most im-
portant human pathogens. Foremost among these is the
serum germ tube test for C. albicans, which can be per-
formed in less than 3 hours, and the urease test for C.
neoformans. In recent years a number of rapid com-
mercial tests have been developed. These include the
RapID Yeast Plus system (Innovative Diagnostic Sys-
tems, Norcross, GA) that contains conventional and
chromogenic substrates and requires 4 hours to per-
form. Most of these rapid test systems are more accu-
rate in the identification of the common rather than
unusual yeast pathogens (Espinel-Ingroff et al, 1998).

Molecular Methods for Identification of Fungi
The use of molecular methods to identify organisms re-
lies on the assumption that strains belonging to the
same species will demonstrate less genetic variation
than organisms that are less closely related. Identifica-
tion of unknown fungal isolates can be made by com-
paring a partial DNA sequence of that organism with
sequences in a central database such as GenBank,
operated by the National Library of Medicine
[www.ncbi.nlm.nih.gov/BLAST], or European Molec-
ular Biology Laboratory (EMBL). The preparation of
high molecular weight DNA and determination of the
sequence of a DNA fragment have become much eas-
ier in recent years with the advent of commercial kits
and the utilization of the polymerase chain reaction
(PCR) in sequencing. Refinements in the GenBank In-
ternet website interface have also made it faster and
easier for users to conduct searches and to deposit novel
DNA sequences.

Two of the regions of DNA more commonly used in
fungal identification are portions of ribosomal DNA,
such as the intervening transcribed spacers (ITS) region
located between the small and large ribosomal subunits,
and the D1/D2 region of the large (26S) ribosomal sub-
unit. These regions contain sufficient sequence hetero-
geneity to provide differences at the species level. In
general, strains of the same species have fewer than
1% nucleotide substitutions in the region of interest,
whereas strains that are separate species have more
than this number of substitutions (Kurtzman, 1994; Va-
lente et al, 1999). DNA sequencing offers a method for

identifying organisms that fail to sporulate or are oth-
erwise refractory to conventional identification meth-
ods. The reliability of the molecular identification is,
of course, related to the reliability of the database with
which comparisons are made. An extensive GenBank
database of large ribosomal subunit sequences exists
for ascomycetous and basidiomycetous yeasts, as well
as for black yeasts (Kurtzman and Robnett, 1998; Fell
et al, 2000). Many ITS sequencing studies are also con-
tributing to an expansion of the GenBank database
(Chen et al, 2000; Chen et al, 2001).

The last decade has seen a massive expansion of
research into the phylogenetics of pathogenic fungi
(Guarro et al, 1999). Analysis of aligned ribosomal, mi-
tochondrial, and other nuclear DNA sequences has
been used to determine degrees of genetic relatedness
among many groups of fungi. One outcome of this
work has been the demonstration of close genetic re-
lationships between several anamorphic (asexual) fungi
and organisms with teleomorphs (sexual stages) that
belong to the Ascomycota or Basidiomycota (Gené et
al, 1996). Phylogenetics research has led to the depo-
sition in international databases of large numbers of
DNA sequences for many groups of fungi, both path-
ogenic and saprophytic. The availability of this se-
quence information and increased understanding of
phylogenetic relatedness have proven enormously help-
ful in the development of DNA-based diagnostics for
fungal infections.

At this time the GenProbe system is the only com-
mercial nucleic acid-based test for fungal identification
approved for diagnostic use in the United States. How-
ever, many new systems are being developed and vali-
dated for rapid DNA-based identification of pathogenic
fungi. One of the earliest methods was the restriction
fragment length polymorphism (RFLP) procedure. In
RFLP, fungal DNA is digested with a restriction en-
zyme, which cuts the DNA at prescribed regions to gen-
erate a family of fragments. These fragments are sepa-
rated on an agarose gel and stained with ethidium
bromide to reveal their relative sizes. Identification of
various Candida species has been reported based on the
analysis of RFLPs within the ribosomal DNA repeat
(genes encoding rRNA) of these species (Scherer and
Stevens, 1987). Members of the same species shared
common fragments, or common RFLP patterns, where
members of different species showed fragments of dif-
ferent sizes. The sensitivity of this method has been im-
proved by reacting the DNA fragments with specific
isotopically or chemically labeled DNA probes in
Southern blots that reveal patterns, or DNA finger-
prints, for that organism (Riggsby, 1989).

Newer and more commonly used methods of species
identification have exploited the enormous resolving
power of PCR. With PCR, as little as a few picograms
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of input DNA can be amplified so that, after 30-40 cy-
cles, the resulting product can be easily visualized on
an agarose gel. Furthermore, amplification occurs in a
specific manner that is determined by the temperature
selected for the primer annealing step and by the se-
quence of the complementary primers. These are short
DNA segments that initiate the PCR elongation step
upon binding (annealing) to the input DNA. Current
methods utilize the PCR primed with short oligonu-
cleotides that will amplify only DNA of a particular
genus or species, generating a species-specific DNA
product or family of products. These assays have been
shown to distinguish between related species of fila-
mentous fungi and yeasts (Niesters et al, 1993; Sandhu
et al, 1995; Thanos et al, 1996; Mannarelli and Kurtz-
mann, 1998).

The sensitivity and specificity of these assays has been
improved by performing nested PCR. In this technique
a DNA product of broad specificity (for example, the
ITS region) is amplified in the first round, and then this
product is reacted with species-specific internal primers
in a second round of PCR (Zhao et al, 2001). The prod-
uct that is generated after the second round is specific
for the intended target from the species of interest only.
In another method, PCR with arbitrary primers has
proven useful for species identification of fungal iso-
lates. This technique of randomly amplified polymor-
phic DNA (RAPD) analysis was developed in 1990
(Williams et al, 1990; Welsh and McClelland, 1991).
This procedure uses random ten-mer oligonucleotide
primers to amplify DNA. The advantage of this method
is that no prior knowledge of the genome or DNA se-
quences of interest is required. Species-specific patterns
and/or fragments can be demonstrated using appropri-
ate primer sets (Berg et al, 1994). Microsatellite primers
have also been used to generate species-specific finger-
prints for 26 species of Candida and eight other fun-
gal species (Thanos et al, 1996). Oligonucleotide
primers that are complementary to intron splice sites
have been used to show polymorphisms between iso-
lates of different species (de Barros Lopes et al, 1998).
More recently, fluorescence capillary electrophoresis
has been used to speciate pathogenic yeasts by meas-
uring size differences (length polymorphisms) within
amplified ITS 1 and ITS 2 regions. A PCR is used to
amplify products from these regions, where two species
can differ by only 1-2 nucleotides in the length of the
sequence. These length differences can be distinguished
with great precision using capillary electrophoresis,
thus using the length of the ITS regions to discriminate
among isolates of different species (Chen et al, 2000;
Chen et al, 2001).

Differences in the electrophoretic karyotype, the pat-
tern of migration shown by chromosomes placed in an

electric field, have also been used to some extent to dis-
tinguish different species of yeasts (Magee and Magee,
1987). However, this technique requires considerable
technical expertise and has not been widely used as a
primary means of fungal speciation.

Other systems have utilized binding of a specific
DNA probe to a complementary sequence within the
DNA or RNA of the organism of interest. In these ap-
proaches differences in the DNA sequence of different
species (sequence polymorphisms) are exploited, rather
than differences in sizes or patterns of DNA fragments.
A universal DNA target, such as the ITS region, is am-
plified and then that target molecule is reacted with a
number of species-specific probes until specific binding
is achieved. Specific binding of a particular probe en-
ables an unknown DNA sample to be identified as that
species. Earlier generations of probes were labeled with
peroxidase or phosphatase, and specific binding was
demonstrated by a color change that could be observed
visually [PCR-EIA] (Fujita et al, 1993; Elie et al, 1998).
Other studies have used slot blot hybridization, line-
probe assays, or single-strand conformational poly-
morphism (SSCP) gels to detect specific binding of
probes to DNA targets (Hui et al, 2000; Loeffler et al,
2000a; Martin et al, 2000). Newer generations of
probes use fluorescent labels, where complementary
binding leads to a release of energy that can be detected
by laser-containing instruments such as TagMan
(Perkin-Elmer Applied Biosystems Inc., Foster City,
CA) (Brandt et al, 1998; Guiver et al, 2001) or Light
Cycler (Roche Molecular Biochemicals Inc., Indi-
anapolis, IN) (Loeffler et al, 2000b). At this time, the
newest tools are microarrays, where many thousands
of probe-to-target sequence binding reactions can be
performed on the surface of a microchip and then be
rapidly detected and analyzed by computer (Lucchini
et al, 2001).

Many techniques have been described in the litera-
ture for the DNA-based identification of fungal cul-
tures. In general, these procedures have not been vali-
dated using large representative populations of the
species of interest. Furthermore, most of these methods
are not commercially available and require expertise
usually found only in research laboratories. Their
interlaboratory reproducibility is also generally un-
known. With continued use of these tools will come
more knowledge about them and better understanding
of their role in the mycology laboratory. However, it
is important to note that, as has been stated earlier,
many fungal isolates recovered from clinical samples
do not represent significant disease. Hence, it is waste-
ful to devote resources to the molecular identification
of fungal isolates without a corresponding under-
standing of their clinical relevance. The identification
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of fungal pathogens requires input from both the cli-
nician and the laboratorian for the diagnostic process
to be successful and productive.

Molecular Subtyping of Fungi

Molecular subtyping is the process of assessing the ge-
netic relatedness of a group of isolates of the same
species. Molecular subtyping may be performed in the
context of an epidemiologic investigation where par-
ticular isolates are being assessed as the potential source
of an outbreak. In a broader sense, molecular subtyp-
ing data can also be used to determine the relationship
between colonization and infection, to trace the emer-
gence of drug-resistant strains in a population, or to
address questions regarding the role of relapse versus
reinfection in recurrent disease. In a global sense, mo-
lecular subtyping data can be used to trace the spread
of virulent clones throughout a particular geographic
region, or around the world.

Various methods can be used for subtyping of fungi.
In general, phenotype-based methods have proved ir-
reproducible and are no longer used for this purpose.
Furthermore, C. albicans and related species have been
shown to undergo high-frequency switching among a
number of phenotypes, thus altering a number of phe-
notypic traits with each activation-deactivation of the
switch phenotype (Soll, 1992).

Strain typing methods for pathogenic fungi are now
based on procedures that measure genetic relatedness.
To be successful, DNA fingerprinting methods should
meet several criteria: they should not be affected by
changes in the environment, and they should provide,
insofar as this is possible, an effective measure of ge-
netic distance between any two isolates in the popula-
tion. In addition, typing methods should assess DNA
sequences that are fairly stable over time, i.e., do not
undergo recombination, gene exchange, or genomic
switching events at high frequencies. The ability to store
data electronically and to retrieve data rapidly is also
helpful as it enables results of different studies to be
compared over time (Soll, 2000).

In interpreting subtyping data, it is important to un-
derstand that every genome contains segments that
evolve at different rates. Thus, it is important to assess
the resolution of the subtyping probe, i.e., which
“speed” of the molecular clock is being measured by
the chosen probe. It is also important to decide the epi-
demiologic question being asked prior to choosing mo-
lecular subtyping probes, important because different
probes may be more or less useful for different cir-
cumstances. For example, a study examining serial pa-
tient isolates collected over a period of years may re-
quire a distinction to be made between bands that
change as a result of microevolution (undergo recom-

bination at extremely high frequency) and bands that
change less rapidly. Thus when any two isolates are ex-
amined, it can be determined whether band changes are
due to microevolution within a single isolate, or due to
the appearance of a second unrelated fungal strain. The
ideal subtyping probe for this type of study may be dif-
ferent from that chosen for an analysis of a hospital
outbreak, where isolates collected at one point in time
are to be studied.

Multilocus enzyme electrophoresis (MEE) has been
used to assess cellular isoenzymes or allozymes. A cell
extract is electrophoresed through a nondenaturing gel
and then replicate gel slices are stained with specific
substrates to detect enzyme activity. The enzyme ac-
tivities are directly related to the alleles of the genes
coding for these enzymes, so that by comparing allelic
differences within a series of isolates their genetic re-
latedness can be directly assessed. Multilocus enzyme
electrophoresis detects enzymes in both haploid (one
band of enzymatic activity) and diploid (one or two
bands) organisms. If enough enzymes are assessed,
MEE is extremely useful in developing genetic similar-
ity data for a group of organisms. However, MEE is
time-consuming and requires a high level of technical
expertise.

Restriction fragment length polymorphism analysis,
as described earlier, was one of the earliest methods
used to assess genetic relatedness among fungal isolates.
For DNA fingerprinting, the classical RFLP method suf-
fers from a lack of sensitivity. Generally, only bands of
high staining intensity can be resolved, and these bands
do not provide sufficient information to resolve a se-
ries of isolates. Sensitivity may be improved by trans-
ferring the DNA to a membrane and hybridizing with
a labeled DNA probe. The resolution of single-copy
probes, which generate one or two bands per sample,
is usually not sufficient for most epidemiologic studies.
When mitochondrial or ribosomal DNA probes are
used, the pattern can vary sufficiently to distinguish
among unrelated strains of fungi. However, these meth-
ods have not been used in broad epidemiologic studies
of pathogenic fungi.

One of the most commonly used probes has been the
repetitive element or complex probe, which is a DNA
fragment containing sequences that are dispersed
throughout the genome of the organism. Repetitive el-
ement probes, which have been described for A. fumi-
gatus, C. albicans, C. glabrata, C. parapsilosis, C.
tropicalis, and C. dubliniensis (Soll, 2000), are useful
because they provide fingerprints of sufficient com-
plexity so that genetic variability can be analyzed at
multiple levels. These fingerprint patterns contain
bands that arise as a result of microevolution (most
variable), as well as bands of moderate variability, and
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low or no variability. Repeat sequences have also been
used to develop probes for C. neoformans (Spitzer and
Spitzer, 1992) and A. flavus (Monod et al, 1990).

Microsatellite regions of the genome have been used
as fingerprinting probes. In this approach, Southern
blots are probed with poly (G-T), (CT)g, or other re-
peat sequences (Meyer et al, 1993; Metzgar et al, 1998).
Molecular subtyping has also been performed by analy-
sis of minisatellite, microsatellite, and nuclear gene
polymorphic markers determined by direct sequencing
of amplified target sequences (Lott and Effat, 2001).

Another popular method for DNA fingerprinting is
RAPD analysis, also described earlier. Randomly am-
plified polymorphic DNA has been used in DNA fin-
gerprinting of many organisms including C. albicans,
C. glabrata, C. parapsilosis, C. tropicalis, C. lusitaniae,
A. fumigatus, A. flavus, C. neoformans, B. dermati-
tidis, and H. capsulatum (Soll, 2000). One reason for
the popularity of the RAPD is that no prior informa-
tion about the genome of the organism is required.
However, a number of problems have been identified
in obtaining intra- and interlaboratory reproducibility
of this method (Meunier and Grimont, 1993).

Electrophoretic karyotyping has also been used for
DNA fingerprinting analysis. Karyotyping has been
used to fingerprint a number of Candida species, as
well as C. neoformans, A. nidulans, H. capsulatum, and
C. immitis (Soll, 2000). Karyotyping appears to be able
to discriminate among unrelated strains. However, the
phenomenon of high-frequency switching in C. albicans
may make karyotyping unsuitable for studying moder-
ately related isolates.

Serologic Testing

Serologic testing often provides the most rapid means
of diagnosing a fungal infection. The majority of tests
are based on the detection of antibodies to specific fun-
gal pathogens, although tests for fungal antigens are
now becoming more widely available. At their best, in-
dividual serologic tests can be diagnostic, e.g., tests for
antigenemia in cryptococcosis and histoplasmosis. In
general, however, the results of serologic testing are sel-
dom more than suggestive or supportive of a fungal di-
agnosis. These tests must be interpreted with caution
and considered alongside the results of other clinical
and laboratory investigations.

Tests for antibodies have proved useful in diagnos-
ing endemic fungal diseases, such as histoplasmosis and
coccidioidomycosis, in immunocompetent persons. In
these individuals, the interval between exposure and the
development of symptoms (2—-6 weeks) is usually suf-
ficient for a humoral response to develop. Tests for fun-
gal antibodies are most helpful when paired serum spec-
imens (acute and convalescent) are obtained, so that it
can be determined whether titers are rising or falling.

Tests for detection of antibodies are much less useful
in immunocompromised persons, many of whom are
incapable of mounting a detectable humoral response
to infection.

In this situation, tests for detecting fungal antigens
can be helpful. Antigen detection is an established pro-
cedure for the diagnosis of cryptococcosis and histo-
plasmosis, and similar tests are currently being evalu-
ated for aspergillosis and candidiasis. Antigen detection
methods are complicated by several important factors.
First, antigen is often released in minute amounts from
fungal cells necessitating the use of highly sensitive test
procedures to detect low amounts of circulating anti-
gen in serum. Second, fungal antigen is often cleared
very rapidly from the circulation necessitating frequent
collection of samples (Jones, 1980). Third, antigen is
often bound to circulating IgG, even in immunocom-
promised individuals, and therefore steps must be taken
to dissociate these complexes before antigen can be de-
tected (Reiss et al, 1982).

Numerous methods are available for the detection of
antibodies in persons with fungal diseases. Immuno-
diffusion (ID) is a simple, specific and inexpensive
method, but is insensitive, thereby reducing its useful-
ness as a screening test. Complement fixation (CF) is
more sensitive, but more difficult to perform and in-
terpret than ID. However, CF remains an important
test for a number of fungal diseases, including histo-
plasmosis and coccidioidomycosis. Latex agglutination
(LA) is a simple, but insensitive method that can be
used for detection of antibodies or antigens, and has
proved most useful for detection of the polysaccharide
capsular antigens of C. neoformans that are released in
large amounts in most patients with cryptococcosis.
More sensitive procedures, such as radioimmunoassay
(RIA) and enzyme-linked immunosorbent assay (ELISA)
have also been developed and evaluated for the diag-
nosis of a number of fungal diseases.

Serologic testing is a valuable adjunct to the diag-
nosis of histoplasmosis. At this time the CF and ID tests
are the principal methods used to detect antibodies in
individuals with this disease (Wheat, 2001; Reiss et al,
2002). The CF test is more sensitive, but less specific
than ID. Approximately 95% of patients with histo-
plasmosis are positive by CF, but 25% of these are pos-
itive only at titers of 1:8 or 1:16. CF titers of at least
1:32 or rising titers in serial samples are considered to
be strong presumptive evidence of infection. Because
low titers of CF antibodies can persist for years
following acute histoplasmosis, and because cross-
reactions can occur in patients with other fungal in-
fections, care must be taken to exclude these diseases
if the clinical signs and symptoms are not typical of
histoplasmosis. The ID test is more specific, but less
sensitive than CF and can be used to assess the signif-
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icance of weakly positive CF results. Using histoplas-
min as antigen, two major precipitin bands can be de-
tected with the ID test. The M band can be detected in
up to 75% of patients with acute histoplasmosis, but
may also be found in nearly all individuals with a past
infection, as well as in those who have undergone a re-
cent skin test with histoplasmin. The H band is specific
for active disease, but only occurs in 10%-20% of
proven cases. Attempts to improve the serologic diag-
nosis of histoplasmosis by replacing the CF test with
more sensitive procedures, such as RIA or ELISA, have
largely proved unsuccessful, due to the presence of
cross-reactive moieties associated with the H and M
antigens.

Antigen detection has proved a useful method for the
rapid diagnosis of histoplasmosis in patients presenting
with acute disease, as well as in those with dissemi-
nated infection. In acute disease, antigen can be de-
tected within the first month after exposure before
antibodies appear. Several test formats have been de-
veloped including a solid-phase RIA (Wheat et al, 1986)
and a sandwich ELISA (Durkin et al, 1997). Histo-
plasma polysaccharide antigen has been detected in
serum, urine, CSF, and bronchoalveolar lavage fluid.
The test has proved particularly successful in detecting
antigen in urine from HIV-infected individuals with dis-
seminated histoplasmosis. Antigen usually disappears
with effective treatment, and its reappearance can be
used to diagnose relapse (Wheat, 2001).

Serologic testing is also invaluable in the diagnosis
and management of patients with coccidioidomycosis.
The immunodiffusion tube precipitin (IDTP) test, us-
ing heated coccidioidin as antigen, detects IgM anti-
bodies to C. immitis and is most useful for diagnosing
recent infection. These antibodies can be found within
1-3 weeks after the onset of symptoms, but disappear
within a few months of self-limited disease (Pappagia-
nis and Zimmer, 1990). The sensitivity of the IDTP test
is improved by concentration of serum prior to per-
forming the test. A LA test is also available for the de-
tection of IgM antibodies. This test is faster to perform
and more sensitive than the IDTP test. However, LA
has a false-positive rate of at least 5% (Huppert et al,
1968) and the results should be confirmed using the ID
method.

The CF test measures IgG antibodies against C. im-
mitis (Pappagiannis and Zimmer, 1990). These anti-
bodies do not appear until 4-12 weeks after infection,
but may persist for long periods in patients with chronic
pulmonary or disseminated disease, thus providing use-
ful diagnostic information. Low CF titers of 1:2 to 1:8
are commonly found in individuals without coccid-
ioidomycosis, but high or rising titers of CF antibod-
ies are consistent with spread of disease beyond the
respiratory tract. More than 60% of patients with dis-

seminated coccidioidomycosis have CF titers of >1:32.
However, titer alone should not be used as the basis
for diagnosis of dissemination, but should be consid-
ered alongside the results of other clinical and labora-
tory investigations.

A commercial ELISA test is available for measure-
ment of IgM and IgG antibodies to C. immitis (Premier
EIA, Meridian Diagnostics, Cincinnati, OH). Published
evaluations suggest this test has acceptable sensitivity
and specificity (Kaufman et al, 1995; Martins et al,
1995).

Tests for Aspergillus antibodies have been extensively
evaluated for the rapid diagnosis of invasive as-
pergillosis, but their role remains uncertain. Tests for
detection of antibodies include ID, indirect hemagglu-
tination, and ELISA. The ID test is simple to perform
and has proved valuable for the diagnosis of asper-
gilloma and allergic bronchopulmonary aspergillosis in
immunocompetent individuals (Reiss et al, 2002). Tests
for Aspergillus antibodies have, however, seldom been
helpful in diagnosis of invasive or disseminated infec-
tion in immunocompromised patients.

Tests for the detection of Aspergillus antigens in
blood and other body fluids offer a rapid means of di-
agnosing aspergillosis in these individuals. Low con-
centrations of galactomannan, a major cell wall com-
ponent of Aspergillus species, have been detected in
serum, urine and bronchoalveolar lavage fluid from in-
fected patients. However, galactomannan is rapidly
cleared from the blood and tests for its detection are
helpful in management only if performed on a regular
basis.

Two tests to detect circulating Aspergillus galac-
tomannan antigen are commercially available in a num-
ber of countries. Both utilize the same monoclonal, EB-
A2, in either an LA or sandwich ELISA format. The
LA test was the first to be developed (Pastorex As-
pergillus, Sanofi Diagnostics Pasteur, Paris, France)
but, despite its ease of use, it is relatively insensitive
(Verweij et al, 1995a). The sandwich ELISA (Platelia
Aspergillus, Sanofi Diagnostics Pasteur) is more sensi-
tive than the LA test and can detect galactomannan in
serum at an earlier stage of infection (Verweij et al,
1995b; Sulahian et al, 1996; Maertens et al, 1999).

Tests for Candida antibodies have been extensively
evaluated but remain of limited usefulness in the diag-
nosis of invasive forms of candidiasis. These tests are
complicated by false-positive results in patients with
mucosal colonization or superficial infection, and by
false-negative results in immunocompromised individ-
uals (Buckley et al, 1992; De Repentigny et al, 1994).
In an attempt to reduce false-positive results, efforts
have been made to identify antigens of Candida species
which are associated with invasive infection rather than
colonization (Ponton et al, 2002). However, despite the
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numerous methods and reagents which have been de-
vised for Candida antibody detection, none of them has
found widespread clinical use.

Antigen detection tests have also been extensively
evaluated for the rapid diagnosis of invasive forms of
candidiasis. Numerous circulating antigens have been
studied as potential targets, including mannan (a heat-
stable cell wall component), enolase, proteinase, and
other immunodominant cytoplasmic antigens (Ponton
et al, 2002). Test formats that have been investigated
include LA, ELISA, and dot immunoassay. Several LA
tests are commercially available for detection of man-
nan (LA-Candida Antigen Detection System, Immuno-
Mycologics, Norman, OK; Pastorex Candida, Sanofi
Diagnostics Pasteur), but these have been found to be
relatively insensitive (Herent et al, 1992; Mitsutake et
al, 1996).

The CAND-TEC test (Ramco Laboratories Inc.,
Houston, TX) is based on the work of Gentry et al
(1983) who developed a LA test using serum from rab-
bits immunized with whole, heat-killed C. albicans cells
to detect an uncharacterized heat-sensitive antigen of
C. albicans. The antigen does not contain mannan and
it has been suggested that the test may detect a neo-
antigen derived from C. albicans after host processing,
or it may be a host component that is cross-reactive
with an antigen of C. albicans (Jones, 1990). Although
there is an extensive literature on the CAND-TEC test
(Ponton et al, 2002), there is no consensus about its
value in the diagnosis of invasive candidiasis because
of the highly variable results reported in different stud-
ies. In general, recent evaluations have concluded that,
despite its ease of performance, the test is not accept-
able for diagnostic use.

The LA test for C. neoformans polysaccharide anti-
gen in serum and CSF is invaluable in the diagnosis of
meningeal and disseminated forms of cryptococcosis
(Reiss et al, 2002). The test is sensitive and specific,
giving positive results with CSF specimens from well
over 90% of infected patients. In general, CSF and
serum antigen titers are higher in persons with acquired
immunodeficiency syndrome (AIDS) than in other im-
munocompromised individuals. In the CSF, high or ris-
ing titers in general indicate progression of infection,
while falling titers indicate regression of disease and re-
sponse to treatment. Changes in serum titers are less
indicative of disease activity and response to therapy.
Occasional false-positive results have been caused by
infection with other organisms, such as Trichosporon
asabii (T. beigelii), that share cross-reacting antigens
with C. neoformans (McManus and Jones, 1985), or
by nonspecific interference from rheumatoid factor,
which can be eliminated by prior treatment of the sam-
ple with pronase (Stockman and Roberts, 1983). False-

negative results can occur if the organism load is low,
or if the organisms are not well encapsulated. False-
negative results have also been reported with the LA
test owing to a prozone effect, but this can be corrected
by dilution of the sample (Stamm and Polt, 1980).

In general, tests for antibodies to C. neoformans are
of little diagnostic usefulness. Antibodies may be de-
tected during the early stages of cryptococcosis or in
patients with localized infection, but they are rapidly
eliminated by the large amounts of capsular antigen re-
leased during evolution of the infection. Antibodies
may subsequently reappear after successful treatment.

Molecular Diagnostics

At this time, no DNA-based tests are commercially
available for the detection of fungal agents in clinical
samples. Many assays have been developed and are cur-
rently being evaluated in individual research laborato-
ries. Methods have been described for the detection of
fungal DNA in blood, CSF, respiratory tract fluids, oc-
ular materials, and dermatologic samples. Most mo-
lecular diagnostic assays are PCR-based, to take ad-
vantage of the increase in sensitivity offered by the
many-fold amplification of PCR targets as well as the
specificity offered by appropriate primer/probe design.
Either nested or panfungal PCR formats have generally
been used. Nested PCR has been described earlier.
In panfungal PCR, amplification with generic fungal
primers (usually targeting ribosomal DNA) generates a
product that is then hybridized with various short
species-specific DNA probes until a positive reaction is
achieved. Quantitative real-time PCR with the TagMan
system has also been used in the diagnosis of invasive
pulmonary aspergillosis (Kami et al, 2001).

One of the most active areas of current research is
in the development of assays to detect and identify As-
pergillus and Candida species in blood. In general, these
tests are designed to facilitate prospective monitoring
of immunosuppressed patients at risk for difficult-
to-diagnose fungal diseases, particularly invasive pul-
monary or disseminated aspergillosis and hepatosplenic
(chronic disseminated) candidiasis. Investigators de-
scribed a PCR designed to amplify a fungal-specific 18S
ribosomal sequence and then to identify the fungal
pathogen using species-specific hybridization (Einsele
et al, 1997). In a later report, these same investigators
showed that, in neutropenic patients, a panfungal PCR,
performed prospectively once weekly on a blood sam-
ple, enabled identification of patients at high risk for
invasive fungal infections (Hebart et al, 2000). More
recently, the same group described a nucleic acid se-
quence-based amplification (NASBA) assay for the de-
tection and identification of Aspergillus species in blood
(Loeffler et al, 2001). In this protocol, Aspergillus
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genus-specific RNA sequences are specifically amplified
by using T7 RNA polymerase. Results could be ob-
tained within 6 hours with a detection limit of 1 colony
forming unit (CFU). Other authors have described the
detection of Fusarium species DNA in spiked human
blood samples (Hue et al, 1999).

A two-step PCR has been used to detect Aspergillus
species DNA in bronchoalveolar lavage samples
(Skladny et al, 1999; Buchheidt et al, 2002). Aspergillus
DNA was detected 4 days prior to culture in a patient
with A. fumigatus meningitis (Verweij et al, 1999). A
panfungal PCR was used to diagnose disseminated zy-
gomycosis using a blood sample from a patient infected
with Cunninghamella bertholletiae (Rickerts et al,
2001). In this case the causative agent was identified
by a positive hybridization of the amplicon with a
probe detecting several different Cunninghamella
species.

Several reports have described the use of PCR to de-
tect fungal agents in corneal tissue, vitreous fluids, and
other ocular samples (Okhravi et al, 2000). In one rep-
resentative study, nested PCR was used for detection
and identification of A. fumigatus, C. albicans, and
Fusarium solani (Jaeger et al, 2000). The authors noted
that one patient sample was PCR-positive but culture-
negative, suggesting that molecular testing may permit
a diagnosis to be made even when organisms cannot
be grown from the sample.

Using a panfungal PCR that was designed for the de-
tection and identification of fungal DNA in deep tissue
specimens, DNA from any of eight organisms (A.
flavus, A. fumigatus, C. albicans, C. krusei, C. glabrata,
C. parapsilosis, C. tropicalis, and C. neoformans) could
be detected in 20 tissue samples (Hendolin et al, 2000).
In addition, a nested PCR has been described that de-
tects DNA from Trichophyton and Microsporum
species in dermatologic samples (Turin et al, 2000).
DNA could be detected even in the presence of bacte-
rial contamination. DNA from various Malassezia
species has been detected in dressings applied to skin
lesions of affected patients (Sugita et al, 2001).

Molecular diagnostics offer great hope for the rapid
detection and identification of difficult-to-culture or-
ganisms, for detection of antifungal drug resistance,
and for rapid diagnosis directly from host tissues and
fluids. At this time, many research laboratories offer
in-house procedures for molecular identification of fun-
gal isolates from culture plates, from tissue, or from
body fluids. Their sensitivity, specificity, predictive
value, and clinical relevance have not always been rig-
orously investigated. Hopefully, in the future the rele-
vance of these assays will be demonstrated and these
assays will become available to a much broader group
of clinical microbiology laboratories.

Antifungal Drug Susceptibility Testing

As with antibacterial compounds, tests designed to as-
certain the minimum amount of drug needed to inhibit
the growth of fungal isolates in culture (minimum in-
hibitory concentration or MIC) are often assumed to
be the most dependable means of determining the rel-
ative effectiveness of different antifungal agents, and of
detecting the development of drug-resistant strains. In
addition, it is often assumed that the clinical outcome
of treatment can be predicted from the results of in
vitro testing of a patient’s isolate against a panel of po-
tentially useful agents. Such an approach to the selec-
tion of antifungal agents has become more reasonable
with the development of a reliable and reproducible ref-
erence procedure for in vitro testing of Candida species
against azole antifungal agents (particularly flucona-
zole) and the demonstration of correlations with clini-
cal outcome for some forms of candidiasis. However,
the pitfalls of assuming a correlation between the re-
sults of susceptibility testing of other antifungal drugs
and organisms in vitro and outcome in vivo should not
be underestimated. Nevertheless, with drug resistance
demonstrated among such diverse fungi as A. fumiga-
tus, A. terreus, C. neoformans, H. capsulatum, and S.
apiospermum (Walsh et al, 1995; Denning et al, 1997b;
Wheat et al, 1997; Perfect and Cox, 1999; Sutton et
al, 1999; Walsh et al, 1995; Wheat et al, 1997), clearly
the need for meaningful methods of in vitro testing of
both new and established agents is increasing.

In 1997, the National Committee for Clinical Labo-
ratory Standards (NCCLS) published an approved ref-
erence method (document M27-A) for the in vitro
testing of five antifungal agents (amphotericin B, flucy-
tosine, fluconazole, itraconazole, and ketoconazole)
against Candida species and C. neoformans (National
Committee for Clinical Laboratory Standards, 1997).
Although imperfect, the method is a reproducible pro-
cedure that has facilitated the establishment of inter-
pretive breakpoints for Candida species and flucona-
zole and itraconazole. The M27-A document describes
a broth macrodilution method and its microdilution
modifications. The latter has become the method of
choice because of its less cumbersome nature. The
M27-A document specifies a defined test medium
(RPMI-1640 broth buffered to pH 7.0 with MOPS), as
well as an inoculum standardized by spectrophotomet-
ric reading to approximately 1000 cells per ml, and vi-
sual determination of the MIC endpoint after incuba-
tion at 35°C for 48 hours (Candida species) or 72 hours
(C. neoformans).

The M27-A method continues to be augmented and
a second edition of the document (M27-A2) has been
published (National Committee for Clinical Laboratory
Standards, 2002a). The original document provides
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quality control (QC) limits at 48 hours for ampho-
tericin B, flucytosine, fluconazole, itraconazole and ke-
toconazole. These QC data have now been expanded
to include 24-hour QC limits for these agents (Barry et
al, 2000). In addition, QC limits at 24 and 48 hours
have been provided for anidulafungin, caspofungin,
posaconazole, ravuconazole, and voriconazole (Barry
et al, 2000). However, and as subsequently discussed,
interpretive breakpoints have been established for flu-
conazole, itraconazole, and flucytosine against Candida
species only after 48 hours of incubation.

Although the M27-A reference method has permit-
ted much greater standardization of the in vitro testing
of antifungal agents, several problems remain unre-
solved. These include the poor performance of the rec-
ommended culture medium in tests with some organ-
isms and with amphotericin B, the method of endpoint
determination, and the proper interpretation of trailing
growth in tests with azole agents.

The defined culture medium described in the NCCLS
reference procedure (RPMI-1640 broth buffered to pH
7.0 with MOPS) has proved less than ideal for the test-
ing of some Candida species and C. neoformans; thus,
it is not surprising that papers documenting potentially
useful modifications have appeared. Increasing the glu-
cose concentration of the medium from 0.2% to 2%
results in better growth of most isolates of Candida
species, making the visual determination of endpoints
easier without significantly altering the observed MICs
of amphotericin B, flucytosine, fluconazole, or keto-
conazole (Cuenca-Estrella et al, 2001; Rodriguez-
Tudela and Martinez-Suarez, 1995). Another modifi-
cation that appears to be helpful is the use of yeast
nitrogen base medium in tests with C. neoformans
(Sanati et al, 1996).

It has become evident that the use of the M27-A
method to test Candida spp. against amphotericin B re-
sults in a restricted range of MICs. Given these results,
there has been concern that the reference procedure
might not detect resistance to amphotericin B. The dif-
ference in amphotericin B MICs between susceptible
and resistant strains is more pronounced when anti-
biotic medium 3 (AM3) is used instead of standard
RPMI-1640 medium (Rex et al, 1995). However, com-
plete separation of resistant from susceptible isolates
has not been achieved by using AM3 medium. In ad-
dition, AM3 is a nonstandardized medium and lot-to-
lot variation is a limiting factor to its use (Lozano-Chiu
et al, 1997). It is recommended that laboratories that
use this alternative medium introduce susceptible and
resistant strains of Candida species with known am-
photericin B MICs as controls.

The M27-A procedure relies upon the visual deter-
mination of MIC endpoints. However, the recom-
mended endpoints differ for different antifungal agents.

For amphotericin B, the endpoint is defined as the low-
est concentration at which there is complete inhibition
of growth. The end point for azoles for both macro-
and microdilution testing has been defined as the point
at which there is a prominent reduction in growth. For
macrodilution testing, prominent reduction in growth
has been shown to correspond to an 80% reduction in
growth relative to that observed in the growth control.
However, when the microdilution format is utilized and
read with a spectrophotometer, the specified prominent
visual reduction in growth best corresponds to a 50%
spectrophotometric growth inhibition endpoint (Odds
et al, 1995; Pfaller et al, 1995).

The M27-A document recommends an endpoint
reading at 48 hours for tests with Candida species.
However, recent work has begun to include 24-hour
readings because MICs can often be determined at this
time, and because readings taken at 24 hours may be
more relevant for some isolates. Isolates for which the
earlier reading is important show a dramatic rise in
drug MIC between 24 hours and 48 hours due to “trail-
ing” growth. The term “trailing” has been used to de-
scribe the reduced but persistent growth which some
isolates of Candida species exhibit over an extended
range of azole drug concentrations, making interpreta-
tion of the MIC endpoint difficult (Revankar et al,
1998; Rex et al, 1998). Estimated as occurring in about
5% of isolates (Arthington-Skaggs et al, 2000), this
trailing growth can be so great as to make an isolate
that appears to be susceptible after 24 hours appear
completely resistant at 48 hours. Two independent in
vivo investigations of this phenomenon that employed
murine models of disseminated candidiasis (Rex et al,
1998; Arthington-Skaggs et al, 2000) have shown that
trailing isolates should be classed as susceptible rather
than resistant. This concept has been corroborated by
the clinical demonstration that most episodes of
oropharyngeal candidiasis due to trailing Candida iso-
lates respond to low doses of fluconazole, the same
doses used to treat susceptible isolates (Revankar et al,
1998).

The inclusion of a colorimetric indicator into the cul-
ture medium has been found to produce much clearer
visual endpoints in tests with azole antifungal agents,
and to generate MICs that are in close agreement with
those obtained using the standard broth dilution pro-
cedures (Pfaller et al, 1994; To et al, 1995). Commer-
cial colorimetric microdilution plate panels for the in
vitro testing of antifungal agents are now available for
diagnostic use in the United States. Comparisons of the
Sensititre Yeast One Colorimetric Antifungal Panel
(Trek Diagnostics Systems Inc., Westlake, OH), which
incorporates alamar blue as the colorimetric indicator
with the M27-A reference procedure have demon-
strated good agreement between the methods (Pfaller
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et al, 1998; Davey et al, 1998; Espinel-Ingroff et al,
1999). In addition to clearer endpoints, other benefits
include reduced incubation times.

Following the principles established for testing Can-
dida species and C. neoformans, the NCCLS subcom-
mittee on antifungal susceptibility testing has developed
an approved reference procedure (document M38-A)
for broth microdilution susceptibility testing of conid-
ium-forming filamentous fungi (National Committee
for Clinical Laboratory Standards, 2002b). The essen-
tial features of this method include the use of a broth
microdilution format, a defined test medium (RPMI-
1640 broth buffered to pH 7.0 with MOPS), as well
as an inoculum standardized by spectrophotometric
reading to around 10,000 colony forming units per ml,
and visual determination of the MIC endpoint after in-
cubation at 35°C for 24-72 hours. This procedure was
developed using isolates of Aspergillus species, Fusar-
ium species, S. apiospermum, and Sporothrix schenckii.
The methods of inoculum preparation, choice of in-
oculum size, time of reading, and endpoint selection
have all been evaluated in a series of multicenter in-
vestigations (Espinel-Ingroff et al, 1995; Espinel-Ingroff
et al, 1997). Nongerminated conidia are used because,
at least with Aspergillus species, similar results have
been obtained for germinated and nongerminated coni-
dia (Manavathu et al, 1999; Espinel-Ingroff, 2001a).

Although the M27-A reference procedure served as
the starting point for the M38 document, there are sev-
eral significant differences between the two methods.
The inoculum is about 10 times higher than for yeasts
and requires a different method of preparation. Because
of the differences in the size and light-scattering prop-
erties of the spores produced by these fungi, the M38-
A document specifies different optical densities for each
genus. Careful preparation of the inoculum is essential,
since a concentration outside the specified range will
result in an altered MIC to most antifungal agents
(Gehrt et al, 1995).

The endpoint definition is another point of differ-
ence between the M38 and M27 procedures. In M27,
azoles are read at a partial inhibition endpoint (defined
as the lowest drug concentration producing a promi-
nent reduction in growth). While this wording was used
in the M38-P document for the azoles (National Com-
mittee for Clinical Laboratory Standards, 1998), more
recent work suggests that reading the endpoint at 100%
inhibition (no growth) better detects resistance of As-
pergillus species to itraconazole and the newer triazoles
(Denning et al, 1997a; Espinel Ingroff et al, 2001b).
This modification has been incorporated into the
M38-A document.

The development of the M27 and M 38 reference pro-
cedures for in vitro testing has provided an essential
standard against which possible alternative methods

can be evaluated. Microdilution procedures are time-
consuming and labor-intensive, and there is a need for
simpler and more economical methods of antifungal
susceptibility testing for routine clinical use. Among the
simpler methods that are now being evaluated are the
Etest and agar disc diffusion tests.

The Etest (AB Biodisk, Solna, Sweden), a patented
commercial method for the quantitative determination
of MICs, is set up in a manner similar to a disc diffu-
sion test, but the disc is replaced with a calibrated plas-
tic strip impregnated with a continuous concentration
gradient of the antimicrobial agent. Following incuba-
tion, the MIC is determined from the point of inter-
section of the growth inhibition zone with the cali-
brated strip. Both nonuniform growth of the fungal
lawn and the presence of a trailing growth edge can
make endpoint determination difficult. However, with
experience and standardized procedures, the correla-
tion between the Etest and the M27-A reference pro-
cedure has been acceptable for most Candida species
and the azole antifungal agents (Colombo et al, 1995;
Pfaller et al, 1996; Warnock et al, 1998). For many
moulds, including Aspergillus species, good correla-
tions with amphotericin B and itraconazole Etest and
MICs by the M38 method have been reported (Szek-
ely et al, 1999; Pfaller et al, 2000). The Etest has proved
useful for the determination of amphotericin B MICs
and represents one of the more reliable ways to detect
resistant isolates (Wanger et al, 1995; Clancy and
Nguyen, 1999; Peyron et al, 2001). Quality control
Etest limits for the two M27 QC isolates against am-
photericin B, flucytosine, fluconazole, itraconazole, and
ketoconazole have been proposed (Pfaller et al, 1996).

Although agar disc diffusion has seen widespread use
for antibacterial drug testing, this method has had lim-
ited application in antifungal drug susceptibility test-
ing. It has proved useful for in vitro testing of flucyto-
sine, but early attempts to develop a standardized
method for fluconazole were complicated by the lack
of a reference method with which the results of the disc
diffusion test could be compared (Pfaller et al, 1992).
More recently, several investigations have demon-
strated good correlations between agar disc diffusion
results for fluconazole and MICs by the M27-A method
(Barry and Brown, 1996; Meis et al, 2000). Clearly,
disc diffusion has the potential to provide a simpler
means of performing in vitro tests with fluconazole and
other antifungal agents, but more work is needed.

As Rex and coworkers have commented, the ability
to generate an MIC is of little value without the cor-
responding ability to interpret its clinical meaning (Rex
et al, 2001). However, this process is far from straight-
forward for a number of reasons. First, MICs are not
a physical measurement. Second, host factors play a
critical role in determining clinical outcome. Third, sus-
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ceptibility in vitro does not uniformly predict thera-
peutic success in vivo. Fourth, resistance in vitro will
often, but not always, correlate with treatment failure
(Rex et al, 1997).

The original M27-A document (National Committee
for Clinical Laboratory Standards, 1997) included in-
terpretive breakpoints for Candida species when tested
against fluconazole, itraconazole, and flucytosine. The
data for each drug had different strengths and weak-
nesses for determining these breakpoints, but one weak-
ness that applied to all the data sets was the small
amount of information that was available on isolates
for which the MICs were elevated. A second limitation
was that all (itraconazole) or most (fluconazole) of the
MIC-clinical outcome correlation data were derived
from studies of mucosal candidiasis. There are fewer
data for invasive forms of candidiasis. Despite these
limitations, the general level of clinical correlation
achieved to date has been similar to that seen with an-
tibacterial agents (Rex et al, 2001).

The incidence of invasive mould infections is too low
to permit large-scale prospective comparisons of anti-
fungal drug MICs with the clinical outcome of treat-
ment. For this reason, several groups of investigators
have sought to confirm the relevance of in vitro test re-
sults in animal models of infection. One group tested
nine mould isolates (two Aspergillus species, three
Fusarium species, two S. apiospermum isolates, and
two Rbizopus arrbizus isolates), but found that am-
photericin B and itraconazole MICs determined by the
M38-P reference method provided few clues to the like-
lihood of in vivo response (Odds et al, 1998). A sec-
ond group conducted in vitro and in vivo tests with six
A. fumigatus isolates, two of which were collected from
patients who did not respond to itraconazole treatment
(Denning et al, 1997a). These isolates were resistant to
itraconazole in a murine model of invasive aspergillo-
sis and had elevated itraconazole MICs. However, the
choice of in vitro test conditions was critical in the de-
tection of these elevated MICs. In further work, this
group conducted in vitro and in vivo tests with an iso-
late of A. fumigatus from a patient who responded in-
completely to amphotericin B and an isolate of the in-
trinsically amphotericin B-resistant species A. terreus
(Johnson et al, 2000). Both isolates were unresponsive
to amphotericin B in a murine model of invasive as-
pergillosis, but only the A. terreus isolate tested resist-
ant in vitro. A wide range of media and test conditions
failed to distinguish the resistant A. fumigatus isolate
from two isolates that were susceptible in vivo. In con-
trast, using a straightforward adaptation of the M27
procedure, Lass-Florl and coworkers demonstrated a
good correlation between amphotericin B MICs of = 2
png/ml and an increased likelihood of clinical failure in
patients with aspergillosis (Lass-Florl et al, 1998).

These reports of an association between MICs and clin-
ical outcome are encouraging, but further studies with
animals and patients will be required for a more de-
finitive evaluation. At present, it would appear that
testing of A. fumigatus isolates against azole antifun-
gal agents has significant potential value. Testing of am-
photericin B is, however, more problematic.

In summary, antifungal drug susceptibility testing has
become a useful clinical tool, but its original applica-
tion remains uncertain in many circumstances. It is not
an infallible guide to the treatment of fungal infections.
Testing is most helpful for isolates of Candida species
(especially for species other than C. albicans) from deep
sites. Testing of oropharyngeal isolates of Candida
species from patients who have failed to respond to
standard azole treatment can help to distinguish fail-
ures due to drug resistance from other causes. Suscep-
tibility testing for other fungi or settings is of unclear
value. At present, testing of mould isolates should not
be done on a routine basis. However, clinically impor-
tant mould isolates should be identified to the species
level as speciation can potentially provide useful ther-
apeutic information.
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Epidemiology of systemic
fungal diseases: overview

RANA A. HAJJEH anp DAVID W. WARNOCK

The last 2 decades have seen unprecedented changes in
the pattern of systemic fungal diseases in humans.
These infections have assumed a much greater impor-
tance, largely as a result of major advances in health
care that have made possible the improved support of
transplant recipients, critical-care patients, and other
immunosuppressed individuals for longer periods of
time. In developed countries, changing demographic
patterns, in particular an aging population with a
higher incidence of chronic illness and debilitation,
have also resulted in an increase in the size of the pop-
ulation at risk for fungal infections. In addition to in-
fections acquired in hospitals and other health-care set-
tings, another significant development has been an
increase in the occurrence of several of the endemic my-
coses, in particular histoplasmosis and coccidioidomy-
cosis, among previously healthy persons (Ampel et al,
1998; Cano and Hajjeh, 2001). Urban development,
migration of populations, and natural disasters are
among the factors that have contributed to this trend.
The AIDS epidemic is one of the most important fac-
tors that have contributed to the rising incidence of
fungal diseases. Prior to the widespread usage of highly
active antiretroviral therapy (HAART) in developed
countries, up to 80% of human immunodeficiency virus
(HIV)-infected persons developed mucosal candidiasis,
while others developed cryptococcosis, histoplasmosis,
or coccidioidomycosis during the course of their dis-
ease. In this population, these infections are frequently
disseminated and often life threatening. In many de-
veloping countries, the HIV epidemic is continuing to
escalate, and has led to dramatic increases in the inci-
dence of diseases previously considered rare, such as
cryptococcosis and disseminated histoplasmosis. In
many parts of Africa, the prevalence of cryptococcosis
has risen to more than 30% of persons living with
AIDS. In Southeast Asia, cryptococcosis and Penicil-
lium marneffei infection are now among the most com-
mon opportunistic infections in these individuals.
Analysis of U.S. National Center for Heath Statistics
(NCHS) death records showed that fungal infections
were the seventh most common cause of infectious dis-
ease-related mortality in 1992, and that mycotic
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disease-related fatalities had increased more than three-
fold since 1980 (Pinner et al, 1996). Additional analy-
sis revealed that candidiasis and aspergillosis were the
two specific diseases that accounted for most of these
deaths (McNeil et al, 2001). The NCHS data also
showed that, in 1994, fungal diseases resulted in 30,000
hospitalizations, and accounted for the fourth highest
annual percentage increase (10%) since 1980 (Simon-
sen et al, 1998).

As invasive fungal infections have become more com-
mon among the growing number of immunocompro-
mised and other susceptible individuals in the popula-
tion, physicians are now faced with managing more of
these infections, whether they are health-care-related,
or acquired in the community. A better understanding
of the epidemiologic features of these diseases will en-
able physicians to implement better management strate-
gies and prevention measures.

SURVEILLANCE

Fungal infections are under diagnosed and underre-
ported. Surveillance is important to measure the true
magnitude and health-care costs of fungal diseases, to
detect new pathogens, and to evaluate quality of care
in hospitals. Surveillance is also essential to measure
the effectiveness of interventions, such as prevention
guidelines. Epidemiologic surveillance (which should be
distinguished from microbiologic surveillance) consists
of the systematic collection, analysis and interpretation
of outcome-specific data for use in public health prac-
tice. Various surveillance systems have been used to in-
vestigate fungal diseases.

Sentinel systems, such as the SENTRY antimicrobial
surveillance program (Pfaller et al, 1998a, 2002),
SCOPE (Surveillance and Control of Pathogens of Epi-
demiologic Importance) (Pfaller et al, 1998b) and
NEMIS (National Epidemiology of Mycoses Study)
programs (Pfaller et al, 1998c; Rangel-Frausto et al,
1999), that focus on particular infections or hospitals,
have proved very useful to monitor the emergence of
non-albicans Candida species as causes of nosocomial
bloodstream infection, and to follow trends in azole an-
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tifungal drug resistance among bloodstream isolates.
Data from the National Nosocomial Infections Sur-
veillance (NNIS) system, a sentinel surveillance system
of U.S. hospitals established by the Centers for Disease
Control and Prevention (CDC) in 1970 (http://www.
cdc.gov/ncidod/hip/NNIS), demonstrated that the rate
of hospital-acquired Candida bloodstream infections
increased by almost 500% in large teaching hospitals
during the 1980s, and by 219% to 370% in small
teaching hospitals and large nonteaching hospitals re-
spectively (Banerjee et al, 1991). This trend continued
into the early 1990s, at which time Candida spp. were
the sixth most common hospital-acquired pathogen over-
all (Emori and Gaynes, 1993). Candida spp. were the
fourth most common bloodstream pathogens in NNIS
hospitals during 1990-1992, accounting for 8 %—-10% of
all hospital-acquired bloodstream infections.

Although C. albicans remained the most common
cause of Candida bloodstream infections and dissemi-
nated candidiasis throughout the 1980s, 30%-50% of
these infections were due to other Candida spp. (Baner-
jee et al, 1991; Beck-Sague and Jarvis, 1993). However,
a recent analysis of NNIS data for Candida blood-
stream infections in intensive care units found a sig-
nificant decrease in the incidence of these infections
overall among intensive care unit patients between
1989 and 1999 (Trick et al, 2002). Furthermore, the
same analysis revealed a significant increase in the in-
cidence of C. glabrata bloodstream infections.

Many U.S. hospitals have participated, or currently
participate, in NNIS, or maintain their own surveil-
lance system. Physicians need to consult with their in-
fection control personnel at regular intervals to be
aware of the baseline incidence rates of different fun-
gal infections in their individual hospitals, as well as
the incidence of antifungal resistance among organisms
such as Candida spp., whenever these data are avail-
able. Although national sentinel surveillance systems
provide extremely valuable data, the published infor-
mation may not always be representative of the gen-
eral population, especially when the institutions in-
volved are mostly large academic or tertiary care
referral centers.

Passive surveillance systems are not ideal for fungal
infections. Because these diseases are not notifiable and
not usually transmissible, there is minimal incentive to
report cases. In the United States, some endemic my-
coses are reportable, in particular histoplasmosis and
coccidioidomycosis, but usually only in states where
they are endemic. Coccidioidomycosis is the only fun-
gal disease reportable nationally (Centers for Disease
Control and Prevention, 1997a). Efficient reporting of
these diseases to local and state health departments
helps public health personnel to detect outbreaks at an
earlier stage, and serves to alert physicians. In addition,

better surveillance and adequate reporting allow physi-
cians to identify which diseases are common in their
areas and assist in developing a differential diagnosis.

Active surveillance for fungal diseases is expensive
and often difficult to conduct, but it has enabled ac-
curate population-based incidence rates to be deter-
mined for the first time for several invasive fungal in-
fections, including Candida bloodstream infections and
cryptococcosis, (Rees et al, 1998; Kao et al, 1999;
Hajjeh et al, 1999; Hajjeh et al, 2001). It has also per-
mitted a more representative description of the epi-
demiology of these diseases. As an example, popula-
tion-based active surveillance for Candida bloodstream
infections, conducted at different sites in the United
States during 1992-1994 (Kao et al, 1999), and again
during 1998-2000 (Hajjeh et al, 2001), showed that
the incidence of these infections is approximately 8-10
per 100,000 population. These data provide a clear in-
dication of the public health importance of this com-
mon mycotic infection, when compared to many other
infectious diseases. In addition, these surveillance stud-
ies revealed that the incidence of fluconazole resistance
among C. albicans isolates, a problem that many cli-
nicians feared might significantly affect treatment of
Candida bloodstream infections, remains very low
(about 1%) and has not changed over time.

The various surveillance systems mentioned above
have also been crucial in documenting epidemiologic
trends. For example, the proportion of infections
caused by non-albicans Candida spp. has increased dur-
ing the 1990s and these organisms now account for
more than 50% of all Candida bloodstream infections
(Pfaller et al, 2000; Hajjeh et al, 2001). This trend has
obvious clinical implications, because many non-albi-
cans Candida spp. (except for C. parapsilosis) are usu-
ally less susceptible to azole drugs than C. albicans, and
may require different management.

Whatever surveillance system is chosen, the quality
of the data generated is heavily dependent on several
key components: a defined population, a clear case def-
inition, a mechanism for reporting, and a sufficient in-
centive for all participants to conduct the surveillance.
The collaboration of physicians with their hospital in-
fection control personnel, as well as with their local
public health personnel, is crucial to ensure the collec-
tion of adequate and reliable surveillance data.

UNDERSTANDING EXPOSURE
AND TRANSMISSION

Many fungal diseases are usually acquired by inhala-
tion of airborne spores from an environmental reser-
voir, e.g., aspergillosis and the endemic mycoses. In
contrast, some fungi, such as Candida and Malassezia
spp., are normal commensal residents of humans, and
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infection is endogenous in origin or transmitted from
person to person. These yeast infections can also be
spread via medical devices and fomites, particularly in
health-care settings. An adequate understanding of the
mechanisms of transmission of these infections has im-
portant implications for decisions on prevention meas-
ures, ranging from the need for specific containment
and environmental measures to the consideration of an-
tifungal drug prophylaxis. In addition, host factors play
an important role in predisposing persons to invasive
fungal infections.

Aspergillosis

Invasive aspergillosis usually occurs in patients who are
neutropenic following treatment for hematologic and
other malignancies, in hematopoietic stem cell transplant
(HSCT) and solid organ transplant recipients, and in pa-
tients with neutrophil deficiencies (such as acquired mar-
row failure or congenital neutropenia) or dysfunction,
e.g., chronic granulomatous disease (Warnock et al,
2001). Invasive aspergillosis can be acquired following
a wide range of exposures inside or outside the hospi-
tal environment. Because the majority of cases of in-
vasive aspergillosis either start in, or are confined to,
the lungs and because Aspergillus spores are commonly
found in the indoor and outdoor air, inhalation is
thought to be the usual route of infection. Possible en-
vironmental sources of these spores include the soil, de-
composing plant matter, household dust, building ma-
terials, ornamental plants, flower arrangements, items
of food, and water. The relative importance of these
various sources is very difficult to determine, particu-
larly for sporadic cases of Aspergillus infection (Hajjeh
and Warnock, 2001). Furthermore, the mechanisms of
transmission during outbreaks of aspergillosis may be
very different from those involved in sporadic disease.

The best evidence for the role of contaminated air as
a source of Aspergillus infection comes from the tem-
poral association between some hospital-based out-
breaks of invasive aspergillosis and periods of con-
struction or renovation in or near the wards in which
infected patients were housed (Arnow et al, 1978;
Krasinski et al, 1985; Weems et al, 1987b; Barnes and
Rogers, 1989). Further support for this hypothesis
comes from reports of reduced rates of infection in hos-
pitals following the opening of new facilities with im-
proved air handling systems. In addition, housing high-
risk patients in rooms supplied with HEPA-filtered air
has helped to prevent the acquisition of Aspergillus in-
fection within the hospital (Sherertz et al, 1987; Barnes
and Rogers, 1989; Rhame et al, 1991; Cornet et al,
1999).

Hospital water has been suggested as another possi-
ble source of Aspergillus infection in hospitals (Anaissie
and Costa, 2001; Anaissie et al, 2002). Although As-

pergillus spp. have been recovered from hospital and
municipal water in several countries (Arvanitidou et al,
1999; Anaissie and Costa, 2001; Warris et al, 2002),
there is currently no definitive proof that water is an
important source of human infection. To date, the
clearest published evidence to support this hypothesis
is a single case report of a patient who died of as-
pergillosis. An isolate of A. fumigatus from this patient
had an identical RAPD profile to those of isolates ob-
tained from the patient’s hospital room water, but dif-
fered from those of other environmental isolates ob-
tained during the same period from other locations
(Anaissie et al, 2002). Although hospital water is a fea-
sible environmental reservoir for Aspergillus infection,
and has a precedent in nosocomial legionellosis, fur-
ther epidemiologic studies are needed to confirm trans-
mission from water, and the proportion of cases it ac-
counts for. In addition to hospital-based investigations,
it will clearly be essential to conduct epidemiologic
studies, with molecular typing of Aspergillus isolates,
to look for potential sources of water-borne infection
in the home environment.

Regardless of the environmental reservoir of As-
pergillus, most cases of aspergillosis in hospitalized pa-
tients are not outbreak-related. It seems probable that
some individuals are colonized before their admission
to the hospital and develop invasive disease when ren-
dered neutropenic. Indeed, estimates are that up to
70% of cases of aspergillosis diagnosed over a 3-year
period of surveillance during construction in one North
American hospital were community-acquired (Patter-
son et al, 1997). Although the major risk period for as-
pergillosis is during the profound neutropenia, which
follows conditioning for transplantation, HSCT recip-
ients who develop graft-versus-host disease often de-
velop aspergillosis some time after transplantation, fol-
lowing their discharge from hospital. In several recent
series, such patients have formed the majority of HSCT
recipients with aspergillosis. Clearly, it is important to
ascertain whether this disease is predominantly a hos-
pital- or community-acquired infection, because hospi-
tal infection control measures will not prevent com-
munity-acquired cases. Other control and prevention
measures should be considered in these patients, such
as home environmental control for at-risk patients and
prophylactic treatment with antifungal agents.

Candida Bloodstream Infections
Candida spp. are normal commensals of humans, be-
ing commonly found on the skin, in the gastrointesti-
nal (GI) tract, and in the female genital tract (Odds,
1988). Most cases of Candida bloodstream infections
occur sporadically, and are usually due to endogenous
transmission, i.e., the strain causing bloodstream in-
fection was derived from the individual’s normal flora.
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However, many outbreaks of Candida bloodstream in-
fections have been reported in the literature, and these
have significantly increased our understanding of the
epidemiology of the disease. Outbreaks are usually due
to transmission within the hospital environment, either
from health-care personnel or as a consequence of var-
ious procedures that facilitate entry of the organisms
intravascularly.

The GI tract has long been known to be a source of
entry of Candida organisms into the bloodstream
(Krause et al, 1969). Recently, as part of the NEMIS
study, a large collection of isolates was subtyped, us-
ing a variety of molecular typing methods (pulse field
gel electrophoresis, restriction enzyme analysis, and
electrokaryotyping) (Pfaller et al, 1998¢). Most isolates
had a unique DNA type, supporting the concept of en-
dogenous infection. While the role of catheters in trans-
mission of candidemia has been a subject of contro-
versy (Nucci and Anaissie, 2001; Nucci and Anaissie
2002), clearly, catheters serve as an important route of
entry for the organisms intravascularly. Recent litera-
ture also suggests that local thrombophlebitis at the
skin site of catheter entry may be the cause of Candida
bloodstream infection in some cases (Benoit et al,
1998).

Various factors have been associated with increased
risk of Candida bloodstream infections. These can be
divided into host factors, such as immunosuppression
due to various underlying conditions, and hospitaliza-
tion-related factors, such as central venous catheters,
excessive antibiotic use, and surgical procedures. The
widespread use of antibiotics, leading to overgrowth of
Candida organisms in the GI tract, and intravascular
devices, including catheters and presssure monitoring
devices, are major predisposing factors. Other risk fac-
tors include cytotoxic therapy leading to neutropenia,
other immunosuppressive conditions, loss of integrity
of the GI tract, and abdominal surgery. Previous colo-
nization with Candida spp. has been found to be in-
dependently associated with increased risk of Candida
bloodstream infection in many studies (Wey et al, 1988;
Pittet et al, 1994b; Marr et al, 2000). The intensity of
colonization, when expressed as the number of sites
colonized, has been helpful in predicting invasive Can-
dida infections in critically ill surgical patients (Pittet
et al, 1994a).

Risk factors for Candida bloodstream infections may
also differ by species. For example, although central ve-
nous catheters and hyperalimentation have been asso-
ciated with increased risk for Candida bloodstream in-
fections in general, they are particularly important for
infections with C. parapsilosis (Solomon et al, 1984,
1986; Weems et al, 1987a). This association may be
due to the propensity of this species to proliferate in
high concentrations of glucose and lipids and to adhere

to prosthetic devices (Weems, 1992). Risk factors also
differ by patient population. A recent subanalysis of
data from the NEMIS study examined risk factors for
Candida bloodstream infections among infants in
neonatal intensive care units (Saiman et al, 2000), and
found that, in addition to some common risk factors
(such as central venous catheters, parenteral nutrition
and shock), other factors, including low gestational age,
H2 blockers, and low Apgar scores were also associ-
ated with increased risk of infection.

OUTBREAK INVESTIGATIONS

Outbreak investigations are an important and chal-
lenging component of public health practice. Careful
investigation of outbreaks has increased our under-
standing of fungal diseases, their sources and modes of
transmission, and risk factors for infection, and in so
doing has assisted in the design of improved control
measures for these infections. Investigations of hospi-
tal-based outbreaks of aspergillosis and candidiasis
have led to the development of more effective strate-
gies for prevention and control of these infections in
hospitals. Investigations of outbreaks have also pro-
vided much useful information about the transmission
and risk factors for the endemic fungal infections, such
as histoplasmosis, blastomycosis, and coccidioidomy-
cosis, thus helping to reduce the overall burden of these
diseases.

Outbreak investigations are usually necessary in or-
der to prevent others from being infected (if the out-
break is ongoing) or to prevent similar outbreaks in the
future. Investigating an outbreak consists of multiple
steps, including first confirming that the outbreak is
real, deciding on a case definition, defining the size of
the outbreak, generating and testing hypotheses for the
reasons and source (s) behind the outbreak, conduct-
ing an environmental investigation, and implementing
control measures (Reingold, 1998).

Investigations of outbreaks of fungal diseases can
present major challenges. These include limited sample
size, difficulties with the case definition, exposures that
are ubiquitous or too restricted, and the fact that mo-
lecular subtyping methodologies for fungi are often un-
available or less than ideal. In many outbreaks, the
number of cases is limited and, therefore, the statisti-
cal power of the investigation is limited, making it dif-
ficult to identify the source of the infection (by detect-
ing significant differences in exposure between cases
and controls). If, as is often the case with outbreaks of
fungal infection, detection of the outbreak is delayed,
important clinical and environmental samples may be
difficult to obtain.

Once it is clear that a suspected outbreak is not the
result of laboratory error (e.g., due to specimen con-
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tamination) (Laurel et al, 1999), the next step is to es-
tablish whether the observed number of cases is in ex-
cess of the usual number (i.e., that an outbreak has oc-
curred), and to find all the cases in a given population
over a certain period. A knowledge of the background
rate of a disease either in the hospital or in the com-
munity is essential. For fungal diseases, establishing the
background rate in a hospital can be done by review-
ing the preexisting surveillance data if available, or by
reviewing other records, such as laboratory summaries,
pathology results, or hospital discharge records. In the
community, baseline rates of disease can sometimes be
determined by consulting with local health depart-
ments. This approach may be more difficult for dis-
eases like the endemic mycoses since reporting is often
incomplete. Among other factors, changes in the pop-
ulation at risk can affect the background rate of a dis-
ease. For example, an increase in the number of pa-
tients undergoing HSCT, or a change in the proportion
undergoing bronchoscopy for diagnosis, may result in
an increase in the number of cases of aspergillosis in a
particular hospital unit. Therefore, it is always impor-
tant to calculate rates of disease when an outbreak is
suspected, rather than relying only on the number of
cases.

In some outbreaks, formulating the case definition
and exclusion criteria is straightforward; in others, the
case definition and exclusion criteria are complex, par-
ticularly if the disease is new or if the range of clinical
manifestations is very broad. In many investigations of
outbreaks of fungal infection (e.g., aspergillosis), mul-
tiple case definitions are needed (e.g., laboratory-
confirmed case, clinical case, proven case, probable
case, possible case) and the resulting data are analyzed
by using different case definitions.

By collecting detailed patient data, case-finding pro-
vides important information about the descriptive epi-
demiologic features of an outbreak. By reviewing the
times of onset of the cases, and by examining the char-
acteristics (e.g., age, sex, residence, occupation, recent
travel) of those affected, epidemiologists can often gen-
erate hypotheses about the cause and source of the out-
break. For example, careful investigation of a large
outbreak of blastomycosis in Wisconsin during 1984
enabled the incubation period for the infection to be
determined, and the risk factors for human disease to
be identified, as well as leading to a much clearer un-
derstanding of the natural habitat of the fungus and
the sources of human infection (Klein et al, 1986). Like-
wise, bird roosts and bat guano have been clearly im-
plicated in outbreaks of histoplasmosis (Sarosi et al,
1971), and archaeological digs and construction work
in endemic regions are among the factors that have been
implicated in outbreaks of coccidioidomycosis (Werner
et al, 1972; Cairns et al, 2000). It is notable that, for

those fungal infections that have never been associated
with outbreaks (e.g., cryptococcosis), information about
the precise source(s) of human infection and the incu-
bation period remains very limited. Once hypotheses ex-
plaining the occurrence of an outbreak are generated,
an analytic epidemiologic study to test these hypothe-
ses is usually the next step. In many instances, a case-
control study is used, but in others a retrospective co-
hort or cross-sectional study may be more appropriate.

Environmental specimens can support epidemiologic
findings. However, these need to be collected as soon
as possible, either before they are no longer available,
as in the case of contaminated parenteral nutrition flu-
ids, etc., or before environmental interventions are im-
plemented, as in the case of repairing a malfunctioning
air-filtration unit. Finding or not finding the causative
organism in environmental samples is often perceived
as powerful evidence implicating or exonerating an en-
vironmental source; however, both positive and nega-
tive findings can be misleading. For example, finding a
ubiquitous organism such as Aspergillus fumigatus in
an item of hospital food does not prove that the food
(rather than some other source) is responsible for an
outbreak of aspergillosis. Likewise, not finding the
causative organism in an environmental sample does
not conclusively rule out a source as the cause of the
problem. This is especially true for difficult-to-culture
organisms, such as Blastomyces dermatitidis.

Central to any outbreak investigation is the imple-
mentation of appropriate control measures to minimize
further illness and death. For example, although most
cases of Candida bloodstream infections are endoge-
nous in origin, investigation of outbreaks in neonatal
and surgical intensive care units has demonstrated that
carriage of organisms on the hands of health-care
providers is a common cause of transmission in hospi-
tals (Burnie et al, 19835; Finkelstein et al, 1993). In turn,
this finding has facilitated the development of rational
preventive measures, such as rigorous hand washing be-
fore and between all patient contacts in units dealing
with high-risk patients. Investigation of hospital-based
outbreaks of Aspergillus infection has also contributed
to the development of measures for the control and pre-
vention of this devastating disease.

Finally, outbreak investigations have provided much
useful information that has enabled prevention guide-
lines to be formulated (see PREVENTION). In addi-
tion, outbreak investigations have offered excellent
opportunities to develop new molecular sub-typing
methods, and to evaluate and validate existing ones.

PREVENTION

Developing effective prevention measures for fungal in-
fections is the ultimate goal of all epidemiologic stud-
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ies. However, unlike other diseases of public health im-
portance, prevention of fungal diseases has proved to
be difficult for many reasons. These include the nature
of the population at risk (many of whom are hospital-
ized immunocompromised patients) because only a few
risk factors are preventable or potentially modifiable.
In addition, the ubiquitous occurrence of many oppor-
tunistic molds in the environment, and the ecology of
others, such as the endemic pathogens Histoplasma cap-
sulatum and Coccidioides immitis, makes it difficult to
prevent exposure. Prevention of fungal diseases to date
has focused on two areas: environmental control meas-
ures, either in the community or in the health-care en-
vironment, and antifungal drug chemoprophylaxis.

With the continuing increase in the number of im-
munocompromised patients, the prevention of oppor-
tunistic fungal infections, such as aspergillosis, has be-
come an issue of major importance in the management
of all at-risk groups. Environmental control measures,
designed to protect high-risk patients from exposure to
mold spores at home or in the hospital, are difficult.
Housing these individuals in rooms supplied with
HEPA-filtered air has helped to prevent the acquisition
of Aspergillus infection within the hospital (Sherertz et
al, 1987; Barnes and Rogers, 1989). The CDC, in col-
laboration with the Hospital Infection Control Prac-
tices Advisory Committee (HICPAC), has published
guidelines for prevention of aspergillosis in the hospi-
tal environment (Centers for Disease Control and Pre-
vention, 1997b), describing all these environmental
measures. These guidelines are currently being updated
and can be obtained from the following Web site:
http://www.cdc.gov/ncidod/hip/pneumonia/pneu_
mmw.htm.

In the case of Candida bloodstream infections, evi-
dence from outbreak investigations has implicated
carriage of organisms on the hands of health-care
providers as a major cause of transmission in hospitals.
As a result, guidelines have been developed by the CDC
and the Association for Professionals in Infection Control
and Epidemiology (APIC) (http:/www.cdc.gov/ncidod/
hip/guide/handwash_pre.htm) to enforce rigorous hand
washing before and between all patient contacts, espe-
cially when dealing with high-risk patients.

Guidelines have also been developed for protection
against some community-acquired infections in special
risk groups. Examples include prevention of histoplas-
mosis among workers (Lenhart et al, 1997; http://www.
cde.gov/niosh/tc97146.html), and prevention of oppor-
tunistic fungal infections in persons with AIDS, developed
in collaboration with the Infectious Diseases Society of
America (Centers for Disease Control, 2002; http:/www.
cdc.gov/immwr/preview/mmwrhtml/rr5108a1.htm).

Currently, prophylactic regimens with fluconazole
are only recommended for use among selected leukemia

or bone marrow transplant patients (Goodman et al,
1992; Rex et al, 2000). However, fluconazole chemo-
prophylaxis also appears to be effective in some criti-
cally ill, nonneutropenic patients. A recent study found
prophylaxis with fluconazole (400 mg/d) to be effec-
tive in selected patients, such as those with recurrent
gastrointestinal perforations or anastomotic leakages
(Eggiman et al, 1999). Another study found that a sim-
ilar regimen of fluconazole prophylaxis decreased the
incidence of fungal infections in high-risk patients in
surgical intensive care units (Pelz et al, 2001). These
patients, however, tended to be older and had a higher
incidence of recent surgeries and chronic conditions,
such as diabetes and liver dysfunction.

Chemoprophylaxis has been employed to prevent in-
vasive aspergillosis, but few large comparative trials
have been conducted and its usefulness remains con-
troversial (Warnock et al, 2001). The results of three
large randomized, controlled trials of itraconazole as
prophylaxis in patients receiving chemotherapy or
HSCT for hematologic malignancies have recently been
published (Menichetti et al, 1999; Morgenstern et al,
1999; Harousseau et al, 2000). Because the efficacy of
prophylaxis against invasive aspergillosis has not been
clearly established, chemoprophylaxis of all immuno-
compromised patients does not appear to be justified.
The high incidence of infection, coupled with a high
mortality rate, supports the use of prophylaxis against
invasive aspergillosis in allogeneic HSCT recipients, as
well as in liver and lung transplant recipients (Singh,
2000). Given the much lower incidence of the disease
in autologous HSCT recipients and other solid organ
transplant recipients, routine antifungal prophylaxis
may not be indicated. Other promising therapeutic ap-
proaches that deserve further evaluation include spe-
cific strategies designed to boost the immunological re-
sponse of the host.

Since chemoprophylaxis may be associated with de-
velopment of antifungal drug resistance, as well as
with side effects related to drug toxicity, clinicians
should be careful about extending such measures to
other critically ill patients in intensive care units, un-
less further studies identify additional risk factors that
better define patients who might benefit from such an
approach.
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Amphotericin B

STANLEY W. CHAPMAN, JOHN D. CLEARY, anp P. DAVID ROGERS

Amphotericin B has been the cornerstone of antifungal
therapy for almost 50 years. Discovered in the late
1950s, it was approved for human use as an antimy-
cotic in 1960. Initial formulations of amphotericin B
were plagued with impurities. Allergic responses, pre-
sumably secondary to these impurities, and endotoxin-
like infusion-related reactions were common. Although
improvements in purification and fermentation over the
last 30 years have enhanced tolerability, infusion-
related reactions and renal dysfunction are still com-
monplace with the use of the deoxycholate solubilized
formulation. Formulations using a lipid carrier have
significantly improved tolerability. Safety aside, am-
photericin B remains the most effective, broad-spec-
trum, fungicidal agent with the greatest experience for
the treatment of systemic mycoses. Both intrinsic and
acquired resistance are limited. The treatment failures
seen with amphotericin B are multifaceted. These can
be attributed to delays in diagnosis of invasive mycoses,
the immune compromised state of the patient being
treated, the unique pharmacokinetic/pharmacodynamic
properties of the different formulations, and dose lim-
itations related to toxicity. In an effort to enhance an-
tifungal efficacy and reduce toxicity, amphotericin B
has been combined with other agents (e.g., flucytosine,
azoles, and terbinafine) with promising results. It is the
authors’ opinion that combination therapy will be used
increasingly for the treatment of systemic mycoses.

This chapter discusses amphotericin B deoxycholate
and the lipid preparations of amphotericin separately.
Where appropriate we compare and contrast these dif-
ferent formulations with an emphasis on unique phar-
macologic properties or clinically relevant differences
in toxicity or outcome that favor one preparation over
another. Table 3-1 presents a summary of the indica-
tions, chemistry, pharmacology, efficacy, and toxicities
of each of these formulations.

AMPHOTERICIN B DEOXYCHOLATE

Chemistry
Amphotericin B is a polyene antifungal that, along with
amphotericin A, is produced by the soil actinomycete
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Streptomyces nodosus. The amphotericin B molecule is
a heptaene macrolide consisting of seven conjugated
double bonds within the main ring, a connecting my-
cosamine through a glycoside side chain, and a con-
necting free carboxyl group (Fig. 3-1). Amphotericin B
is relatively insoluble in water and derives its name
from its amphoteric property to form methanol solu-
ble salts under both basic and acidic conditions (Gal-
lis et al, 1990; Lyman and Walsh, 1992).

Amphotericin B is available as an intravenous prepa-
ration formulated by combination with sodium deoxy-
cholate, which results in formation of a micellar dis-
persion upon reconstitution in 5% dextrose or water
(Gallis et al, 1990; Patel, 1998). Alternative formula-
tions of amphotericin B have been devised in an effort
to improve the therapeutic index of this agent. A wa-
ter-soluble methyl ester preparation showed promise
initially as higher doses of the drug could be adminis-
tered without associated nephrotoxicity. Unfortunately
several patients developed leukoencephalopathy in clin-
ical trials and the product was abandoned (Schmitt,
1993).

Recently three lipid-based preparations of ampho-
tericin B have been developed. Despite their significant
cost, many institutions preferentially utilize these for-
mulations owing to reduced adverse reactions. These
ampbhotericin B lipid preparations are discussed in de-
tail later in this chapter under LIPID PREPARATIONS
OF AMPHOTERICIN B.

Mechanisms of Action

The primary antifungal activity of amphotericin B is
mediated by its preferential binding to ergosterol in the
fungal cell membrane. This interaction results in the
formation of pores consisting of eight amphotericin B
molecules in the membrane, allowing leakage of potas-
sium and other cellular components that ultimately
leads to cell death (Brajtburg et al, 1990). Although
amphotericin B has a greater affinity for the fungal er-
gosterol, it still has some affinity for binding to the cho-
lesterol of mammalian cell membranes. The latter prob-
ably plays an important role in its associated toxicity
(Abu-Salah, 1996).
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FIGURE 3-1. Amphotericin B polyene structure. The molecular formula of the drug is C47H73NO;; its

molecular weight is 924.10.

There is also evidence to suggest that amphotericin
B-mediated cell killing may be due in part to the oxi-
dizing properties of the drug that results in the pro-
duction of reactive oxygen species and lipid peroxida-
tion of fungal cell membrane (Brajtburg et al, 1990).
In support of oxidative cell injury, Sokol-Anderson and
colleagues have shown that amphotericin B-mediated
lysis of C. albicans protoplasts and whole cells is re-
duced, independent of potassium leakage, in the ab-
sence of oxygen and in the presence of exogenous cata-
lase and superoxide dismutase (Sokol-Anderson et al,
1986). The presence of seven conjugated double bonds
in the chemical structure of amphotericin B renders it
prone to auto-oxidation (Sokol-Anderson et al, 1986;
Osaka et al, 1997), leading some investigators to spec-
ulate that amphotericin B may also act as an antioxi-
dant, although clinical data to support this hypothesis
are lacking. Finally, amphotericin B also has been
shown to inhibit the respiration of actively metaboliz-
ing Aspergillus fumigatus (Sandhu, 1979).

Amphotericin B may indirectly modulate antifungal
efficacy by its ability to alter immune function. The im-
munomodulatory effects of amphotericin B have been
found to be diverse and contradictory. The reported
differences in amphotericin B-induced immunomodu-
lation may be the result of a number of factors including
the concentration of drug, the in vitro conditions, or
the animal model used. Amphotericin B has been shown
to act as an immunoadjuvant by stimulating cell pro-
liferation and cell mediated immunity in murine mod-
els (Bistoni et al, 1985). Amphotericin B has also been
shown to enhance the phagocytic and antibacterial ac-
tivity of macrophages and to increase colony-stimulat-
ing factor concentrations in mice (Lin et al, 1977).
Chapman and coworkers found that amphotericin B
enhances macrophage tumoricidal activity that was in-
dependent of its ionophoretic properties (Chapman and
Hibbs, 1978). Amphotericin B induces production of
IL-18, TNF-a, and IL-1Ra in murine and human
monocytes and macrophages (Gelfand et al, 1988; Chia

and Pollack, 1989; Cleary et al, 1992; Rogers et al,
1998), and increases nitric oxide synthesis in human
monocytes (Mozaffarian et al, 1997). It has also been
shown to increase both IL-12 and IFN-gamma levels in
mice with gastrointestinal or systemic Candida infec-
tion (Cenci et al, 1997).

In contrast, amphotericin B has been shown to in-
hibit the chemotactic responsiveness, phagocytic ca-
pacity, and killing by human neutrophils (Bjorksten et
al, 1976; Marmer et al, 1981). Inhibition of both spon-
taneous and antigen-induced transformation, as well as
antibody-dependent cellular toxicity of human lym-
phocytes has been reported with amphotericin B
(Roselle and Kauffman, 1978; Nair and Schwartz,
1982). It has also been reported to diminish hPBMC
and T-cell responses to phytohemagglutinin (Stewart et
al, 1981) and to impair NK cell activity (Nair and
Schwartz, 1982; Hauser and Remington, 1983).

Taken collectively, these data suggest that ampho-
tericin B exerts its direct antifungal activity through
three mechanisms of action: pore formation, oxidative
damage, and inhibition of metabolic activity. While the
direct antifungal activity of amphotericin B has been
extensively validated, the in vivo role of its im-
munomodulatory properties has not been sufficiently

defined.

Spectrum of Activity

Amphotericin B is active against most of the common
yeasts, moulds, and dimorphic fungi causing human
infection including: Candida species, Cryptococcus
neoformans, Blastomyces dermatitidis, Histoplasma
capsulatum, Coccidioides immitis, Paracoccidioides
brasiliensis, Sporothrix schenckii, Aspergillus species,
and the agents of mucormycosis. This polyene also has
some degree of activity against the protozoa Leishma-
nia brasiliensis, and Naegleria fowleri (Gallis et al,
1990; Patel, 1998).

Relatively few organisms manifest intrinsic resistance
to amphotericin  B. Scedosporium apiospermum
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(Pseudallescheria boydii), Candida lusitaniae, Candida
guilliermondii, Scopulariopsis species, and Fusarium
species generally are considered intrinsically resistant
to amphotericin B (Speeleveld et al, 1996; Patel, 1998).
Acquired resistance to amphotericin B, whether through
selective laboratory techniques or after clinical usage, ap-
pears to be uncommon. Recently, however, resistant iso-
lates of C. albicans, C. glabrata, C. tropicalis, and Cryp-
toccocus neoformans have been isolated from patients
with AIDS (Powderly et al, 1992; Le et al, 1996; Kelly
et al, 1997).

Studies of resistant clinical isolates of C. albicans and
C. neoformans suggest that resistance occurs through
alterations of the genes encoding a®-7-isomerase or a>-°-
desaturase within the sterol biosynthesis pathway.
These isolates accumulate alternative sterols, allowing
the organism to evade the activity of amphotericin B
(Georgopapadakou and Walsh, 1996; Le et al, 1996;
Kelly et al, 1997). Others have suggested that resist-
ance to amphotericin B in yeasts may occur through
increased catalase activity, impairing amphotericin
B-induced oxidative damage (Georgopapadakou and
Walsh, 1996).

Susceptibility Testing

Routine susceptibility testing for amphotericin B is
problematic. Interpretive break points that correlate in
vitro activity with clinical outcomes are limited (Van-
den Bossche et al, 1998; White et al, 1998a; Ghannoum
and Rice, 1999). The use of in vitro susceptibility stud-
ies is further complicated owing to the variable results
seen for many different technical reasons (i.e., media,
temperature, pH, cation content etc). The recent efforts
of the National Committee of Clinical Laboratory Stan-
dards (NCCLS) have been instrumental in the devel-
opment of standardized methodology for antifungal
susceptibility testing. Despite these improvements, the
routine use of susceptibility testing of clinical isolates
to amphotericin B is not recommended. Susceptibility
testing of clinical isolates may be helpful for patients
who are failing amphotericin B. For example, clinical
failure using amphotericin B to treat serious candidal
and cryptococcal infections has been associated with
MICs of = 1.0 ug/ml (Powderly et al, 1988; Powderly
et al, 1992). It should be noted, however, that clinical
failure in amphotericin-treated patients is not neces-
sarily indicative of fungal resistance, but is often re-
lated to the underlying immunodeficiency of the pa-
tient. Susceptibility testing may also be clinically useful
in guiding treatment of rare pathogens where resistance
is likely or unpredictable. When patient samples can be
processed in a clinically relevant time frame and
stronger clinical correlations are developed, routine sus-
ceptibility testing will need to be reevaluated. For a
more complete discussion, see Chapter 1.

Pharmacology and Pharmacokinetics (Table 3-1)
Amphotericin B is poorly absorbed after oral adminis-
tration (less than 5%), hence the requirement of an in-
travenous formulation for the treatment of systemic
mycoses. Following an intravenous infusion, ampho-
tericin B is bound primarily to lipoproteins, cholesterol,
and erythrocytes. Peak serum concentrations of ap-
proximately 1-3 ug/mL are achieved during the first
hour following a 4 to 6~hour amphotericin B infusion
at a dose of 0.6 mg/kg. Serum concentrations rapidly
fall to a prolonged plateau phase with measured am-
photericin B concentrations of 0.2-0.5 ug/mL. Fol-
lowing an initial half-life of 24-48 hours, there is a ter-
minal elimination half-life of approximately 15 days.
This terminal elimination phase most likely represents
the slow release of amphotericin B from the tissues
(Table 3-1).

Amphotericin B is distributed to many tissues in-
cluding the lungs, spleen, liver, and kidneys (Collette
et al, 1989). The volume of distribution is 4 liters/kg
and appears to follow a three-compartment model of
distribution. Amphotericin B, however, does not dis-
tribute into adipose tissue, supporting the premise that
dosage should be based on lean body mass. Unfortu-
nately, the measurement of lean body mass is not al-
ways practical. Hence dosing of amphotericin B in
obese patients should be based on calculated ideal body
weight. Amphotericin B is bound extensively in tissues
and can be detected in the liver, spleen, and kidney for
months after treatment has been terminated (Chris-
tiansen et al, 1985). Despite this extensive and pro-
longed tissue binding, the relationship of serum vs. tis-
sue concentration and clinical efficacy or toxicity has
not been clearly established.

Ampbhotericin B concentrations in peritoneal, pleural,
and synovial fluids are less than half of the simultane-
ous serum concentrations. Although clinical efficacy of
amphotericin B has been repeatedly documented for the
treatment of central nervous system fungal infections
(e.g., cryptococcal meningitis), cerebrospinal fluid lev-
els are low, usually less than 5% even in the presence
of inflamed meninges. This enhanced clinical efficacy
may reflect higher levels of amphotericin B in the
meninges as compared to the cerebrospinal fluid that
has been documented in animal models of meningitis
(Gallis et al, 1990).

Despite almost 50 years of clinical experience, little
is known about the metabolism of amphotericin B. No
metabolites have yet been identified. Less than 5% of
the administered dose is excreted in the urine and bile.
Serum concentrations, as such, are not changed and
accumulation of amphotericin B does not occur in
patients with hepatic or renal failure. Likewise, he-
modialysis or peritoneal dialysis does not influence
serum levels (Bindschlader and Bennett, 1969; Atkin-



TABLE 3-1. Ampbhotericin B Characteristics

Category

Amphotericin B
[AmB; Fungizone®]
Apothecon

Amphotericin B Lipid
Complex [ABLC™;
Abelcet] Enzon Inc.

Amphotericin B
Colloidal Dispersion
[ABCD; Amphotec®]

InterMune Inc.

Liposomal Amphotericin B
[LAmB; AmBisome®]
Fujisawa Healthcare Inc.

Amphotericin B in Lipid
Emulsion [ABLE]
No Manufacturer

Primary Reference

FDA Approved
Indication

Formulation
Sterol
Phospholipid

Size (nm)
Stability

FDA Approved
Dosage & Rate

Lethal Dose 50%

Pharmacokinetic
Dose Administered

Serum Concentrations
Peak
Trough

Half-life (Beta)
Area Under the Curve (0-24)

Volume of Distribution
Protein Binding (%)
Adipose**

Brain**

CSF/Serum (%)

Heart**
Kidney**

Liver**

Lung**
Pancreas™*
Spleen**

Clearance
Urine (%)

Feces (%)

Janknegt et al, 1992
Christiansen et al, 1985

Life-threatening fungal
infections
Visceral leishmaniasis

MICELLE
None
None

<10

1 week at 2°C-8°C or
24 hours at 27°C
0.3-1.0 mg/kg/day

over 1-6 hours
3.3 mg/kg

0.5 mg/kg

1.2 pg/mL
0.5 pg/mL

91.1 hours
14 ug/mL - hour

3-5.0 L/kg

< 10%

0.12 (ND)

1.02 (0.3)

2-4 (40-90 in neonates)
1.73 (0.4)

10.4-18.9 (0.8-1.5)
45.9-93.2 (26.2-27.5)
5.29-12.9 (3.1-3.2)
7.6 (0.2)

28.7-59.3 (1-5.2)

38.0 mL/hour/kg
2%—-5% in 24 hours
ND

Package Insert

Refractory/ intolerant
to AmB

RIBBONS/SHEETS
None

DMPC & DMPG (7:3)*

1600-11,000

15 hours at 2°C-8°C or
6 hours at 27°C

5.0 mg/kg/day at
2.5 mg/kg/hour

10-25 mg/kg

5.0 mg/kg X 7 days

1.7 pg/mL
0.7 ug/mL

173.4 hours
17 pg/mL - hour
131.0 Likg

290 (ND)
436.0 mL/hour/kg

Package Insert

Invasive aspergillosis
in patients refractory/
intolerant to AmB

LIPID DISK
Cholesteryl Sulfate
None

122 (= 48)
24 hours at 2°C-8°C

3.0-6.0 mg/kg/day
over 2 hours
68 mg/kg

5.0 mg/kg X 7 days

3.1 pg/mL

28.5 hours
43.0 pg/mL - hour

0.117 mL/hour/kg

Package Insert

Empirical therapy in
neutropenic FUO
Refractory/ intolerant

to AmB
Visceral leishmaniasis

UNILAMELLAR VESICLES
Cholesterol Sulfate (5)*
EPC & DSPG (10:4)*

80-120
24 hours at 2°C-8°C

3.0-5.0 mg/kg/day

over 2 hours
175 mg/kg

5 mg/kg X 7 days

83.0 pug/mL
4.0 pug/mL

6.8 hours
555 ug/mL - hour
0.10 L/kg

22.8 (0.3)
175.7 (18.3)
16.8 (0.6)
ND

201.5
11.0 mL/hour/kg

Ayestaran et al, 1996
Villani et al, 1996

NA

Safflower and Soybean Oils
10-20 g/100 mL
EPC > 2.21 g/100 mL
Glycerin > 258 g/100 mL

333-500
Unstable

Investigational:
1.0 mg/kg/day over 1-8 hours

Unknown

0.8 mg/kg/day X 13 days

2.13-2.83 pg/mL
0.42 pg/mL

7.75-15.23 hours
26.37-37 ug/mL - hour
0.45-0.56 L/kg

37.0 ml/hour/kg

EPC, Egg phosphatidylcholine; DSPG, Distearolyphosphatidylglycerol; DMPC, Dimyristoyl phosphatidylcholine; DMPG, Dimyristoylphosphatidyl glycerol, ND, not done.
*Molar ratio of each component, respectively.

** Amount in tissue (ug/g) then in parenthesis (%) of total dose.
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son and Bennett, 1978; Daneshmend and Warnock,
1983; Gallis et al, 1990; Patel, 1998; Gussak et al,
2001).

Several pharmacokinetic parameters of amphotericin
B are different in children as compared to adults (Starke
et al, 1987; Benson and Nahata, 1989). For instance,
children have a smaller volume of distribution and a
larger clearance compared to adults. When equivalent
weight-based doses of amphotericin B are administered,
peak serum concentrations in children are approxi-
mately one-half of those obtained in adults. The in-
creased clearance of amphotericin B in children may,
in part, explain the clinical finding that higher doses
are better tolerated in children as compared to adults.
Despite the lower serum concentrations seen in chil-
dren, cerebrospinal fluid concentrations of ampho-
tericin B treated neonates are higher than those noted
in adults.

Pharmacodynamics
Pharmacodynamics involves the integration of several
pharmacologic measurements made in vitro (e.g., sus-
ceptibility studies, time-kill studies, dynamic models,
viability, postantibiotic effect [PAE], etc.) and in vivo
(drug concentrations, toxicity, efficacy, etc.). In bacte-
riology, several variables have been assigned quantita-
tive limits that are predictive of therapeutic success and
include the time that the serum drug concentration ex-
ceeds MIC [T > MIC]; the ratio of maximum serum
drug concentration to MIC [Cp,2,:MIC]; and the ratio
of the area under the concentration—time curve during
a 24-hour dosing period to MIC [AUC(_,4:MIC] (Gun-
derson et al, 2001). These parameters have proven use-
ful in classifying antibiotics as either concentration-
dependent or time-dependent in their bactericidal ac-
tivity. These parameters have also been instrumental in
selecting the optimal anti-infective treatment regimens
for bacterial infections.

Pharmacodynamic parameters are less clearly defined
for the antimycotic drugs. Amphotericin B has tradi-
tionally been portrayed as a concentration-dependent
antifungal agent. Concentration-dependence is charac-
terized by a long PAE and therapeutic success when the
Cimax:MIC ratio is high. Determination of C,:MIC
ratios of amphotericin B and their relationship to clin-
ical outcome in human infections is incomplete. The
lack of standardized antifungal susceptibility testing has
also hindered studies exploring amphotericin B phar-
macodynamics. The recent efforts of the NCCLS to
standardize antifungal testing should facilitate future
studies dealing with amphotericin B and other anti-
fungals. Additional studies are required to evaluate the
predictive value and clinical usefulness of these phar-
macodynamic parameters in optimizing therapy of hu-
man infections.

Initial studies evaluating amphotericin B pharmaco-
dynamic models in vitro and in vivo have been con-
tradictory. For example the PAE of amphotericin B for
Candida species was prolonged when studied in vivo.
In a study of neutropenic mice infected with Candida,
the antimycotic effects of amphotericin B were observed
for 23-30 hours (Andes, 1999). In contrast, several in
vitro studies have shown a shorter duration of an-
timycotic effect (0-10.6 hours) dependent on the MIC
of the organism and the length of drug exposure
(Carver, 1993; Turnidge et al, 1994; Ernst et al, 2000).
The longer PAE noted in vivo might be due to the im-
munomodulatory properties of amphotericin B and/or
the slow release of amphotericin from tissue. Also con-
founding pharmacodynamic studies is the issue dealing
with determination of the PAE, which is the compos-
ite result of drug concentration at the site of infection,
the MIC of the organism, and the density of organisms
at the site of infection. Data on these important pa-
rameters affecting antimycotic pharmacodynamics and
clinical outcome have not been adequately defined.

Despite the limitations discussed above, some stud-
ies have begun to define clinically relevant pharmaco-
dynamic parameters of antifungals that affect clinical
outcome. Drutz and colleagues reported improved clin-
ical outcomes when amphotericin B serum concentra-
tions are maintained at a level greater than twice the
MIC of the fungus (Drutz et al, 1968). Animal models
of infection have further demonstrated that high peaks
relative to the MIC are correlated with improved sur-
vival and decreased fungal burden, as defined by CFU
per gram of tissue in a variety of organs (Andes, 1999;
Lewis et al, 1999; Groll et al, 2000). When studied in
a neutropenic mouse model of infection, a serum C,x:
MIC ratio ~10:1 was associated with the greatest
decrease in kidney fungal burden. Additionally, using
non-linear regression, a strong relationship was also
found for the length of time the serum concentration
remained above the MIC. This latter pharmacodynamic
property is characteristic of a nonconcentration-
dependent (i.e., time-dependent) antimycotic drug such
as an azole (Andes, 1999; Groll et al, 2000). A rea-
sonable hypothesis in reconciling these results involves
the enhanced tissue binding of amphotericin B. Specif-
ically, the enhanced tissue storage and long elimination
rates of amphotericin B confound traditional dynamic
estimates and the release of free drug from tissue sites
is difficult to discriminate from the residual effects of
inhibitory antifungal concentrations.

Adverse Effects
The utility of amphotericin B is hindered by significant
toxicity. Although amphotericin B has a greater affin-
ity for ergosterol, its affinity for cholesterol in the mam-
malian cell membrane likely plays a role in its toxicity
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(Abu-Salah, 1996). The resulting, nonselective disrup-
tion of mammalian cells is believed to be the underly-
ing cause of most of the adverse effects associated with
this drug (Andreoli, 1973; Hsuchen and Feingold,
1973). Reversible renal impairment occurs within 2
weeks of therapy in more than 80% of amphotericin
B treated patients (Butler et al, 1964). Infusion-related
fever and chills are observed in over half of the patients
receiving amphotericin B. The clinical consequences can
be significant in certain patient populations such as the
elderly and critically ill. Other adverse effects include
thrombophlebitis, nausea, vomiting, headaches, myal-
gias, and arthralgias. Less frequently, cardiac arrhyth-
mias and pulmonary toxicities have been reported.

It is clinically useful to classify these reactions as in-
fusion-related, dose-related, or idiosyncratic reactions.
Infusion-related reactions include a symptom complex
of fever, chills, nausea, vomiting, headache, and hy-
potension. Cardiac arrhythmias may occur when high
concentrations are rapidly infused, especially in patients
with heart disease, patients with renal failure and those
receiving an accidental drug overdosage (Cleary et al,
1993). Caution is also recommended for patients re-
ceiving the drug by a central venous catheter. Dose-
related reactions occur with longer courses of treatment
and are related to total dose. Examples include renal
dysfunction with secondary electrolyte imbalances and
anemia. Idiosyncratic reactions are unpredictable and
include anaphylaxis, liver failure, hypertension, and res-
piratory failure.

Infusion-related fever and chills are observed in over
half the patients receiving amphotericin B. Our clinical
experience is that patients having severe infusion reac-
tions often have undiagnosed adrenal insufficiency (es-
pecially those with disseminated histoplasmosis); con-
sequently, adrenal function should be evaluated in these
individuals. These infusion-related effects are believed
to be due to the production of proinflammatory medi-
ators by monocytes and macrophages in response to
amphotericin B (Gigliotti et al, 1987; Chia and Pollack,
1989; Cleary et al, 1992). Amphotericin B has been
shown to up-regulate a number of genes encoding pro-
inflammatory molecules such as IL-1a, IL-18, TNFa,
IL-8, MIP-1a, MIP-18, and MCP-1 (Rogers et al, 1998;
Rogers et al, 2000, Rogers et al, 2002). Production of
these respective gene products, along with release of
PGE, from endothelial cells, likely mediates the infu-
sion-related toxicity of amphotericin B. The patient to
patient variability of amphotericin B infusion-related
toxicity may correlate with quantitative differences in
cytokine production in vivo (Gelfand et al, 1988).

The clinical manifestations of amphotericin B-
induced nephrotoxicity include decreased glomerular fil-
tration, decreased renal blood flow, and renal tubular
acidosis. Secondary consequences such as hypokalemia

and hypomagnesemia are common. Additionally, nor-
mochromic, normocytic anemia is frequently observed,
likely in response to decreased erythropoietin produc-
tion (Lin et al, 1990). Calcium deposits have been
found in the renal tubule lumen, tubule cells, and in-
terstitium upon histopathologic examination of renal
tissue specimens obtained from patients treated with
amphotericin B (Sabra and Branch, 1990; Carlson and
Condon, 1994).

Onset of nephrotoxicity often occurs before labora-
tory or clinical signs and symptoms are evident. Many
clinicians accept an endpoint at which some interven-
tion is required as a rise in serum creatinine of greater
than 0.5 mg/dL for patients with baseline values less than
3.0 mg/dL. For patients with a serum creatinine above
3.0 mg/dL, a rise of greater than 1.0 mg/dL is consid-
ered an appropriate endpoint. The action taken is vari-
able and ranges from amphotericin B discontinuation
or dosage reduction, stopping concurrent nephrotoxic
drugs, changing to an alternate day infusion schedule
and pretreating patients with normal saline. There are
no clinical trials that identify the optimal therapeutic
option.

The mechanism of amphotericin B-induced nephro-
toxicity is multifaceted. Animal studies have demon-
strated the vasoconstrictive properties of amphotericin
B, particularly with regard to the afferent arteriole
(Sawaya et al, 1991). Increased tubule permeability has
also been demonstrated (Cheng et al, 1982). Other
studies suggest that amphotericin B inhibits sodium-
potassium ATPases and affects proton exchange, which
could contribute to renal tubular acidosis. Conversely,
damage to the medullary thick ascending limb by am-
photericin B was ameliorated by ouabain in a rat kid-
ney model, suggesting an alternative role for this pump
in amphotericin B-induced nephrotoxicity. Others have
suggested a role for amphotericin B-induced release of
prostaglandins and leukotrienes as well as oxidative in-
jury in this process (Carlson and Condon, 1994).

The tubuloglomerular feedback mechanism normally
involved in renal homeostasis also plays a prominent
role in the pathogenesis of amphotericin B-induced
nephrotoxicity (Branch et al, 1987). This feedback
process is believed to be activated by transport of
sodium chloride across the macula densa cells into the
distal nephron, resulting in constriction of the afferent
arteriole, possibly mediated by adenosine, and subse-
quent impairment of glomerular filtration (Sabra and
Branch, 1990). Dehydration and sodium depletion ac-
centuate this response and exacerbate amphotericin-
induced renal failure. Sodium loading with intravenous
administration of 500 mL to 1000 mL of normal saline
prior to initiation of amphotericin B, when tolerated
by the patient, is recommended in order to decrease the
likelihood of renal toxicity (Branch, 1988).
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Drug Interactions

Drugs that interact with amphotericin B are best cate-
gorized by the effect they have on a clinical outcome
of amphotericin treatment. It is useful to classify these
agents as (1) those that alter therapeutic outcome, (2)
those that alter toxicity, and (3) those that have mis-
cellaneous outcomes. Agents that alter therapeutic out-
come include those that exert a direct synergistic or
antagonistic effect on the microbiologic activity of am-
photericin B and those that improve therapeutic out-
come indirectly by enhancing the patient’s immunity.
Agents that are synergistic with amphotericin (e.g.,
flucytosine) and cytokines that enhance antifungal im-
munity (e.g., colony stimulating factors) are discussed
in more detail in a separate section of this chapter—
see under Combination Therapy.

Corticosteroids and nonsteroidal antiinflammatory
drugs (NSAIDs) are the agents most frequently used
to prevent infusion-related toxicities (Goodwin et al,
1995). Controversy exists concerning the risk:benefit
ratio of corticosteroids for prevention of infusion-
related reactions. Clinical experience overwhelmingly
supports the therapeutic benefit of administering hy-
drocortisone to patients suffering infusion-related re-
actions. However, circumstantial evidence suggests that
administration of this immunosuppressant could be
detrimental to the therapeutic success of amphotericin
B (North 1971; Snyder and Unanue, 1982; Tatro,
1998). Although further investigation of this therapeu-
tic issue is required, it seems prudent to limit the dose
and duration of corticosteroids by a therapeutic taper
once infusion-related reactions are ameliorated. Like-
wise, routine use of NSAIDs for premedication should
be avoided owing to their potential to enhance am-
photericin-induced renal insufficiency. Intravenous
meperidine has proven useful in abrogating infusion-
related rigors (Burks et al, 1980).

Enhanced nephrotoxicity associated with ampho-
tericin B administration has been observed with cyclo-
sporine or tacrolimus (Tatro, 1998), diuretics, NSAIDs,
pentamidine (Antoniskis and Larsen, 1990) and other
nephrotoxic agents such as aminoglycosides or radio-
opaque dyes (Tatro, 1998). Diligent monitoring of re-
nal function is warranted in patients treated concur-
rently with these nephrotoxic agents.

A variety of other therapeutic agents may result in
amphotericin B-associated adverse events that require
diligent monitoring. Pulmonary leukostasis and respi-
ratory failure associated with concomitant leukocyte
transfusions or indium-labeled leukocyte scanning can
be life-threatening (Wright et al, 1981; Dutcher et al,
1989). However, the incidence of this reaction has
markedly decreased with less frequent use of autoinfu-
sion of leukocytes. Skeletal muscle relaxants and neu-
romuscular blocking agents have been reported to en-

hance curariform effects related to the hypokalemia
(Tatro, 1998). Amphotericin B-induced hypokalemia
can also enhance the cardiac effects of digitalis glyco-
sides (Tatro, 1998). In these cases, patients suffered car-
diac dysfunction that would be difficult to differenti-
ate from the direct effects of amphotericin B on the
myocardial tissue (Cleary et al, 1993). Amiloride has
been suggested for concomitant administration to de-
crease the hypokalemia in patients receiving digitalis
glycosides. However, the effect is difficult to predict
and requires further study. Cyclophosphamide and
doxorubicin appear to penetrate cells more effectively
when administered with amphotericin B and this re-
sults in enhanced toxicity (Present et al, 1977).

Drug interactions also encompass incompatibilities
of pharmaceuticals in solution. Amphotericin B de-
oxycholate and the amphotericin B lipid formulations
are incompatible in solutions with high saline content,
including lactated Ringer’s or sodium chloride. In
addition, the infusion of amphotericin B formulations
concomitantly with other antiinfectives (amikacin,
ampicillin, aztreonam, carbenicillin, clindamycin, co-
trimoxazole, fluconazole, gentamicin, linezolid, nitrofu-
rantoin, penicillin G, and pipercillin) may induce pre-
cipitation of either agent.

Combination Therapy
One potentially exciting approach to improving the ac-
tivity and/or toxicity profile of amphotericin B is its ad-
ministration in combination with another antifungal or
pharmacologic agent. Animal data and anecdotal ex-
perience suggest that colony stimulating factors, ri-
fampin or macrolides may be effective adjuvants. Anti-
tumor necrosis factor or interleukin-1 beta antibodies
appear to have a detrimental effect. A more traditional
approach would be to use another antimycotic in com-
bination with amphotericin B. While many in vitro
studies of antifungal combinations with amphotericin
B have been performed, the results of these have not
been consistent. For example, pretreatment with an im-
idazole prior to the administration of amphotericin B
has been reported to be antagonistic (Sugar, 1995).
Other studies, however, have documented additive or
synergistic activity when triazoles were combined with
amphotericin B (Peacock et al., 1993). Owing to these
differing results, the routine use of an azole with am-
photericin B has not been recommended. This caveat
may be reexamined in light of the completion of a re-
cent trial comparing amphotericin B in combination
with fluconazole to amphotericin alone for the initial
treatment of candidemia (Rex et al, 2003). In contrast
to studies with the azoles, the clinical benefit of using
amphotericin B in combination with flucytosine for the
treatment of cryptococcal meningitis has been clearly
documented in both AIDS and non-AIDS patients (Ben-
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nett et al, 1979; Dismukes et al, 1987; van der Horst
et al, 1997). In addition, smaller cohorts of patients
with candidemia and other serious candidal infections
have been treated successfully with amphotericin B
combined with flucytosine. Unfortunately, clinical stud-
ies evaluating the efficacy of other antifungal combi-
nations are relatively few (Lewis and Kontoyiannis,
2001).

In a seminal study of the treatment of cryptococcal
meningitis in non-AIDS patients, amphotericin B de-
oxycholate (0.3 mg/kg/day) combined with flucytosine
(150 mg/kg/day) given for 6 weeks was superior to 10
weeks of amphotericin B alone (0.4 mg/kg/day). Pa-
tients who received the amphotericin B-flucytosine
combination had fewer failures and relapses, and ex-
perienced a shorter time to sterilization of the cere-
brospinal fluid (Bennett et al, 1979). A subsequent
study evaluated the same combination given for either
4 weeks or 6 weeks. The shorter course of treatment
had similar efficacy in nonimmunocompromised pa-
tients and good prognostic findings (Dismukes et al,
1987).

Several studies have also evaluated the treatment of
cryptococcal meningitis in AIDS patients. A recent large
multicenter study compared amphotericin (0.7 mg/kg/
day) with or without flucytosine (100 mg/kg/day) for
the first 2 weeks of therapy (van der Horst et al, 1997).
Those patients who received combination therapy had
a lower mortality and more rapid sterilization of the
CSF during the first 2 weeks of treatment. Based on
these findings, combination therapy of cryptococcal
meningitis is recommended for the initial 2 weeks, or
until the patient’s clinical status improves or stabi-
lizes (van der Horst et al, 1997). Following this in-
duction therapy, patients can be changed to flucona-
zole for another 8 to 10 weeks. For more information
about the treatment of cryptococcal meningitis, see
Chapter 12.

Amphotericin B has also been combined with flu-
conazole in the treatment of candidemia. A large, mul-
ticenter, randomized trial was recently completed that
compared fluconazole (12 mg/kg/day) to fluconazole
plus amphotericin B deoxycholate (0.7 mg/kg/day) for
the initial therapy of candidemia in nonneutropenic
adults (Rex et al, 2003). Despite randomization, the
treatment groups were not equivalent for disease sever-
ity based on APACHE score. The group of patients who
received only fluconazole were more severely ill than
those who received combination therapy. Although the
interpretation of this study was limited by this ran-
domization bias, the trial did demonstrate that, in non-
neutropenic patients, the combination of fluconazole
plus amphotericin B was not antagonistic and treat-
ment outcomes trended towards improved success even
though statistical significance was not achieved. As in

previous studies, vascular catheter removal reduced the
time to clearance of Candida from the bloodstream
(Rex et al, 2001).

Administration

There are no well-controlled trials that delineate the
optimal dosing regimen for amphotericin B. The daily
dose has traditionally ranged from 0.3 mg/kg up to
1.5 mg/kg depending on the specific mycosis and sever-
ity of disease. The duration of therapy for most sys-
temic fungal infections has varied from 4 to 12 weeks,
although courses of many months have been reported.
The availability of the triazoles, however, has resulted
in amphotericin B being used for shorter treatment
courses, usually until clinical improvement is evident,
before step-down therapy is initiated with a less toxic
azole.

Specific administration and dosing recommendations
are as variable as the number of institutions that uti-
lize this antifungal polyene. Selection of dosing regi-
mens, including premedications, is often based on cli-
nicians’ fears of toxicity rather than achievement of
efficacy. Dosing recommendations that have been ap-
proved by the Food and Drug Administration are out-
lined in Table 3-1. Specific recommendations for the
administration of amphotericin B deoxycholate (based
on the authors’ clinical experience) are outlined in
Table 3-2. Clinical trials supporting these recommen-
dations are needed but most likely will never be
performed.

The practice of administering a 1 mg test dose of am-
photericin B prior to the initial dose, while recom-
mended by the manufacturer, is controversial among
clinicians (Griswold et al, 1998). The dose is adminis-
tered as 1 mg amphotericin B in 50 mL of D5W ad-
ministered over 30 to 60 minutes. Alternatively, the test
dose may be given as part of the initial dose, which in
turn is then given in full if no adverse effects are ob-
served. The test dose is designed to identify patients
who will experience immediate type hypersensitivity
reactions or pronounced infusion-related reactions.
While evidence supporting this practice is sparse, many
experienced clinicians continue to use this approach.
Others argue that immediate type hypersensitivity
would be observed with the test dose, whereas the am-
photericin B concentration provided by a test dose
would be insufficient to produce the proinflammatory
response responsible for fever and chills. Also of con-
cern is the potential delay in therapy that may occur
with the use of an initial test dose (Griswold et al,
1998). The authors do not recommend a test dose
(Table 3-2).

A second controversy centers around the length of
infusions, e.g., short vs. long. Several studies have ex-
plored toxicity and tolerability of standard infusion
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TABLE 3-2. Amphotericin B Infusion Protocol

Administration and Dosing

Dilute amphotericin B in D5W, the final concentration not exceeding 0.1 mg/mL. Initial dosing (0.25 mg/kg based on lean body mass)
should not exceed 30 mg. Infuse the dose over 0.75-4 hours immediately after a meal. Record temperature, pulse rate and blood pressure
every 30 min for 4 hours. If patient develops significant chills, fever, respiratory distress and hypotension, administer adjunctive medication
prior to next infusion. If initial dose is tolerated, advance to maximum dose by the third to the fifth day. Consult an INFECTIOUS DIS-
EASES CLINICIAN for any questions concerning maximum daily dose, total dose, and duration of therapy.

Adjunctive Medications

1. Heparin 1000 units may diminish thrombophlebitis for peripheral lines. Observe the contraindications to the use of heparin, such as
thrombocytopenia, increased risk of hemorrhage, and concomitant anticoagulation.

2. Administration of 500-1000 mL of normal saline, as tolerated, prior to amphotericin B may help decrease renal dysfunction.

3. Acetaminophen administered 30 minutes prior to amphotericin B infusion may ameliorate the fever.

4. Hydrocortisone 0.7 mg/kg (Solu-Cortef) can be added to the amphotericin B infusion. Hydrocortisone is given to decrease the infusion-
related reactions. This should only be used for significant fever (> 2.0°F elevation from baseline) and chills with infusions and should
be discontinued as soon as possible (3-5 days). It is not necessary to add hydrocortisone if the patient is receiving supraphysiologic

doses of adrenal corticosteroids.

5. Meperidine hydrochloride 25-50 mg parenterally in adults may be utilized to prevent or ameliorate chills.

Monitoring

1. At least twice weekly for the first 4 weeks, then weekly: hematocrit, reticulocyte count, magnesium, potassium, BUN, creatinine, bicar-
bonate, urinalysis. The GFR may fall 40% before stabilizing in these patients. DISCONTINUE FOR 2-5 DAYS IF RENAL FUNC-
TION CONTINUES TO DETERIORATE AND REINSTATE AFTER IMPROVEMENT. Hematocrit frequently falls 22%-35% of the

starting level.
2. Monitor closely for hypokalemia and hypomagnesemia.

Caveats and Patients Requiring Closer Monitoring

1. Electrolytes: Addition of an electrolyte to the amphotericin B solution causes the colloid to aggregate and probably gives a suboptimal
therapeutic effect. This includes IV piggyback medications containing electrolytes.

The infusion bottle need not be light-shielded.

. Filtering: The colloidal solution is partially retained by 0.22 micron pore membrane filter; do not use filters routinely.

. Patients with adrenal insufficiency tolerate infusion poorly. Treatment with corticosteroids improves patient tolerance.
. Patients should not receive granulocyte transfusion (including Indium scanning).
. Patients with anuria or previous cardiac history may have an increased risk of arrhythmias and slower infusions are recommended.

times (4 to 6 hours) vs. more rapid infusions of 2 to
4 hours and even less than an hour (Cleary et al, 1988).
The results of these studies indicate that rapid infusion
times are equally well tolerated and have similar rates
of adverse events as compared to infusions given over
4 to 6 hours. Due to the risk of cardiac arrhythmias,
rapid infusions should not be used in patients with re-
nal failure, heart disease, history of cardiac arrhyth-
mias and in those receiving amphotericin B through a
central venous catheter (Craven and Gremillion, 1985;
Bowler et al, 1992). A recent study reported less toxi-
city, including nephrotoxicity, in febrile neutropenic
patients treated with continuous infusion amphotericin
B when compared to patients treated with 4-hour in-
fusions (Eriksson et al, 2001). However, clinical expe-
rience with continuous infusion of amphotericin B is
limited and, until safety and efficacy are better docu-
mented, continuous infusion cannot be recommended
at this time.

Other routes of administration for amphotericin B
are used when therapeutic goals are not or cannot be
achieved with intravenous dosing (Gallis et al, 1990;
Peacock et al, 1993; Patel, 1998). Topical preparations
(3% lotion, creams or ointments, 10 mg lozenges or

oral suspension, 100 mg/mL) may be compounded as
needed for the treatment of superficial or cutaneous
yeast infections. Intrathecal or intraventricular routes
have been used in refractory cases of fungal meningi-
tis, most frequently coccidioidal meningitis (Gallis et
al, 1990; Wen et al, 1992; Peacock et al, 1993). In-
trathecal administration is problematic due to the poor
distribution and the development of arachnoiditis at the
injection site. Intraventricular administration is pre-
ferred. Long-term administration should be performed
using a subcutaneous Ommaya reservoir. The ampho-
tericin B dose should be mixed with the patient’s cere-
brospinal fluid or sterile water to a final concentration
of 250 ug/mL. Initial dosing (25-50 ug) is then esca-
lated up to dose of 250 ug/day or 500 ug to 1000 ug
every other day depending on the mycosis being treated
and patient tolerance. This route of administration is
often limited by local reactions (radicular pain, head-
ache, vomiting, and arachnoiditis). More severe neu-
rological complications include ventricular hemorrhage
and bacterial superinfection (Wen et al, 1992).
Ocular administration of amphotericin B is frequently
used for the treatment of fungal eye infections (Lesar
and Fiscella, 1985; Gallis et al, 1990). Topical oph-
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thalmic application (0.25%-1.5% solution) or sub-
conjunctival injection (0.1-0.2 mg/0.5 mL) is appro-
priate for most superficial infections; however, little
medication penetrates into the vitreous fluid. Intravit-
real injection (0.005 mg/0.1 mL) or an approximate
concentration added to vitrectomy solutions during the
procedure is often used (Lesar and Fiscella, 19835).

The therapeutic benefit and optimal dose of other
routes of administration are not well established and
local inflammatory responses specific to the sites of ad-
ministration are common and are frequently dose
limiting (Gallis et al, 1990; Peacock et al, 1993).
Intraperitoneal administration for the prevention or
treatment of peritoneal dialysis-associated Candida in-
fections can be achieved by administering amphotericin
B within the dialysate (1-4 ug/mL dialysate) or in-
traperitoneally (25 mg every 48 hours). Intraarticular
doses (5-15 mg) administered for fungal arthritis or
joint infection and irrigation of a body cavity has been
common practice. Bladder instillation/irrigation with
an amphotericin B solution (50 ug/mL) by continuous
infusion through a triple lumen catheter for 5 days has
been used for candidal cystitis and candiduria (Fan-
Havard et al, 1995). Amphotericin B (2 mg/mL; 10 mg
twice a day [bid]) has been administered via nebuliza-
tion for prevention of pulmonary aspergillosis in neu-
tropenic patients (O’Riordan and Faris, 1999; Diot et
al, 2001). Specific adverse reactions with aerosolized
amphotericin B include dyguesia, gastrointestinal dis-
tress, and respiratory distress (dyspnea, cough). Less
frequently, intracavitary irrigation (50 mg/day; 500-
800 mg total dose) is used for treatment of pulmonary
aspergilloma.

Use in Pregnancy

Amphotericin B is the antifungal agent with which there
has been the most experience in pregnancy (King et al,
1998; Sobel, 2000). Both the deoxycholate and lipid-
based formulations are assigned to risk category B by
their manufacturers. While the pharmacokinetics of
amphotericin B in pregnancy have not been studied, the
drug appears to cross the placenta and enter the fetal
circulation (King et al, 1998). Among case reports of
amphotericin B use in pregnancy, azotemia was the
most common maternal adverse drug reaction reported,
followed by anemia, hypokalemia, acute nephrotoxicity,
fever, chills, headache, nausea, and vomiting. Individual
cases of possible fetal toxicity include transient acidosis
with azotemia, anemia, transient maculopapular rash,
and respiratory failure requiring mechanical ventila-
tion. Only a single case of congenital malformation (mi-
crocephaly with a pilonidal dimple) has been associ-
ated with amphotericin B. To date there have been no
reports of animal teratogenesis attributed to ampho-
tericin B (King et al, 1998; Sobel, 2000).

LIPID PREPARATIONS OF AMPHOTERICIN B

Three lipid-based products are currently available in
the United States: amphotericin B colloidal dispersion
(ABCD), liposomal amphotericin B (L-AmB), and am-
photericin B lipid complex (ABLC) (Color Fig. 3-2 in
separate color insert). In addition to these commercial
formulations, lipid-based preparations have been ad-
mixed by individual institutions by combining ampho-
tericin B deoxycholate and 20% lipid emulsion (Caillot
et al, 1993; Ayestaran et al, 1996). While amphotericin
B lipid emulsion is attractive from the standpoint of
cost, several concerns have been raised, encompassing
the stability of the emulsion, the need for filtration, and
the possibility of fat overload syndrome. One pharma-
ceutical company pursued development of this formu-
lation for several years, but a stable suspension was not
achieved. Administration of this formulation is, there-
fore, not recommended (Cleary, 1996).

Chemistry (Table 3-1)

The commercial lipid formulations are distinct as regards
their phospholipid content, particle size and shape, elec-
trostatic charge, and bilayer rigidity (Slain, 1999). These
biochemical/biophysical properties have a profound ef-
fect on the pharmacology of these lipid formulations
(Table 3-1). For example, the smaller liposomes (L-
AmB) are not as readily taken up by the macrophages.
As such, L-AmB achieves higher serum concentrations
and a greater area under the curve (AUC) in blood com-
pared to conventional amphotericin B or the other lipid
preparations. On the other hand, the larger lipid for-
mulation, ABLC, is more readily taken up by the tissues
and has the greatest volume of distribution. For a more
detailed discussion, see section on Pharmacology and
Pharmacokinetics.

Liposomal amphotericin B is formulated as a uni-
lamellar spherical vesicle with a single lipid bilayer
comprised of hydrogenated phosphatidylcholine, cho-
lesterol, and distearoyl phosphatidylglycerol in a
2:1:0.8 ratio. Amphotericin is located on the inside and
outside of the vesicle. Liposomal amphotericin B has
the smallest particle size. Amphotericin B colloidal dis-
persion was developed by complexing amphotericin B
with cholesteryl sulfate in a 1:1 molar ratio. These com-
plexes form tetramers that have a hydrophobic and a
hydrophilic portion. The tetramers aggregate to form
disk-like structures that are larger in size than L-AmB.
Amphotericin B lipid complex consists of nonliposo-
mal amphotericin B-complexed ribbon structures and
was originally derived from multilaminar liposomes
prepared by mixing two phospholipids, dimyristoyl
phosphatidylcholine (DMPC) and dimyristoyl phos-
phatidylglycerol (DMPG) in a 7:3 molar ratio. Am-
photericin B lipid complex is much larger in size than
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the other two formulations (Janknergt et al, 1992;
Slain, 1999; Robinson and Nahata, 1999) (Table 3-1;
See Color Fig. 3-2 in separate color insert).

Proposed Mechanisms for
Enhanced Therapeutic Index

Although the lipid formulations have been shown to
have an improved therapeutic index as compared to
amphotericin B deoxycholate, the mechanism(s) by
which this occurs has not been adequately defined. Sev-
eral mechanisms have been proposed. The unifying
concept in all of these proposals involves the ability of
lipid formulations to prevent binding to the kidney and
the selective distribution of lipid-bound amphotericin
to other tissues (Slain, 1999).

The first mechanism involves the rapid endocytic up-
take of lipid-associated amphotericin by macrophages
in tissues, often at the sites of infection. Following this
targeted delivery, amphotericin B is then slowly re-
leased into the tissues and the circulation. In addition
to this selective tissue targeting, macrophage uptake of
amphotericin B also limits the amount of free drug (and
presumably also LDL-bound drug) in the circulation
capable of binding to human cells. The second mecha-
nism involves the selective transfer of amphotericin
from the lipid carrier to the fungal cell membrane. In
this instance, the amphotericin B has a stronger affin-
ity for the lipid carrier than for the cholesterol in mam-
malian cells. On the other hand, the affinity of am-
photericin B for ergosterol in the fungal cell is stronger
than its affinity for either the lipid carrier or the cho-
lesterol. A third mechanism proposes that the lipid-
based formulations are less nephrotoxic by limiting the
amount of free drug in the blood and by preventing
amphotericin B binding to circulating LDL. Free am-
photericin and LDL-bound amphotericin B are consid-
ered more nephrotoxic than either HDL or lipid-bound
amphotericin B. The fourth mechanism proposes that
the lipid-based formulations elicit a reduced cytokine
(i.e., TNF-alpha, IL-1, etc.) response from human cells
as compared to amphotericin B deoxycholate. These
proinflammatory cytokines are putative mediators
for infusion-related reactions and nephrotoxicity. This
fourth hypothesis is supported primarily by in vitro
data. The last purported mechanism involves the ac-
tion of extracellular phospholipases produced by yeasts
and moulds in releasing the lipid-bound amphotericin
B at the site of infection. As such, more amphotericin
B is released in the infected tissues. The phospholipid
carrier of ABLC is especially susceptible to these fun-
gal phospholipases.

Therapeutic Indications
In general, all three lipid formulations are indicated for
the treatment of systemic fungal infection in patients

refractory to or intolerant to therapy with amphotericin B
deoxycholate (Table 3-1; Robinson and Nahata, 1999;
Slain, 1999). Liposomal amphotericin B has also been
approved for the empiric therapy of presumed fungal
infection in febrile neutropenic patients (Walsh et al,
1999). In routine clinical practice, however, lipid for-
mulations are frequently used as primary therapy for
patients with baseline renal insufficiency and in patients
at high risk for renal failure (e.g., transplant recipients
and patients receiving concurrent treatment with
other nephrotoxic agents). Lipid preparations, how-
ever, should not be used as primary therapy for dialy-
sis-dependent patients unless they fail conventional
amphotericin B. Some authors consider the lipid for-
mulations, due to their high concentrations in the liver
and spleen, to be ideal for the treatment of patients
with chronic disseminated candidiasis (Walsh et al,
1997). Finally, many infectious disease physicians ex-
perienced in treating fungal infections consider lipid
formulations of amphotericin B to be superior to am-
photericin B deoxycholate for the treatment of patients
with aggressive mould diseases such as invasive as-
pergillosis and zygomycosis. The data supporting this
use are anecdotal and comparative trials documenting
the superiority of lipid formulations for these infections
are lacking at present.

Pharmacology and Pharmacokinetics
(See Table 3-1)

Comparative data on the pharmacokinetic parameters
of the lipid formulations, either compared to each other
or to amphotericin B deoxycholate, are limited. How-
ever, profound differences in some of the parameters
have been documented and have led to unique thera-
peutic options (Table 3-1; Janknergt et al, 1992; Vil-
lani et al, 1996). For example, peak serum concentra-
tions and AUC are much greater for L-AmB as
compared to amphotericin B deoxycholate and the
other two lipid preparations. The increases in peak
serum concentrations of L-AmB are most likely sec-
ondary to decreases in the volume of distribution and
clearance from the blood. In contrast, the tissue distri-
bution and the volume of distribution are significantly
greater for ABLC than for either of the other prepara-
tions. This tissue saturation also results in increased
drug clearance from the serum (Caillot et al, 1993).
Whether any of these pharmacologic differences sig-
nificantly affect clinical outcome or toxicity has not ad-
equately been studied.

Pharmacodynamics
Owing to a variety of confounding variables, the phar-
macodynamic information obtained with amphotericin
B deoxycholate cannot be directly extrapolated to the
lipid formulations. In general, studies utilizing ampho-
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tericin B lipid formulations have revealed a poor cor-
relation between pharmacodynamic parameters and
outcome (Groll et al, 2000). Measurement of free am-
photericin B has been hypothesized to potentially re-
solve these discrepancies. However, the ability to ac-
curately measure or predict free amphotericin B is
difficult (Walsh et al, 1997).

As mentioned earlier, L-AmB achieves serum con-
centrations many fold higher than the other lipid for-
mulations of amphotericin B, leading to a tremendously
increased area under the serum concentration versus
time curve that in turn impacts all pharmacodynamic
calculations. Using traditional calculations, L-AmB
would not be predicted to be an effective therapy
for central nervous system infections. To the contrary,
L-AmB proved effective in animal studies (Groll et al,
2000) and in 2 clinical trials of patients with AIDS-
associated cryptococcal meningitis (Leenders et al,
1997; Hamill et al, 1999). Although cerebrospinal fluid
levels were low or undetectable, brain tissue concen-
trations exceeded expectations and, in the animal stud-
ies, were higher than either conventional amphotericin
B or the other lipid formulations. Brain tissue concen-
trations (mean amount = 0.56 ug/g) in patients re-
ceiving L-AmB were not as high as those documented
in the animal studies (Leenders et al, 1997; Groll et al,
2000).

Disproportionate distribution into the reticuloen-
dothelial system has been observed for two lipid for-
mulations, ABLC and L-AmB. As a result, very high
tissue concentrations of these agents are detected in the
liver and spleen relative to serum. These high tissue lev-
els have been hypothesized to be a therapeutic advan-
tage for these agents in treating patients with chronic
disseminated candidiasis (Walsh et al, 1997). In
support of this theory, clearance of C. albicans from
the liver was superior in mice treated with L-AmB
(1.5 mg/kg) compared to mice treated with conven-
tional amphotericin B at equal doses (Kretschmar et al,
1996). In contrast, clearance of yeasts from lung was
not enhanced in LAmB treated mice. High concentra-
tions of ABLC were detected in lung tissue, suggesting
that this fomulation may be optimal for the treatment
of pulmonary mycoses.

Adverse Events
All three lipid-based preparations currently available in
the United States exhibit less nephrotoxicity than am-
photericin B deoxycholate (Slain, 1999; Wingard et al,
2000). However, infusion-related toxicities similar to
amphotericin B deoxycholate are still seen with ABLC
and ABCD (White et al, 1997; White et al, 1998a;
Wingard et al, 2000), whereas other studies demon-
strated significantly fewer infusion-related adverse
events associated with L-AmB compared to ampho-

tericin B deoxycholate (Slain, 1999; Walsh et al, 1999).
Although uncommon, acute respiratory events have
been associated with administration of amphotericin B
and are typically characterized by tachypnea, dyspnea,
and wheezing. Recently, there have also been reports
of chest discomfort and altered pulmonary function as-
sociated with the lipid-based preparations of ampho-
tericin B (Johnson et al, 1998; Collazos et al, 2001).
The mechanisms causing these reactions are unclear,
but may be related to the ability of amphotericin B to
elicit chemokine production from monocytes (Rogers
et al, 1998; Rogers et al, 2000). The ability of IL-8 to
recruit neutrophils could then mediate the pulmonary
toxicity occasionally observed during administration of
this agent. The lipid formulations of amphotericin B
deliver higher amounts of drug to the pulmonary tis-
sue (Johnson et al, 1998). Thus, it is conceivable that
enhanced pulmonary neutrophil recruitment in re-
sponse to elevated local concentrations of IL-8 could
lead to pulmonary leukostasis, and thereby explain in
part the pulmonary toxicity associated with ampho-
tericin B preparations. Indeed, studies in animal mod-
els have demonstrated that amphotericin B pulmonary
toxicity involves neutrophil recruitment to the lungs
(McDonnell et al, 1988; Hardie et al, 1992). Another
possibility is that the lipid component of these prepa-
rations may itself contribute to these physiologic ef-
fects. Irrespective of the cause of the pulmonary toxi-
city, it seems prudent to administer the initial dose of
any of the amphotericin B lipid formulations under
close observation and to reduce the rate of infusion in
instances where these effects are observed (Johnson et
al, 1998; Collazos et al, 2001).

Other adverse events reported with the lipid prepa-
rations include headache, hypotension, hypertension,
diarrhea, nausea, vomiting, and rashes. Laboratory ab-
normalities reported include hypokalemia, hypomag-
nesemia, hypocalcemia, elevated liver function tests,
and thrombocytopenia (Slain, 1999). Regarding fre-
quency of infusion-related adverse events of available
amphotericin B preparations, data suggest the follow-
ing rank order by greatest to least frequency: ampho-
tericin B deoxycholate = ABCD > ABLC > L-AmB.

Comparative Trials
Comparative trials between the lipid amphotericin B
preparations and the deoxycholate formulation are en-
lightening. Empiric therapy for febrile neutropenic pa-
tients has received the most attention. In two different
studies, ABCD (4 mg/kg/day) and L-AmB (3 mg/kg/day)
were each compared to standard therapy with ampho-
tericin deoxycholate (0.6-0.8 mg/kg/day) (White et al,
1998b; Walsh et al, 1999). In both studies, patients
treated with the lipid preparations had a more rapid
defervescence and lower death rate; although in neither
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study were these clinical differences statistically signif-
icant. In contrast, patients receiving either of the lipid
preparations had statistically superior outcomes com-
pared to patients treated with conventional ampho-
tericin B for (1) the time to onset and rates of renal
dysfunction; (2) rates of infusion-related reactions; and
(3) prevention of breakthrough invasive fungal infec-
tions (White et al, 1998b; Walsh et al, 1999). Another
study of therapy for febrile neutropenic patients com-
pared two different doses of L-AmB (3 mg/kg/day and
5 mg/kg/day) to ABLC (5 mg/kg/day). Clinical out-
comes were equivalent for all patient groups, except
that the rates of renal dysfunction were significantly
less for either dose of L-AmB compared to the ABLC
formulation (Wingard et al, 2000).

Comparative studies of the different amphotericin B
formulations in the treatment of documented infections
have been primarily nonblinded and limited in num-
ber. Amphotericin B colloidal dispersion (0.5-8 mg/kg/
day), L-AmB (4 mg/kg/day) and ABLC (1.2-5 mg/kg/day)
have been compared to amphotericin B deoxycholate
(0.1-1.5 mg/kg/day) for the treatment of invasive as-
pergillosis (White et al, 1997; Bowden et al, 2002) and
cryptococcal meningitis (Sharkey et al, 1996; Leenders
et al, 1997). Patients with proven or probable as-
pergillosis who received ABCD experienced higher re-
sponse rates (~50%) compared to a historical control
group treated with conventional amphotericin B (White
et al, 1997). However, in the only prospective, double-
blind trial reported to date, ABCD showed equal but
no better efficacy than conventional amphotericin B as
therapy for invasive aspergillosis (52% vs. 51%) (Bow-
den et al, 2002). In two open label, randomized trials
comparing a lipid formulation for the treatment of
AIDS-associated cryptococcal meningitis, the clinical
and microbiologic responses rates favored the lipid
preparations (Sharkey et al, 1996; Leenders et al,
1997). In a third trial, a randomized comparison of L-
AmB vs. amphotericin B deoxycholate, the clinical and
microbiologic responses were equivalent (Hamill et al,
1999). Of note, in these studies, significantly lower
rates of nephrotoxicity were observed in patients
treated with the lipid formulations.

Administration and Dosage

The approved daily dose and rate of administration for
each lipid formulation are somewhat different. Other
than for ABCD, the maximal daily dose that can be
safely administered in humans has not been adequately
defined. More interestingly, the equivalent dose of the
individual lipid formulations that compares to the rec-
ommended dose of amphotericin B deoxycholate for a
particular fungal infection has not been established.

The recommended initial dose of L-AmB is 3 mg/
kg/day for empiric therapy and 3 to 5 mg/kg/day for

documented systemic fungal infections. The drug is usu-
ally infused over 2 hours but may be increased to 1
hour if tolerated. The currently approved daily dose of
ABLC is 5 mg/kg and this is infused at a rate of 2.5
mg/kg/hour. Daily doses of L-AmB and ABLC have been
titrated considerably higher than the recommended
daily doses and well tolerated in selected patients with
treatment-refractory diseases. Treatment with ABCD
should be initiated with a daily dose of 3 to 4 mg/kg.
The dose can then be escalated to 6 mg/kg/day based
on patient tolerance and clinical response. The recom-
mended maximal daily dose is 7.5 mg/kg. Infusion re-
lated toxicities with ABCD become clinically significant
with doses of 8 mg/kg or greater.

Costs

A major consideration about the lipid-based formula-
tions of amphotericin B is their high cost in compari-
son to conventional amphotericin B deoxycholate. Data
indicate that the lipid formulations range from 10- to
50-fold higher in acquisition cost per dose (Rex and
Walsh, 1999). Although these agents are less nephro-
toxic than conventional amphotericin B and their over-
all therapeutic:toxic ratio is clearly improved over that
of the parent drug, superiority in clinical efficacy has
not been definitively established in head-to-head com-
parative trials. Consequently, well-done pharmacoeco-
nomic studies are needed to justify the higher cost of
the lipid formulations.
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Liposomal nystatin

RICHARD J. HAMILL

Nystatin, the first successful antifungal agent, was iso-
lated and subsequently developed through the collabo-
rative efforts of Rachel Fuller Brown, a biochemist em-
ployed by the New York State Department of Health
in Albany, and Elizabeth Lee Hazen, a microbiologist
working in New York City. In a soil sample obtained
from a dairy farm in Virginia, Hazen isolated a Strep-
tomyces species, later identified as Streptomyces nour-
sei. This organism produced two antifungal substances;
one was later found to be too toxic for subsequent de-
velopment. A second compound was present in the al-
cohol extracts from surface growth in liquid media of
5-7 day-old cultures. This material had a broad spec-
trum of antifungal activity and prolonged the life of mice
infected with Cryptococcus neoformans and Histo-
plasma capsulatum (Hazen and Brown, 1950). Hazen
and Brown originally called this agent fungicidin (Hazen
and Brown, 1951), but later changed the name to nys-
tatin after the New York State Department of Health
Laboratories. They presented their discovery at the
1950 meeting of the National Academy of Sciences
(Hazen and Brown, 1951), and were subsequently
awarded a patent on June 25, 1957. E.R. Squibb &
Sons received the license for the patent and began mar-
keting the drug as Mycostatin® in 1954.

Because of its hydrophobic nature, parenteral prepa-
rations of nystatin were difficult to prepare. Further-
more, initial human studies with intravenous nystatin
preparations were complicated by substantial adverse
reactions including phlebitis, fevers, chills, and nausea
(Lehan et al, 1957). Although nystatin demonstrated
clinical activity and toxicities similar to amphotericin
B in these early human studies, further development of
intravenous nystatin did not occur.

Despite its toxicity when administered parenterally,
nystatin possesses several properties that make it an at-
tractive antifungal agent, including a broad spectrum
of antifungal activity, even against some amphotericin B
resistant isolates and proven antifungal activity in ani-
mals and humans (Campbell et al, 1955). Consequently,
in the 1980s, based on their previous successful experi-
ences with liposomal formulations of amphotericin B,
Lopez-Berestein and colleagues at the University of
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Texas MD Anderson Cancer Center developed a lipo-
somal formulation of nystatin (Mehta et al, 1987a). In
vitro, liposomal nystatin was as active or more active
than free nystatin (Mehta et al, 1987a). Liposomal en-
capsulation substantially reduced the toxicity of nys-
tatin and demonstrated therapeutic activity in experi-
mental models of systemic candidiasis (Mehta et al,
1987b).

CHEMISTRY OF NYSTATIN

Nystatin is a tetraene diene macrolide polyene with the
molecular formula of C47H75NO;7 and a molecular
weight of 926.13. Because, in all of its properties except
UV absorption, nystatin behaves as a heptaene, like am-
photericin B, nystatin is sometimes referred to as a de-
generate heptaene (Hammond, 1977). The macrolide ring
contains 37 carbons with a series of double bonds and
has an attached hexosamine sugar, mycosamine, which
imparts amphoteric properties on the molecule due to
the presence of both basic (hexosamine) and acidic (car-
boxyl) residues (Fig. 4-1).

The relative insolubility of nystatin is determined by
the unsaturated chromophore, and is limited in water
or nonpolar organic solvents like most alcohols. Com-
mercial preparations of nystatin contain a single, highly
pure chromatographic peak (A1) when suspended in
organic solvents (Ostrosky-Zeichner et al, 2001). How-
ever, in biologic fluids such as human plasma or cul-
ture medium, chromatographic analysis reveals a sec-
ond peak (A2); formation of the second peak is
accelerated at pH values > 7.0. Peaks A1 and A2 are
quite similar by mass spectrometry and nuclear mag-
netic resonance analysis, and are probably structural
isomers of each other. Nystatin A1 is considerably more
stable and predominates. Antifungal activity of the
compound probably resides wholly within nystatin A1
(Ostrosky-Zeichner et al, 2001).

Recently, the complete set of genes in S. noursei re-
sponsible for biosynthesis of nystatin have been cloned
and analyzed (Brautaset et al, 2000). The DNA sequence
contains 6 genes encoding a modular polyketide syn-
thase, genes for thioesterase, deoxysugar biosynthesis,
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FIGURE 4-1. Comparison of the structures of amphotericin B and nys-
tatin. Note the absence of the double bond between the tetraene and

modification, transport, and regulatory proteins. The
polyketide synthases are responsible, in a manner sim-
ilar to fatty acid biosynthesis, for producing an ex-
tended polyketide chain beginning with acetyl-CoA,
proceeding through a condensation step using 3 methyl-
malonyl-CoAs and 15 malonyl CoA extender units.
Thioesterase is responsible for release of this polyke-
tide chain from the polyketide synthase and probably
also for cyclization and modification of the macrolac-
tone ring. The coding of the genes of S. noursei and
subsequent studies represent the first example of the
complete DNA sequence analysis of a polyene antibi-
otic and may facilitate future development of other
polyenes (Brautaset et al, 2002).

LIPOSOMAL NYSTATIN

Liposomal nystatin is very similar to liposomal am-
photericin B in composition and consists of multi-
lamellar spherical liposomes 0.1-3 wm in diameter that
contain dimyristoylphosphatidylcholine and dimyris-
toylphosphatidyglycerol in a 7:3 molar ratio (Mehta et
al, 1987a). The nystatin component makes up 7 mol%.
Antigenics, Inc. currently holds the license for devel-
opment of liposomal nystatin.

MECHANISM OF ACTION

Although the exact mechanism of action of the poly-
ene antibiotics is somewhat controversial, several lines
of evidence support the hypothesis that an irreversible
interaction with sterols, particularly ergosterol, in the
plasma membrane is important (Lampen et al, 1962):

OH OH

OH OH o

oH

AMPHOTERICIN B

NYSTATIN

diene chromophores within the macrolide ring of nystatin.

(1) organisms that lack sterols in the plasma membrane
are not susceptible to nystatin; (2) the antifungal ac-
tivity of nystatin is inhibited by the exogenous addition
of sterols, particularly those with a 38-hydroxyl group,
a planar sterol nucleus and a long C;7 side chain; (3)
membranes that are extracted with organic solvents to
remove sterols fail to bind nystatin; (4) sterol com-
plexing agents (e.g., digitonin) interfere with nystatin
activity and can release a significant portion of bound
nystatin; and (5) limited spectroscopic evidence sug-
gests a direct interaction of sterols with polyenes.
The structure of nystatin is very closely related to
that of amphotericin B, except that in the nystatin mol-
ecule the double bond system is interrupted by satura-
tion of the bond separating the tetraene and diene chro-
mophores (Fig. 4-1). Presumably, this allows for
greater flexibility of an otherwise rigid structure. The
structural similarities of amphotericin B and nystatin
suggest that a similar mechanism of activity should ex-
ist for the 2 drugs. Microarray measurements of dif-
ferential gene expression in Saccharomyces cerevisiae
exposed to amphotericin B or nystatin supports this
supposition (Zhang et al, 2002). A similar configura-
tion to that of amphotericin B-sterol pores has been
proposed for nystatin in artificial sterol-lecithin bilay-
ers (Kleinberg and Finkelstein, 1984). The permeabil-
ity characteristics of nystatin pores closely resemble
those of amphotericin B pores, and in artificial mem-
branes, mixed pores containing both drugs can be pro-
duced. In order to assemble functioning pores, certain
requirements are necessary: (1) intact polyene molecules
are necessary; (2) permeability changes are dependent on
the antibiotic concentration; for amphotericin B, be-
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tween 5 and 10 molecules/pore of amphotericin B are
required and, presumably, a similar number for nystatin;
(3) the polyene-sterol interaction is hydrophobic and
the interaction occurs in such a way that the membrane
sterols are pulled away from interactions with other
membrane lipids. All of this results in dynamic aque-
ous pores that coalesce and reform in a continuous
fashion. Amphotericin B pores have a Stokes-Einstein
radius of 7-10 A, while those of nystatin are somewhat
smaller at 4-7 A (Finkelstein and Holz, 1973). The wa-
ter and nonelectrolyte permeability induced in thin lipid
membranes by the polyene antibiotics, as well as space-
filling molecular models of amphotericin B, suggest that
the channel that is formed consists of 2 “barrels” hy-
drogen-bonded end-to-end, with each barrel consisting
of 8-10 polyene monomers arranged circumferentially
as staves of this barrel. All of this results in selective
intracellular K* leakage, which occurs within 2 min-
utes of antibiotic application and a subsequent change
in intracellular ADP/ATP ratios, due to the dependence
of the intracellular glycolytic pathway on K*. Potas-
sium loss is followed at a later time by loss of Mg**,
acidification of the fungal cell and precipitation of cy-
toplasmic components (Hammond, 1977). However,
K™ release in and of itself does not completely account
for killing activity of nystatin; potassium leakage is
greater with nystatin, but fungal death is faster with
amphotericin B (Chen et al, 1978).

Presumably, liposomal encapsulation of nystatin re-
sults in localization of the drug within cells of the retic-
uloendothelial system, such as macrophages, and possi-
ble concentration in inflammatory foci. The mechanism
by which nystatin is transferred to fungal cells from li-
posomes has not been elucidated.

Pharmacokinetics
When liposomal nystatin is incubated in human
plasma, disruption of the liposomal structure ensues
within 5 minutes (Wasan et al, 1997). Most of the nys-
tatin, however, remains lipid associated, suggesting that
lipid-drug complexes form. These then fuse rapidly

with lipoproteins with approximately 13% associated
with the LDL fraction, 44% in the HDL fraction and
42% in the lipoprotein-deficient plasma, principally as-
sociated with albumin and a-1-glycoprotein (Wasan et
al, 1997). The association of liposomal nystatin with
the HDL portion probably results from the attraction
of the dimyristoylphosphatidylglycerol component to
apoproteins Al and AIl. As the protein content of the
HDL increases, so does the amount of nystatin found
associated with the HDL fraction (Cassidy et al, 1998).
It has been hypothesized that the reduced association
of liposomal nystatin with the LDL fraction may ac-
count for its decreased frequency of nephrotoxicity, as
renal tubular uptake of polyene antibiotics appears to
be dependent on the presence of LDL receptors on the
renal tubular cell surface (Wasan et al, 1994).

Single-dose pharmacokinetics of liposomal nystatin
were evaluated in 17 patients with HIV infection (Rios
et al, 1993). Four patient groups were studied, each at
doses of 0.25, 0.5, 0.75, and 1 mg/kg (Table 4-1). Af-
ter intravenous administration, initial clearance is rapid
with a terminal half-life of approximately 5 hours. The
drug approximately distributes into the whole blood
volume. At doses of 0.25 to 0.75 mg/kg, the area un-
der the concentration-time curve appeared to increase
in direct proportion to the administered dose; at higher
doses, the AUC did not increase, suggesting saturation
of drug clearance mechanisms. Saturation of these clear-
ance mechanisms was also supported by the observation
that the terminal half-life continued to increase as the
dose was increased. These results suggest that there is
increasing tissue exposure of the drug with higher
doses, most likely resulting in increased intracellular
concentrations.

Multiple dose pharmacokinetics were also evaluated
in patients with HIV infection (Cossum et al, 1996) at
doses of 2, 3, 4, 5, and 7 mg/kg given every other day.
Therapeutic blood levels were achieved, and main-
tained for several hours, even at the lowest dose ad-
ministered. The concentration at the end of the infu-
sion and AUC continued to increase with increasing

TABLE 4-1. Single-Dose Pharmacokinetic Parameters of Liposomal Nystatin

Liposomal Nystatin Dose (mg/kg)

Parameter 0.25 0.5 0.75 1.0
Initial clearance (min) 9.1 1 12 £ 4.8 10.2 = 4.2 73 %3
Secondary half-life (min) — — — 42.6 + 16
Terminal-phase half-life (min) 155 = 62 207 =79 255 =55 331 £ 113
Initial blood concentration (ug/mL) 3.7*6.3 5.9+0.8 6.5+ 0.5 9+0.6
Area under concentration-time curve 452 + 86 732 + 172 1274 + 483 1263 = 301
(ug/mL/min)
Volume of distribution (L) 52+0.7 7.6 = 1.5 10 = 0.8 9.1 + 1.6
Clearance rate from blood (mL/kg/min) 0.6 = 0.1 0.8 £0.2 0.9 +0.2 1.0 = 0.4

Source: Table modified, with permission, from Rios et al, 1993.
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doses, with maximal blood concentrations increasing
from 4.8 to 24.1 pug/mL for doses of 2 and 5 mg/kg,
respectively. The volume of distribution and terminal
half-life did not increase with increasing doses.

Plasma pharmacokinetics for liposomal nystatin af-
ter intravenous infusions in rabbits are comparable to
those in the blood for humans, supporting the use of
rabbits as an experimental model (Groll et al, 2000b).
The drug exhibits nonlinear, dose dependent pharma-
cokinetics over a dosage range of 2 to 6 mg/kg/day.
Peak plasma levels that are several fold higher than the
MICs of susceptible fungi can be achieved. The drug is
rapidly distributed after infusion and eliminated rela-
tively slowly with an elimination half-life of 1 to
2 hours. After administration of multiple doses for
15 days, the highest concentrations of nystatin were
found in the lungs, liver, and spleen, followed by the
kidney. Levels in the cerebrospinal fluid at 2, 4, or
6 mg/kg/day were too low to quantitate.

The urinary pharmacokinetics and disposition of li-
posomal nystatin have not been studied in humans, but
have been investigated in rabbits, whose serum phar-
macokinetics qualitatively approximate those of hu-
mans (Groll et al, 2000a). After administration of sin-
gle intravenous doses of 2, 4, or 6 mg/kg, maximal
urinary concentrations of nystatin were obtained that
were at least 10-fold higher and AUC values at least
4-fold higher than those obtained with amphotericin B
deoxycholate given at a dose of 1 mg/kg. At the 2 mg/kg
dose of liposomal nystatin, the Cp,ax in the urine was
16.83 wg/mL, suggesting a potential role for liposomal
nystatin for treatment of urinary tract infections due to
susceptible fungi.

Unlike amphotericin B, murine pharmacokinetics for
liposomal nystatin do not reflect those of the human.
Mice exhibit lower peak concentration values and area
under the curve than those found in humans, suggest-
ing that nystatin may be less efficacious in mice than
in humans (Arikan et al, 1998).

ADVERSE EFFECTS

Although nystatin binds to fungal membrane ergosterol
with greater affinity, binding to human cell membranes
containing cholesterol also occurs and is likely respon-
sible for many of the adverse effects of the drug through
the production of pores in human cells (Zager, 2000).
Sodium influx is a dominant consequence. As a result,
the human cells compensate by utilizing Na*, K*-
adenosine triphosphatase-driven sodium extrusion that
causes increased ATP utilization. To maintain the in-
tracellular levels of ATP, dose-dependent increases in
mitochondrial respiration, and consequently, oxygen
consumption result. As the energy demand outstrips

ATP production, energy depletion occurs along with
free radical generation and overload of intracellular
calcium. The ultimate consequence is cellular death.
Nystatin appears to be less toxic to renal tubular cells
than amphotericin B as evidenced by substantially less
impairment of cellular energetics. Liposomal nystatin
also produces decreases in the ATP/ADP ratio; how-
ever, at about 1/16th the toxicity of free nystatin. Based
on in vitro data, liposomal nystatin has similar cellu-
lar toxicity as liposomal amphotericin B and ampho-
tericin B lipid complex.

In addition to effects on cellular energetics, the poly-
enes also demonstrate hemolytic activity. Nystatin has
been previously demonstrated to be markedly less toxic
to mammalian cells in vitro than amphotericin B (Kin-
sky, 1963; Thomas, 1986); the capacity of nystatin to
induce K* leakage from yeast cells surpasses its ability
to induce K™ leakage from human RBCs by almost 300-
fold (Kotler-Brajtburg et al, 1979). Furthermore, lipo-
somal encapsulation of nystatin protected erythrocytes
from the hemolytic toxicity of free nystatin (Mehta et
al, 1987a).

Liposomal incorporation of nystatin substantially de-
creases the toxicity of free nystatin in vivo. In a murine
model of systemic candidiasis, the maximal tolerated
dose of free nystatin was 4 mg/kg of body weight; at
that dose, there was no beneficial microbiological ef-
fect of the drug. On the other hand, the maximal tol-
erated dose of liposomal nystatin was 16 mg/kg of body
weight, a dose that was associated with a significant
improvement in the survival of the animals (Mehta et
al, 1987b).

The predominant toxicity seen upon the intravenous
administration of liposomal nystatin is nephrotoxicity,
as demonstrated in rats and dogs by elevations in blood
urea nitrogen and creatinine, and histopathologic changes
in the kidneys. Liposomal nystatin appears to be much
more toxic in rats and dogs than in humans. In dogs,
large increases in serum blood urea nitrogen and crea-
tinine occur after single intravenous doses of 1 mg//kg.
However, tolerance appears to develop with repeated
doses.

The most frequent adverse events reported in patients
receiving multiple doses of liposomal nystatin in hu-
man trials included chills (17%), hypokalemia (16 %),
elevated creatinine (16%), fever (14%), headache
(14%), pain (13%), nausea (13%), dyspnea (13%),
rash (13%), abdominal pain (10%), and asthenia (10%).

A phase I study performed in refractory febrile neu-
tropenic patients with hematological malignancies to
determine the maximum tolerated dose of liposomal
nystatin could not demonstrate a clear association be-
tween dose and drug-related toxicity (Boutati et al,
19935) Patients that developed nephrotoxicity had re-
ceived the higher doses of liposomal nystatin (6 and
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8 mg/kg), suggesting that nephrotoxicity may be the
dose-limiting toxicity.

IN VITRO ACTIVITY

Nystatin has broad antifungal activity and is effective
in vitro against most clinically important yeast and
mould isolates. Unlike the situation that exists with am-
photericin B, where the lipid formulations tend to pro-
duce higher MIC values, liposomal nystatin generally
exhibits somewhat better activity in vitro than free nys-
tatin (Mehta et al, 1987a; Johnson et al, 1998; Oakley
et al, 1999; Quindos et al, 2000b; Arikan et al, 2002).
However, the optimum testing methods and conditions,
and the relevance of in vitro tests using liposomal nys-
tatin remain unknown. Composition of test media and
incubation time have been shown to substantially in-
fluence the determination of MIC values for both nys-
tatin and liposomal nystatin for several Candida species
(Arikan et al, 2002).

Typical minimal inhibitory concentrations for nys-
tatin, liposomal nystatin and amphotericin B are shown
in Table 4-2 for various clinically relevant fungi. At
the therapeutic doses of 2-4 mg/kg of liposomal nys-
tatin used in clinical trials to date, serum levels of
nystatin that can be achieved are in excess of the MIC
values for the majority of species that have been studied.

In an in vitro study comparing the relative activities
of free nystatin, liposomal nystatin, amphotericin B de-
oxycholate, liposomal amphotericin B, amphotericin B

colloidal dispersion and amphotericin B lipid complex
against clinical isolates of Aspergillus, Candida and C.
neoformans, liposomal nystatin was as active as free
nystatin with MICs and MLCs that were similar to or
lower than, those of free nystatin (Johnson et al, 1998).
Neither formulation was as active as amphotericin B
deoxycholate or amphotericin B lipid complex, with the
MICyy and MLCoq values for the latter drugs being
2-8-fold lower. The activities of both free and liposo-
mal nystatin were similar to amphotericin B colloidal
dispersion, but more effective in vitro than liposomal
amphotericin B. Another study that examined the in
vitro activity of conventional nystatin, liposomal nys-
tatin, amphotericin B, liposomal amphotericin B, am-
photericin B lipid complex, amphotericin B colloidal
dispersion and itraconazole against 60 clinical As-
pergillus isolates demonstrated that liposomal nystatin
had acceptable MICs and MLCs for all strains tested
(Oakley et al, 1999). Liposomal nystatin MICs were
significantly higher, however, for strains of A. terreus
compared to other Aspergillus species.

The effect of different test media and incubation pe-
riods on susceptibilities of several Candida species was
evaluated and demonstrated that antibiotic medium 3
supplemented with 2% glucose produced MIC results
for liposomal nystatin that were lower than those
achieved with conventional medium (Arikan et al,
2002). Liposomal nystatin was active against the ma-
jority of strains in this study, even most amphotericin
B resistant isolates. A few strains with dissociation be-
tween MIC values for nystatin and liposomal nystatin

TABLE 4-2. Comparative In Vitro Susceptibility of Selected Fungi to Nystatin, Liposomal Nystatin,

and Amphotericin B.

Minimal Inhibitory Concentration Ranges (ug/mL)

Organism Nystatin Liposomal Nystatin Amphotericin B
Candida albicans 0.78-10 0.31-2.5 0.04-2.5
Candida dubliniensis — 0.25-1.0 0.5-1.0
Candida glabrata 0.15-2.5 0.62-5.0 0.15-2.0
Candida guilliermondii 2.0 1.0-2.0 0.25-1.0
Candida kefyr 2-8 1.0-4.0 1.0
Candida krusei 0.15—> 16 0.05-4.0 0.31-2.0
Candida lipolytica 1.0 2.0 —
Candida lusitaniae 0.03-2.0 0.5-2.0 0.06-1.0
Candida parapsilosis 0.15-4.0 0.62-4.0 0.31-2.0
Candida tropicalis 0.56-4.0 0.01-2.0 0.08-2.0
Cryptococcus neoformans 0.02-8.0 0.12-4.0 0.04-0.62
Trichosporon beigelii 0.5-1.0 0.5-1.0 0.12-1.0
Coccidioides immitis 2.0-8.0 2.0-4.0 0.25-0.5
Sporothrix schenckii 2.0 1.0 0.5-16
Fusarium sp. 4.0 2.0 1-2
Aspergillus flavus 2.0-8.0 1.0-4.0 0.5-4.0
Aspergillus fumigatus 2->8 1.0-4.0 0.5-2.0
Aspergillus niger 2.0-4.0 1.0-4.0 0.25-1.0
Scedosporium apiospermum 2.0-> 16 2.0-> 16 2.0-16
Scedosporium prolificans 8.0-> 16 4.0-> 16 1.0-> 16

Source: Data compiled from Johnson et al, 1998; Carillo-Mufioz et al, 1999; Oakley et al, 1999; Jessup et al, 2000; Quinidés et al, 2000a;

Quindos et al, 2000b; Arikan et al, 2002; Meletiadis et al, 2002.
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were identified; liposomal nystatin MICs were lower
for these strains. For isolates of C. krusei with high am-
photericin B MICs, liposomal nystatin had relatively
low MICs and may offer an alternative for treatment
of clinically significant infections due to this organism.

Clinical strains of C. dubliniensis, some of which
were resistant to the various azole agents, were uni-
formly susceptible to liposomal nystatin, as well as to
the other polyene agents (Quindos et al, 2000a). Lipo-
somal nystatin was shown to have activity against Coc-
cidioides immitis, regardless of what saprobic stage was
tested in vitro (Gonzalez et al, 2002). In vitro activity
of liposomal nystatin was poor against 55 clinical iso-
lates of Scedosporium prolificans and 13 isolates of S.
apiospermum, but approximately paralleled the activ-
ity of amphotericin B (Meletiadis et al, 2002).

Only one study has evaluated the in vitro interaction
of liposomal nystatin with other antifungal agents (Jes-
sup et al, 2000). In combination with amphotericin B,
liposomal nystatin was synergistic against 2 of 3 strains
of C. glabrata tested and additive against the remain-
ing isolate. In combination with itraconazole or flucy-
tosine, liposomal nystatin was additive against 3 C.
krusei isolates and was also additive in combination
with amphotericin B against 2 of 3 Aspergillus fumi-
gatus isolates tested. Several other fungi demonstrated
additive activity; no combinations, however, exhibited
antagonism. These results suggest that in the appro-
priate clinical situation, combination therapy that in-
cludes liposomal nystatin may be feasible.

RESISTANCE

Clinically significant resistance to nystatin, like am-
photericin B, is very unusual. In vitro, it is possible to
select for resistance by serial transfer of isolates on me-
dia containing increasing concentrations of nystatin
(Athar and Winner, 1971). Emergence of resistance to
nystatin in vivo has been described in individuals who
have received amphotericin B therapy (Drutz and
Lehrer, 1978; Merz and Sandford, 1979; Dick et al,
1980) and oral nystatin (Safe et al, 1977), but has not
yet been described in patients who have received lipo-
somal nystatin. Resistance to nystatin does not confer
resistance to nonpolyene antifungal agents; however,
there is considerable, but not invariable, cross-resist-
ance between nystatin and amphotericin B (Athar and
Winner, 1971; Broughton et al, 1991; Arikan et al,
2002). Multiple potential mechanisms of resistance to
nystatin have been described (Wallace and Lopez-
Berestein, 1999), although most cases have been asso-
ciated with qualitative or quantitative changes in the
sterol component of the fungal cell membrane (Ham-
mond, 1977). In those situations where sterol analyses
have been performed, the abnormalities tend to fall into
3 groups, which are not necessarily exclusive: (1) either

a decrease in ergosterol content compared to the wild
type strain or complete absence of ergosterol; (2) re-
placement of ergosterol by another sterol, with the re-
placement sterol having a lower affinity for nystatin
than ergosterol; and (3) an absolute increase in the
amount of ergosterol in the membrane.

In vitro isolates resistant to nystatin have been se-
lected by plating on increasing concentrations of the
agent (Athar and Winner, 1971; Bard, 1972; Molzahn
and Woods, 1971). Compared with their polyene-
susceptible parent isolates, some of these mutants
demonstrated decreased growth rate, reduced produc-
tion of germ tubes, slower production of chlamy-
dospores and reduced pathogenicity (Athar and Win-
ner, 1971). In vivo emergence of resistance to nystatin
due to a decrease or the absence of cell membrane er-
gosterol has been described in patients receiving oral
nystatin (Safe et al, 1977) and amphotericin B (Woods
et al, 1974; Drutz and Lehrer, 1978; Merz and Sand-
ford, 1979; Dick et al, 1980). Several different species
of Candida were affected, including C. krusei, C. para-
psilosis, C. tropicalis, C. albicans and C. glabrata. In a
study that demonstrated that 7.4% of 747 isolates from
oncology patients were resistant, the rate of resistance
among the different Candida species roughly paralleled
the frequency of isolation of these species from the pop-
ulation (Dick et al, 1980). Factors predisposing to col-
onization or infection by a resistant strain included ex-
tended lengths of hospitalization, receipt of cytotoxic
chemotherapy, periods of granulocytopenia and receipt
of prolonged courses of antibiotics, including ampho-
tericin B and oral nonabsorbable nystatin.

The second mechanism of resistance relates to re-
placement of ergosterol by another sterol, with the re-
placement sterol having a lower affinity for nystatin
than ergosterol. The replacement sterol may be novel,
and not normally found in the synthetic ergosterol
pathway, e.g., A%22-ergostadien-3B-ol found in nys-
tatin-resistant strains of S. cerevisiae isolated in vitro
(Molzahn and Woods; 1972). Even in isolates that con-
tain some ergosterol, the presence of a new sterol with
low affinity for nystatin may result in resistance
(Woods, 1971). The third mechanism of resistance is
related to an absolute increase in the amount of er-
gosterol in the membrane. This situation has been de-
scribed in vitro by production of C. albicans mutants
resistant to nystatin after exposure to the mutagenic
agent, N'-methyl-N'-nitrosoguanidine (Hamilton-Miller,
1972). Presumably, the ergosterol is masked or reori-
ented in such a manner that it is not available for bind-
ing with the polyene.

POSTANTIFUNGAL EFFECT

The postantifungal effect (PAFE) of nystatin has been
investigated for different species of Candida. Signifi-
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cant intraspecies variations in the duration of the
postantifungal effect have been obtained; therefore, the
results from a single isolate should not be extrapolated
to define the postantifungal effect for an individual
species of Candida. In addition, substantial interspecies
variations also occur. For C. albicans, the mean PAFE
has varied from 5.9 to 12.3 hours (Ellepola and Sama-
ranayake, 1999; Egusa et al, 2000; Gunderson et al,
2000; Anil et al, 2001); for C. tropicalis from 5 to 14.8
hours (Ellepola and Samaranayake, 1999; Gunderson
et al, 2000; Anil et al, 2001); for C. glabrata from 5§
to 8.5 hours (Ellepola and Samaranayake, 1999; Gun-
derson et al, 2000); for C. krusei from 6.5 to 11.5 hours
(Ellepola and Samaranayake, 1999; Gunderson et al,
2000); and for C. parapsilosis approximately 15.1
hours (Ellepola and Samaranayake, 1999). One study
found a highly positive significant correlation between
the MIC and PAFE for individual isolates of Candida
(Gunderson et al, 2000). Despite the inconsistencies in
the absolute length of the postantifungal effect, the rel-
atively extended duration of the PAFE for Candida sug-
gests that prolonged dosing intervals with liposomal
nystatin are feasible.

AMIMAL MODELS OF INFECTION

In a neutropenic mouse model of disseminated A. fu-
migatus infection, doses of liposomal nystatin as low
as 2 mg/kg/day protected mice against Aspergillus-
induced death in a statistically significant manner. Li-
posomal nystatin was effective in clearing multiple or-
gans, including the lungs, spleen, pancreas, kidney, and
liver, although amphotericin B was significantly better
(Wallace et al, 1997).

The activity of liposomal nystatin was investigated
in persistently neutropenic rabbits with invasive pul-
monary aspergillosis (Groll et al, 1999a). Liposomal
nystatin was administered at doses of 1, 2, and 4 mg/kg
daily and compared to amphotericin B 1.0 mg/kg/day
given along with saline loading. At a dose of 1 mg/kg,
liposomal nystatin was effective in reducing fungal
tissue burden. Liposomal nystatin at 2 mg/kg/day or
4 mg/kg/day prolonged survival and reduced fungus-
mediated tissue injury as well as excess lung weight sim-
ilar to the results obtained with amphotericin B. Am-
photericin B was more effective at clearing infected
pulmonary tissues. Resolution of pulmonary lesions
was demonstrated by ultrafast computed tomography
in both the liposomal nystatin and amphotericin
B-treated animals to a similar degree. Liposomal nys-
tatin was well tolerated by the animals; mild elevations
of blood urea nitrogen and creatinine values occurred
to a degree similar to that in animals that received am-
photericin B with saline loading. Survival was some-
what better in the liposomal nystatin-treated animals
and potassium loss was less.

In a neutropenic guinea pig model of disseminated
candidiasis, liposomal nystatin 3 mg/kg/day was com-
pared to amphotericin B deoxycholate at 0.75 mg/kg/
day (Reyes et al, 2000). Liposomal nystatin signifi-
cantly reduced death and resulted in a significant re-
duction of fungal burden in the kidneys. Furthermore,
liposomal nystatin was significantly better than am-
photericin B in clearing the kidneys of C. albicans.

In a model of persistently neutropenic rabbits with
subacute disseminated candidiasis, liposomal nystatin
at doses or 2 mg/kg/day or 4 mg/kg/day were compared
to amphotericin B deoxycholate 1 mg/kg/day and flu-
conazole 10 mg/kg/day with regards to the ability of
the drugs to clear organisms from blood and tissues
(Groll et al, 1999b). A significant dose dependent re-
sponse to treatment was seen with liposomal nystatin.
Activity of liposomal nystatin was similar to ampho-
tericin B and fluconazole in terms of clearance of resid-
ual burden of C. albicans from kidney, liver, spleen,
lung, and brain. Mean serum blood urea nitrogen and
creatinine levels were significantly lower in animals that
received either dose of liposomal nystatin compared to
amphotericin B.

The CNS antifungal activity of liposomal nystatin
was evaluated in a nonimmunocompromised rabbit
model of disseminated candidiasis (Groll et al, 2001).
Liposomal nystatin was given as either 2.5 mg/kg twice
daily or 5.0 mg/kg once daily in rabbits with systemic
candidiasis and compared to amphotericin B deoxy-
cholate at 1 mg/kg daily or liposomal amphotericin B
5.0 mg/kg daily. Both liposomal nystatin regimens had
similar efficacy to the two amphotericin B regimens in
clearing extracerebral tissues. However, both doses of
liposomal nystatin were significantly less active in the
central nervous system. Furthermore, animals that had
received the 5 mg/kg once daily dose had a significantly
reduced survival due to CNS candidiasis. The reduced
activity in the CNS correlated with cerebral tissue con-
centrations below the MIC of the infecting Candida
isolate.

In a neutropenic mouse model that compared the ac-
tivity of liposomal nystatin to amphotericin B deoxy-
cholate, liposomal amphotericin B, and amphotericin
B lipid complex in the treatment of systemic infection
due to an isolate of A. fumigatus with reduced suscep-
tibility to amphotericin B, liposomal nystatin at
5 mg/kg was significantly better in clearing tissues of
the organism (Denning and Warn, 1999). Doses of li-
posomal nystatin as high as 10 mg/kg were toxic to an-
imals and resulted in fits and respiratory arrest.

As a result of these animal studies, several conclu-
sions regarding liposomal nystatin appear warranted:
(1) there is a dose-dependent response to therapy that
exists for Candida and Aspergillus species; doses in the
range of 2-5 mg/kg prolong survival and result in clear-
ance of the fungal burden from most tissues. However,
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at least in mice, the maximal tolerated dose is approx-
imately 10 mg/kg; (2) the drug does not appear to be
effective for treatment of central nervous system infec-
tions at the doses tested, probably because insufficient
nystatin levels are achieved in cerebral tissues; and (3)
renal toxicity and urinary potassium loss are less se-
vere with liposomal nystatin than with amphotericin B.

HUMAN CLINICAL STUDIES

Data are available from only a few human clinical tri-
als that have utilized liposomal nystatin. In a histori-
cal comparison of 43 nonneutropenic patients with can-
didemia that received liposomal nystatin 2 mg/kg/day
and 109 patients reported earlier that had been treated
with amphotericin B 0.5 mg/kg/day (Rex et al, 1994),
the success rate with both regimens was 67%; 23% of
patients that received liposomal nystatin died compared
to 40% that received amphotericin B (Gordon et al,
1997). Renal toxicity, as defined by a doubling of
serum creatinine, occurred in 14% of liposomal nys-
tatin recipients and 37% of amphotericin B recipients,
a difference that was not statistically significant.

In a multicenter study designed to evaluate two doses
of liposomal nystatin in 109 nonneutropenic patients
with candidemia, subjects received either 2 mg/kg/day
or 4 mg/kg/day of liposomal nystatin (Williams and
Moore, 1999). The response rate was 82.8% in the low
dose group and 85.7% in the higher dose group.
Twenty-five patients died, 2 possibly related to liposo-
mal nystatin. Eighty-six adverse events were reported
in 57 patients, but only 6 of the events were thought
to be related to the study drug, although 29.4% of the
patients developed hypokalemia.

In a multicenter trial of empiric antifungal therapy
in 538 patients with neutropenic fever and presumed
fungal infection, liposomal nystatin 2 mg/kg/day was
compared to amphotericin 0.6-0.8 mg/kg/day (Powles
et al, 1999). In the modified intent to treat population,
36% (65/180) of the evaluable patients who received
liposomal nystatin were successfully treated compared
to 39% (66/168) of the evaluable patients who received
amphotericin B; these differences were not significant.
Patients who received amphotericin B had significantly
more renal adverse events, including BUN elevation
(p = 0.0009), creatinine elevation (p = 0.0001), and
hypokalemia (p = 0.0007), compared to those who re-
ceived liposomal nystatin.

In 75 nonneutropenic patients with candidemia re-
fractory to conventional agents, clinical success with li-
posomal nystatin at 2 mg/kg/day or 4 mg/kg/day was
achieved in 60% of treated patients and mycological
success was achieved in 55% (Rolston et al, 1999). No
patient required discontinuation of nystatin therapy
due to adverse events.

The efficacy of liposomal nystatin in 24 patients with
invasive aspergillus who were refractory to (21 pa-
tients) or intolerant of (3 patients) amphotericin B
was evaluated in a phase II trial (Offner et al, 2000).
Objective responses were seen in 6 of these patients.
Liposomal nystatin was discontinued in 2 patients be-
cause of severe rigors, chills, and hypotension. Liposo-
mal nystatin also was evaluated in another small group
of oncology patients with invasive aspergillosis who
were unresponsive to or intolerant of conventional
agents (Krupova et al, 2001). Five patients were given
4 mg/kg/day; 4 of the 5 obtained a cure of their infec-
tion and 1 patient died due to progression of invasive
aspergillosis. All patients had developed creatinine ele-
vations when treated previously with amphotericin B;
these elevations resolved while receiving liposomal nys-
tatin. One patient required pretreatment with cortico-
steroids due to clinically significant infusion-related
reactions.

CONCLUSIONS

Liposomal encapsulation of nystatin results in a for-
mulation that has some potential advantages over con-
ventional antifungal agents like amphotericin B. Lim-
ited animal and human studies suggest that liposomal
nystatin has substantially less renal toxicity than am-
photericin B, and appears to have activity in vitro
against some amphotericin B resistant fungi. In addi-
tion, it may be possible to successfully combine lipo-
somal nystatin with other antifungal drugs with addi-
tive or synergistic effects. However, at the present time,
the plan for further development of liposomal nystatin
remains somewhat uncertain, making the future of li-
posomal nystatin unclear.
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Flucytosine

ROBERT A. LARSEN

Flucytosine (5-fluorocytosine; S-flucytosine; 5-FC) is
one of the oldest antifungal agents in use (Utz, 1972).
It was initially synthesized in 1957, but was not dis-
covered to possess significant antifungal properties un-
til 1964, when activity against Cryptococcus neofor-
mans and Candida species was shown (Grunmberg et
al, 1964). Human clinical trials were initiated in the
late 1960s for both cryptococcal meningitis and dis-
seminated candidiasis (Tassel and Madoff, 1968; Utz
et al, 1968). The rapid emergence of flucytosine resist-
ance was observed, particularly among C. neoformans
isolates, limiting its utility as single agent therapy (Nor-
mark and Schonebeck, 1972; Block et al, 1973; Hos-
penthal and Bennett, 1998). Presently, flucytosine is uti-
lized as single agent therapy in only a limited number of
settings including urinary candidiasis and chromo-
blastomycosis (Graybill and Craven, 1983). The seminal
studies of combination therapy of flucytosine with am-
photericin B for patients with cryptococcal meningitis
were the first to firmly establish a role for combination
antifungal therapy in a well defined invasive fungal in-
fection (Bennett et al, 1979; Dismukes et al, 1987).

MECHANISM OF ACTION

Flucytosine is taken up by fungal cells by a unique fun-
gal-specific cytosine permease. Two important and in-
dependent pathways for fungal cell injury occur: one
leading to protein synthesis inhibition, and the other
resulting in DNA synthesis inhibition. Flucytosine is
converted by intracellular deamination to 5-fluorouracil
and ultimately processed into 5-fluorourindine triphos-
phate, which is incorporated into fungal RNA. This re-
sults in miscoding during translation from RNA into
amino acid sequencing, causing structural abnormali-
ties during protein synthesis (Bennett, 1977; Diasio
et al, 1978). The second mechanism of action is
characterized by the conversion of 5-fluorouracil to 5-
fluorodeoxyuridine monophosphate, which inhibits
thymidylate synthetase and subsequently DNA biosyn-
thesis (Polak and Scholer, 1980; Waldorf and Polak,
1983). Resistance to flucytosine may arise from muta-
tions that affect the production of three key enzymes,
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uridine monophosphate pyrophosphorylase, cytosine
permease, and cytosine deaminase, or through increased
production of pyrimidines (Francis and Walsh, 1992).

PHARMACOLOGY

Both intravenous and oral formulations of flucytosine
have been developed and are in clinical use. However,
in the United States, only the oral formulation of flucy-
tosine is available and comes in 250 mg and 500 mg
capsules. Following oral administration, 78%-89% of
the drug is absorbed with peak concentrations achieved
in approximately 2 hours (Cutler et al, 1978). Food,
antacids, and renal insufficiency can impair absorption.
Over 90% of the drug is eliminated by urinary excre-
tion unchanged (Schonebeck et al, 1973). As such, im-
paired renal function leads to drug accumulation and
dramatically alters the serum half-life from approxi-
mately 4 hours in those with normal renal function
(range 2.4 to 4.8 hours) to over 85 hours in those with
severe renal impairment (Daneshmend and Warnock,
1983). Consequently, the daily dose must be adjusted
for patients with renal dysfunction (Stamm et al, 1987).
Hemodialysis, hemofiltration, and peritoneal dialysis
reduce plasma flucytosine levels (Lau and Kronfol,
1995). Flucytosine demonstrates only limited protein
binding (approximately 3%-4%). The penetration of
flucytosine into cerebrospinal, peritoneal, and synovial
fluids is approximately 75% of simultaneous plasma
concentrations (Bennett et al, 1979).

Following oral administration of 2.0 grams of flucy-
tosine in subjects with normal renal function, peak
serum levels reach 30-40 mcg/mL. Repeated dos-
ing every 6 hours results in peak concentrations of
70-80 mcg/mL. Serum concentrations of greater than
100 mcg/mL are associated with increased toxicity and
can rapidly be achieved in the setting of renal failure,
particularly that caused by concomitant amphotericin
B administration (Stamm et al, 1987). For these rea-
sons, it is important to monitor renal function closely
among all patients receiving flucytosine. Additionally,
many experts recommend serial measurement of serum
flucytosine levels. Alternatively, these levels can be ac-
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curately predicted based upon known population phar-
macokinetic studies (Vermes et al, 2000a). In addition,
a nomogram for flucytosine dosing in the setting of im-
paired renal function is available (Stamm et al, 1987).

DOSAGE AND ADMINISTRATION

The current standard daily dose of flucytosine is 100 mg/kg
daily given in four divided doses in persons with nor-
mal renal function. Doses ranging between 50 and 150
mg/kg daily have been utilized successfully among pa-
tients with established fungal infection.

Early studies among patients with cryptococcal
meningitis used flucytosine doses of 150 mg/kg daily,
but in these studies, serum levels were monitored care-
fully and adjustments in dosing were made based on
these determinations. Recent studies have employed
lower dose regimens of flucytosine (100 mg/kg daily)
for shorter periods (2 weeks) and have relied much less
on monitoring serum levels (van der Horst, 1997).

Serum flucytosine levels are not universally available,
and delays in obtaining test results often render these
data less useful. When available, flucytosine levels can
be a helpful adjunct to monitoring therapy and pre-
venting hematologic toxicities. Some have advocated fre-
quent monitoring of total leukocyte and platelet counts
as a means of monitoring toxicity without measuring
flucytosine levels. Gastrointestinal complaints are proba-
bly not related to serum levels. When monitored, serum
levels should be maintained between 50-100 mcg/mL, al-
though lower levels may be effective (Francis and Walsh,
1992; Walsh and Lyman, 1995).

CLINICAL INDICATIONS

Flucytosine is indicated for patients with cryptococco-
sis, various forms of candidiasis, and chromoblasto-
mycosis. Development of drug resistance is more com-
mon in patients treated with flucytosine alone. The
most common use of flucytosine is in the management
of serious infections caused by Cryptococcus neofor-
mans (Bennett et al, 1979; Graybill and Craven, 1983;
Dismukes et al, 1987; Larsen et al, 1990; de Gans et
al, 1992; Larsen et al, 1994; Mayanja-Kizza et al, 1998;
Saag et al, 2000; Pappas et al, 2001). In this setting,
flucytosine is usually combined with amphotericin B
or fluconazole, and occasionally with itraconazole. A
number of recent studies in Thailand have demon-
strated successful initial therapy for AIDS-associated
cryptococcal meningitis with the combination of flucy-
tosine and itraconazole (Chotmongkol and Jitpimol-
mard, 1994; Chotmongkol and Jitpimolmard, 1995;
Riantawan and Ponglertnapakorn, 1996; Chotmongkol
et al, 1997). However, the combination of flucytosine
with either amphotericin B or fluconazole has been
most intensively investigated. Such combinations have

been shown to result in more rapid culture conversion
of the cerebrospinal fluid from positive to negative and
to improved clinical outcomes when compared to sin-
gle agent therapy. For a detailed discussion of combi-
nation therapy utilizing flucytosine as therapy for cryp-
tococcal meningitis, see Chapter 12.

Flucytosine can be employed as a single agent or in
combination with amphotericin B against organisms
responsible for chromoblastomycosis, e.g., Fonsecaea
and Cladosporium species, with moderate success
(Lopes et al, 1978; Silber et al, 1983; Restrepo, 1994).
A recent large evaluation of in vitro activity of flucy-
tosine (using National Committee for Clinical Labora-
tory Standards methodology) against over 8500 clini-
cal isolates of Candida species showed that primary
resistance to flucytosine was very uncommon among
all species with the exception of C. krusei (only 5%
susceptible) (Pfaller et al, 2002). Even though most
Candida species are susceptible to flucytosine, most
invasive Candida infections are not treated with flucy-
tosine alone. Given the availability of effective alter-
native agents, such as the azoles (fluconazole, itra-
conazole, and voriconazole) and the echinocandins
(caspofungin), flucytosine alone or as part of combi-
nation therapy with amphotericin B is an increasingly
uncommon approach to serious Candida infections.
However, some authorities still recommend flucytosine
in combination with amphotericin B for selected pa-
tients with central nervous system candidiasis, Candida
endocarditis, hepatosplenic (multiorgan) candidiasis,
and other seriously ill patients with life-threatening can-
didiasis (Record et al, 1971; Smego et al, 1984; Fran-
cis and Walsh, 1992; Kujath et al, 1993; Walsh and
Lyman, 1995; Abele-Horn et al, 1996). In addition,
flucytosine alone is sometimes used to treat urinary can-
didiasis (Wise et al, 1980), although less toxic agents
are available.

Aspergillus species may respond to the combination
of amphotericin B and flucytosine, but the benefit of
adding flucytosine is not well established by limited
clinical trials (Denning et al, 1998; Pogliani and Clini,
1994; Denning and Stevens, 1990; Yu et al, 1980).
Histoplasma capsulatum, Coccidioides immitis, Blas-
tomyces dermatitidis, Sporothrix schenckii, and Sce-
dosporium apiospermum are not susceptible to flucy-
tosine and therefore this drug has no role in these fungal
infections. Although Penicillium marneffei is inhibited
in vitro by flucytosine (Supparatpinyo et al, 1993), the
therapeutic utility of flucytosine for penicilliosis is not

established.

ADVERSE EFFECTS

The most common adverse effects associated with flucy-
tosine use are gastrointestinal complaints of nausea, vom-
iting, and diarrhea (Benson and Nahata, 1988). These
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events are rarely serious, and can often be ameliorated
by taking the medication over 15-30 minutes. Hepatic
toxicities, including elevated transaminase and alkaline
phosphatase levels, have been reported in 0%-25% of
subjects taking flucytosine. Rarely, hyperbilirubinemia
occurs with flucytosine administration, but bilirubin
levels usually decline once the drug is stopped (Scholer,
1980). Clinically significant hepatitis is rare, but deaths
have been attributed to flucytosine-induced hepatic dis-
ease. None of the gastrointestinal or hepatic side effects
have been demonstrated to be dose dependent (Vermes
et al, 2000b). Although the mechanism of gastroin-
testinal toxicity is not well established, it is postulated
to result from 5-fluorouracil accumulation from intes-
tinal microflora metabolism of flucytosine (Harris et al,
1986; Malet-Marino et al, 1991).

Serious adverse effects usually arise from bone mar-
row injury (Kauffman and Diasio, 1977; Stamm et al,
1987). Thrombocytopenia, granulocytopenia and ane-
mia (least common) may arise at any time during the
course of therapy, particularly if flucytosine drug lev-
els accumulate because of decreased renal clearance as-
sociated with concomitant amphotericin B administra-
tion. Bone marrow toxicity has been observed in 60%
of subjects with flucytosine serum levels greater than
100 mcg/mL, whereas only 12% developed bone
marrow toxicity when serum levels were less than
100 mcg/mL (Kauffman and Diasio, 1977). Although
flucytosine-induced blood dyscrasias are usually re-
versible on discontinuation of drug, fatal bone marrow
suppression has been reported. Prior radiation therapy
appears to exacerbate the potential for bone marrow
toxicity.

Therapeutic monitoring of serum flucytosine levels,
where timely reporting is available, followed by adjust-
ment of flucytosine dose may reduce the frequency of
severe bone marrow toxicity. A complete blood and
platelet count provides a good indication of flucytosine
toxicity when serum levels are unavailable. Gastroin-
testinal and hepatic toxicity are not easily predicted
based on serum flucytosine levels. Thus, flucytosine
may be safely employed in settings with limited ability
to monitor drug levels. Careful observation of renal
function is critical, as drug levels may change rapidly
if renal function changes.

Drug Interactions
Cytosine arabinoside has been reported to inactivate
flucytosine (Holt, 1978). No other significant drug—
drug interactions are known.

PRECAUTIONS

Flucytosine should be used with care during pregnancy.
Teratogenic effects have been observed in rats and rab-
bits (spinal fusion, cleft lip and palate, and microg-

61

nathia); thus, this agent is assigned pregnancy category
C by the U.S. Food and Drug Administration. How-
ever, flucytosine has been employed during pregnancy
with success (Ely et al, 1998; Chen and Wong, 1996).
Flucytosine has not been approved for use in children,
but there has been considerable experience in this age
group, particularly for treatment of central nervous sys-
tem and urinary infections due to Candida species
(Stamos and Rowley, 1995; Rowen and Tate, 1998).
Nursing mothers should avoid flucytosine as it may be
excreted in breast milk.

SUMMARY

Flucytosine, a fluorine analogue of cytosine, a normal
body constituent, remains a useful antifungal drug,
primarily in combination with amphotericin B or flu-
conazole for primary therapy of cryptococcal meningi-
tis. Flucytosine is also used in combination with am-
photericin B for therapy of complicated Candida
syndromes (e.g., endocarditis and meningitis), and is
occasionally given as single drug therapy for chro-
moblastomycosis. Limitations of the drug include its
potential to cause serious adverse events including gas-
trointestinal, hepatic, and bone marrow toxicities and
its association with emergence of primary or second-
ary drug resistance. Moreover, the availability of newer
broad spectrum antifungal agents, such as the azoles,
has narrowed the therapeutic indications for flucyto-
sine. Importantly, this drug is not generally available
in the developing world.
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The introduction of the azole class of antifungal drugs
with the licensing of miconazole in 1979 marked the
beginning of a new era in therapy for systemic fungal
diseases. Although miconazole, an intravenous formu-
lation associated with significant toxicity, is no longer
commercially available, it set the stage for the devel-
opment and subsequent licensing of three oral azole
drugs, ketoconazole, fluconazole, and itraconazole. For
many systemic mycoses, these drugs have been effec-
tive and safe alternatives to the older antifungal drugs,
amphotericin B, a member of the polyene class and for
years the so-called “gold standard” of therapy, and
flucytosine, a fluorinated pyrimidine. Ketoconazole in-
troduced in 1981, fluconazole (1990), and itraconazole
(1992) have been attractive agents because of their ex-
cellent spectrum of activity against Candida species and
the endemic fungi (e.g., Histoplasma capsulatum and
Coccidioides immitis), overall efficacy, safety, and ease
of oral administration. However, these drugs for
the most part lack significant activity against mould
pathogens, the important group of emerging oppor-
tunistic fungi. Consequently, the past several years have
witnessed the development of an exciting group of sec-
ond generation triazole drugs (see under CHEMISTRY),
which possess an expanded spectrum of activity, espe-
cially against various moulds and resistant Candida
species. Voriconazole, approved in 2002, is the first of
these to become commercially available; posaconazole
(SCH 56592) and ravuconazole (BMS 207147) are the
two other triazoles that are far along in development
but not yet licensed. Our purpose in this chapter is to
compare and contrast the pharmacologic properties of
the older oral azoles and the newer triazoles and to
provide perspective on the clinical indications for these
agents.

CHEMISTRY

Chemical structures for the commercially available (ke-
toconazole, fluconazole, itraconazole, and voricona-
zole) and selected investigational (posaconazole and
ravuconazole) azole drugs are shown in the Figure 6-1.
The antifungal azoles are classified chemically as imi-
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dazoles or triazoles based on the number of nitrogen
atoms (two or three, respectively) in the azole ring (Saag
and Dismukes, 1988). Among the azoles shown in Fig-
ure 61, the only imidazole compound is ketoconazole;
miconazole, also an imidazole, is no longer commer-
cially available. These azole drugs can also be distin-
guished by their relative molecular size and aqueous
solubility. Ketoconazole, itraconazole, posaconazole
and ravuconazole are poorly soluble or insoluble in
water at physiologic pH, thereby reducing their oral
bioavailability and complicating the development of a
suitable parenteral dosage form. Different approaches
have been taken to assure efficient and safe delivery of
these lipophilic compounds into the systemic circula-
tion. As one example, the recently introduced oral so-
lution and parenteral formulations of itraconazole have
incorporated the azole in a carrier complex of hy-
droxypropyl-B-cyclodextrin, a large ring of substituted
glucose molecules with a hydrophilic outer surface and
a cylindrical hydrophobic inner core (DeBeule and
Van Gestel, 2001). In contrast, the manufacturers of
posaconazole and ravuconazole are conducting inves-
tigations with water-soluble prodrugs, SCH-59884
and BMS-379224, respectively (Nomier et al, 1999;
Loebenberg et al, 1999; Ueda et al, 2002). Experiments
in animals given SCH-59884 intravenously indicate this
compound is dephosphorylated in vivo to an ester in-
termediate, which is subsequently hydrolyzed to
posaconazole.

Fluconazole is unique among the antifungal azoles
owing to its relatively small molecular size and high
aqueous solubility. Voriconazole, a second-generation
triazole, was developed via systematic chemical ma-
nipulation of fluconazole to produce a compound with
enhanced potency and spectrum of activity. Specific
changes include the addition of a methyl group to the
three-member carbon backbone and replacement of one
of the triazole rings with a fluoropyrimidine moiety.
These modifications increase voriconazole’s affinity for
the target enzyme in Aspergillus fumigatus by 10-fold
over that of fluconazole (Sabo and Abdel-Rahman,
2000). The primary physicochemical consequence of
these changes was a decrease in aqueous solubility. As
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FIGURE 6-1. Chemical structures of antifungal azoles.

a result, the parenteral formulation of voriconazole
contains a cyclodextrin-based solubilizing agent simi-
lar to the compound used with itraconazole (Voricona-
zole package insert, 2002). Ravuconazole, another
second-generation triazole with marked structural sim-
ilarity to fluconazole, is in early stages of clinical de-
velopment as a broad-spectrum antifungal agent (Hoff-
man et al, 2000). Little published information is
available regarding the physicochemical properties of
ravuconazole.

MECHANISM OF ACTION

The primary antifungal effect of the azoles occurs via
inhibition of a fungal cytochrome P-450 enzyme in-
volved in the synthesis of ergosterol, the major sterol
in the fungal cell membrane (Como and Dismukes,
1994; Sanati et al, 1997). On a molecular level, bind-
ing of the free azole nitrogen with the heme moiety of
fungal C-14a demethylase inhibits demethylation of
lanosterol, thereby depriving the cell of ergosterol and
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allowing accumulation of various 14a methylsterols.
The net result is a disruption of normal structure and
function of the cell membrane and ultimately, the in-
hibition of cell growth and morphogenesis. Earlier stud-
ies with imidazole compounds suggested several addi-
tional antifungal effects including the inhibition of
endogenous respiration, a toxic interaction with mem-
brane phospholipids and a disruption in chitin synthe-
sis (Sud et al, 1979; De Brabander et al, 1980; Van den
Bossche et al, 1983). More recent experiments with
newer azoles have concluded the antifungal activities
of the triazole derivatives are due to the inhibition of
14« demethylase exclusively (Sanati et al, 1997; Hitch-
cock and Whittle, 1993).

Azoles are generally recognized as fungistatic agents
at clinically achievable concentrations. However, recent
in vitro studies with itraconazole and voriconazole
demonstrated fungicidal activity against conidial sus-
pensions of Aspergillus fumigatus and several other As-
pergillus spp. at concentrations below those attained
with recommended dosages (Manavathu et al, 1998).
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TABLE 6-1. Pharmacokinetic Parameters of Antifungal Azoles

Parameter Ketoconazole  Fluconazole Itraconazole Voriconazole Posaconazole Ravuconazole
Bioavailability (%) 75% > 90 §55->90%* =90 847 %% 48-74%%*

Fasting
Effect of Food on Variable No effect See text Decreases Increases NA

Bioavailability
Time to Peak 1-4 1-2 4-5 [6-9]t 1-3 3 NA

Concentration (hours)
Peak Concentration (mcg/ml)

at Steady State:

IV (Dosage) NA 3.86-4.96 2.9 [1.9]t 3.0 NA NA

(100 mg (200 mg bid X 2, 3 mg/kg bid)
daily) then 200 mg
daily x35)
Oral (Dosage) 1-4 2.0-2.3 1.9 1.1 3.9
(400 mg 4.1-8.1 [2.1-2.6] (200 mg bid) (200 mg bid) (200 mg bid)
daily) (400 mg X 1) (200 mg bid)

Volume of Distribution 0.87%%* 0.7-1 10.7 4.6 7-15 NA

(L/kg)
Tissue Penetration

(% simultaneous serum)

CSF <10 50-94 <1 42-67 NA NA
Lung — 100 100 NA NA > 100***
Protein Binding (%) 99 11-12 99.8 [99.5]t 58 NA NA
Elimination Half-life (hours)  7-107t 22-31 38-6411 [27-56]t  6ft 24 103-115
% Unchanged Drug in Urine  2-4 80 <1 <5 Minimal NA
References: Como and Grant and Como and Sabo and Abdel-  Hoffman et al, Hoffman et al,
Dismukes, Clissold, Dismukes, 1994; Rahman, 2000; 2000; Ernst, 2000; Grasela
1994. 1990 Haria et al, Voriconazole 2001; Ezzet et al, 2000;
1996; Barone package insert, et al, 2001 Ernst, 2001
et al, 1998; 2002; Hoffman

Stevens, 1999

et al 2000;

Schwartz et al,
1997; Johnson
and Kauffman,
2003

CSF, cerebrospinal fluid. NA, Data not available.

*Absolute oral bioavailability is not known due to absence of parenteral dosage form. Value represents bioavailability relative to oral so-

lution.

**Qral bioavailability is dependent on dosage form. Higher values represent data from commercially available oral solution when given to

healthy volunteers.

***Human data not currently available. Values represent data from animal studies.

tValues in brackets are parameters for hydroxyitraconazole.

tDose dependent elimination has been reported. Values may be higher or lower depending on dosage.

Other interesting experimental observations that merit
further study are the existence of a postantifungal ef-
fect after exposure of yeasts to therapeutic concentra-
tions of second-generation triazoles (Garcia et al, 1999)
and enhanced killing of Candida spp. by immune ef-
fector cells after exposure to combinations of azoles
and colony-stimulating factors or gamma-interferon
(Vora et al, 1998; Baltch et al, 2001).

PHARMACOKINETICS

The major pharmacokinetic parameters of the antifun-
gal azoles are presented in Table 6-1. With the excep-
tion of itraconazole capsules, the azoles are sufficiently
absorbed after oral administration to permit oral use
in most medically stable patients. Fluconazole is unique
among current agents in that food does not apprecia-

bly influence its absorption. In contrast, the presence
of food, especially a high-fat meal, significantly in-
creases absorption of posaconazole and the capsule for-
mulation of itraconazole (Barone et al, 1993; DeBeule
and Van Gestel, 2001; Courtney et al, 2002a). Con-
versely, when given with meals, the bioavailability of
itraconazole (cyclodextrin-based oral solution) and
voriconazole is decreased by 40% and 24%, respec-
tively (Barone et al, 1998; Voriconazole package insert,
2002). No data are currently available regarding the
influence of food or other factors on the absorption of
ravuconazole.

Peak plasma concentrations of azoles are typically
reached within 2-3 hours after administration. With
fluconazole, ravuconazole, and posaconazole (up to
800 mg/day), peak concentrations are proportional to
the dose administered (Como and Dismukes, 1994;
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Grasela et al, 2000; Ernst, 2001; Ezzet et al, 2001). In
contrast, peak serum levels of voriconazole and itra-
conazole increase disproportionately with larger doses,
suggesting the presence of saturable first-pass metabo-
lism (Haria et al, 1996; DeBeule and Van Gestel, 2001;
Voriconazole package insert, 2002). Plasma concen-
trations of itraconazole and voriconazole at steady state
(typically 7-14 days) are two- to several-fold higher
than after single doses. Initiation of therapy with the
parenteral formulation and/or the administration of a
loading regimen is necessary to assure rapid attainment
of therapeutic concentrations (Como and Dismukes,
1994; Poirier and Cheymol, 1998; Grasela et al, 2000;
DeBeule and Van Gestel, 2001; Voriconazole package
insert, 2002; Johnson and Kauffman, 2003).

Once absorbed into the systemic circulation, the por-
tion of an azole drug not bound to plasma proteins dis-
tributes readily to body tissues and fluids. Due to its
high aqueous solubility and low protein binding, flu-
conazole attains relatively high concentrations in CSF,
sputum, saliva, and other body fluids (Grant and Clis-
sold, 1990; Thaler et al, 1995). Limited experience with
voriconazole suggests it also distributes extensively to
extravascular tissues. Cerebrospinal fluid concentra-
tions of voriconazole in a patient with central nervous
system (CNS) aspergillosis were 42%—-67% of simul-
taneous serum concentrations (Schwartz et al, 1997).
Continuous administration of highly lipophilic azoles,
such as itraconazole, effects relatively high concentra-
tions of the drug in many tissues including bone, adi-
pose tissue, and lung (Haria et al, 1996). Similarly, con-
centrations of itraconazole in brain tissue are high;
however, the CSF concentration of itraconazole is very
low, compared with that of fluconazole and voricona-
zole. In addition, concentrations of itraconazole in ker-
atinous tissues are exceptionally high (up to 19-fold
higher than plasma), thereby allowing intermittent or
pulse therapy for infections localized to the skin and
nails (Haria et al, 1996; DeBeule and Van Gestel,
2001). Although data on the newer agents are limited,
fluconazole appears to be the only azole that reliably
attains therapeutic concentrations in urine (Grant and
Clissold, 1990).

With the exception of fluconazole, which is elimi-
nated largely as unchanged drug in urine, the azoles
undergo extensive hepatic metabolism via cytochrome
P-450 enzymes and are eliminated in urine or bile as
inactive metabolites (Grant and Clissold, 1990; Como
and Dismukes, 1994; Haria et al, 1996; Hoffman et al,
2000; Sabo and Abdel-Rahman, 2000; DeBeule and
Gestel, 2001; Ernst, 2001; Voriconazole package in-
sert, 2002). Itraconazole is unique because its major
metabolite, hydroxyitraconazole, possesses antifungal
activity that approaches that of the parent compound
(Haria et al, 1996; Ernst, 2001). Studies in rodents in-

dicate that posaconazole undergoes significant entero-
hepatic circulation and is eliminated almost entirely in
bile and feces (Hoffman et al, 2000). Metabolism of
voriconazole and itraconazole is saturable within the
range of clinically effective dosages and plasma clearance
of these agents is significantly reduced (elimination half-
life is prolonged) as doses approach 400 mg. Pharma-
cokinetic data for ravuconazole and posaconazole in spe-
cial patient populations are not yet published.

An earlier study with itraconazole (Haria, et al,
1996) and recent investigations with voriconazole (Tan
et al, 2001) indicate clearance of these agents may be
reduced significantly in patients with impaired hepatic
function; therefore, dosage reduction is warranted in
patients with mild to moderate cirrhosis of the liver
(Child-Pugh Classes A and B). Clearance of flucona-
zole declines with increasing degrees of renal impair-
ment and dosages of this agent should be reduced ac-
cordingly. Standard hemodialysis and some forms of
continuous hemofiltration remove significant amounts
of fluconazole from plasma (Grant and Clissold, 1990;
Valtonen et al, 1997; Mubhl et al, 2000). Supplemental
dosing and/or administration of higher dosages may be
necessary to maintain therapeutic concentrations in pa-
tients undergoing these interventions. The solubilizing
agent (hydroxypropyl-B-cyclodextrin) used in the par-
enteral formulation of itraconazole is cleared almost
exclusively via the kidneys (Stevens, 1999). Intravenous
itraconazole should not be used in patients with a cre-
atinine clearance less than 30 ml/minute due to accu-
mulation of hydroxypropyl-B-cyclodextrin (Itracona-
zole package insert, 2001). Similar cautions are
warranted with voriconazole in patients with moder-
ate to severe renal impairment due to accumulation of
the carrier compound (Voriconazole package insert,

2002).

DRUG INTERACTIONS

Clinical use of the antifungal azoles is problematic in
some patients because of the potential for significant
interactions with coadministered drugs (Grant and Clis-
sold, 1990; Como and Dismukes, 1994; Lomaestro and
Piatek, 1998; Venkatakrishnon et al, 2000; Piscitelli
and Gallicano, 2001; Voriconazole package insert,
2002; Johnson and Kauffman, 2003). These interactions
can be broadly categorized in two major types: those
that result in decreased serum concentrations of the
azoles, and those interactions in which the azoles pro-
duce increased plasma concentrations and/or clinical ef-
fect of another agent. Specific interactions reported with
individual azoles are provided in Table 6-2.

Due to the possibility of serious adverse cardiovas-
cular events with concomitant use, all systemic azoles
are contraindicated in patients receiving cisapride. In
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Posaconazole
Effect of Interaction Ketoconazole Fluconazole Itraconazole Voriconazole (SCH 56592)
Decreased Absorption Antacids Antacids* H2 receptor
of Azoles H2 receptor H2 receptor antagonists
antagonists antagonists™ Proton pump
Proton pump Proton pump inhibitors
inhibitors inhibitors*
Didanosine Didanosine*
Sucralfate
Decreased Plasma Rifampin Rifampin Rifampin Rifampin Rifampin ?
Concentration Rifabutin Rifabutin Rifabutin Rifabutin
of Azole Due to Phentyoin Phenytoin Phenytoin Phenytoin
metabolism Isoniazid ? Isoniazid
Carbamazepine Carbamazepine Carbamazepine
Nevirapine
Phenobarbital Phenobarbital
Increased Plasma Warfarin ? Warfarin Warfarin ? Warfarin
Concentration of Sulfonylureas Sulfonylureas ? Sulfonylureas Sulfonylureas
Coadministered Cyclosporine Cyclosporine Cyclosporine Cyclosporine Cyclosporine
Drug Tacrolimus Tacrolimus Tacrolimus Tacrolimus
Phenytoin Phenytoin Phenytoin
Midazolam Midazolam Midazolam Midazolam
Triazolam Triazolam Triazolam Triazolam
Alprazolam Alprazolam Alprazolam
Corticosteroids ? Corticosteroids ?
Digoxin ? Digoxin
Rifabutin Rifabutin Rifabutin Rifabutin ?
Ritonavir Ritonavir Ritonavir
Calcium channel Calcium channel Calcium channel
antagonists® ** antagonists® ** antagonists™ **
Quinidine Quinidine Quinidine
Vinca alkaloids ? Vinca alkaloids
Indinavir ? Indinavir ?
Saquinavir Diazepam Saquinavir Omeprazole
Chlordiazepoxide Theophylline ? Verapamil Sirolimus
Carbamazepine Zidovudine Pimozide Pimozide
Amprenavir Amitriptyline Statins™ * Ergotamine
Nelfinavir ? Nortriptyline Bupivacaine ? Dihydroergotamine
Zolpidem Losartan Buspirone Statins™ **
Irbesartan Busulfan NNRTT#**#
Sulfamethoxazole Sildenafil
Methadone Dofetilide
Cyclophosphamide

*Applies only to itraconazole capsule formulation.

**Includes lovastatin, simvastatin, and atorvastatin.
***Includes felodipine, nifedipine, isradipine and nisoldipine.

“***Non nucleoside reverse transcriptase inhibitors.

?, Interaction of questionable clinical significance and/or more likely only with higher dosages of the interacting agents.

addition, the following combinations are contraindi-
cated on the basis of serious drug-drug interactions:
voriconazole with pimozide, quinidine, ergot alkaloids,
sirolimus, rifabutin, rifampin, carbamazepine, or long-
acting barbiturates; itraconazole with pimozide, quini-
dine, dofetilide, oral midazolam or triazolam, lovas-
tatin or simvastatin; and ketoconazole with oral
triazolam (Ketoconazole package insert, 1998; Flu-
conazole package insert, 1998; Itraconazole package in-
sert, 2001; Voriconazole package insert, 2002; John-
son and Kauffman, 2003).

Drug interactions that result in decreased concentra-
tions of the azole occur via two primary mechanisms.
In the first type, solubilization and subsequent absorp-

tion of weakly basic, highly lipophilic azoles is impaired
by agents that decrease gastric acidity. The agents most
affected are ketoconazole and itraconazole, although
a preliminary study with a tablet formulation of
posaconazole found a 40% reduction in oral bioavail-
ability of this azole when it was coadministered with
cimetidine (Courtney et al, 2002b). Since posaconazole
is being developed for oral use as a suspension, the con-
dition of a low gastric pH for optimal absorption will
no longer be necessary. Similarly, administration of
itraconazole as an oral solution assures adequate ab-
sorption, irrespective of gastric pH (Terrell, 1999). In
situations where the oral solid-dosage form of keto-
conazole or itraconazole is used in patients receiving
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antisecretory therapy, administration of the azole with
an acidic beverage, e.g., Classic Coca-Cola® or Pepsi®,
is recommended (Gepta et al, 1999).

The second mechanism by which serum concentra-
tions of the azole are reduced is via induction of azole
metabolism by agents that increase hepatic cytochrome
P-450 activity (Venkatakrishnon et al, 2000). All azoles
are affected, although the clinical significance of these
interactions with fluconazole is typically minimal since
hepatic metabolism plays only a minor role in clear-
ance of this drug. In contrast, the impact on other
agents, especially itraconazole, is substantial and ther-
apeutic failures are possible in patients receiving itra-
conazole with enzyme-inducing agents (Haria et al,
1996; Venkatakrishnon et al, 2000). Whenever possi-
ble, concomitant therapy with azoles and these induc-
ing agents should be avoided.

The drug interactions involving azoles that have re-
ceived the most attention are those in which the azole
inhibits the metabolism of the coadministered drug.
The ability to predict these interactions has increased
in parallel with an expanded understanding of the var-
ious CYP450 isoforms involved in the biotransforma-
tion of different drugs and the interaction of the azoles
with specific CYP450 isoenzymes (Venkatakrishnon et
al, 2000). Current experimental and clinical evidence
indicates that the extent of the interaction is depend-
ent on several factors, including the relative affinity of
the azole and the object drug for a specific isoenzyme,
the concentration of the agents in hepatic cells, and the
extent to which the coadministered drug depends on
CYP450 enzymes for total body clearance (Albengres
et al, 1998). The interaction of these factors can vary
substantially among patients, thus making the clinical
impact in any given patient difficult to predict. Care-
ful monitoring of patient response and determination
of serum concentrations, when available, should guide
dosages of the coadministered drug.

Of the antifungal azoles, ketoconazole has the most
broad ranging and potent inhibitory effects on CYP450
enzymes. Specific CYP450 isoenzymes inhibited include
CYP1A1, CPY1A2, CYP2A6, CYP2C9/2C19, CYP2De,
and CYP3A4 (Venkatakrishnon et al, 2000). Of these,
the CYP3A4 isoenzyme is most susceptible to ketocona-
zole inhibition. Itraconazole and posaconazole share the
inhibitory effects of ketoconazole on CYP3A4, although
the affinity of the triazoles for this enzyme is manyfold
lower than that of imidazoles (Venkatakrishnon et al,
2000; Wexler et al, 2002). Even so, clinically important
interactions with itraconazole (and possibly posacona-
zole) and CYP3A4 substrates are possible due to higher
concentrations of these lipophilic triazoles in hepatic
tissues.

Fluconazole and voriconazole are potent inhibitors
of the closely related CYP2C9/2C19 isoenzyme fami-

lies (Venkatakrishnon et al, 2000; Voriconazole pack-
age insert, 2002). Significant interactions reported with
fluconazole and warfarin, phenytoin, or oral hypo-
glycemic agents (tolbutamide) occur via inhibition of
these enzymes. Preliminary data from interaction stud-
ies with voriconazole indicate that a similar spectrum
of interaction is possible with this fluconazole deriva-
tive (Ghahramani et al, 2000; Wood et al, 2001;
Voriconazole package insert, 2002). Although flu-
conazole exhibits only weak inhibitory effects on
CYP3A4 isoenzymes, significant interactions with some
agents (e.g., cyclosporine) have been reported, espe-
cially when fluconazole was given in higher daily
dosages (= 400 mg) (Como and Dismukes, 1994; Ter-
rell, 1999; Venkatakrishnon et al, 2000). The inhibitory
profile of voriconazole and ravuconazole on CYP3A4
enzymes remains to be fully explored.

Another mechanism, via which antifungal azoles may
increase plasma concentrations and/or the effect of
coadministered agents, involves inhibition of P-glyco-
protein, an ATP-dependent plasma membrane trans-
porter involved in intestinal absorption, brain penetra-
tion, and renal secretion of a number of chemically
diverse agents (Venkatakrishnon et al, 2000). Of the
available azoles, itraconazole and ketoconazole have
the highest potential to interact with P-glycoprotein. In-
hibition of this transporter is thought to be the primary
mechanism by which itraconazole enhances the neuro-
toxicity of vincristine (Bohme et al, 1995) and decreases
renal clearance (increases serum concentration) of
digoxin (Ito and Koren, 1997). Further investigation is
necessary to determine the extent to which the newer
triazole derivatives interact with P-glycoprotein.

SPECTRUM OF ACTIVITY

As a class, the azoles possess a broad spectrum of ac-
tivity that includes most of the fungal pathogens asso-
ciated with systemic infections (Table 6-3) (Grant and
Clissold, 1990; Como and Dismukes, 1994; Haria et
al, 1996; Espinel-Ingroff, 1998; Fung-Tomc et al, 1998;
Nguyen and Yu, 1998; Pfaller et al, 1998; Saag and
Dismukes, 1988; Cuenca-Estrella et al, 1999a; Pfaller
et al, 1999; Terrell, 1999; Cuenca-Estrella et al, 1999b;
Abraham et al, 1999; Sutton et al, 1999; Cacciapuoti
et al, 2000; Hoffman et al, 2000; Li et al, 2000; Man-
avathu et al, 2000; Yamazumi et al, 2000; Carrillo and
Guarro, 2001; Espinel-Ingroff, 2001a; Espinel-Ingroff,
2001b; Huczko et al, 2001; Pfaller et al, 2001; Uchida
et al, 2001; Pfaller et al, 2002; Sun et al, 2002a;
Voriconazole package insert, 2002; Cuenca-Estrella et
al, 2002; Espinel-Ingroff et al, 2002; Sutton et al, 2002;
Paphitou et al, 2002).

Against the dimorphic fungi, the older azoles, keto-
conazole and itraconazole have better activity than flu-
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TABLE 6-3. Spectrum of Activity of Antifungal Azoles Against Selected Pathogenic Fungi

Posaconazole Ravuconazole
Organism Ketoconazole Fluconazole Itraconazole Voriconazole (SCH 56592) (BMS 207147)
Yeasts
C. albicans + ++ ++ ++ ++ ++
Flu/Itra resistant —/+ — —/+ + + +
C. glabrata + —/+ —/+ + + +
C. krusei ++ — —/+ ++ T4 T+
C. tropicalis +/++ + ++ ++ 4 ++
C. parapsilosis +/++ ++ ++ ++ ++ ++
C. lusitaniae +/++ ++ ++ ++ ++ +
Cryptococcus neoformans +/++ ++ +/++ ++ ++ ++
Trichosporon ashaii NA +/++ ++ ++ ++ ++
Dimorphic fungi
Blastomyces dermatitidis +/++ + ++ +/++ ++ ++
Histoplasma capsulatum + + ++ ++ ++ +4+
Coccidiodes immitis + + + + +
Sporothrix schenckii + + ++ + ++ +
Paracoccidiodes brasiliensis ++ + ++ NA ++ NA
Moulds
Aspergillus fumigatus —/+ — + ++ ++ 44
Aspergillus flavus —/+ — ++ ++ ++ +4
Aspergillus terreus —/+ — ++ + ++ ++
Fusarium solani NA —_ —_ —/+ —/+ —/+
Rhizopus sp. — — —/+ — + +
Mucor sp. — — —/+ _ _ -
Scedosporium apiospermum — + + +/++ +/4++ —/+
Scedosporium prolificans — — — —/+ _ _
Dematiaceous fungi NA — +/++ +/++ +/4++ +

+Moderate activity in vitro and/or in animal models.
++Excellent activity in vitro and/or in animal models.
—, No clinically useful activity.

NA, not available.

conazole. Voriconazole and posaconazole, the new tri-
azoles, are also quite active against this group of or-
ganisms. Similarly, all of the azole drugs exhibit mod-
erate to excellent activity against Cryptococcus
neoformans. Fluconazole possesses the narrowest in
vitro spectrum in that it exhibits relatively poor activ-
ity against the common moulds or filamentous organ-
isms and only moderate activity against dimorphic
fungi. Candida krusei and many strains of C. glabrata
are also resistant in vitro to fluconazole in clinically
achievable concentrations (Saag and Dismukes, 1988;
Grant and Clissold, 1990; Como and Dismukes, 1994).
Many Candida spp. resistant to first generation tria-
zoles are susceptible to the newer second generation
agents, although MICs are typically several-fold higher
than for fluconazole- or itraconazole-susceptible iso-
lates (Espinel-Ingroff, 1998; Fung-Tomc et al, 1998;
Marco et al, 1998; Nguyen and Yu, 1998; Pfaller et al,
1998; Chavez et al, 1999; Cuenca-Estrella et al, 1999a;
Ernst, 2001). In addition, when compared with flu-
conazole, the second generation triazoles exhibit sig-
nificantly enhanced in vitro activity against Aspergillus

spp and variable activity against Scedosporium species,
Fusarium species and the dematiaceous fungi (Clancy
and Nguyen, 1998; Fung-Tomc et al, 1998; Arikan et
al, 1999; Cuenca-Estrella et al, 1999b; Espinel-Ingroff,
2001a; Espinel-Ingroff, 2001b; Pfaller et al, 2002).
Voriconazole is not active in vitro against Zygomycetes
(Gomez-Lopez et al, 2001; Pfaller et al, 2002; Sun et
al, 2002a), whereas posaconazole and ravuconazole do
show promising activity against some Zygomycetes, es-
pecially Rhizopus species (Pfaller et al, 2002; Sun et al,
2002a). Limited in vitro data suggest that posacona-
zole may also possess clinically useful activity against
voriconazole-resistant strains of Aspergillus fumigatus
(Manavathu et al, 2000; Manavathu et al, 2001).
Clinical activity in humans for the newer triazoles,
especially posaconazole and ravuconazole, against
many organisms remains to be confirmed. However,
studies with voriconazole and posaconazole in animal
models of invasive aspergillosis have demonstrated ac-
tivity comparable, or superior, to that of itraconazole
(Martin et al, 1997; Murphy et al, 1997; Graybill et
al, 1998; Cacciapuoti et al, 2000; Kirkpatrick et al,
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2000; Petraitiene et al, 2001). In addition, promising
activity has been shown for voriconazole in a variety
of other experimental animal in vivo models including
hematogenous Candida krusei infections (Ghannoum
et al, 1999), fusariosis (Reyes et al, 2001), and pul-
monary blastomycosis (Sugar and Liu, 2001); for
posaconazole, animal in vivo infections with Fusarium
spp (Lozano-Chiu et al, 1999), Scedosporium apiosper-
mum (Gonzalez et al, 2001), Histoplasma capsulatum
(Connolly et al, 2000), and Zygomycetes (Sun et al,
2002b); and for ravuconazole, in vivo infections with
H. capsulatum (Clemons et al, 2002) and Zygomycetes
(Dannaoui et al, 2002).

IN VITRO SUSCEPTIBILITY TESTING

Until recently, in vitro antifungal susceptibility testing
has been considered to be of limited clinical value due
to the poor correlation between in vitro test results and
outcomes of infection (Como and Dismukes, 1994; Ter-
rell, 1999). In 1997, the National Committee for Clin-
ical Laboratory Standards (NCCLS) published refer-
ence guidelines (M27-A Method) for conducting in
vitro susceptibility testing of Candida spp. and Cryp-
tococcus neoformans. These guidelines have recently
been updated to the essentially identical M27-A2
methodology (National Committee for Clinical Labo-
ratory Standards, 2002a). In addition to specifying con-
ditions for performing the tests, the guidelines also
provide antifungal concentration breakpoints for in-
terpreting results of tests with fluconazole and itra-
conazole. Based on the NCCLS data, isolates of Can-
dida spp. with a MIC = 8 mcg/ml are considered
susceptible to fluconazole and isolates with a MIC >
32 mcg/ml are considered resistant. Fluconazole MICs
of 16-32 mcg/ml are reported as susceptible-dose de-
pendent (S-DD), implying that positive outcomes are
more likely with higher dosages. Itraconazole break-
points for categories of susceptible, S-DD, and resist-
ant correspond to MICs of = 0.125 mcg/ml, 0.25-0.5
mcg/ml, and > 0.5 mcg/ml respectively. Standards for
performing susceptibility tests with filamentous fungi
have also been approved (NCCLS document M38-P),
but studies to determine the correlation with clinical
outcomes are ongoing (National Committee for Clini-
cal Laboratory Standards, 2002b; Espinel-Ingroff et al,
2001c).

Optimal use of in vitro susceptibility tests with azoles
requires an understanding of their origin and potential
limitations in clinical application (Rex et al, 2000). At
present, clinical confirmation of the breakpoints for
fluconazole has been obtained only in patients with
mucosal (oropharyngeal and esophageal) or systemic
(invasive) candidiasis, the latter group of infections con-
sisting primarily of catheter-related candidemia in non-

neutropenic patients (Rex et al, 1995; Rex et al, 1997).
Breakpoints for itraconazole were derived in smaller
numbers of patients with oropharyngeal candidiasis
(Rex et al, 1997). Extrapolation of these breakpoints
to patients with deep-seated Candida infections or mu-
cosal infections in nonimmunocompromised patients
should be done with caution, if at all. Similarly, ex-
trapolation of MICs determined by methods other than
those delineated in the reference method (broth
macrodilution or microdilution) should be avoided,
since even small variations in methodology can pro-
duce significantly different test results (Rex et al, 2000).
Several more convenient and/or less time consuming
methods for performing antifungal susceptibility tests
have shown reasonably good interlaboratory and in-
tralaboratory reproducibility, and if high correlation
with the reference method is confirmed, may provide
more economical alternatives for use in the clinical lab-
oratory (Hoffman and Pfaller, 2001). For a more de-
tailed discussion of in vitro susceptibility testing of
fungi, see Chapter 1.

IN VITRO RESISTANCE

Two types of in vitro resistance to azoles have been de-
scribed. Primary or “intrinsic” resistance results from
the natural interaction between an organism and the
antifungal agent and is independent of previous drug
exposure (Vazquez and Sobel, 1997; Klepser, 2001).
The most notable example of intrinsic resistance in-
volving azoles is the universal resistance to fluconazole
among isolates of C. krusei. Since primary resistance is
usually predictable, it rarely presents a problem in pa-
tient management if clinicians are aware of the differ-
ences in susceptibility to the azoles for the organism(s)
causing the infection. The more problematic clinical is-
sue related to primary resistance is the selection of re-
sistant organisms during azole therapy for a more sus-
ceptible pathogen. For example, the emergence of C.
krusei or C. glabrata during fluconazole prophylaxis or
therapy for C. albicans is now a well-recognized phe-
nomenon in HIV-infected patients (Sangeorzan et al,
1994; Sobel et al, 2001) and other immunosuppressed
patients after organ transplantation or chemotherapy
(Wingard et al, 1991; Wingard et al, 1993; Nguyen et
al, 1996; Abi-Said et al, 1997). Increases in the fre-
quency of isolation of resistant Candida spp. have also
been attributed to extensive use of triazoles in a specific
institution or local geographic region (Sangeorzan et al,
1994; Nguyen et al, 1996; Safdar et al, 2001). Clini-
cians should be aware of location-specific resistant fre-
quencies when selecting empiric antifungal therapy.
Secondary or “acquired” resistance to the azoles re-
mains uncommon except in immunocompromised pa-
tients (primarily those with HIV infection) who are re-
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ceiving prolonged and/or frequent courses of therapy
(Redding et al, 1994; Espinel-Ingroff et al, 1996; Quart
et al, 1996; Vazquez and Sobel, 1997; Goldman et al,
2000; Klepser, 2001; Marr et al, 2001). Extensive lab-
oratory investigation with Candida spp. has revealed
several potential mechanisms via which these organ-
isms express resistance after exposure to the azoles
(Vazquez and Sobel, 1997; Graybill et al, 1998a;
Klepser, 2001). The most common mechanisms include
alteration or overexpression of the fungal target en-
zyme (C-14a demethylase) of azole drugs, exclusion of
drug from fungal cells, and reduction or loss of func-
tion of AS5,6 desaturase, thereby preventing intracellu-
lar accumulation of toxic 14-methoxysterols (Sanglard
et al, 1997; Graybill et al, 1998a; Marr et al, 1998;
Miyazaki et al, 1998; Abraham et al, 2001; Klepser,
2001; Sanglard et al, 2001). Of these mechanisms, pre-
vention of drug entry or extrusion of the azole via
activation of energy-dependent drug-efflux pumps is
thought to be the most common (Graybill et al, 1998a).

Two families of multidrug efflux pumps have been
identified in clinical isolates: the major facilitators,
which are encoded by the MDR1 (BEN') gene, and the
ATP-binding cassette transporters (ABCT), which are
expressed by CDR1 and CDR2 genes in Candida spp.
All azoles, including ketoconazole, are substrates for
ABCT efflux pumps, but current data suggest that only
fluconazole and ravuconazole are substrates for the ma-
jor facilitator transport system (Klepser, 2001; Sanglard
et al, 2002). Reports of cross resistance to itraconazole
and other azoles in isolates of Candida spp. with ac-
quired resistance to fluconazole are at least partially
explained by the upregulation of CDR1 genes (Sanglard
et al, 1997; Abraham et al, 2001). The extent to which
acquired resistance and/or cross-resistance will com-
promise the therapeutic utility of the second-generation

triazoles remains to be determined. However, flucona-
zole- and itraconazole-resistant isolates of C. albicans
that exhibit cross-resistance to voriconazole have al-
ready been recovered in HIV-infected children (Muller
et al, 2000). For a detailed discussion of resistance to
azoles, see Chapter 9.

ADVERSE EFFECTS

The clinical attractiveness of the antifungal azoles is
due in part to their low potential for serious adverse
effects (Table 6-4), especially compared with polyene
agents (nystatin and amphotericin B). The most com-
mon patient complaints about azole drugs are directed
at the GI tract and consist primarily of anorexia, nau-
sea, vomiting, diarrhea, and abdominal pain. Fortu-
nately, rates of discontinuation due to GI side effects
range from only 1%-6% when daily dosages are
400 mg or lower (Terrell, 1999; Voriconazole package
insert, 2002). Another shared adverse effect is the po-
tential of antifungal azoles to cause disturbances in he-
patic function. All available azoles may transiently in-
crease transaminase levels; therefore, baseline and
periodic monitoring of hepatic enzymes is warranted in
any patient receiving an azole for more than a few days
(Como and Dismukes, 1994; Terrell, 1999; Voricona-
zole package insert, 2002). Rare instances of severe,
and sometimes fatal, hepatic failure associated with ke-
toconazole, fluconazole, itraconazole, and voriconazole
indicate practitioners should be more vigilant in mon-
itoring hepatic function in patients receiving these
agents (Como and Dismukes, 1994; Itraconazole pack-
age insert, 2001; Voriconazole package insert, 2002).
A third common side effect of the azoles is develop-
ment of a generalized erythematous rash, with or with-
out pruritus (Como and Dismukes, 1994; Terrell, 1999;

TABLE 6-4. Adverse Effects of Currently Available Antifungal Azoles

Fluconazole

Itraconazole Voriconazole

Ketoconazole
Gastrointestinal Abdominal pain, anorexia,
tract nausea, vomiting
Skin Pruritus * rash Rash
Liver Hepatitis* Hepatitis*
Endocrine Decreased libido, impotence,
oligospermia, gynecomastia,
menstrual irregularities
Other Photophobia, somnolence,
headache
References: Como and Dismukes, 1994;

Terrell, 1999

Anorexia, nausea, vomiting

Alopecia, teratogenicity

Como and Dismukes, 1994;
Terrell, 1999

Anorexia, nausea, vomiting Anorexia, nausea,

vomiting
Rash Rash, photosensitivity
Hepatitis, liver failure Hepatitis*

Visual disturbances,
e.g., blurred vision

Hypokalemia, pedal edema,
hypertension, heart
failure, teratogenicity

Como and Dismukes, 1994;

Terrell, 1999; Itraconazole
package insert, 2001

Hoffman and

Rathburn, 2002;
Herbrecht et al,
2002; Voriconazole
package insert,
2002; Johnson and
Kauffman, 2003

*Usually asymptomatic elevations of transaminases.
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Hoffman and Rathburn, 2002). More severe cutaneous
reactions, such as Stevens-Johnson syndrome and toxic
epidermal necrolysis, have been associated with
voriconazole and fluconazole, typically in patients with
serious underlying disease who are also receiving other
medications (Como and Dismukes, 1994; Hoffman and
Rathburn, 2002; Voriconazole package insert, 2002).
The appearance of an erythematous rash in patients re-
ceiving these agents warrants a reevaluation of therapy.
Voriconazole has also been associated with photo-
sensitivity-induced erythema/desquamation of exposed
skin and blistering of lips. Therefore, patients should
be instructed to avoid strong, direct sunlight while re-
ceiving voriconazole (Voriconazole package insert,
2002).

In addition to these common, shared adverse effects,
each of the commercially available azoles is associated
with unique reactions that merit physician awareness.
Most notable among these are: endocrine disturbances
secondary to ketoconazole, reversible alopecia with flu-
conazole, and negative inotropic effects leading rarely
to congestive heart failure associated with itraconazole
(Como and Dismukes, 1994; Terrell, 1999; Itracona-
zole package insert, 2001; Hoffman and Rathburn,
2002). All of these effects are dose-related and are usu-
ally reversible after discontinuation of the azole.

For most practitioners, the most likely unique azole-
specific side effect that will be encountered in clinical
practice is visual disturbance with voriconazole
(Voriconazole package insert, 2002; Herbrecht et al,
2002). Approximately 30% of subjects receiving this
azole experience altered visual perception, blurred vi-
sion, and/or photophobia. Fortunately, these effects are
mild, transient and appear to be fully reversible after
discontinuation of therapy. Onset is commonly within
30 minutes after administration, and duration is typi-
cally 30 minutes or less (Hoffman and Rathburn, 2002).
Patients receiving voriconazole should be warned about
these visual effects and the potential hazards of driv-
ing or operating equipment. The mechanism of this
voriconazole-associated visual disturbance is unknown;
no permanent sequelae have been reported.

CLINICAL INDICATIONS
Candidiasis

For an in-depth discussion of the treatment approaches,
including use of azole drugs, for the various Candida
syndromes, see Chapter 11. In addition, in this chap-
ter, are provided two separate tables accompanied by
key references. Table 6-5 addresses azole therapy of se-
lected mucocutaneous Candida syndromes, including
oropharyngeal candidiasis (thrush), esophageal can-
didiasis, Candida vaginitis, Candida cystitis, and Can-
dida onychomycosis. Note that every mucocutaneous

TABLE 6-5. Azole Therapy of Selected
Mucocutaneous Candida Syndromes

Syndrome and Recommended
Azole Drugs

References

Oropharyngeal candidiasis (OPC)

Schectman et al, 1984
Koletar et al, 1990
Pons et al, 1993
Koletar et al, 1990
De Wit et al, 1989
Hay, 1990

e Clotrimazole troche 10 mg 5X per day

¢ Fluconazole tablet or oral suspension
100 mg/day for 7-14 days. Higher
doses (200-800 mg/day) may be
required in AIDS patients with
recurrent or fluconazole-resistant OPC

e Itraconazole oral solution
200 mg (200 mg/day) for 7-14 days.
Especially useful in patients with
fluconazole-refractory OPC

Graybill et al, 1996
Phillips et al, 1998
Saag et al, 1999a

Esophageal candidiasis

Wilcox et al, 1996
Laine et al, 1992
Barbaro et al, 1996
Eichel et al, 1996
Wilcox et al, 1997

e Fluconazole tablet or oral suspension
100-400 mg/day (depending on
severity of disease) for 14-21 days

e Itraconazole oral solution 200 mg/
day for 14-21 days

Candida vaginitis

Reef et al, 1995
Sobel et al, 1998

¢ Topical azole, e.g., clotrimazole,
miconazole, butoconazole,
tioconazole, terconazole
¢ Fluconazole tablet 150 mg/day Brammer and Feczko,
X 1 dose 1988
Reef et al, 1995
Sobel et al, 1998
e Itraconazole capsule 200 mg Stein and Mummaw,
bid X 1 day or 200 mg qd X 3 days 1993
Reef et al, 1995
e Recurrent or complicated vaginitis Sobel, 1992
requires = 7 days of therapy

Candida cystitis

¢ Fluconazole 200 mg/day X 7-14 day Jacobs et al, 1996

Sobel et al, 2000

Candida onychomycosis

e [traconazole 200 mg bid for one de Doncker et al,

week/month or 200 mg q day-3 1995
months for toenails and 2 months for Scher, 1999
fingernails

¢ Fluconazole 150-450 mg once weekly Scher et al, 1998
for 6 months for toenails and 3 months

for fingernails

Candida syndrome, e.g., Candida intertrigo and chronic
mucocutaneous candidiasis, is not addressed here.
The advent of the AIDS epidemic in the early 1980s
brought new focus to the management of oropharyn-
geal candidiasis (OPC). Physicians quickly recognized
that many patients with OPC failed therapy with top-
ical agents including nystatin swish and swallow, clotri-
mazole troches, and oral amphotericin B (Schectman et
al, 1984; Koletar et al, 1990; Pons et al, 1993). Con-
sequently, much attention shifted to evaluation of the
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efficacy and safety of oral azoles, especially fluconazole
and itraconazole, for treatment of OPC. Multiple stud-
ies showed that the clinical responses of OPC are ex-
cellent to both fluconazole (DeWit et al, 1989; Hay,
1990; Koletar et al, 1990) and itraconazole (Graybill
et al, 1998b; Phillips et al, 1998) and both drugs are
well tolerated (Table 6-5). Itraconazole oral solution
is more effective than itraconazole capsule. Ketocona-
zole, the original oral azole, is less effective for OPC
than fluconazole and itraconazole and less well toler-
ated. In the mid 1990s, concerns developed about emer-
gence of resistance of Candida species, particularly C.
albicans, to the azole drugs, especially fluconazole, in
patients with low CD4 cell counts (< 50-100/mm?),
and those receiving prolonged courses of azoles
(Maenza et al, 1996; Revanker et al, 1996). In such pa-
tients with recurrent or fluconazole-resistant OPC, al-
ternative treatment strategies have evolved, including
high-dose fluconazole (400-800 mg daily), switch to
another azole, e.g., itraconazole oral solution (Saag et
al, 1999a), or voriconazole (Hegener et al, 1998), or
switch to another class of drug, e.g., a polyene such as
amphotericin B or an echinocandin such as caspofun-
gin. To date, the incidence of fluconazole-resistant Can-
dida species causing OPC appears to have leveled off
in the 5% range.

Esophageal candidiasis (EC), regardless of the host,
usually cannot be successfully treated with a topical
agent such as nystatin or clotrimazole. Consequently,
fluconazole or itraconazole is the initial drug of choice
for EC (Table 6-5). Both oral azoles are effective in
most patients, providing the infecting Candida species
is susceptible to the azole and the patient does not have
advanced AIDS. The recommended doses are flucona-
zole tablet or suspension, 100400 mg/day for 14-21
days (Barbaro et al, 1996; Laine et al, 1992; Wilcox et
al, 1996) and itraconazole oral solution, 200 mg/day
for 14-21 days (Eichel et al, 1996; Wilcox et al, 1997).
A recent blinded trial compared voriconazole and flu-
conazole as therapy of EC in immunocompromised pa-
tients (Ally et al, 2001). Both treatment arms showed
similar high success rates (> 95%) and patient tolera-
bility. In those few EC patients who fail azole therapy,
treatment with intravenous amphotericin B or caspo-
fungin is warranted.

Topical azole drugs, such as clotrimazole or mi-
conazole, or nonazole topical agents, such as nystatin
or tolnaftate, as therapy of Candida vaginitis have long
been associated with high rates of success, especially in
immunocompetent patients with infrequent episodes.
However, these topical agents are messy, inconvenient
to use, and not always effective. Increasingly, women
are utilizing short course, oral azole therapy for treat-
ment of Candida vaginitis (Table 6-5). Oral flucona-
zole and itraconazole are both highly effective in

women without complicated disease or advanced im-
munosuppression (Brammer and Feczko, 1988; Stein
and Mummaw, 1993; Reef et al, 1995; Sobel et al,
1998). Therapy of recurrent or complicated Candida
vaginitis requires at least 7 days of oral azole therapy
(Sobel et al, 1992).

Asymptomatic colonization of the bladder by Can-
dida species in a patient with an indwelling Foley
catheter rarely requires treatment (Kauffman et al,
2000a). In such a patient, treatment will not eradicate
Candida from the bladder as long as the catheter re-
mains in place. Within a few days after stopping ther-
apy, the urine will again become colonized with
Candida. For those occasional patients who have symp-
tomatic Candida cystitis and no indwelling catheter,
fluconazole is the azole of choice and an effective ther-
apy, owing to the high concentration of active drug
(= 80%) in the urine (Jacobs et al, 1996; Sobel et al,
2000) (Table 6-5).

Candida onychomycosis, a less frequent occurrence
than dermatophyte onychomycosis and frequently as-
sociated with Candida paronychia, is most effectively
treated with an oral azole, either itraconazole or flu-
conazole (Table 6-5). Most patients are treated with
itraconazole, utilizing a so-called “pulse regimen,”
1 week per month for 3 months or a daily regimen for
3 months (de Doncker et al, 1995; Scher, 1999). Flu-
conazole is also administered in a variant of the itra-
conazole pulse regimen (Scher, 1999; Scher et al, 1998).
Both drugs are associated with remission rates in the
60% range and both are well tolerated. Griseofulvin,
frequently used in the past to treat dermatophyte ony-
chomycosis, is not active in vitro against Candida
species.

Among the various forms of systemic or invasive can-
didiasis, the syndrome of candidemia is the most com-
mon and lends itself best to comparative clinical trials
for evaluation of management strategies. Table 6-6
provides data on the five large clinical trials reported
to date dealing with azole treatment of candidemia. In
these trials, amphotericin B and fluconazole were the
two comparators. Three of the trials were randomized
multicenter studies in nonneutropenic patients; among
these, two were nonblinded (Rex et al, 1994; Phillips
et al, 1997) and one was blinded (Rex et al, in press,
2003). The fourth study was a prospective observa-
tional trial in nonneutropenic patients (Nguyen et al,
1995) and the fifth study was a matched cohort trial
in cancer patients (including a few patients with neu-
tropenia)(Anaissie et al, 1996). For detailed outcomes
data, see Table 6-6.

Several important findings emerged from these trials.
One, in all trials, fluconazole was associated with less
toxicity than amphotericin B, irrespective of the dif-
ferent doses of study drugs. Two, the success rates were
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TABLE 6-6. Azole Therapy of Candidemia

75

Persisten
Type of Study Efficacy Mortality Candidemia
(Reference) Treatment Regimen** % Success Rate*** Rate
Randomized, nonblinded FLU 400 mg/day X 18 days 70% (72/103) 33% 15%
nonneutropenic patients. vs. vs. vs. p = 0.20 vs.
(Rex et al, 1994) AMB 0.5-0.6 mg/kg/day 79% (81/103) 40% 12%
X 17 days p =027
Randomized, nonblinded, FLU 400 mg/day X 4 weeks 57% (24/42) 38% 16%
nonneutropenic patients. vs. vs. vs. p = 0.82 Vs.
(Phillips et al, 1997) AMB 0.6 mg/kg/day 62% (26/42) 34% 10%
X 4 weeks p = 0.66
Observational, FLU median daily NA ~40% 10%
prospective® dose 200 mg
(Nguyen et al, 1995) vs. vs. p = N.S. vs.
AMB “low dose” — NA
total dose < 500 mg
and ~35% 14%
AMB “high dose” — NA
total dose > 500 mg
Randomized, blinded FLU 800 mg/day + placebo 56% (60/107) 39% 17%
nonneutropenic patients for median, 13 days
(Rex et al, in press, 2003) vs. vs. vs. p = NS vs. p = 0.02
FLU 800 mg/day + AMB 0.7 69% (77/112) 40% 6%
mg/kg/day for median,13 days p = 0.043
Matched cohort study, FLU 200-600 mg/day 73% (33/45) 13% 29%
nonrandomized, cancer median duration, 13 days
patients*® vs. vs. vs. p = NS vs. p = NS
(Anaissie et al, 1996) AMB 0.3-1.2 mg/kg/day 71% (32/45) 22% 26%

median duration, 10 days

p =055

FLU = fluconazole; AMB = amphotericin B; NA = nonavailable; NS = nonsignificant
*Only a small percent of patients in this study were neutropenic at time of episode of candidemia.

**In all five studies, FLU was less toxic than AMB.

***Duration of follow-up varies by study: Rex et al, 1994 (~60 days); Phillips et al, 1997 (60 days); Nguyen et al, 1995 (30 days); Rex

et al, in press, 2003 (90 days); Anaissie et al, 1966 (end of therapy).

comparable in the two randomized trials that used
similar doses of fluconazole, 400 mg/day, and ampho-
tericin B, 0.5-0.6 mg/day (Rex et al 1994; Phillips et
al, 1997) and the matched cohort study (Anaissie et al,
1996). Third, significant differences were observed in
two measures of outcome only in the blinded trial,
which compared combination amphotericin B and
high-dose fluconazole, 800 mg/day, to high-dose flu-
conazole alone, with success rates of 69% and 56%,
respectively, and persistent candidemia rates of 6% and
17%, respectively (Rex et al, in press, 2003). The 6%
rate of persistent candidemia for the combination treat-
ment arm was lower than the rates of persistent can-
didemia for all treatment arms in the prior studies. Also
of note in this study, the baseline APACHE II scores
were higher in the fluconazole treatment group. While
the mortality rates in both treatment groups were sim-
ilar, the toxicity rate was significantly higher in the
combination treatment arm. Fourth, in this same study,
the combination of amphotericin B and fluconazole was
not microbiologically antagonistic compared to flu-
conazole alone (Rex et al, in press, 2003). Fifth, in all
studies, removal of vascular catheters reduced time to
clearance of the candidemia. The collective results of
these five trials establish that fluconazole and ampho-

tericin B are equally effective therapies for candidemia,
especially in nonneutropenic patients; and fluconazole
is better tolerated and less toxic than amphotericin B.
Combination fluconazole and amphotericin B may have
a role in selected patients with candidemia, e.g., criti-
cally ill and neutropenic patients. A metaanalysis of
published results of all candidemia trials arrives at sim-
ilar conclusions (Kontoyiannis et al, 2001).

Although data are not shown here, fluconazole has
been used successfully for other forms of systemic or
invasive candidiasis including endophthalmitis, peri-
tonitis, bone/joint disease, hepatosplenic disease, renal
parenchymal disease, and endocarditis (Rex et al,
2000). While itraconazole is active in the laboratory
against most Candida species, the clinical efficacy of
itraconazole therapy for candidemia and other forms
of systemic candidiasis has not been adequately stud-
ied. Finally, a large multicenter study to compare the
efficacy and safety of voriconazole versus amphotericin
B as therapy of candidemia is currently ongoing.

Cryptococcosis
Azole drugs have greatly impacted the management of
cryptococcosis over the past several years. While am-
photericin B and flucytosine remain key drugs for this
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disease, fluconazole and, to a lesser extent, itraconazole,
have a definite role, especially in the management of
AIDS-associated cryptococcosis. Cryptococcal meningi-
tis is the most common form of fungal meningitis in both
normal and immunocompromised hosts. Moreover,
fluconazole is the most attractive of the available azoles
for therapy of fungal meningitis because of its excel-
lent penetration into the CSF (Table 6-1). Although the
measurable concentrations in CSF of itraconazole are
low, this drug does show moderate efficacy in treat-
ment of cryptococcal meningitis, owing in part to its
high lipophilicity.

Fluconazole and itraconazole have been used as treat-
ment approaches for different clinical manifestations
of cryptococcosis; however, most of the experience has
been in therapy of cryptococcal meningitis. Many au-
thorities agree that optimal primary therapy consists of
two parts, an induction regimen for 2-3 weeks with
amphotericin B and flucytosine, followed by a consol-
idation regimen for 8-10 weeks with an azole, prefer-
ably fluconazole (Saag et al, 2000). The definitive study
in AIDS patients of this treatment approach showed
the following: (1) after 2 weeks of induction therapy,
CSF cultures were negative in 60% of patients who re-
ceived the combination regimen vs. 51% of patients
who received amphotericin B alone (p = 0.06); (2) at
the conclusion of the 10-week induction/consolidation
treatment regimen, clinical responses were similar, 68 %
in the fluconazole-treated patients and 70% in the itra-
conazole-treated patients; (3) CSF cultures were nega-
tive in 72% of patients in the fluconazole group, and
60% of the itraconazole group (Van der Horst et al,
1997). Although this important study was performed
in AIDS patients, the results have been extrapolated to
the management of cryptococcal meningitis in non-
AIDS patients.

Another important indication for fluconazole relates
to maintenance therapy in AIDS patients with crypto-
coccal meningitis. Once primary therapy is completed
and successful, maintenance therapy is required to pre-
vent relapse, which occurs in approximately 15% of
patients (Bozzette et al, 1991). Two large randomized
trials demonstrated the efficacy of fluconazole in this
setting. An initial trial compared oral fluconazole,
200 mg daily, to intravenous amphotericin B, 1 mg/kg/
week. The relapse rate in the fluconazole-treated group
was only 2% vs. 18% in the amphotericin B-treated
group (Powderly et al, 1992). A subsequent trial com-
pared two azoles, fluconazole, 200 mg daily, vs. itra-
conazole, 200 mg daily. Again fluconazole was supe-
rior, showing a 4% relapse rate compared with a 23%
relapse rate in the itraconazole group (Saag et al,
1999b). Accordingly, fluconazole is the recommended
maintenance therapy in AIDS patients who have suc-
cessfully completed primary therapy for cryptococcal

meningitis (Saag et al, 2000). Recent evidence supports
discontinuation of maintenance therapy in patients who
have no symptoms of cryptococcosis and have achieved
immune reconstitution with HAART therapy (Masur
et al, 2002).

Azole therapy, especially fluconazole, has also been
utilized for nonmeningeal forms of cryptococcosis in
AIDS and non-AIDS patients including pulmonary dis-
ease, bone disease, skin disease, and isolated crypto-
coccemia (Dromer et al, 1996; Yamaguchi et al, 1996;
Denning et al, 1989; Pappas et al, 2001). For a more
detailed discussion about azole therapy of cryptococ-
cosis, the reader is referred to the Infectious Diseases
Society of America (IDSA) consensus guidelines (Saag
et al, 2000).

Endemic Mycoses (Blastomycosis,
Coccidioidomycosis, Histoplasmosis,
Penicilliosis, Paracoccidioidomycosis,

and Sporotrichosis)

These endemic mycoses, as a rule, tend to be chronic,
indolent illnesses. Exceptions are coccidioidomycosis,
which often causes potentially devastating fungal
meningitis, and histoplasmosis and penicilliosis, which
may cause other forms of life-threatening disseminated
disease. In addition, these same endemic, mycoses,
namely, coccidioidomycosis, histoplasmosis and peni-
cillosis, are opportunistic in nature and associated with
more serious disease in immunocompromised hosts,
such as HIV/AIDS patients, transplant recipients and
those receiving corticosteroid therapy. Since the intro-
duction of ketoconazole in 1981, the older oral anti-
fungal azoles have played an important role in the ther-
apy of the endemic mycoses (Table 6-7). For those
patients with serious life-threatening endemic fungal
diseases, amphotericin B is usually given as an initial
therapy; after the patient is stabilized, an azole drug is
usually employed. Here, data on azole treatment of each
mycosis are summarized briefly. More detailed infor-
mation on the key treatment studies for each endemic
mycosis, except penicilliosis, is provided in Table 6-7.

Both ketoconazole and itraconazole are highly effec-
tive in the majority of patients with blastomycosis.
Early on, several studies established the efficacy
(70%-100%) and relative safety of ketoconazole (Dis-
mukes et al, 1983; NIAID-Mycoses Study Group, 1985;
Bradsher et al, 1985). Subsequently, a large open-label
study demonstrated similar efficacy (90%-95% of pa-
tients) with itraconazole and fewer adverse events com-
pared with ketoconazole (Dismukes et al, 1992). The
dose of itraconazole is lower, 200-400 mg daily, com-
pared to ketoconazole, 400-800 mg daily. Fluconazole
is less active in vitro against Blastomyces dermatitidis;
consequently, high daily doses are required (Pappas et
al, 1995; Pappas et al, 1997). Voriconazole, the newest
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TABLE 6-7. Azole Therapy of Endemic Mycoses

Disease Ketoconazole Itraconazole Fluconazole
Blastomycosis Highly effective. Azole of choice. Efficacy similar to ketoconazole.
Dose: 400-800 mg/day for Dose: 200-400 mg/day for
3-6 months. 3-6 months. 200 mg/day usually Dose: 400-800 mg/day for 6-9
sufficient. months.
References Dismukes et al, 1983 Dismukes et al, 1992 Pappas et al, 1995
NIAID-MSG, 1985 Chapman et al, 2000 Pappas et al, 1997
Bradsher et al, 1985 Chapman et al, 2000
Chapman et al, 2000
Histoplasmosis Moderately effective, 70-85%, Azole of choice in both non-HIV Less effective than itraconazole
but high relapse rates. and AIDS patients. or ketoconazole.
Dose: 400-800 mg/day for Dose: 200-400 mg/day for 6-24 Dose: 400-800 mg/day for
6-24 months. months. 12-24 months.
In patients with AIDS, chronic
suppressive therapy, 200 mg/day
is recommended.
References Negroni et al, 1980 Negroni et al, 1987 Diaz et al, 1992
Dismukes et al, 1983 Dismukes et al, 1992 McKinsey et al, 1996
Slama, 1983 Wheat et al, 1993 Wheat et al, 1997
NIAID-MSG, 1985 Wheat et al, 1995 Wheat et al, 2000
Wheat, 2000 Wheat et al, 2000
Sporotrichosis Only modest efficacy; Azole of choice with 90%-100% Moderate efficacy.
consequently, not efficacy. Reserve for patients who do not
recommended. Dose: 100-200 mg/day for 3-6 tolerate itraconazole.
months. Dose: 400-800 mg/day for
3-9 months.
References Dismukes et al, 1983 Restrepo et al, 1986 Diaz et al, 1992

Coccidioidomycosis

References

Paracoccidioidomycosis

References

Calhoun et al, 1991
Kauffman et al, 2000b

Second-line drug. High relapse
rate in initial responders.
Not recommended for
patients with coccidioidal
meningitis.

Dose: 400-800 mg/day for
prolonged duration.

Defelice et al, 1982
Catanzaro et al, 1982
Galgiani et al, 1988
Galgiani et al, 2000b

Highly effective, 85%-95%.
Less expensive than
itraconazole.

Dose: 200-400 mg/day for
6-18 months.

Negroni et al, 1980
Restrepo et al, 1983
Restrepo et al, 1994

Sharkey-Mathis et al, 1993

Winn et al, 1993

Kauffman et al, 2000b

Moderate efficacy, 63%-75%.
Preferred azole drug for patients

with coccidioidal skeletal disease.

Dose: 400 mg/day for prolonged
duration.

Graybill et al, 1990
Tucker et al, 1990
Galgiani et al, 2000a
Galgiani et al, 2000b

Azole of choice, 90-95% efficacy.
Dose: 50-100 mg/day for ~6
months.

Negroni et al, 1987
Naranjo et al, 1990
Restrepo, 1994

Kauffman et al, 1996
Kauffman et al, 2000b

Moderate efficacy, 50%-67%.
Preferred azole for patients
with coccidioidal meningitis.

Dose: 400 mg/day for
prolonged duration.

Diaz et al, 1992
Galgiani et al, 1993
Catanzaro et al, 1995
Dewsnup et al, 1996
Galgiani et al, 2000a
Galgiani et al, 2000b

Effective, but limited clinical
experience.

Dose: 200 mg/day for ~6
months. Most expensive azole.

Diaz et al, 1992

triazole, is active in vitro (Li et al, 2000) and in ani-
mals (Sugar and Liu, 2001) but this drug has not been
used to treat blastomycosis in humans. Consensus
guidelines by the IDSA indicate that itraconazole is cur-
rently the antifungal azole of choice for the majority of
patients with blastomycosis, especially since it is better
tolerated than ketoconazole (Chapman et al, 2000).
Over the years, coccidioidomycosis has been consid-
ered one of the most difficult to treat systemic mycoses.
Formerly, intravenous amphotericin B and miconazole,
to a lesser extent, were the mainstays of therapy. Nowa-

days, itraconazole and fluconazole are the principal an-
tifungal drugs for this disease, owing in large part to
their efficacy, ease of administration by either the oral
or intravenous routes, and relatively low toxicity pro-
files (Graybill et al, 1990; Tucker et al, 1990; Diaz et
al, 1992; Galgiani et al, 1993; Catanzaro et al, 1995;
Dewsnup et al, 1996) when compared to amphotericin
B and miconazole. A recent large, comparative trial of
itraconazole and fluconazole in patients with progres-
sive, nonmeningeal coccidioidomycosis confirmed the
efficacy of these drugs (Galgiani et al, 2000a). Cure or
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improvement was achieved in 63% (61/97) of itra-
conazole recipients and in 50% (47/94) of fluconazole
recipients (absolute difference, 13%, 95% CI, —2 to
28). In addition, itraconazole tended to be more effec-
tive in patients with coccidioidal skeletal disease. Both
drugs were well tolerated. Serious adverse events oc-
curred in 6% of itraconazole patients and 8% of flu-
conazole patients. While initial studies with oral keto-
conazole demonstrated moderate efficacy, the high
daily doses (400-800 mg) to achieve efficacy were
poorly tolerated (Defelice et al, 1982; Catanzaro et al,
1982; Galgiani et al, 1988). In addition, ketoconazole,
because of its poor penetration into CSF, is not rec-
ommended for coccidioidal meningitis (Graybill et al,
1988). Voriconazole has good in vitro activity against
C. immitis (Li et al, 2000) and good penetration into
CSF, but no clinical experience with this new drug in
coccidioidomycosis has been reported. IDSA consensus
guidelines emphasize the important role of the anti-
fungal azoles in the management of coccidioidomyco-
sis and indicate that both itraconazole and fluconazole
provide attractive options as initial therapy for most
patients with this disease (Galgiani et al, 2000b). Flu-
conazole is the treatment of choice for patients with
coccidioidal meningitis and must be continued for life
in most patients (Galgiani et al, 1993; Dewsnup et al,
1996).

Azole drugs have also significantly altered the ap-
proach to therapy of histoplamosis. Formerly, ampho-
tericin B was the treatment of choice for this disease,
with clinical response rates ranging from 57% to 100%
in patients with chronic pulmonary disease and
71%-88% in patients with disseminated disease, but
amphotericin B was poorly tolerated (NIAID-MSG,
1985). Ketoconazole was the first azole drug to prove
effective in patients with both forms of histoplasmosis,
but relapse rates were high and drug associated toxic-
ity was problematic (Negroni et al, 1980; Dismukes et
al, 1983; Slama, 1983; NIAID-MSG, 1985). Later stud-
ies with itraconazole established this azole as the treat-
ment of choice, initially in non-HIV infected patients
and subsequently in AIDS patients with disseminated
histoplasmosis (Negroni et al, 1987; Dismukes et al,
1992; Wheat et al, 1993; Wheat et al, 19935). Itracona-
zole is clearly more effective than ketoconazole in AIDS-
associated histoplasmosis. Utilizing a regimen of a load-
ing dose of 600 mg daily for 3 days, followed by a daily
dose of 400 mg, itraconazole was effective in 85% (50
of 59) patients with AIDS-associated indolent dissem-
inated disease (Wheat et al, 1995). In a second study,
maintenance therapy with itraconazole, 200 mg daily,
prevented relapse of histoplasmosis in 85% of AIDS
patients (Wheat et al, 1993). Fluconazole is a less ef-
fective therapy of histoplasmosis than either ketocona-
zole or itraconazole (McKinsey et al, 1996; Wheat et

al, 1997), as is the case with blastomycosis and coc-
cidioidomycosis. Voriconazole shows good in vitro ac-
tivity against H. capsulatum (Li et al, 2000), but no
data from human studies are available. Consensus
guidelines by the IDSA indicate that itraconazole is the
first choice therapy for the majority of non-AIDS pa-
tients with chronic indolent forms of histoplasmosis;
ketoconazole is an acceptable alternative and less ex-
pensive (Wheat et al, 2000). For most AIDS patients
with disseminated histoplasmosis, itraconazole is the
drug of choice for both primary and maintenance ther-
apy (Wheat et al, 2000). As noted earlier, for patients
with serious life-threatening disseminated histoplasmo-
sis, amphotericin B is the preferred initial treatment.

The therapy of paracoccidioidomycosis, which is
highly endemic in selected areas of Mexico and Cen-
tral and South America, has also benefited from the ad-
vent of azole drugs. For years, sulfonamides and am-
photericin B were the mainstays of treatment for this
chronic, multiorgan mycosis. Studies with ketocona-
zole, 200-400 mg daily, showed high efficacy rates,
85%-95%, but prolonged duration of therapy was re-
quired (Negroni et al, 1980; Restrepo et al, 1983). Sub-
sequent studies with itraconazole, 50%-100 mg daily,
showed even higher efficacy rates, 90%-95%, with du-
ration of therapy in the 6-month range (Negroni et al,
1987; Naranjo et al, 1990). Both drugs, at the doses
employed, are generally well tolerated. While limited
data suggest that fluconazole is also effective (Diaz et
al, 1992), this azole is more expensive than the other
oral azoles. In vitro activity of voriconazole against P.
brasiliensis has been shown, but no experience in hu-
mans has been reported. Authorities agree that itra-
conazole is the azole drug of choice for paracoccid-
ioidomycosis on the basis of its superior efficacy, low
daily dose, low frequency of adverse events, and rela-
tively short duration of therapy (Restrepo, 1994). How-
ever, ketoconazole is an excellent option and less
expensive.

Itraconazole has largely replaced saturated solution
of potassium iodide (SSKI) as the drug of choice for
lymphocutaneous sporotrichosis (Kauffman et al,
2000b). Several open-label trials have shown superior
efficacy of itraconazole, 100-200 mg daily for 3 to 6
months, and fewer side effects of this azole compared
with SSKI (Restrepo et al, 1986; Sharkey-Mathis et al,
1993; Winn et al, 1993). Earlier experiences with ke-
toconazole as treatment for sporotrichosis were disap-
pointing (Dismukes et al, 1983; Calhoun et al, 1991).
Similarly, fluconazole at high doses, 400-800 mg daily,
was only moderately effective (Diaz et al, 1992; Kauff-
man et al, 1996). Voriconazole shows in vitro activity
against S. schenckii, but no human data are available.
Although itraconazole has become the treatment of
choice for most patients with sporotrichosis, primary
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therapy with amphotericin B should be initiated in
those rare patients with disseminated or severe pul-
monary sporotrichosis (Kauffman et al, 2000b).

Finally, recent studies have demonstrated the efficacy
of azole therapy, namely itraconazole, for patients with
disseminated penicilliosis. This opportunistic mycosis,
which is endemic in Southeast Asia, especially north-
ern Thailand, has been a significant cause of mor-
bidity and mortality in HIV/AIDS patients in that
geographic area. While both amphotericin B and itra-
conazole have been utilized as primary therapy of peni-
cilliosis in these patients, data indicate that combina-
tion therapy with amphotericin B and itraconazole is
more effective primary therapy than either drug alone
(Sirisanthana et al, 1998). After completion of success-
ful primary therapy, maintenance therapy is required and
itraconazole, the drug of choice, is associated with a very
low rate of relapse (Supparatpinyo et al, 1998). More-
over, in Thailand where the incidences of penicilliosis,
cryptococcosis and histoplasmosis are high, primary
prophylaxis with itraconazole is significantly effective
(Chariyalertsak et al, 2002). No large clinical trials have
evaluated ketoconazole, fluconazole, or the newer tria-
zoles as therapy or prevention of penicilliosis.

Mould Diseases

Mould fungi have emerged as an important group of
pathogens in compromised hosts, especially heart and
lung transplant recipients, AIDS patients, and patients
with neutropenia secondary to chemotherapy or bone
marrow transplantation. Whereas Aspergillus species
remain the most common opportunistic mould organ-
isms, other opportunistic moulds are increasingly rec-
ognized, including Fusarium species, Scedosporium
apiospermum (Pseudallescheria boydii), Scedosporium
prolificans, and dematiaceous fungi such as Alternaria
species, Bipolaris species and Cladophialophora
species. Among the older azoles, only itraconazole ex-
hibits moderately good in vitro activity against As-
pergillus species, F. solani, S. apiospermum, and some
dematiaceous fungi (Table 6-3). By contrast, the newer
triazoles have more promising in vitro activity against
these same mould organisms. Of note, neither itra-
conazole nor voriconazole show significant activity
against Zygomycetes. However, the two investigational
triazoles, posaconazole and ravuconazole, appear to be
moderately actively against Rhizopus species. For de-
tailed discussion of in vivo animal studies with the new
triazoles against mould pathogens, see SPECTRUM OF
ACTIVITY.

Invasive aspergillosis is notoriously refractory to
treatment, especially in the face of persistent immuno-
compromise, such as persistent neutropenia or pro-
longed high-dose corticosteroid therapy. Standard ther-
apy for invasive aspergillosis has been amphotericin B

deoxycholate, although responses are suboptimal (less
than 40%) (Stevens et al, 2000). Newer treatment ap-
proaches have been tried, including lipid formulations
of amphotericin B, itraconazole (both oral and intra-
venous formulations), combination antifungal drugs,
and immunotherapy, without significant improvement
in outcome. Several studies have evaluated itraconazole
therapy of invasive aspergillosis and reported cure/
improvement rates ranging from 39% to 63 % (Dupont,
1990; Denning et al, 1994; Stevens and Lee, 1997).
However, several problems with itraconazole are en-
countered including patient intolerance of the drug, in-
adequate absorption of the oral capsules, and signifi-
cant itraconazole-drug interactions. Some authorities
have advocated itraconazole as a consolidation regimen
following initial therapy with amphotericin B (Stevens
et al, 2000).

A recently completed randomized multicenter trial
compared voriconazole versus amphotericin B as pri-
mary therapy of invasive aspergillosis (Herbrecht et al,
2002). Patients were allowed to switch from the initial
study drug to other licensed antifungal treatment if the
initial therapy failed or if the patient was intolerant to
the initial drug. Successful outcomes (complete or par-
tial responses) were noted in 53% of the voriconazole
group and 32% of the amphotericin B group (absolute
difference 21%, 95% C.I., 10.4-32.9). The survival
rate was also higher in the voriconazole group, 71%
vs. 58%, and voriconazole-treated patients had sig-
nificantly fewer severe drug-related adverse events. An
earlier open, noncomparative multicenter trial of
voriconazole therapy for invasive aspergillosis in im-
munocompromised patients showed similarly good
outcomes (Denning et al, 2002). Taken together, the
results of these two studies are extremely encouraging
and, for the first time, indicate that an azole drug may
be a more effective therapy for invasive aspergillosis
than the “gold standard,” amphotericin B (Johnson and
Kauffman, 2003). Of note, voriconazole was approved
by both the U.S. and European drug regulatory groups
as primary therapy for invasive aspergillosis, largely on
the basis of the results of these two studies. Another
promising approach to treatment of invasive as-
pergillosis is to combine a new triazole and an
echinocandin, based on results in vitro and in animal
models (Kirkpatrick et al, 2002; Petraitiene et al, 2002;
Perea et al, 2002).

With regard to azole therapy of non-Aspergillus
mould diseases, experience, until recently, has been pri-
marily with itraconazole. This older triazole has mainly
been used to treat phaeohyphomycosis (Sharkey et al,
1990; Whittle and Koninis, 1995) and scedosporiosis
(Goldberg et al, 1993). However, no large trials have
been performed, reports consist of only one to a few
cases, and only moderate success has been observed.
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Given the promising in vitro activity of voriconazole
against many non-Aspergillus moulds, this new triazole
has been given to a limited number of patients on a
compassionate basis and encouraging results have been
noted. For example, among 24 patients with disease
caused by S. apiospermum, success was reported in 15
(63%). Three of these relapsed within 4 weeks of stop-
ping voriconazole. Among 10 patients with scedospo-
riosis of the CNS, 6 had a successful outcome although
one of these later relapsed (Voriconazole package in-
sert, 2002; Johnson and Kauffman, 2003). Case reports
of clinical responses to voriconazole in patients with
disseminated and CNS scedosporiosis are beginning to
emerge (Munoz et al, 2000; Nesky et al, 2000). An-
other 21 patients have received voriconazole for treat-
ment of fusariosis; 9 (43%) were considered successes
and 2 of these later relapsed (Voriconazole package in-
sert, 2002). A recent case report also describes suc-
cessful outcome of posaconazole therapy in a patient
with a brain abscess caused by S. apiospermum
(Mellinghoff et al, 2002).

Voriconazole has also been evaluated as empirical
therapy in persistently febrile neutropenic patients, a
population at high risk for invasive mould diseases. In
a large (849 patients), randomized, multicenter trial,
voriconazole was compared to liposomal amphotericin
B (L-AmB) (Walsh et al, 2002). The composite success
rates were 26% for the voriconazole-treated patients
and 31% for the L-AmB-treated patients (95% C.L for
difference in percentages—10.6%-1.6%). Voriconazole
patients experienced fewer breakthrough invasive fun-
gal infections, fewer infusion-related reactions, and less
nephrotoxicity. These results led the investigators to
conclude that voriconazole is a suitable alternative to
amphotericin B formulations for empirical antifungal
therapy in persistently neutropenic patients.

Prophylaxis

Azole drugs have been used extensively as prophylaxis
in various non-AIDS patient population groups at risk
for systemic fungal diseases; these groups include neu-
tropenic patients, bone marrow transplant recipients,
selected solid organ (e.g., liver and lung) transplant re-
cipients, and intensive care unit and burn patients. This
chapter does not address further this important but
somewhat controversial area. Rather, see discussions
on the topic in Chapters 11, 29, 30, and 31. In addi-
tion, the reader is referred to a recent provocative per-
spective on prophylactic antifungal therapy in the in-
tensive care unit (Rex and Sobel, 2001).

SUMMARY

As a class, the azole drugs represent a major advance
in antifungal therapy since their introduction over 30
years ago. Fluconazole has proven extremely useful in

the therapy of (1) the many different Candida syndromes,
including both mucosal and invasive disease, and (2) cryp-
tococcal disease, especially meningitis. In addition, itra-
conazole has become the treatment of choice for most
patients with endemic mycoses, including blastomycosis,
histoplasmosis, paracoccidioidomycosis, sporotrichosis,
and penicilliosis. Both fluconazole and itraconazole are
effective therapy for coccidioidomycosis. The past few
years have witnessed the development of the second
generation—extended spectrum  triazoles including
voriconazole (licensed) and posaconazole and ravucona-
zole (currently investigational). These newer drugs have
moderate to excellent activity not only against Candida
species, including fluconazole-resistant species, but also
against many of the increasingly important mould
pathogens that cause aspergillosis, fusariosis, sce-
dosporiosis, and the phaeohyphomycoses. A second at-
tractive feature of all azoles is their relatively benign
toxicity profiles (especially compared to the polyenes).
Finally, the newer triazoles hold great promise for use
in a combination regimen with an echinocandin or am-
photericin B preparation against selected, difficult to
treat diseases such as aspergillosis or fusariosis in per-
sistently compromised patients.
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Cell wall synthesis inhibitors:
echinocandins and nikkomycins

ANDREAS H. GROLL ano THOMAS J. WALSH

Ever since the discovery that penicillin inhibits bacter-
ial cell wall synthesis, developing equivalent agents to
target the fungal cell wall has been a focus in antifun-
gal drug development. Because the cell wall is essential
to the vitality of fungal organisms and because its com-
ponents are absent in the mammalian host, the fungal
cell wall represents an ideal target for antifungal
compounds.

With considerable variation among different species,
the gross macromolecular components of the cell wall
of most fungi include chitin, alpha- or beta-linked glu-
cans and a variety of mannoproteins. The dynamics of
the fungal cell wall are closely coordinated with cell
growth and cell division, and its predominant function
is to control the internal turgor pressure of the cell. Dis-
ruption of the cell wall structure leads to osmotic in-
stability, and may ultimately result in the lysis of the
fungal cell.

Systemic antifungal agents directed against or in-
volving the major constituents of the fungal cell wall
include the new class of echinocandin lipopeptides and
the nucleoside-peptide antibiotic nikkomycin Z.

GLUCAN-SYNTHESIS INHIBITORS:
ECHINOCANDIN ANALOGUES

The echinocandins are a novel class of semisynthetic
amphiphilic lipopeptides that are composed of a cyclic
hexapeptide core linked to a variably configured lipid
side chain. The first compound of this class undergo-
ing major preclinical evaluation was cilofungin (LY
121019), a semisynthetic echinocandin B derivative
with activity limited to Candida spp. However, clini-
cal development was abandoned in early stages due to
toxicity concerns associated with the intravenous poly-
ethylene glycol formulation vehicle (Hector, 1993;
Debono and Gordee, 1994; Groll et al, 1998). Over the
past few years, a second generation of semisynthetic
echinocandins with extended antifungal spectrum, fa-
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vorable safety profile, and pharmacokinetic character-
istics have entered clinical development: anidulafun-
gin (VER-002, formerly LY303366; Versicor Inc,
Freemont, CA), caspofungin (MK-0991; Merck & Co.,
Inc., Rahway, NJ), and micafungin (FK463; Fujisawa
Inc., Deerfield, IL) (Fig. 7-1). Current data indicate that
these agents are similar with respect to their pharma-
cokinetic and pharmacodynamic properties. One of the
three agents, caspofungin, has received limited approval
in the United States and the European community for
second line treatment of invasive aspergillosis.

Mechanism of Action

The echinocandins act by noncompetitive inhibition of
the synthesis of 1,3-beta-glucan, a polysaccharide in the
cell wall of many pathogenic fungi (Fig. 7-2). Together
with chitin, the rope-like glucan fibrils are responsible
for the strength and shape of the cell wall. They are
important in maintaining the osmotic integrity of the
fungal cell and play a key role in cell division and cell
growth (Hector, 1993; Debono and Gordee, 1994;
Groll et al, 1998). The proposed molecular target of
the echinocandins, glucan synthase, is a heteromeric en-
zyme complex composed of at least one large integral
membrane protein encoded by the FKS genes that bind
the substrate (UDP-glucose), and one small regulatory
subunit, Rholp, a GTP-binding protein. Additional, yet
unidentified components may also be involved (Kurtz
and Douglas, 1997; Thompson et al, 1999).

Antifungal Activity In Vitro
The current echinocandins have potent and broad spec-
trum in vitro activity against Candida and Aspergillus
spp. and also have demonstrated efficacy against inva-
sive infections by these organisms in various animal
models. The mode of antifungal action against Can-
dida and Aspergillus spp., however, appears species-
dependent. While similarly potent activity at the target
enzyme has been demonstrated in membrane prepara-
tions of Candida and Aspergillus spp., whole cell in
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FIGURE 7-2. Schematic of the proposed mechanism of action of
echinocandin lipopeptides. Echinocandins inhibit the synthesis of cell
wall 1,3-beta glucan at the level of the cell membrane. Fks is the pro-
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vitro assays reveal fungicidal activity against most Can-
dida spp. but not against Aspergillus spp. (Tang et al,
1993; Bartizal et al, 1997). Microscopic examination
of exposed organisms shows a dose-dependent forma-
tion of microcolonies with progressively truncated,
swollen hyphal elements that appear to be cell-wall de-
ficient, but are able to regain their cell walls upon sub-
culture in the absence of drug (Kurtz et al, 1994; Ren-
nie et al, 1997; Oakley et al, 1998; Douglas et al, 2000).
These observations indicate differences in functional
target sensitivity in both species that are not understood
fully (Groll et al, 2001d).

The current echinocandins have variable activity
against dematiaceous and endemic moulds, but are in-
active against most hyalohyphomycetes, zygomycetes,
Cryptococcus neoformans, and Trichosporon asahii
(beigelii). Of note, all echinocandins have demonstrated
preventive and therapeutic activity in animal models of
Pneumocystis carinii pneumonia (Hawser, 1999; Groll
and Walsh, 2000; Groll and Walsh, 2001e).

As expected from their mechanism of action, the
echinocandins show no cross-resistance to amphotericin
B and fluconazole resistant Candida isolates. Inherited
resistance to echinocandins in otherwise susceptible fun-
gal yeast species is rare; most mutations conferring re-
sistance have been mapped to the FKS gene (Kurtz and
Douglas, 1997). Results from studies with caspofungin
demonstrate a low potential for induced resistance in
Candida spp. (Bartizal et al, 1997). The frequency of
primary echinocandin resistance among clinical isolates
of Aspergillus spp. and induction of secondary resist-
ance in vitro have not been studied thus far.

Pharmacokinetics

The echinocandins, which are currently only available
for intravenous use, exhibit dose-proportional plasma
pharmacokinetics with a triexponential elimination
pattern. Their beta half-life is between 10 and 15
hours, allowing for once daily dosing without major
accumulation after multiple dosing. All echinocandins
are highly (> 95%) protein bound and distribute into
all major organ sites including the brain; however, con-
centrations in uninfected CSF are low. The echinocan-
dins are metabolized by the liver and slowly excreted
into urine and feces; only small fractions (< 2%) of a
dose are excreted into urine in unchanged form
(Hawser, 1999; Groll and Walsh, 2000; Groll and
Walsh, 2001e). The echinocandins, as a class, appear
to have no significant potential for drug interactions
mediated by the CYP450 cytochrome enzyme system.
Whether differences in individual pharmacokinetic pa-
rameters such as AUC, peak plasma levels, volume of
distribution, and clearance of the echinocandins, are of
clinical significance remains to be elucidated.

Safety and Tolerance

At their currently investigated dosages, all echinocan-
dins are generally well-tolerated, and only a small frac-
tion of patients (< 5%) enrolled on the various clinical
trials discontinued echinocandin therapy due to drug-
related adverse events (Brown et al, 2000b; Maertens et
al, 2000; Pettengel et al, 2000; Villanueva et al, 2001a;
Arathoon et al, 2002). Detailed safety data, however,
have been published for caspofungin only.

ANIDULAFUNGIN

Antifungal Activity In Vitro
Anidulafungin has potent and broad-spectrum in vitro
antifungal activity against most Candida spp. (with
lower activity against C. parapsilosis and C. guillier-
mondii), Aspergillus spp., and against both the trophic
and cystic forms of P. carinii. As expected, anidula-
fungin is active against both fluconazole-sensitive and
fluconazole-resistant strains of Candida spp. Although
to a lesser extent, anidulafungin has activity against in-
dividual phaeohyphomycetes and against Blastomyces
dermatitidis, Histoplasma capsulatum, and Sporothrix
schenckii. Notable omissions in the spectrum of activ-
ity of this agent are C. neoformans, T. asahii, Fusar-
ium spp., and the Zygomycetes (Pfaller et al, 1989;
Zhanel et al, 1997; Espinel-Ingroff, 1998; Marco et al,
1998; Oakley et al, 1998; Pfaller et al, 1997; Karlowsky
et al, 1999) (Table 7-1 and Table 7-2).

Anidulafungin displays prolonged antifungal effects
of up to 12 hours and rapid concentration- and time-
dependent fungicidal dynamics against Candida spp.
(Ernst et al, 1996; Karlowsky et al, 1997; Ernst et al,
2000).

TABLE 7=1. In Vitro Susceptibilities of Clinical
Yeast Isolates to Anidulafungin

MIC Range MIC 90
Organism (No. of Isolates) (mg/mL) (mg/mL)
C. albicans (10)* < 0.03-0.25 0.25
C. albicans (10)** < 0.03-0.25 0.06
C. glabrata (12) 0.06-0.25 0.25
C. guilliermondii (8) 0.25-4.0 ND
C. krusei (13) 0.12-1.0 1.0
C. lusitaniae (12) 0.25-2.0 2.0
C. parapsilosis (12) 0.5-2.0 2.0
C. tropicalis (12) 0.12-0.5 0.5
Cr. neoformans (10) > 16 > 16
T. beigelii (5) > 16 ND

Antifungal susceptibility assays were determined according the
NCCLS M27-A broth microdilution method for yeasts.

*fluconazole MIC > 16 pg/mL.

**fluconazole MIC = 1 pg/mlL.

MIC, minimum inhibitory concentration; ND, not obtained.

Source: Modified from Espinel-Ingroff, 1998.
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TABLE 7-2. In Vitro Susceptibilities of Clinical Mould
Isolates to Anidulafungin

Geometric

MIC Range Mean MIC
Organism (No. of Isolates) (mg/mL) (mg/mL)
Aspergillus fumigatus (13) 0.06 0.06
Aspergillus flavus (11) < 0.03-0.12 0.08
Aspergillus terreus (2) <0.03 ND
Bipolaris spp. (6) 1.0-4.0 2.7
Cladophialophora bantiana (5) 1.0-4.0 2.0
Fusarium oxysporum (6) 16—> 16 > 16
Fusarium solani (6) > 16 > 16
Phialophora spp. (5) 1.0-> 16 9
Pseudallescheria boydii (6) 2.0-4.0 2.5
Rbhizopus arrbizus (5) > 16 > 16
Scedosporium prolificans (2) 4.0 ND
Blastomyces dermatitidis (5) 2.0-8.0 4
Histoplasma capsulatum (5) 2.0-4.0 3.6

MICs were determined by following a procedure under evaluation
by the National Committee for Clinical Laboratory Standards (NC-
CLS) for broth microdilution testing of the filamentous fungi.

MIC, minimum inhibitory concentration; ND, not obtained.

Source: modified from Espinel-Ingroff, 1998.

Antimicrobial Interactions
In combination with fluconazole, anidulafungin was
indifferent against Candida spp. and C. neoformans
in vitro; in combination with nikkomycin, however,
anidulafungin showed synergistic activity against As-
pergillus fumigatus (Stevens, 2000; Roling et al, 2002;
Chiou et al, 2001).

Efficacy in Animal Models
Anidulafungin has demonstrated efficacy in several
murine models of superficial and disseminated can-
didiasis, disseminated aspergillosis and P. carinii pneu-
monia in both normal and immunocompromised ani-
mals (Current et al, 1993; Zeckner et al, 1993a;
Zeckner et al, 1993b; Zeckner et al, 1994; Roberts
et al, 2000). The compound was effective against
esophageal and oropharyngeal candidiasis caused by
fluconazole-resistant strains of C. albicans in immuno-
compromised rabbits (Petraitis et al, 2001). In persist-
ently neutropenic rabbits, anidulafungin showed dose-
dependent clearance of all organs in experimental
subacute disseminated candidiasis (Petraitiene et al,
1999) and it prolonged survival in invasive pulmonary
aspergillosis (Petraitis et al, 1998). Pharmacodynamic
modeling showed highly predictable pharmacoki-
netic—-pharmacodynamic relationships in experimental
disseminated candidiasis; however, no concentration-
effect relationships were observed against experimen-
tal pulmonary aspergillosis using survival and the resid-
ual fungal tissue burden as endpoints of antifungal
efficacy (Groll et al, 2001b).

Preclinical Pharmacokinetics and
Tissue Distribution

The plasma pharmacokinetics of anidulafungin have
been studied in rabbits, rats, and dogs (Zornes et al,
1993; Groll et al, 2001b). In normal rabbits, anidula-
fungin exhibited linear, time-independent plasma phar-
macokinetics over a dosage range of 0.1 to 20 mg/kg
(Groll et al, 2001b). Plasma concentration data fitted
to a three-compartment open pharmacokinetic model
with a terminal elimination half-life of up to 30 hours.
Tissue concentrations at trough after multiple dosing
were highest in lung and liver, followed by spleen and
kidney. Measurable concentrations in brain tissue were
noted at dosages of = 0.5 mg/kg. No differences were
observed in comparison to the plasma pharmacokinet-
ics in other animal species (Zornes et al, 1993). No-
tably, however, in rabbits with experimental invasive
fungal infections, the mean plasma clearance was sig-
nificantly slower along with a trend towards higher
AUC values, higher plasma concentrations at the end
of the dosing interval, and a smaller volume of distri-
bution (Groll et al, 2001Db).

Clinical Pharmacokinetics and Metabolism
Dosages of 35, 50, 70, and 100 mg, given by the in-
travenous route to healthy volunteers, revealed linear,
time-independent pharmacokinetics of anidulafungin
with mean peak plasma levels ranging from 1.71 to
3.82 ug/mL, and mean AUC_ values from 37.46 to
104.81 ug - h/mL. The mean volume of distribution
was between 0.72 and 0.90 L/kg, and the terminal half-
life was approximately 40 hours (Table 7-3) (Rajman
et al, 1997).

In human volunteers with mild to moderate hepatic
impairment, a single dose of 50 mg anidulafungin did
not cause clinically significant changes in the pharma-

TABLE 7-3. Plasma Pharmacokinetics of 1V
Anidulafungin in Healthy Volunteers

Dose Cmax AUCO_oc VDss Tl/Z;:A
(mg) (ug/mL) (ug - hr/mL) (L/kg) (hours)
35 1.719 37.46 0.81 42.0
50 2.516 53.32 0.72 39.3
70 2.906 69.35 0.90 45.6
100 3.825 104.81 0.78 42.3

Pharmacokinetic parameters represent mean values of a single-dose
cross-over dose-escalation pharmacokinetic study in healthy male and
female volunteers. Doses up to 35 mg were administered IV over 20
minutes, and doses of 50 mg and above were administered IV at a
constant rate of 1.1 mg/minute. Cyax, peak plasma concentration:
AUCq_w, area under the concentration-vs.-time curve from zero to
infinity: VD, estimated volume of distribution at steady state; Ty,
half life

*gamma half-life

Source: modified from Rajman et al, 1997.
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cokinetics in comparison to healthy subjects (Thye et
al, 2001a).

Clinical Efficacy

The antifungal efficacy of anidulafungin has been in-
vestigated in a phase II, randomized, open label study
comparing two dosage regimens in the treatment of
esophageal candidiasis (Brown et al, 2000b). A total
of 36 predominantly HIV-infected patients received a
50 mg loading dose on day 1, followed by 25 mg daily,
or a 70 mg loading dose, followed by 35 mg daily for
a total of 14 to 21 days. The endoscopic response in
the 29 evaluable patients was 81% and 85%, respec-
tively, and the clinical response 69% and 82%. No se-
rious drug-related side effects were noted in both co-
horts. A phase II open label, dose-ranging trial of
anidulafungin for patients with candidemia has been
completed recently but results are not yet available.

Safety and Tolerance

Two dose-optimization studies have been conducted.
Healthy volunteers received a loading dose on day 1,
followed by a daily maintenance dose on days 2 to 10.
Investigated dosages included 100 mg loading dose/
70 mg daily dose, 140 mg/100 mg (8 subjects each),
and 150 mg/75 mg, 200 mg/100 mg, and 260 mg/130
mg (10 subjects each), respectively. In these studies,
anidulafungin was well-tolerated without dose limiting
toxicities. Two subjects in the 140/100 mg regimen had
grade II toxicity (epigastric pain, nausea, and headache),
and three subjects in the 260/130 mg regimen experi-
enced transient elevations of hepatic transaminases that
exceeded twice the upper limit of normal. In both stud-
ies, anidulafungin exhibited linear, time-independent
pharmacokinetics (Brown et al, 2000a; Thye et al,
2001b).

Drug Interactions
In vitro, in concentrations of up to 30ug/mL, anidula-
fungin had no effect on the CYP3A4 mediated metab-
olism of cyclosporin A (White and Thye, 2001).

Status of Clinical Development
Anidulafungin is not yet licensed for prevention or
treatment of fungal infections in humans. Currently,
the drug is being studied in a phase III, randomized,
comparative trial for treatment of Candida esophagitis
and a phase III comparative trial for treatment of in-
vasive candidiasis and/or candidemia.

CASPOFUNGIN

Antifungal Activity In Vitro
Similar to anidulafungin and micafungin, caspofungin
has potent and broad-spectrum activity against clini-

TABLE 7-4. In Vitro Susceptibilities of Clinical Yeast
Isolates to Caspofungin

MIC Range MIC 90
Organism (No. of Isolates) (pg/mL) (ng/mL)
C. albicans (10)* 0.25-2.0 1.0
C. albicans (10)** 0.25-2.0 1.0
C. glabrata (12) 0.5-2.0 1.0
C. guilliermondii (8) > 16 ND
C. krusei (13) 0.5-4.0 2.0
C. lusitaniae (12) 1.0-4.0 2.0
C. parapsilosis (12) 0.5-2.0 2.0
C. tropicalis (12) 0.5-2.0 1.0
Cr. neoformans (10) 16—> 16 > 16
T.beigelii (5) 16> 16 ND

Antifungal susceptibility assays were determined according to the
NCCLS M27-A broth microdilution method for yeasts.

*fluconazole MIC > 16 pg/mL

**fluconazole MIC = 1 pg/mL

MIC, minimum inhibitory concentration; ND, not obtained.

Source: modified from Espinel-Ingroff, 1998.

cally relevant Candida spp. with somewhat higher
MICs for C. parapsilosis and C. guilliermondii. As ex-
pected, caspofungin shows no cross-resistance to am-
photericin B and fluconazole resistant Candida clinical
isolates (Table 7-4) (Bartizal et al, 1997; Espinel-
Ingroff, 1998; Marco et al, 1998). Caspofungin showed
prolonged concentration-dependent postantifungal ef-
fects against C. albicans for up to 12 hours and longer,
and exhibited strain and species dependent, predomi-
nantly concentration-dependent fungicidal activity
against Candida spp. in time-kill experiments (Bartizal
et al, 1997; Ernst et al, 1999; Ernst et al, 2000). Caspo-
fungin is active against Saccharomyces cerevisiae, but
has virtually no in vitro activity (MICs = 16 ug/mL)
against T. asahii and C. neoformans (Espinel-Ingroff,
1998; Groll and Walsh, 2001). Results from studies
demonstrate a low potential for induction of resistance.
Repeat exposure of C. albicans to subinhibitory con-
centrations of caspofungin did not significantly alter
MICs and minimum fungicidal concentrations (MFCs)
after 40 passages (Bartizal et al, 1997).

Caspofungin also has broad-spectrum in vitro activ-
ity against Aspergillus spp. as determined by reduction
in turbidity (MIC) and the occurrence of morphologi-
cal changes (minimum effective concentration, MEC)
(Kurtz et al, 1994; Espinel-Ingroff, 1998; Pfaller et al,
1998) (Table 7-5). The frequency of resistance among
clinical isolates of Aspergillus species is unknown and
induction of resistance in Aspergillus species has not
been studied yet. Caspofungin has essentially no in-
trinsic in vitro activity against Fusarium spp., the Zy-
gomycetes and dermatophytes. The in vitro suscepti-
bility of dematiaceous fungi appears variable (Groll and
Walsh, 2001e).

Caspofungin is active in vitro against dimorphic
fungi, including H. capsulatum, B. dermatitidis, Coc-
cidioides immitis, and S. schenckii, although variable
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TABLE 7-5. In Vitro Susceptibilities of Clinical Mould
Isolates to Caspofungin

Geometric
MIC range Mean MIC
Organism (No. of Isolates) (mg/mL) (mg/mL)
Aspergillus fumigatus (13) 0.5-> 16 2.15
Aspergillus flavus (11) 0.5 0.5
Aspergillus terreus (2) 0.5 ND
Bipolaris spp. (6) 1.0-2.0 1.7
Cladophialophora bantiana (5) 2.0-8.0 3.6
Fusarium oxysporum (6) > 16 > 16
Fusarium solani (6) 16—> 16 > 16
Phialophora spp. (5) 1.0-16 2.8
Pseudallescheria boydii (6) 0.5-4.0 1.3

Rbhizopus arrbizus (5) > 16 > '16

Scedosporium prolificans (2) 4.0-8.0 ND
Blastomyces dermatitidis (5) 0.5-8.0 2
Histoplasma capsulatum (5) 0.5-4.0 1.3

MICs were determined by following a procedure under evaluation
by the National Committee for Clinical Laboratory Standards (NC-
CLS) for broth microdilution testing of the filamentous fuingi.

MIC, minimum inhibitory concentration; ND, not obtained.

Source: modified from Espinel-Ingroff, 1998.

and at considerably higher concentrations than re-
ported for Candida and Aspergillus spp. (Espinel-
Ingroff, 1998; Pfaller et al, 1998; Groll and Walsh,
2001e) (Table 7-5).

Antimicrobial Interactions

In vitro studies using checkerboard methodologies have
consistently shown no antagonism in vitro between
caspofungin and other antifungal agents (Groll and
Walsh, 2001e). The combination with amphotericin B
was additive to synergistic against A. fumigatus and C.
neoformans but indifferent against C. albicans (Barti-
zal et al, 1997). Against C. neoformans, subinhibitory
concentrations of caspofungin were synergistic with
amphotericin B, and showed synergy, additivity, or au-
tonomy in combination with fluconazole (Franzot and
Casadevall, 1997). Other investigators found synergis-
tic interactions in vitro with caspofungin in combina-
tion with amphotericin B or itraconazole against As-
pergillus spp. (Manavathu et al, 2000; Arikan et al,
2000) and Fusarium isolates (Arikan et al, 2000). In
coculture with monocytes and macrophages, caspo-
fungin had significantly increased antifungal activity
against germlings of A. fumigatus as compared to ei-
ther modality alone (Chiller et al, 2001). These data
suggest potentially increased efficacy of caspofungin
in vivo as it combines with host defenses against A.
fumigatus.

Efficacy in Animal Models
In both immunocompetent and immunocompromised
murine models of disseminated candidiasis, caspofun-
gin prolonged survival and led to a significant reduc-
tion in the residual burden of Candida spp. in kidney

tissue (Abruzzo et al, 1997; Abruzzo et al, 2000; Groll
and Walsh, 2001e). Consistent with the in vitro data,
caspofungin alone was ineffective in improving survival
and reducing residual fungal burden in brain and spleen
in a mouse model of disseminated cryptococcosis
(Abruzzo et al, 1997).

Caspofungin significantly prolonged survival in im-
munocompetent and transiently neutropenic mouse
models of disseminated aspergillosis in a manner com-
parable to amphotericin B (Abruzzo et al, 1997;
Abruzzo et al, 2000; Groll and Walsh, 2001e). Caspo-
fungin also had similar preventive and therapeutic ac-
tivity as amphotericin B in conferring survival in a cor-
ticosteroid-immunosuppressed rat model of pulmonary
aspergillosis (Bernard et al, 1993). In persistently neu-
tropenic rabbits with invasive pulmonary aspergillosis,
caspofungin prolonged survival and reduced pul-
monary tissue damage (Petraitiene et al, 2002).

Caspofungin demonstrated efficacy in murine mod-
els of disseminated and pulmonary histoplasmosis
(Graybill et al, 1998b; Kohler et al, 2000), and dis-
seminated coccidioidomycosis (Gonzalez et al, 2001),
and was effective as a preventive and therapeutic
modality against P. carinii pneumonia, and selectively
eliminated the cyst forms of the organism from lung
tissue. When caspofungin was used as prophylaxis, nei-
ther stage of P. carinii was found (Powles et al, 1998).

Preclinical Pharmacokinetics
and Tissue Distribution
Studies performed in mice, rats, rhesus monkeys, and
chimpanzees after single intravenous dosages of 0.5 to
5.0 mg/kg exhibited constant pharmacokinetic param-
eters across all investigated species. Clearance ranged
from 0.26 to 0.51 mL/minute/kg; half-life ranged from
5.2 to 7.6 hours, and the volume of distribution was
0.11 to 0.27 L/kg (Hajdu et al, 1997). In normal rab-
bits, following intravenous administration of doses of
1 to 6 mg/kg, caspofungin displayed dose-independent
plasma pharmacokinetics that fitted to a three-
compartment open pharmacokinetic model. Following
multiple daily dosing over 7 days, the apparent volume
of distribution at steady state ranged from 0.299 to
0.351 L/kg; clearance ranged from 0.086 to 0.043
L/kg/hour, and the mean terminal half-life was between
30 and 34 hours. Caspofungin achieved sustained con-
centrations in plasma that were multiple times in ex-
cess of reported MIC values for susceptible oppor-
tunistic fungi without significant accumulation in
plasma after multiple daily dosing (Groll et al, 2001a).
Tissue distribution studies in mice after a single dose
of 1 mg/kg of radiolabeled caspofungin intraperi-
toneally revealed preferential exposure of liver, kidney,
and large intestine, whereas exposure for small intes-
tine, lung and spleen was equivalent to that for plasma.
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Organs with lower level of exposure included the heart,
thigh, and brain (Hajdu et al, 1997).

Clinical Pharmacokinetics and Metabolism
Caspofungin is extensively bound to serum albumin
(97%), and distribution into red blood cells is minimal.
The compound is slowly metabolized by peptide hy-
drolysis and N-acetylation; only a small fraction
(~1.4% of dose) is excreted unchanged in urine, and
renal clearance is low (0.15 mL/minute) (Balani et al,
2000; Stone et al, 2002).

After infusion of single dosages ranging from 5 to
100 mg, caspofungin exhibited dose-proportional phar-
macokinetics with a beta half-life of 9-10 hours and
an average plasma clearance of 10 to 12 mL/minute
(Table 7-6). At higher dosages, an additional, longer
gamma half-life of 40-50 hours was evident. Multiple
dose studies at dosages of 15, 35, and 70 mg daily for
2 weeks (all regimens) and 3 weeks (70 mg/day regi-
men only) revealed dose-dependent accumulation of
drug in plasma of up to 50%. The 70 mg/day-dosing
regimen achieved mean peak plasma levels of approx-
imately 10 ug/mL and maintained mean trough plasma
levels above 1 ug/mL from day 1 onward, which is
above the reported MIC values for most susceptible
fungi. Similarly, a loading dose of 70 mg, followed by
50 mg/day, maintained plasma concentrations above
this target, while concentrations fell below 1 ug/mL if
the loading dose was not given (Stone et al, 2002).

Dosage adjustment is not necessary for patients with
impaired renal function and end-stage renal insuffi-
ciency. Following single 70 mg doses, exposure to
caspofungin in dialysis-dependent patients with a cre-
atinine clearance < 10 mL/minute was only moderately
increased (130% to 149%) as measured by the AUC( .
While patients with mild hepatic insufficiency (Child-
Pugh score 5 to 6) do not require a dosage adjustment,
a dosage of 35 mg daily after the initial 70 mg load-
ing dose is recommended for patients with moderate
hepatic insufficiency (Child-Pugh score 7 to 9) due to

TABLE 7-6. Plasma Pharmacokinetics of
Caspofungin in Healthy Volunteers

Dose AUCO*” C24hour TI/Z *
(M) Cunax (ug/ml)  (ug-hour/ml)  (ug/ml)  (hours)
20 3.06 30.97 0.36 10.72
40 6.17 55.60 0.57 9.64
70 12.04 118.45 1.42 9.29
100 14.03 134.11 1.47 8.61

Pharmacokinetic parameters represent mean values of a single-dose
dose-escalation pharmacokinetic study in healthy male volunteers.
Caspofungin was administered IV over 1 hour.

Chax peak plasma concentration; AUCy_.., area under the con-
centration-vs.-time curve from zero to infinity; Ca4pour, plasma con-
centration 24 hours after the start of the infusion: Ty, half life; *beta
half-life

Source: modified from Stone et al, 2002.

an average increase of 76% in AUC. There is no clin-
ical experience in patients with severe hepatic insuffi-
ciency (Child-Pugh score > 9). Studies in human vol-
unteers revealed no necessity of dosage adjustment
based on gender, advanced age, or race. Thus far, phar-
macokinetics, safety, and efficacy of caspofungin in pe-
diatric patients (< 18 years of age) are not available.
Caspofungin has been shown to cross the placental
barrier and to be embryotoxic in rats and rabbits
(Package circular: Cancidas®, 2001) (Groll and Walsh,
2001e). Adequate data in pregnant women do not exist.

Clinical Efficacy

Two separate, randomized, double-blind, multicenter
trials have been published that compared caspofungin
at dosages of 35, 50, and 70 mg/day given for 7 to 14
days with conventional amphotericin B (0.5 mg/kg for
the same duration) in the treatment of esophageal or
oropharyngeal candidiasis in a total of 268, mostly
HIV-infected individuals (Villanueva et al, 2001b;
Arathoon et al, 2002). Efficacy was assessed by clini-
cal symptoms and residual endoscopic lesions at the
completion of treatment and 14 days post therapy. A
favorable response was noted in 74% to 91% of pa-
tients in the caspofungin groups compared to 63% in
the amphotericin B group. Caspofungin was well-
tolerated without serious adverse events. In another
multicenter, randomized, double-blind study compar-
ing caspofungin (50 mg daily) and fluconazole (200 mg
daily) for treatment of esophageal candidiasis in 175
mostly HIV-infected patients, response rates were sim-
ilar for both cohorts, 82% vs. 85%. Both interventions
were similarly well-tolerated (Villanueva et al, 2001a).

The efficacy of caspofungin as primary treatment of
invasive Candida infections has been investigated in a
multicenter, randomized, double-blind phase III clini-
cal trial in neutropenic and nonneutropenic patients
(Mora-Duarte et al, 2002). Patients were randomized
to intravenous caspofungin (70 mg loading dose on the
first day, followed by 50 mg once daily) or intravenous
amphotericin B deoxycholate (0.6 to 1.0 mg/kg/day).
Patients were treated for 14 days after the last positive
culture, but could be switched to fluconazole after 10
days of intravenous therapy. Success required both
symptom resolution and microbiological clearance. At
study entry, 13% of patients were neutropenic; the
majority had candidemia (83%). The predominant
organism was C. albicans (45%), followed by C. para-
psilosis (19%), C. tropicalis (16%), and C. glabrata
(11%). Among patients receiving = one dose of study
drug, 73% (80/109) of the caspofungin cohort and
61.7% (71/115) of the amphotericin B cohort were
classified as therapeutic success at the end of intra-
venous therapy; among patients who received =5
doses of study drug, the response rates were 80.7%
(71/88) and 64.9% (63/97), respectively. At 6 to 8
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weeks follow-up, there was no difference in relapse or
survival. Significantly fewer patients in the caspofun-
gin cohort had drug-related clinical or laboratory ad-
verse events. This trial provides evidence of an impor-
tant advance in the treatment of invasive candidiasis
(Walsh, 2002).

The clinical efficacy of caspofungin against invasive
aspergillosis has been studied in a multicenter, open-
label, noncomparative phase II trial in patients with
definite or probable invasive aspergillosis refractory to
or intolerant of standard therapies (Maertens et al,
2000). Caspofungin was administered at a dose of
70 mg on day 1, followed by 50 mg once daily. Clin-
ical efficacy was assessed at end of therapy and 4 weeks
after discontinuation of study drug. A total of 63 pa-
tients (neutropenic, 22%; treated with steroids, 37%)
received caspofungin for a mean duration of 33.7 days
(range, 1 to 162 days). The majority (66 %) had hema-
tological malignancies or had undergone bone marrow
transplantation, and most had refractory Aspergillus
infections (84%). A complete resolution or clinically
meaningful improvement of all signs and symptoms and
attributable radiographic findings was achieved in 41%
(26/63) of patients receiving at least one dose of caspo-
fungin; in patients receiving the drug for > 7 days, a
favorable response was seen in 50% (26/52).

Safety and Tolerance

Caspofungin appears generally well tolerated. In the
five clinical trials discussed in detail earlier, less than
5% of patients discontinued caspofungin prematurely
due to drug-related clinical adverse experiences. Of
note, there was no apparent dose-dependency of ad-
verse events over the investigated dosage range of 35
to 70 mg/day (Sable et al, 2001).

The most commonly reported possibly, probably, or
definitely drug-related clinical adverse experiences oc-
curring in = 5% of 228 patients in 3 active control
studies included fever (3.6% to 26%), phlebitis (1.5%
to 15.7%), nausea (2.5% to 6%), and headache (6.0%
to 11.3%) (Package circular: Cancidas®, 2001). Symp-
toms such as rash, facial swelling, pruritus, or sensa-
tion of warmth (which could potentially have been me-
diated through endogenous histamine release), have
been reported in isolated cases; a reversible anaphy-
lactic reaction occurred in 1 patient during initial ad-
ministration of caspofungin (Sable et al, 2001).

Laboratory abnormalities occurred in = 5% of pa-
tients and included increased liver transaminases (10.6
to 13%), decreased serum albumin (4.6%-8.6%), in-
creased serum alkaline phosphatase (7.7%-10.5%), de-
creased serum potassium (3.7%-10.8%), decreased he-
moglobin (3.1%-12.3%), decreased white blood cell
count (4.6%-6.2%) and increased urine white blood
cell count (0%-7.7%) (Package circular:Cancidas®,
2001).

Drug Interactions

Caspofungin is not a substrate of P-glycoprotein and is
a poor substrate of cytochrome P-450 enzymes and a
weak cytochrome P-450 enzyme inhibitor (Balani et al,
2000). In healthy volunteers, no pharmacokinetic in-
teractions were observed between caspofungin and itra-
conazole, amphotericin B deoxycholate, and mycophe-
nolate mofetil. While tacrolimus has no effect on the
plasma pharmacokinetics of caspofungin, chronic dos-
ing of caspofungin reduced the AUC of tacrolimus by
approximately 20%. In turn, cyclosporine increased the
AUC of caspofungin by approximately 35%; however,
caspofungin did not increase the plasma levels of cy-
closporine. Because of transient elevations of hepatic
transaminases not exceeding 2 to 3 times the upper
limit of normal in single-dose interaction studies, the
concomitant use of caspofungin with cyclosporine is
presently not recommended (Package circular: Canci-
das®, 2001; Groll and Walsh, 2001e).

Coadministration of inducers of drug clearance
and/or mixed inducer/inhibitors, namely efavirenz, nel-
finavir, nevirapine, phenytoin, rifampin, dexametha-
sone, and carbamazepine with caspofungin may result
in clinically meaningful reductions in caspofungin con-
centrations. Accordingly, the manufacturer recom-
mends an increase in the dosage of caspofungin to
70 mg daily in patients who are concurrently receiving
any of the drugs listed above and not clinically re-
sponding (Package circular: Cancidas®, 2001; Groll
and Walsh, 2001e). The safety and efficacy of doses
above 70 mg daily have not been adequately studied.

Status of Clinical Development
Caspofungin currently is approved for the treatment of
invasive aspergillosis in patients who are refractory to
or intolerant of other therapies. Based on the recently
completed trial of caspofungin for invasive candidiasis
with encouraging outcome data, an indication for first-
line treatment of invasive candidiasis and esophageal
candidiasis is expected. A phase III study for empirical
antifungal therapy in persistently febrile neutropenic
patients has recently been completed, and a phase I/II
clinical pharmacology study in pediatric patients is
ongoing.

MICAFUNGIN

Antifungal Activity In Vitro
Micafungin has potent and broad spectrum in vitro
activity against Candida spp. with somewhat higher
MICyq values for C. parapsilosis and C. guilliermondii
and no cross-resistance to fluconazole-resistant clinical
isolates (Table 7-7). Micafungin produces a strain- and
species-dependent postantifungal effect against Can-
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TABLE 7-7. In Vitro Susceptibilities of Clinical
Yeast Isolates to Micafungin

MIC Range MIC 90
Organism (No. of Isolates) (mg/mL) (pg/mL)
Candida albicans (37) < 0.003-0.015  0.0156
Candida albicans, FLCZ resistant (4) 0.015-0.031 0.0313
Candida tropicalis (20) 0.015-0.031 0.0313
Candida glabrata (20) 0.007-0.015 0.0156
Candida krusei (11) 0.125-0.250 0.125
Candida parapsilosis (17) 0.5-2.0 1
Candida guilliermondii (12) 0.25-2.0 2
Cryptococcus neoformans (5) > 64 > 64
Trichosporon cutaneum (5) > 64 > 64

Antifungal susceptibility assays were performed according to cur-
rent NCCLS guidelines.
Source: modified from Tawara et al, 2000

dida spp. of up to 19 hours duration (Ernst et al, 2001).
Negligible changes in MIC values after repeated expo-
sure of C. albicans to subinhibitory concentrations of
micafungin suggest a low potential for resistance in-
duction. Similar to anidulafungin and caspofungin, mi-
cafungin has virtually no in vitro activity against C.
neoformans and is inactive against T. cutaneum (Maki
etal, 1998; Tomishima et al, 1999; Mikamo et al, 2000;
Tawara et al, 2000; Muller et al, 2001; Ostrosky-
Zeichner et al, 2000).

Micafungin also has potent in vitro activity against
Aspergillus spp. but was inactive (i.e., MIC values of
= 64 wg/ml) against Fusarium spp., Scedosporum
apiospermum  (Pseudallescheria boydii), and Zy-
gomycetes (Table 7-8). Moderate activity was found
against dematiaceous fungi such as Cladosporium tri-
choides, Exophiala spp., and Fonsecaea pedrosi (MIC
values of 0.5 to 2.0 ug/mL). In vitro activity against
H. capsulatum, B. dermatitidis, and C. immitis was lim-
ited to the mycelial forms of these organisms (Maki et
al, 1998; Nakai et al, 2002; Tomishima et al, 1999;
Tawara et al, 2000).

Antimicrobial Interactions
Combination of micafungin with amphotericin B was
neither synergistic nor antagonistic in vitro and in vivo
against various clinical Aspergillus isolates (Petraitis
et al, 1999; Stevens, 1999). Analysis of the in vitro
activity of the combination of micafungin and
nikkomycin Z against opportunistic moulds revealed
synergy against A. fumigatus, additive effects against
Rhbizopus oryzae, and indifference against A. flavus, A.
terreus, A. niger, and F. solani (Chiou et al, 2001).

Efficacy in Animal Models
The antifungal efficacy of micafungin against dissemi-
nated candidiasis has been documented in immunocom-
petent, transiently neutropenic, and corticosteroid-
immunosuppressed murine screening models. Treatment
with micafungin resulted in a dose-dependent, statisti-

cally significant prolongation of survival and a dose-
dependent reduction in the residual fungal kidney bur-
den comparable to amphotericin B (Matsumoto et al,
1998; Tkeda et al, 2000; Maesaki et al, 2000). In per-
sistently neutropenic rabbits with subacute nonlethal
disseminated candidiasis, micafungin (0.25 to 1 mg/kg/d)
demonstrated dosage dependent clearance of C. albi-
cans from tissues. Time-kill curves revealed time- and
concentration-dependent fungicidal activity of mica-
fungin that correlated with the in vivo results (Petraitis
et al, 2002).

Micafungin also prolonged the survival of transiently
neutropenic mice intravenously infected with A. fumi-
gatus in a dose-dependent manner (Ikeda et al, 2000).
In mouse models of pulmonary aspergillosis (Wakai et
al, 1998; Matsumoto et al, 2000), micafungin signifi-
cantly prolonged the survival of transiently neutropenic
animals, and in corticosteroid-immunosuppressed ani-
mals, a dose-dependent reduction in the residual bur-
den of A. fumigatus in lung tissue was demonstrated
when the drug was administered as continuous infu-
sion. In a rigorous persistently neutropenic rabbit
model of invasive pulmonary aspergillosis, micafungin
prolonged the survival and led to a significant decrease
of organism-mediated pulmonary injury (Petraitis et al,
2002). In less stringent immunocompromised murine
models of pulmonary aspergillosis, enhanced activity of
the combination of micafungin and amphotericin B was
noted using survival, residual fungal burden (Kohno et
al, 2000) and histopathological evaluation of pul-
monary infection (Nakajima et al, 2000) as endpoints
of efficacy.

Micafungin was also highly effective for prevention
of P. carinii pneumonia in SCID mice leading to a com-
plete absence of cyst forms of P. carinii and only mi-
nor injury to alveolar cells at the termination of the ex-
periments (Ito et al, 2000).

TABLE 7-8. In Vitro Susceptibilities of Clinical Mould
Isolates to Micafungin

MIC range MIC 90
Organism (No. of Isolates) (mg/mL) (ng/mL)
Aspergillus fumigatus (29) 0.007-0.031 0.0156
Aspergillus niger (15) 0.003-0.015 0.0078
Aspergillus flavus (13) 0.007-0.015 0.0156
Aspergillus terreus (7) 0.003-0.007 0.0078
Cladosporium trichoides (5) 0.125-0.5 ND
Exophiala dermatitidis (6) 1-> 64 ND
Exophiala spinifera (6) 0.125-2.0 ND
Fonseca pedrosei (6) 0.5-8.0 ND
Absidia corymbifera (1) > 64 ND
Cunninghamella elegans (1) > 64 ND
Rbhizopus oryzae (1) > 64 ND
Fusarium solani (1) > 64 ND
Pseudallescheria boydii (1) > 64 ND

Antifungal susceptibility assays were performed according to cur-
rent NCCLS guidelines.

MIC, minimum inhibitory concentration.

Source: modified from Tawara et al, 2000 and Nakai et al, 2002.
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Pharmacokinetics

Preclinical Pharmacokinetics and Tissue Distribution.
In mice, rats, and dogs, follwing intravenous bolus
administration of dosages of 0.32, 1, and 3.2 mg/kg
(Suzuki et al, 1998), and in rabbits following adminis-
tration of 0.5, 1, and 2 mg/kg (Groll et al, 2001c¢), mi-
cafungin displayed linear pharmacokinetics without
fundamental interspecies differences. Plasma concen-
trations declined in a biexponential fashion with a half-
life in the range of 3 to 6 hours. Total clearance ranged
from 0.59 to 1.50 mL/minute/kg, and the volume of
distribution was 0.23 to 0.56 L/kg. In the rabbit, at the
end of the initial distributive phase following the last
of eight daily dosages of 0.5, 1, or 2 mg/kg, tissue con-
centrations ranged from 1.5 to 11 ug/g and were high-
est in the lung, liver, spleen, and kidney. Micafungin
was undetectable in cerebrospinal fluid, but brain tis-
sue concentrations exceeded the MIC90 and MEC90
values for most susceptible fungi (Groll et al, 2001c¢).
After bolus administration of '#*C-micafungin into rats
and dogs, approximately 15% of radioactivity was ex-
creted in the urine with the remainder being excreted
in the feces (Suzuki et al, 1998).

Clinical Pharmacokinetics and Metabolism. In healthy
volunteers receiving micafungin as a 2-hour intra-
venous infusion at dosages of 2.5, 5, 12.5, 25, or
50 mg, plasma concentrations after completion of the
infusion declined in a biexponential pattern. The half-
life ranged from 11.6 to 15.2 hours, total clearance
ranged from 0.192 to 0.225 mL/minute/kg, and the vol-
ume of distribution ranged from 0.215 to 0.242, re-
spectively. A dose-proportional increase in AUCy_
hour indicated linear plasma pharmacokinetics. Fol-
lowing multiple dosing at 25 mg once daily for a total of
7 days, steady state was achieved by day 4 after ap-
proximately 1.5 fold accumulation. The mean peak
plasma level at day 7 was 2.46 = 0.27 ug/mL, AUCy_
29.6 * 4.6 pg - hour/mL, half-life 14.6 = 1.5 hours, and
total clearance 0.222 * 0.027 mL/minute/kg, respec-
tively (Table 7-9). Less than 1% of drug was found in
the urine in unchanged form (Azuma et al, 1998). At
least six metabolites have been detected in both ani-
mals and humans to date; similar to caspofungin and
anidulafungin, micafungin is not metabolized to a sig-
nificant extent through the cytochrome P450 enzyme
system (Groll and Walsh, 2000).

No differences in drug disposition were noted in
older patients, aged 66-78 years (Mukai et al, 2001).
In febrile neutropenic pediatric patients who received
the compound for a mean of 8 days (range, 1-14 days)
at dosages ranging from 0.5 to 3 mg/kg, micafungin
displayed linear disposition with a mean half-life of 12
to 13 hours on day 1 and day 4 for 0.5 mg/kg dose
and on day 1 for 1.0 mg/kg dose. The half-life at day

TABLE 7-9. Plasma Pharmacokinetics of
Micafungin in Healthy Volunteers

Dose Chnax AUC(_ VDgs Tip*
(mg) (mg/mL) (g - hour/mL) (L/K) (hours)
12.5 0.94 17.11 0.24 15.2
25 1.86 32.26 0.23 14.8
50 3.36 60.93 0.23 15.2

Pharmacokinetic parameters represent mean values of a single-dose
pharmacokinetic study in healthy male volunteers. Micafungin was
administered IV over 2 hours.

Crmax, peak plasma concentration: AUC(_.., area under the con-
centration-vs.-time curve from zero to infinity: VDg, estimated vol-
ume of distribution at steady state; Ty, half life.

*beta-half life.

Source: Modified from Azuma et al, 1998.

4 for 1 mg/kg dose was variable resulting in a mean of
20.8 hours (Seibel et al, 2000).

Clinical Efficacy

In an open label, multicenter, dose de-escalation study
in 74 HIV-infected patients with endoscopically docu-
mented Candida esophagitis, micafungin was adminis-
tered at dosages of 50, 25, and 12.5 per day as 1-hour
infusion for a mean of 12 days (range, 1-21 days). In
patients who received the drug for at least 8 days, res-
olution or improvement of clinical signs and symptoms
was observed at end of therapy in 21/21 (100%) re-
ceiving 50 mg, 18/20 (90%) receiving 25 mg, and 17/21
(81%) receiving 12.5 mg (Pettengell et al, 1999).
Further dose escalation to a daily dosage of 75 and
100 mg and endpoint evaluation by endoscopy demon-
strated consistent results with clearance or improve-
ment of endoscopic lesions in 35/36 (97.2%) of pa-
tients receiving at least 10 days of therapy (Pettengell
et al, 2000).

In an open-label, multicenter trial conducted in
Japan, 70 patients, with proven or presumed infections
caused by Aspergillus or Candida spp., received mica-
fungin at dosages ranging from 12.5 to 150 mg once
daily for 7 to 56 days (Kohno et al, 2001). Among
patients evaluable for efficacy, 6/10 patients with in-
vasive pulmonary aspergillosis, 6/9 with chronic necro-
tizing pulmonary aspergillosis, 12/22 with aspergilloma,
6/6 with candidemia, and 5/7 with esophageal can-
didiasis responded to therapy with micafungin.

Among 14 cancer patients, of whom 6 were neu-
tropenic at the start of treatment, 8 had a complete and
3 had a partial response to micafungin therapy. In this
study, micafungin was given as monotherapy (n = 7)
or in combination with other antifungal agents at
dosages ranging from 50 to 150 mg/day for a median
duration of 15 days (range, 4-26 days) (Kontoyiannis
et al, 2001). In all four studies, micafungin appeared
well-tolerated without dose-limiting adverse events.



98 SYSTEMIC ANTIFUNGAL DRUGS

The largest phase III clinical trial to date involving
micafungin has been completed and preliminary results
are very promising. A double-blind study compared mi-
cafungin and fluconazole as prophylaxis against fungal
infections in 889 patients undergoing a hematopoietic
stem cell transplant (van Burik et al, 2002). Success was
defined as (1) absence of a proven or probable fungal
infection during the period of prophylaxis and during
the 4 weeks after stopping study drug; and (2) no dis-
continuation of study drug due to toxicity. Among 425
micafungin-treated patients, success was noted in 80%,
compared with success in 73.5% of 457 fluconazole-
treated patients, 95% C.I. (0.9%-12.0%) around the
difference between the success rates, suggesting superi-
ority of micafungin. There were 7 breakthrough fun-
gal infections in the micafungin group (aspergillosis, 1;
candidiasis, 4; and other, 2) and 11 breakthrough fun-
gal infections in the fluconazole group (aspergillosis, 7;
candidiasis, 2; and other, 2). Survival was the same in
both groups and both micafungin and fluconazole were
very well tolerated.

Safety and Tolerance

In healthy volunteers receiving single dosages of 2.5, 5,
12.5, 25, or 50 mg, and multiple dosages of 25 mg
once daily for a total of 7 days, micafungin was well
tolerated (Azuma et al, 1998). In febrile neutropenic
pediatric patients who received the drug for a mean of
8 days (range, 1 to 14 days) at dosages ranging from
0.5 to 3 mg/kg, no evidence for differences in safety
were noted in these children compared to adults (Seibel
et al, 2000).

In 74 HIV-infected patients with endoscopically doc-
umented Candida esophagitis receiving 50, 25, and
12.5 mg per day for a mean of 12 days, 3 patients dis-
continued micafungin due to possible adverse events,
and 1 discontinued due to lack of efficacy (12.5 mg).
There was one serious adverse event (diarrhea and de-
hydration) that was assessed as possibly related to mi-
cafungin. Infusion-related toxicity or reactions attrib-
utable to histamine release were not reported, and
nephro- or hepatotoxicity was not observed (Pettengell
et al, 1999). Further dose escalation to a daily dosage
of 75 and 100 mg in 36 patients revealed no additional
safety issues (Pettengell et al, 2000).

A phase I, randomized, blinded, sequential group,
dose-escalation tolerance study investigated micafungin
plus fluconazole 400 mg/day vs. normal saline plus flu-
conazole 400 mg/day given as prophylaxis in 74 adult
hematopoietic stem cell transplant patients. The drug
regimens were administered from the time of transplant
until neutrophil recovery (Hiemenz et al, 1999). Seven
dosage-levels of micafungin were studied: 12.5, 25, 50,
75, 100, 150, and 200 mg/day. At least 10 patients
were enrolled per dosage group, with 8 patients/group

randomized to the micafungin-fluconazole regimen,
and 2 patients/group to the control regimen. The av-
erage length of dosing was 10 days (range, 1-27 days).
Micafungin was well-tolerated; two patients (3.2%)
discontinued due to a possibly or probably related ad-
verse event. No histamine-like reactions or infusion-
related toxicity was noted. Overall, there were no
changes from baseline to end of therapy in serum cre-
atinine or liver function tests.

The maximum tolerated dosage of micafungin was
further investigated in a formal dosage escalation study
in another group of hematopoietic stem cell transplant
patients, who were given micafungin as antifungal pro-
phylaxis (Powles et al, 2001). Sequential cohorts of 10
patients received micafungin at 3 and 4 mg/kg once
daily for a median of 16.5 (range, 13-28 days) and
18.5 days (range, 8-28 days), respectively. In the first
cohort, grade I and II toxicities consisted of 1 patient
with vomiting, cellulitis, diarrhea, fever, and somno-
lence; 1 patient with generalized edema, fever, and al-
buminuria, and 1 patient with hypocalcemia. In the
4 mg/kg cohort, two patients had phlebitis and one dys-
pepsia. There were no treatment-related grade III and
IV toxicities. After completed study of the 2 cohorts,
the maximum-tolerated dosage was not reached.

Drug Interactions
No formal interaction studies have been reported thus
far.

Status of Clinical Development
Micafungin is not yet licensed for prevention or treat-
ment of fungal infections in humans, but licensing is
expected on the basis of the results of the large phase
II, randomized, comparative prophylaxis trial in pa-
tients receiving hematopoietic stem cell transplants (van
Burik et al, 2002). Other studies with micafungin on-
going or planned include treatment trials for invasive
candidiasis and invasive aspergillosis.

CHITIN-SYNTHESIS INHIBITORS:
NIKKOMYCINS

The nikkomycins, which are antifungal antibiotics pro-
duced by Streptomyces tender, were discovered in the
1970s through programs searching for new fungicides
and insecticides for agricultural use (Hector, 1993).
These compounds are pyrimidine nucleosides that are
linked to a di- or tripeptide moiety (Fig. 7-3), and are
structurally similar to UDP-N-acetylglucosamine, the
precursor substrate for chitin, a linear polymer of
b-(1-4)-linked N-acetylglucosamine residues.

The nikkomycins act as competitive inhibitors of
chitin synthesis, leading to inhibition of septation,
chaining, and osmotic swelling of the fungal cell (Hec-
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FIGURE 7-3. Structural formula of nikkomycin Z.

tor, 1993; Debono and Gordee, 1994). In Candida al-
bicans, three different membrane-bound isoenzymes of
chitin-synthase have been described. Although the ab-
sence of all three isoenzymes is uniformely lethal, no
single one is essential, and each enzyme may be inhib-
ited to different degrees by different compounds. Of
note, the nikkomycins are required to be transported
into the cell via one or more permeases. This transport
system, however, is subject to antagonism by extracel-
lular peptides. In addition, various proteases can inac-
tivate the nucleoside-peptide compounds, resulting in
a wide range of susceptibility of intact fungi to
nikkomycins, even though their isolated enzyme prepa-
rations are uniformly susceptible (Hector, 1993;
Debono and Gordee, 1994; Groll et al, 1998).

To date, only nikkomycin Z has been investigated to
a significant extent. Nevertheless, natural peptidyl nu-
cleoside leads continue to be investigated for develop-
ment of new antifungal agents.

Nikkomuycin Z

Nikkomycin Z has been shown to have particularly
good activity both in vitro and in vivo against the chiti-
nous dimorphic fungi, C. immitis and B. dermatitidis
(Hector et al, 1990b; Clemons and Stevens, 1997). In
vitro activity against H. capsulatum, C. albicans, and
C. neoformans is only moderate; and nonalbicans Can-
dida spp. and filamentous fungi are essentially resist-
ant (Hector and Yee, 1990a). However, nikkomycin Z
has inhibitory activity in murine models of both sys-
temic candidiasis and histoplasmosis (Hector and
Schaller, 1992; Graybill et al, 1998a; Goldberg et al,
2000).

Notably, synergy between nikkomycin Z and anti-
fungal triazoles against C. albicans, C. neoformans, and
A. fumigatus has been observed in vitro (Milewski et
al, 1991; Hector and Schaller, 1992; Li and Rinaldi,
1999). Synergy with fluconazole was also demonstrated
in a mouse model of systemic candidiasis (Hector and
Schaller, 1992). Whereas synergy of nikkomycins with
glucan synthesis inhibitors against C. albicans in vitro
was described early on (Hector and Braun, 1986;
Pfaller et al, 1989), more recent in vitro and in vivo
studies also provided strong evidence for an additive
or synergistic cooperation between nikkomycin Z and

echinocandin against Aspergillus fumigatus and, more
variably, against other filamentous fungi (Stevens,
2000; Capilla-Luque et al, 2001; Chiou et al, 2001).

A phase I study of safety and pharmacokinetics of
single oral doses of nikkomycin Z 0.25 to 2.0 mg/kg
has been performed in human volunteers. Phase II stud-
ies of nikkomycin Z are under consideration for
patients with nonlife-threatening and nonmeningeal
coccidioidomycosis.

Nikkomycin Z may prove useful for therapy of other
mycoses as well, particularly in combination with an-
tifungal drugs such as triazoles and echinocandins.
Thus, nikkomycin Z remains a candidate for further
clinical development.
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Terbinafine is a newly developed oral and topical an-
tifungal agent in the allylamine class of antifungal com-
pounds (Petranyi et al, 1984). Discovered in 1983, it
is closely related to naftifine. Terbinafine became avail-
able in Europe in 1991, and in 1996 in the United
States. Terbinafine is the only oral allylamine available
in the United States and is used largely for the treat-
ment of superficial fungal infections, especially those
due to dermatophytes. There has been significant in-
terest in developing the drug for the treatment of deep
mycoses, either alone or in combination, for disorders
such as cryptococcosis, invasive aspergillosis, and other
mould infections, but there are only scant clinical data
evaluating its efficacy in these settings. Terbinafine is
a very valuable antifungal drug for the treatment of
superficial fungal infections, and has potential as an
adjunctive agent in the treatment of selected deep
mycoses.

PHARMACODYNAMICS

Mechanism of Action
Terbinafine has a unique mechanism of action among
the antifungal agents (Petranyi et al, 1984; Balfour and
Faulds, 1992), inhibiting the synthesis of ergosterol, a
key sterol component in the plasma membrane of the
fungal cell. Terbinafine inhibits squalene epoxidase, the
enzyme which catalyzes the conversion of squalene to
squalene-2,3 epoxide, a precursor of lanosterol, which
in turn is a direct precursor of ergosterol (Ryder and
Dupont 1985; Birnbaum, 1990). A deficiency of er-
gosterol is detrimental to the integrity of the cell mem-
brane resulting in a fungistatic effect similar to that seen
with the azole antifungal compounds. In addition to
this action, terbinafine also causes excessive intracellu-
lar accumulation of squalene, which is believed to ex-
ert a further toxic effect on susceptible fungal cells,
thereby exerting a fungicidal effect (Ryder, 1992). In
this regard, the mechanism of action of terbinafine is
distinct from that of the azoles even though both com-
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pounds inhibit ergosterol biosynthesis through inter-
ruption of the synthesis of its precursors. Terbinafine
has a strong affinity for fungal cell enzymes, but un-
like the azoles, terbinafine has a very low affinity for
the human cytochrome P-450 family of enzymes
(Schuster, 1985; Katz, 1999). This low affinity for the
mammalian P-450 enzymes probably accounts for the
favorable adverse event profile of terbenafine and the
relatively few drug—drug interactions.

Antifungal Spectrum

Terbinafine is a very broad spectrum antifungal agent,
exhibiting the best activity against the dermatophytes
of all the antifungal agents (Petranyi et al, 1987; Ri-
naldi, 1993; Ryder and Favre, 1997; Arzeni et al,
1998). Terbinafine also demonstrates reasonable in
vitro activity against many Aspergillus species includ-
ing A. fumigatus, A. flavus, A. niger, and A. ustus
(Schmitt et al, 1987; Ryder and Leitner, 1996; Schi-
raldi and Columbo, 1997; Ryder and Favre, 1997).
Other moulds that appear susceptible based on in vitro
testing include many of the dematiaceous fungi such as
Fonsecaea and Cladophialophora species (Shadomy et
al, 1985) and the agents of eumycetoma (Venugopal
et al, 1993). Selected case reports of successful ther-
apy with terbinafine in a patient with disseminated
Phialophora parasitica (Wong et al, 1989) and another
patient with Curvularia lunata endocarditis (Bryan et
al, 1993) suggest clinically relevant antifungal activity
against these dematiaceous pathogens. Terbinafine does
not consistently demonstrate significant in vitro activ-
ity against the hyaline moulds such Fusarium species
and Scedosporium apiospermum (Pseudoallescheria
boydii) and the Zygomycetes. The in vitro activity of
terbinafine versus selected dermatophytes and moulds
is demonstrated in Tables 8-1, 8-2, 8-3.

Terbinafine demonstrates good in vitro activity
against C. neoformans (Shadomy et al, 1985; Hiratani
et al, 1991), but it has relatively poor activity against
other yeasts including many Candida species with the
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TABLE 8-1. Minimum Inhibitory Concentrations of
Terbinafine Against Selected Dermatophytes
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TABLE 8-3. Minimum Inhibitory Concentrations of
Terbinafine Against Selected Dematiaceous Fungi

MIC range MIC Range
Organism (ug/ml) Organism (ug/ml)
Epidermophyton floccosum 0.001-0.05 Alternaria alternata 0.6-5
Microsporum audouinii 0.001-< 0.04 Cladophialophora bantianum 0.012-1
Microsporum canis 0.0001-0.1 Cladophialophora carrionii < 0.04-1.25
Microsporum gypseum 0.003-< 0.04 Curvularia lunata 0.2-2
Microsporum persicolor 0.002-0.003 Curvularia fallax 0.25-0.5
Trichophyton mentagrophytes 0.0001-0.05 Dactylaria constricta 0.01-0.03
Trichophyton mentagrophytes var. interdigitale 0.002-0.005 Drechslera rostrata 10
Trichophyton rubrum 0.001-0.15 Exopbhilia jeanselmei < 0.06-2.5
Trichophyton simii 0.1-0.25 Fonsecaea compacta < 0.04
Trichophyton tonsurans 0.003-0.25 Fonsecaea pedrosi < 0.04-0.13
Trichophyton violaceum 0.001-0.1 Madurella mycetomatis < 0.01-1
Trichophyton verrucosum 0.001-0.006 Madurella grisea < 0.01-2.5
MIC, minimum inhibitory concentration. Madurella spp. . 1-4
Source: Adapted from Ryder and Favre, 1997. queoannellomyces werneckii 0.04-4
Phialophora verrucosa < 0.04-0.13

exception of C. parapsilosis (Ryder et al, 1998; Jessup
et al, 2000). Moreover, terbinafine is fungistatic against
all of the Candida spp. Table 8—4 summarizes the in
vitro activity against selected yeasts.

Terbinafine demonstrates excellent activity against
some of the dimorphic fungi, including Sporothrix
schenckii, against which it exhibits MICs comparable
to some of the azole antifungal compounds, including
itraconazole (Shadomy et al, 1985; Petranyi et al,
1987). In vitro activity against other dimorphic fungi
such as Blastomyces dermatitidis, Histoplasma capsu-
latum, and Coccidioides immitis is good (Shadomy et
al, 1985; Ryder and Favre, 1997). There are little in
vitro or clinical data concerning the use of terbinafine
against other dimorphic fungi including Penicillium
marneffii and Paracoccidioides brasiliensis. The in vitro
susceptibility data for these dimorphic pathogens are
shown in Table 8-35.

TABLE 8-2. Minimum Inhibitory Concentrations of
Terbinafine Against Selected Filamentous Fungi

MIC range
Organism (ug/ml)
Acremonium spp. 0.25-8
Aspergillus flavus 0.01-1
Aspergillus fumigatus 0.02-5
Aspergillus nidulans 0.02-0.5
Aspergillus niger 0.005-2.5
Aspergillus terreus < 0.04-5
Aspergillus ustus 0.1-0.5
Fusarium moniliforme 0.5-10
Fusarium oxysporum 0.25-20
Fusarium solani 1-> 128
Mucor spp. 64-> 128
Paecilomyces spp. 1-64
Penicillium spp. 1-5
Pseudallescheria boydii 10-> 64
Rhizopus spp. 64-> 100
Scopulariopsis brevicaulis 0.5-8

Phialophora parasitica 0.1
Wangiella dermatitidis 0.001-0.08

MIC, minimum inhibitory concentration.
Source: adapted from Ryder and Favre, 1997.

PHARMACOKINETICS

Oral
The pharmacokinetics of terbinafine have been re-
viewed recently (Jensen, 1989; Faergemann, 1997).
Terbinafine for systemic use is only formulated for oral
administration. There is no intravenous formulation
in part due to the drug’s significant lipophilicity.
Terbinafine is well-absorbed following oral dosing with
at least 80% bioavailability (Jensen, 1989). The drug
demonstrates linear kinetics over a broad range of ther-
apeutic doses with a proportional increase in the area
under the curve (AUC) with increasing dose. Peak
serum concentrations are achieved within 2 hours fol-
lowing oral administration in both adults and children,
although at similar doses, peak concentrations are

TABLE 8-4. Minimum Inhibitory Concentrations of
Terbinafine Against Selected Yeasts

MIC Range
Organism (ug/ml)
Candida albicans 0.03-> 128
Candida glabrata 10> 128
Candida guilliermondii 0.8—> 128

Candida humicola 1

Candida kefyr 0.5-50
Candida krusei 10-100
Candida parapsilosis 0.03-10
Candida tropicalis 1.2-> 128
Cryptococcus laurentii 0.08-0.6
Cryptococcus neoformans 0.06-2
Malassezia furfur 0.06-80
Rhodototula rubra 2.5-5
Trichosporon asabii 0.5-> 128

MIC, minimum inhibitory concentrations.
Source: adapted from Ryder and Favre, 1997.

MIC, minimum inhibitory concentration.
Source: adapted from Ryder and Favre, 1997.



106 SYSTEMIC ANTIFUNGAL DRUGS

TABLE 8-5. Minimum Inhibitory Concentrations of
Terbinafine Against Selected Dimorphic Fungi

MIC Range
Organism (ug/ml)
Blastomyces dermatitidis < 0.04-1.25
Coccidioides immitis 0.3-0.6
Histoplasma capsulatum < 0.04-0.2
Paracoccidiodes brasiliensis 0.04-0.16
Sporothrix schenckii < 0.05-2

MIC, minimum inhibitory concentration.
Source: adapted from Ryder and Favre, 1997.

somewhat higher in adults than in children (Nejjam et
al, 1995). Peak concentrations in adults following a
125 mg (2 mg/kg) dose range from 0.3 to 0.9 ug/ml,
whereas the same dose in children (125 mg or 5§ mg/kg)
yields peak concentrations ranging between 0.4 and 1.0
ug/ml (Nejjam et al, 1995). Absorption does not appear
to be influenced by coadministration of food, antacids,
most H-2 receptor antagonists, or proton pump in-
hibitors. Coadministration with rifampin may, however,
significantly increase clearance, and cimetidine can
cause a 33% decrease in clearance of terbinafine (Katz,
1999).

Terbinafine, a lipophilic compound highly bound to
plasma proteins (> 95%), is found in highest concen-
trations in adipose tissue and the keratinous tissues of
the skin, nails, hair, and in sebum (Faergemann et al,
1993). Concentrations in these tissues may be 10-fold
higher than simultaneous levels found in plasma.

Terbinafine is metabolized extensively by the liver
and at least 15 metabolites have been identified, al-
though none of these demonstrate significant anti-
fungal activity (Humbert et al, 1995). Approximately
80%-85% of terbinafine metabolites are excreted in
the urine and 15%-20% are excreted in the bile. The
elimination half-life in normal adults is approximately
26 hours (Zehender et al, 1994). Among patients with
significant renal or hepatic dysfunction, drug elimina-
tion may be delayed (Nejjam et al, 1995). Accordingly,
it has been suggested that the dosing amount be re-
duced by 50% without altering frequency of adminis-
tration among patients with either significant renal or
hepatic dysfunction.

Because of the unique affinity of terbinafine for ker-
atinous tissue, therapeutic levels can be found in stra-
tum corneum, hair, and nails for up to 12 weeks
following discontinuation of therapy. Moreover, meas-
urable concentrations of terbinafine may be found in
nail clippings up to 10 months following discontinua-
tion of a limited course (1 to 4 weeks) of terbinafine
(Faergemann et al, 1993; 1994). Among the antifungal
agents, only itraconazole possesses this unique affinity
for keratinous tissue and demonstrates similarly pro-
longed levels in skin and nails.

Topical

Topical terbinafine is widely available as an over-the-
counter preparation for milder forms of dermatomy-
cosis and onychomycosis. It is not absorbed systemi-
cally in any measurable quantity, but significant levels
are achieved in the stratum corneum and the nails, al-
though these levels do not approach those achieved
with oral terbinafine (Hill et al, 1992; Faergemann et
al, 1995a).

DOSING AND ADMINISTRATION

Terbinafine is available in 250 mg tablets and in a top-
ical 1% ointment. There is no parenteral form avail-
able. Because of its extended half-life with oral ad-
ministration (approximately 26 hours), the drug can be
dosed once daily. When higher doses (= 1000 mg per
day) are given, it is recommended to split the daily dose
to limit gastrointestinal disturbances. Topical therapy
is administered twice daily. Duration of therapy for oral
terbinafine is dependant on the condition being treated.
For most cases of onychomycosis, courses of 3 months
may be successful, although courses from 6 to 12
months may be necessary to achieve a lasting response
(Roberts, 1997). For sporotrichosis, courses of 3 to
12 months have been used successfully for patients
with uncomplicated cutaneous disease (Hull and Vis-
mer, 1997; Pappas et al, 2001). For other invasive my-
coses, little data are available concerning length of oral
therapy.

CLINICAL USES

Onychomycosis
The term tinea unguium refers to nail infections caused
by typical dermatophytes whereas onychomycosis
refers to the broader category of nail infections that
also includes nondermatophytic fungi and yeast (see
Chapter 24). There is considerable clinical overlap in
these two entities, and few clinical clues to distinguish
from among the wide assortment of causative agents
(Weitzman and Summerbell, 1995).

Several open-label and placebo-controlled studies
have been performed to evaluate oral terbinafine for
the treatment of onychomycosis (Arenas et al, 1995;
Roberts, 1997). Mycologic response rates for toenail
infections treated with terbinafine 250 mg daily range
between 82% and 92% among patients given 3 to 6
months of therapy (Hofmann et al, 1995; Abdel-
Rahman and Nahata, 1997). Clinical cure rates are
slightly less than mycologic response rates. For finger-
nail infections, response rates of 70% at 3 months of
therapy, and 100% at 6 months have been achieved
(Zaias and Serrano, 1989; Baudraz-Rosselet et al, 1992;



Terbinafine

Goodfield et al, 1997). Surgical or chemical removal of
the nail in conjunction with oral terbinafine does not
appear to enhance the efficacy of terbinafine alone for
onychomycosis (Albanese et al, 1995).

Based on results of comparative trials, terbinafine
demonstrates greater efficacy than griseofulvin for both
fingernail and toenail onychomycosis (Faergemann et
al, 1995b; Haneke et al, 1995; Roberts, 1997; Abdel-
Rahman and Nahata, 1997). Given the availability of
safe and more effective preparations such as terbinafine
and itraconazole, griseofulvin has largely fallen into dis-
use, having been superceded by these two newer oral
antifungal agents.

Studies comparing itraconazole 200 mg daily and
terbinafine 250 mg daily given for 3 months suggest
similar efficacy. These compounds are associated with
mycologic cure rates ranging from 67% to 92%, and
clinical cure rates from 63% to 80% (Arenas et al,
1995; Brautigam et al, 1995; Roberts, 1997).

Tinea Capitis

Tinea capitis, usually caused by Trichophyton ton-
surans, is unique among the dermatophytoses in that
it does not typically respond to topical antifungal ther-
apy. Accordingly, oral terbinafine has been evaluated
for the treatment of children with tinea capitis, effect-
ing clinical cure rates of 80% to 100% and mycologic
cure rates between 90% to 100% (Haroon et al, 1992;
Nejjam et al, 1995). Compared to griseofulvin in ran-
domized, double-blind studies, clinical cure rates are
generally higher with terbinafine (90% vs. 80%). My-
cologic cure rates are similar (Roberts, 1997).

Other Superficial Mycoses

For other superficial dermatophyte infections such as
tinea corporis, tinea cruris, tinea imbricata, and tinea
pedis due to a variety of dermatophytes including Tri-
chophyton rubrum, T. mentagrophytes, Microsporum
canis, and Epidermophyton floccosum, oral terbinafine
is quite effective, but for most patients with these con-
ditions, topical therapy can be used with excellent re-
sults. Ordinarily, for patients with superficial mycoses
not involving nails and/or scalp, topical therapy with
terbinafine is an appropriate alternative to systemic an-
tifungal therapy with terbinafine or itraconazole.

Sporotrichosis
Among the deep mycoses, there has been a modest ex-
perience with terbinafine for the treatment of sporotri-
chosis, and there have been limited reports of success
with terbinafine at daily doses from as low as 125 mg
per day for 3 to 18 months (Hull and Vismer, 1992;
Hull and Vismer, 1997; Kudoh et al, 1996). A recently
completed randomized double-blind trial compared
two doses of terbinafine, either 500 mg or 1000 mg
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daily, administered for up to 24 weeks among patients
with cutaneous or lymphocutaneous sporotrichosis
(Pappas et al, 2001). Mycologic and clinical response
rates approached 90% in higher dose (1000 mg/day)
recipients. This success rate is not surprising given the
significant concentration of terbinafine in the skin as
well as excellent in vitro activity against S. schenckii.
These response rates with terbinafine are similar to
those with itraconazole for the treatment of cutaneous
sporotrichosis (Restrepo et al, 1986).

Chromomycosis (Chromoblastomycosis)
Chromomycosis is a tropical fungal disease character-
ized by dense dermal fibrosis associated with organized
granulomata. The agents of chromomycosis are typi-
cally dematiaceous (pigmented) fungi, and include such
organisms as Fonsecea pedrosi and Cladophialophora
carrionii. There has been sporadic use of terbinafine for
patients with chromomycosis (Esterre et al, 1997). In
the largest study to date, 42 patients from Madagascar
with chromomycosis received terbinafine 500 mg daily
for up to 1 year, and experienced 12-month mycologic
and clinical cure rates of 85% and 74 %, respectively
(Esterre et al, 1998). While other experience with
terbinafine for this disorder is limited to a small series
of case reports, terbinafine appears to be a promising
agent among patients with this very difficult to treat
disease.

Fungal Mycetoma

There are at least 16 different fungal organisms that
can cause fungal mycetoma. Terbinafine has been used
sporadically at doses of 500 or 1000 mg daily with
some encouraging results (Hay, 1999). For most cases
of fungal mycetoma, a combined surgical and antifun-
gal approach is necessary to achieve optimum response.
No randomized and controlled studies for this disor-
der have been performed. For more information about
eumycetoma, see Chapter 25.

Other Endemic Mycoses

Terbinafine demonstrates excellent in vitro activity vs.
H. capsulatum and B. dermatitidis, but there have been
no clinical trials of terbinafine therapy for these disor-
ders. A few patients have received terbinafine for treat-
ment of blastomycosis and histoplasmosis, generally
with encouraging results (Hay, 1999). Taken together
with the encouraging in vitro data, terbinafine might
be considered as potential salvage therapy among pa-
tients unable to tolerate any azole drug or amphotericin
B. However, given the availability and excellent effi-
cacy of azole compounds for these conditions, it is very
unlikely that terbinafine will be studied prospectively
for treatment of these mycoses.
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Combination Therapy for Other Deep Mycoses
One potential use of terbinafine is for combination
therapy with other approved antifungal agents among
patients with deep mycoses including cryptococcosis
and invasive mould infections, especially invasive as-
pergillosis. In vitro data supporting the activity of
terbinafine against C. neoformans led to the use of
terbinafine combined with fluconazole or amphotericin
B in selected patients with acute CNS cryptococcosis
(Andrews et al, 1999). No significant drug—drug inter-
actions have been observed and this combined thera-
peutic approach appears to be well tolerated. While
prospective data assessing this approach have been
not well documented, combination therapy utilizing
terbinafine and fluconazole is commonly administered
to patients with acute CNS cryptococcosis in Australia.

Among patients with invasive mould disease, espe-
cially invasive aspergillosis, terbinafine has been an at-
tractive potential agent for combination therapy with
either amphotericin B or a triazole such as itraconazole
or voriconazole. No prospective randomized studies
have been done, but small series and sporadic case re-
ports suggest a favorable response among highly se-
lected patients (Schiraldi and Colombo, 1997; Harari
et al, 1997). For example, a group of four lung trans-
plant patients with Aspergillus bronchitis were treated
effectively with terbinafine 250-500 mg daily in com-
bination with liposomal amphotericin B. Other reports
of successful combination therapy among immuno-
compromised patients with invasive pulmonary as-
pergillosis have also been documented. Up to 2000 mg
per day of terbinafine has been given successfully with
stable clinical outcome and has been well tolerated
(Schiraldi et al, 1996; Hay, 1999).

ADVERSE EFFECTS

Oral terbinafine appears to be well tolerated in the vast
majority of patients and few drug—drug interactions oc-
cur. In the largest study of its kind, adverse effects were
assessed in a postmarketing study involving 25,884 pa-
tients who had received terbinafine (Hall et al, 1997).
Findings showed that 10.5% of patients experienced a
drug-associated adverse event. Among these, the most
common side effects were gastrointestinal tract symp-
toms including nausea, diarrhea, abdominal pain, and
dyspepsia, which occurred in about 5% of patients.
Skin disorders were the second most common adverse
event, effecting fewer than 3% of patients. Most of the
skin findings are benign rashes; however, at least 4 pa-
tients have developed psoriasis on terbinafine (Gupta
et al, 1997), 2 developed significant erythema multi-
forme (Hall et al, 1997) and 1 a generalized pustular
eruption (Bennett et al, 1999). Hepatobiliary adverse
events have been reported in fewer than 1% of patients

and include cholestatic jaundice with mild to moderate
hepatocellular dysfunction (Gupta et al, 1998a; Fer-
nandes et al, 1998; Conjeevaram et at, 2001). Less com-
monly reported adverse events include neutropenia
(Gupta et al, 1998b; Shapiro et al, 1999), thrombocy-
topenia (Kovacs et al, 1994; Amichai and Gruhwald,
1998), toxic epidermal necrolysis (Carstens et al, 1994)
and angioedema (Hall et al, 1997). No deaths have
been attributed directly to terbinafine.

Despite the frequent concomitant use of other med-
ications, including immunosuppressive agents as well as
any other systemic antifungal compounds, terbinafine is
an unusual cause of significant drug—drug interaction
(Balfour and Faulds, 1992; Katz, 1999). The lack of
interaction of terbinafine with the mammalian cy-
tochrome P-450 enzyme system is believed to be re-
sponsible for this important characteristic. Unlike the
azole antifungal compounds, terbenafine does not ap-
pear to significantly alter the metabolism of cy-
closporine, tacrolimus, or sirolimus.

SUMMARY

Terbinafine is a broad spectrum oral and topical anti-
fungal agent that possesses a unique mechanism of ac-
tivity distinct from other available systemic antifungal
agents. Most clinical experience with this antifungal has
been in the treatment of onychomycosis and other su-
perficial fungal infections, but there is a growing body
of experience with terbinafine for the treatment of deeper
mycoses, especially cutaneous and lymphocutaneous
sporotrichosis. The potential for use of terbinafine as a
combination agent with another antifungal drug for the
treatment of cryptococcosis and invasive mould disease
is exciting. However, prospectively designed studies to
address this question have not been performed; thus,
this potential remains largely unexplored.
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Resistance to antifungal drugs

DOMINIQUE SANGLARD

Fungal infections caused by fungal pathogens remain
quite common in immunocompromised hosts, espe-
cially in HIV-infected individuals, and in patients given
immunosuppressive drugs or broad-spectrum antibi-
otics. Candida spp. represent the major group of yeast
species recovered from these infected individuals; how-
ever, other yeasts such as Cryptococcus neoformans are
also pathogens (Fridkin and Jarvis, 1996). Among fil-
amentous fungi causing infections in humans, As-
pergillus fumigatus is a common pathogen and is as-
sociated with a high mortality (Latge, 1999). Not only
are a restricted number of antifungal agents available
to treat these infections, but also resistance to antifun-
gal drugs can occur. Table 9-1 summarizes the activ-
ity of known antifungal agents against Candida spp.,
C. neoformans, and A. fumigatus and also includes
drugs in the late stages of development. The data given
in Table 9-1 indicate that most of the agents show some
activity against these pathogens. However, weak anti-
fungal activity can be seen for the pyrimidine analogue,
flucytosine, and azole agent, fluconazole, against A. fu-
migatus, for fluconazole against C. glabrata and C. kru-
sei, and for the echinocandins against C. neoformans.

Resistance to antifungal treatment can develop on
the basis of clinical and microbiological factors. A per-
sistent infection despite treatment with an antifungal
drug at maximal dosage may be described as clinically
resistant to the therapeutic agent. However, the infect-
ing organism may show normal susceptibility to the
agent in vitro (Rex et al, 1997). Clinical resistance to
treatment may result from microbial resistance to an
agent, but may also be the result of complex interac-
tions between an antimicrobial agent and the infecting
microbe in a human host. Microbiological resistance
can be defined as a shift (i.e., a decrease) in antifungal
drug susceptibility that can be measured in vitro by ap-
propriate laboratory methods. Resistance to specific an-
tifungal drugs can be intrinsic (primary resistance) in
some fungal pathogens as indicated above, and resist-
ance can be also acquired (secondary resistance) either
in a transient or permanent manner. The distinction be-
tween a susceptible and a resistant yeast or mould iso-
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late can be made when a threshold drug susceptibility
value, i.e., the breakpoint minimal inhibitory concen-
tration (MIC) is reached. In medical practice, break-
point values should predict ideally the success or the
failure of an antifungal drug. However, experiences ac-
cumulated with different antifungal agents showed that
this association cannot always be applied (Rex et al,
1997). Table 9-2 gives interpretative MIC breakpoint
values for fluconazole, itraconazole, and flucytosine
against Candida albicans. An intermediate breakpoint
is given, the so-called dose-dependent susceptible (DDS)
MIC, indicating that the drug dosage is important when
a fungal pathogen possessing a DDS MIC value is iden-
tified. The breakpoint MIC values of a given fungal
pathogen for a specific drug are less relevant for the
microbiologist or the molecular biologist, since only a
modest shift of antifungal drug susceptibility measured
by increase in MIC values can be the consequence of
one or several cellular alterations linked to modifica-
tions of the genetic material. This chapter reviews the
present knowledge about resistance of fungal pathogens
to the major antifungal agents and details the current
understanding of the mechanisms of resistance. Recent
published reviews on this topic provide complementary
information (Kontoyiannis and Lewis, 2002; Lupetti et
al, 2002; Masia Canuto and Gutierrez Rodero, 2002;
Perea and Patterson, 2002a; Sanglard, 2002a; Sanglard
and Odds, 2002b).

ANTIFUNGAL DRUGS IN CURRENT USE:
MODE OF ACTION AND RESISTANCE

Polyenes
Polyenes belong to a class of natural antifungal com-
pounds discovered in the early 1950s. One of the most
successful polyene derivatives, AmB, is produced by
Streptomyces nodosus. Amphotericin B can form solu-
ble salts in both basic and acidic environments, is not
orally or intramuscularly absorbed, and is virtually in-
soluble in water. The primary mode of action of AmB
is to bind ergosterol in the membrane bilayer of sus-



TABLE 9-1. Activities of Antifungal Agents Against Candida Species, Cryptococcus neoformans
and Aspergillus fumigatus

MICyo* (ug/ml)

Antifungal Agent C. albicans C. glabrata C. krusei C. parapsilosis C. tropicalis C. neoformans A. fumigatus Reference

Amphotericin B 0.5 1 0.5 0.5 0.5 1 4 Brandt et al, 2001;
Coleman et al, 1998

Flucytosine 4 0.5 16-32 1 4 16 > 64 Coleman et al, 1998;

Gehrt et al, 1995)

Azoles
Fluconazole 1 64 64 2 2 16 > 128 Brandt et al, 2001;
Itraconazole 0.25 4.0 2.0 0.5 0.5 1 0.125 Mosquera and Denning,
Voriconazole 0.06 2.0 1.0 0.12 0.25 0.25 0.5 2002; Pfaller et al, 1998;
Posaconazole 0.06 4.0 0.5 0.12 0.25 < 0.015 0.031 Pfaller et al, 1999;
Ravuconazole 0.03 4.0 0.5 0.12 0.25 0.25 1 Uchida et al, 2001;
Yamazumi et al, 2000;
Yildiran et al, 2000
Lipopeptides
Caspofungin 0.5 0.5 1 0.5 1 32 N.A** Bartizal et al, 1997,
Micafungin 0.0156 0.156 0.125 1 0.0313 > 64 N.A. Chavez et al, 1999;
Anidulafungin 0.125 0.5 0.25 4 0.125 > 16 N.A. Espinel-Ingroff, 1998;

Mikamo et al, 2000;
Pfaller et al, 1997;
Tawara et al, 2000

*MICoy is defined as the minimum inhibitory concentration value to which 90% of a study population belongs.
**N.A., not available by means of standard MIC tests.



Resistance to antifungal drugs 113

TABLE 9-2. National Committee for Clinical
Laboratory Standards Interpretive Breakpoints
Against Candida albicans*

Dose-Dependent

Antifungal Agent  Susceptible Susceptible Resistant
Fluconazole =8 16-32 = 64
Itraconazole =0.125 0.25-0.5 =1
Flucytosine =4 =32

*Data in pg/ml.

ceptible organisms, presumably resulting in the pro-
duction of aqueous pores consisting of polyene mole-
cules linked to the membrane sterols. This configura-
tion gives rise to a pore-like structure, leakage of vital
cytoplasmic components (mono- or divalent cations),
and death of the organism. Amphotericin B has a strong
fungicidal effect on most important yeast pathogens.
Time-kill curves in several studies showed that AmB in-
duces a 3 to 4 log decrease in viable colony counts in
a time span of 2 to 4 hours at supra-MIC concentra-
tions. The MICs of AmB are dependent on several fac-
tors and among them is the composition of the testing
medium. Rex and coworkers recommended the use of
a special broth medium (AM3) to determine AmB MICs
against Candida species (Rex et al, 1995). Presently, a
standard protocol, M-27A using AM3 medium, has
been recommended by the NCCLS. Recently, other in-
vestigators evaluated an agar diffusion method using
E-test with RPMI or AM3 as media in order to dis-
criminate AmB-resistant from AmB-susceptible Can-
dida isolates (Peyron et al, 2001). The MICqq values
for AmB against various Candida species including C.
albicans, C. glabrata, C. parapsilosis, or C. tropicalis
range from 0.25 to 1 pg/ml (Table 9-1). Microbiolog-
ical resistance to AmB can be intrinsic or acquired. In-
trinsic resistance to AmB is common for some C. lusi-
taniae isolates (Pfaller et al, 1994) and for Trichosporon
species (Walsh et al, 1990), while acquired resistance
during antifungal treatment with AmB is still rarely re-
ported among yeast isolates. Some C. lusitaniae isolates
are also able to undergo rapid in vitro switches to AmB
resistance when exposed to the drug (Yoon et al, 1999).

Acquired resistance to AmB is often associated with
alteration of membrane lipids and especially sterols.
Candida albicans clinical isolates resistant to AmB have
been shown to lack ergosterol and to accumulate other
sterols (3B-ergosta-7,22-dienol and 3B-ergosta-8-enol)
typical for a defect in the sterol A%-¢ desaturase system
(Nolte et al, 1997). Such a defect is known in S. cere-
visiae harboring a defect of the A%° desaturase gene
ERG3 (Arthington et al, 1991; Watson et al, 1988).
Curiously, the disruption of the ERG3 gene in C. al-
bicans is not linked to AmB resistance (Sanglard, un-
published). This contrasts with the results obtained in
clinical strains, which probably possess other compen-

satory mutations resulting in AmB resistance. A defect
in A3~ isomerase in a clinical C. neoformans isolate
from an AIDS patient also was linked with AmB re-
sistance (Kelly et al, 1994). A decrease in the content
of cell membrane-associated ergosterol also can cause
AmB resistance, since AmB requires the presence of er-
gosterol to damage fungal cells. Different investigations
supported this possibility by demonstrating that (1) de-
velopment of inducible resistance (induced by an adap-
tation mechanism) in a strain of C. albicans was ac-
companied by a decrease in the ergosterol content of
the cells; and (2) polyene-resistant C. albicans clinical
isolates obtained from neutropenic patients had a 74%
to 85% decrease in their ergosterol content (Dick et al,
1980). Another mechanism accounting for the resist-
ance of yeasts to AmB is thought to be mediated by
increased catalase activity, which can contribute to di-
minished oxidative damage caused by AmB (Sokol-
Anderson et al, 1986).

Flucytosine

Flucytosine (5-FC), which belongs to the class of pyrim-
idine analogues, was developed in the 1950s as a po-
tential antineoplastic agent. Abandoned as an anti-
cancer drug due to its lack of activity against tumors,
5-FC showed good in vitro and in vivo antifungal ac-
tivity. Because 5-FC is highly water-soluble, it can be
administered by oral and intravenous routes (Polak,
1990). Flucytosine is taken up by fungal cells by a cy-
tosine permease and deaminated by a cytosine deami-
nase to S-fluorouracil (5-FU), a potent antimetabolite,
which is converted to a nucleoside triphosphate and,
when incorporated into RNA, causes miscoding. In ad-
dition, 5-FU can be converted to a deoxynucleoside,
which inhibits thymidylate synthase and thereby DNA
synthesis. Flucytosine shows little toxicity in mam-
malian cells, since cytosine deaminase is absent or
poorly active in these cells. However, while 5-FU is a
potent anticancer agent, it is impermeable to fungal
cells. The conversion of 5-FC to 5-FU is facilitated by
intestinal bacteria; consequently, oral 5-FC is associ-
ated with toxicity. Flucytosine is fungicidal against sus-
ceptible yeasts and fungi. A high variability in 5-FC
MICs is observed against Candida species and C. neo-
formans because of the occurrence of intrinsic resist-
ance. MICy( values for 5-FC range from 0.5 to 4 ug/ml
for Candida species including C. albicans, C. para-
psilosis, C. tropicalis, and C. glabrata and for C. neo-
formans (Coleman et al, 1998) (Table 9-1).

Flucytosine is not usually administered as a single
agent because of rapid development of resistance; there-
fore, it is used mainly in combination with other agents,
particularly with AmB. In vitro data regarding the com-
bination of both drugs against Candida species and C.
neoformans are numerous and somewhat contradic-
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tory, showing antagonistic, indifferent, or synergistic
effects (Groll et al, 1998). Flucytosine is also an anti-
fungal agent against which fungal resistance can be ei-
ther intrinsic or acquired. Resistance may occur due to
the deficiency or lack of enzymes implicated in the me-
tabolism of 5-FC or may be due to the deregulation of
the pyrimidine biosynthetic pathway, in which prod-
ucts can compete with the fluorinated metabolites of
5-FC. Detailed investigations on the molecular mecha-
nisms of resistance to 5-FC have shown that intrinsic
resistance to 5-FC by fungi can be due to a defect in
the cytosine permease (as observed in C. glabrata but
not in C. albicans and C. neoformans). By contrast, ac-
quired resistance results from a failure to metabolize
5-FC to 5-fluorouridine triphosphate (5-FUTP) and
5-fluorodeoxyuridine monophosphate (5-FdUMP) or
from the loss of feedback control of pyrimidine biosyn-
thesis (Whelan, 1988).

Azoles

Azole antifungal agents, discovered in the late 1960s,
are synthetic compounds that constitute the largest
group of available antifungal agents. Azole drugs used
in medicine are categorized into N-1 substituted imi-
dazoles (ketoconazole, miconazole, clotrimazole) and
triazoles (fluconazole, itraconazole). The new genera-
tion of broader spectrum azoles are also triazoles
(voriconazole, posaconazole, and ravuconazole).

Azoles have a cytochrome P450 as a common cellu-
lar target in yeasts or moulds (Fig. 9-1). This cy-
tochrome P450, now referred to as Erg11p, is the prod-
uct of the ERG11 gene. The unhindered nitrogen of
the imidazole or triazole ring of azole antifungal agents
binds to the heme iron of Ergl1p as a sixth ligand, thus
inhibiting the enzymatic reaction. The affinity of imi-
dazole and triazole derivatives is not only dependent
on this interaction, but is also determined by the N-1
substituent, which is actually responsible for the high
affinity of azole antifungal agents to their target. Each
of these agents has distinct pharmacokinetics and their
antifungal efficacy is different against yeast and mould
species of medical relevance. Azole antifungals have a
broad spectrum of activity as indicated in Table 9-1.
For an inclusive discussion about the azoles (pharma-
cology, spectrum of activity, toxicity and clinical indi-
cations), see Chapter 6.

Reports on resistance to azole antifungal agents were
rare until the late 1980s. The first cases of resistance
were reported in C. albicans after prolonged therapy
with miconazole and ketoconazole. Following the wide-
spread use of fluconazole in a variety of clinical settings
in the 1990s, antifungal resistance to this azole has been
reported more frequently (White et al, 1998). There are
several mechanisms by which yeasts or filamentous

fungi can become resistant to azole antifungal agents.
These mechanisms are illustrated in Figure 9-1.

Resistance by Altered Drug Transport
Failure to accumulate azole antifungal drugs has been
identified as a cause of azole resistance in several post-
treatment clinical fungal isolates, including vyeast
species such as C. albicans, C. glabrata, C. krusei, C.
dubliniensis, and C. neoformans (Sanglard and Bille,
2002c). In azole-resistant yeasts, genes encoding ATP
binding cassette (ABC)-transporters were upregulated
as compared to most azole-susceptible species (Fig.
9-1). So far, only Candida drug resistance 1 (CDR1)
and Candida drug resistance 2 (CDR2) genes in C.
albicans (Sanglard et al, 1997; Sanglard et al, 1995;
White, 1997a), CdCDR1 gene in C. dubliniensis
(Moran et al, 1998; Perea et al, 2002b), a CDR1 ho-
mologue in C. #ropicalis (Barchiesi et al, 2000),
CgCDR1 and CgCDR2 genes in C. glabrata (Sanglard
et al, 1999; Sanglard et al, 2001) and CzDR gene in
C. neoformans (Posteraro et al, 2003), have been iden-
tified as ABC-transporter genes upregulated in azole-
resistant isolates. In A. fumigatus, itraconazole is able
to induce an ABC-transporter gene, atrF; however, the
role of this gene in the resistance of clinical isolates to
itraconazole is still not clearly established (Slaven et al,
2002). Heterologous expression of ABC-transporter
genes such as CDR1 and CDR2, CdCDR1, CgCDRI1,
and CgCDR2 in S. cerevisiae conferred resistance not
only to several azole derivatives (fluconazole, itra-
conazole, ketoconazole) but also to a wide range of
other compounds including antifungal drugs and meta-
bolic inhibitors (Sanglard et al, 1997; Sanglard et al,
1999; Nakamura et al, 2001). With the sequence data
available from the genomes of yeast pathogens (C. al-
bicans, C. glabrata, C. tropicalis, C. neoformans), it is
possible that additional multidrug transporter genes in-
volved in antifungal resistance will be characterized in
the future.

Besides upregulation of ABC-transporter genes, sev-
eral laboratories have also observed that a multidrug
transporter gene named CaMDR1 (Multidrug Resis-
tance 1, previously known as BEN’ for Benomyl
resistance) and belonging to the family of Major Fa-
cilitators, was upregulated in some C. albicans azole-
resistant clinical isolates (Sanglard et al, 1995; White,
1997a) (Fig. 9-1). Deletion of CaMDR1 in C. albicans
isolates with acquired azole resistance by CaMDR1 up-
regulation resulted in a sharp increase in azole suscep-
tibility, thus supporting by a genetic approach, the in-
volvement of this specific gene in azole resistance
(Wirsching et al, 2000b). Deletion of CaMDRI1 in an
azole-susceptible laboratory strain of C. albicans did
not result in a significant increase in azole susceptibil-
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FIGURE 9-1. Schematic view of the four main resistance mechanisms
to azole antifungals in yeast pathogens. Ergl1p, the cellular target
of azole antifungals, is responsible for the demethylation of lanos-
terol. 14a-demethlylated sterols serve as further substrates in the for-
mation of ergosterol. When azole drugs bind Ergllp, lanosterol

ity, providing further evidence that CaMDR1 is almost
not expressed in this type of strain and more generally,
in azole-susceptible clinical isolates (Sanglard et al,
1996). Upregulation of a CaMDR1-like gene has also
been observed in a fluconazole-exposed C. tropicalis
isolate, which acquired cross-resistance to fluconazole
and itraconazole (Barchiesi et al, 2000). Upregulation
of another CaMDR1-like gene (CdAMDR1) has been re-
ported in fluconazole-resistant C. dubliniensis isolates
(Wirsching et al, 2001; Perea et al, 2002b). In addition,
CdMDRT1 has been deleted in this yeast species, al-

demethylation is blocked and sterol metabolites remain methylated
at the position 14a. The toxic metabolite 3,6-diol (14a-methyler-
gosta-8,24(28)-dien-3B,6a-diol) is formed from the action of ERG3
on 14a-methylfecosterol. Details on specific resistance mechanisms
are given in the text.

lowing a genetic correlation between the presence of
this gene and acquired azole-resistance (Wirsching et
al, 2001).

In most cases, azole resistance acquired in clinical sit-
uations by multidrug transporters in yeast pathogens is
maintained over a high number of generations in vitro
without drug selection. Azole resistance can be, how-
ever, a reversible phenomenon. Marr and collaborators
obtained C. albicans isolates developing azole resist-
ance from bone marrow transplant patients receiving
fluconazole treatment (Marr et al, 1998). Increase in
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fluconazole MIC was coupled with upregulation of
CDR1 but the MIC decreased with a parallel decrease
in CDR1 expression in drug-free subculture. Azole-
susceptible isolates from these type of patients, when ex-
posed in vitro to fluconazole, developed reversible azole
resistance by the same CDR1 upregulation mechanism.
Interestingly, only a portion of individually exposed
colonies were rendered less susceptible to fluconazole,
thus indicating that heteroresistance, which had already
been described in azole-exposed C. neoformans iso-
lates, could also occur in specific C. albicans isolates
(Marr et al, 2001). Another interesting acquisition of
azole resistance in a clinical context by multidrug trans-
porter upregulation has been provided by C. glabrata.
This yeast can convert to azole resistance by loss of mi-
tochondrial DNA. The phenomenon, also called high
frequency azole resistance (HFAR) because it occurs in
vitro at high frequencies, was coupled with upregula-
tion of both C¢CDR1 and the novel ABC-transporter
gene CgCDR2 (Sanglard et al, 2001).

The molecular basis for the upregulation of mul-
tidrug transporters belonging to the ABC and Major
Facilitator families is being actively pursued in yeast
pathogens. Investigators believe that the mutation(s)
leading to gene upregulation might rather be caused by
alterations in trans (i.e., those involving transcription
factors). Using the Renilla luciferase reporter system
fused to CDR1 and CDR2 promoters cloned from
azole-susceptible isolates, de Micheli and colleagues
showed that the expression of these genes was enhanced
in an azole-resistant strain, in which these genes are
constitutively upregulated (de Micheli et al, 2002).
With another reporter system (i.e., gene-encoding green
fluorescent protein fused to the CaMDR1 promoter
from an azole-susceptible strain), investigators showed
that high fluorescence could be obtained when the
chimeric construct was introduced into azole-resistant
strains upregulating CaMDR1 (Wirsching et al, 2000a).
Until now, only the CDR1 and CDR2 promoters have
been dissected systematically for the presence of regu-
latory elements. A common drug responsive element
(DRE) in both promoters could be experimentally de-
limited with the consensus 5'-CGGA(A/T)ATCG-
GATATTTTTTTT-3', which has no equivalent in eu-
karyotic promoter databases (de Micheli et al, 2002).
This DRE is necessary for CDR1 and CDR2 transient
upregulation by drugs and for constitutive upregula-
tion in an azole-resistant isolate. However, the detailed
pathway resulting in CDR gene upregulation and the
identity of proteins binding to the DRE remain to be
determined.

No published data are yet available on the dissection
of the CaMDR1 promoter. In this promoter however,
a AP1-like binding site (TTAGTAA) is present at —470
from the ATG start codon, suggesting that an AP1-like

transcription factor might interact with the regulation
of CaMDR1 (Sanglard, unpublished). Saccharomyces
cerevisiae possesses an AP1-like transcription factor,
YAP1, which mediates the expression of fluconazole
resistance 1 (FLR1), a gene similar to CaMDR1 in S.
cerevisiae (Alarco et al, 1997a). This transcription fac-
tor shuffles from the cytoplasm to the nucleus under
oxidative stress conditions and thus activates the tran-
scription of target genes (Kuge et al, 2001). A C. albi-
cans homologue of YAP1, CAP1, has been isolated and
its disruption affects survival under oxidative stress
stimulated by exposure to H,O, (Alarco and Raymond,
1997b). Deletion of CAP1 also affects, but not abol-
ishes, responsiveness of CaMDR1 in the presence of
benomyl, thus suggesting that CAP1 and yet unknown
factors have the ability to interact with CaMDRI1
(Sanglard, unpublished). In an azole-resistant isolate in
which CaMDR1 upregulation was detected, CAP1
deletion has been performed. In this case, however, no
decrease of CaMDR1 expression could be measured,
thus suggesting that CaMDR1 upregulation can be
caused by CAP1-independent upregulation pathway(s)
(Sanglard, unpublished).

Multidrug transporter genes can be upregulated in
C. glabrata by the HFAR phenomenon as mentioned
above. High frequency azole resistance strains show
high constitutive expression of the ABC-transporters
CgCDR1 and CgCDR2, thus explaining the high level
fluconazole resistance measured in these strains of C.
glabrata (Sanglard et al, 2001). C¢CDR1 and CgCDR2
promoters contain DNA regulatory elements, so-called
pleotropic drug responsive elements (PDRE), first de-
scribed in the promoter of the S. cerevisiae PDRS gene,
the product of which is an important ABC transporter
having similar functions as the C. albicans CDR1 and
the C. glabrata CgCDRI1 genes (Katzmann et al, 1996).
The regulatory circuit of PDRS involves two tran-
scription factors (PDR1 and PDR3). Thus, it is likely
that similar factors could function for the upregulation
of C¢gCDR1 and CgCDR2 in C. glabrata. Multidrug
transporter upregulation in C. glabrata can be consid-
ered as basically different from transporter upregula-
tion in C. albicans, given that CDR genes do not pos-
sess PDRE-like sequences, but rather unrelated DRE
sequences in their promoters, making it likely that dif-
ferent transcription factors will bind to these sequences.
Surprisingly, C. albicans genes related to PDR1 and
PDR3 have been isolated by functional complementa-
tion in S. cerevisiae and can activate the transcription
of PDRS via the PDRE sequences (Yang et al, 2001).

One of the implications of the involvement of mul-
tidrug efflux transporters in resistance to azole anti-
fungal drugs is that these transporters have the ability
to mediate cross-resistance to unrelated antifungals or
metabolic inhibitors. In order to determine whether or
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not a given substance is a potential substrate for mul-
tidrug efflux transporters, different approaches have
been taken. One approach consists of functional ex-
pression of the C. albicans multidrug efflux trans-
porters in baker’s yeast, S. cerevisiae, carrying a dele-
tion of the PDRS gene (Sanglard et al, 1996; Sanglard
et al, 1997). Depending on the acquisition of resistance
of S. cerevisiae mutants expressing these specific trans-
porters against a given compound, the substance can
be considered as a potential substrate for the expressed
multidrug transporter. Potential substrates for the mul-
tidrug efflux transporters encoded by CDR1 and CDR2
include almost all antifungal azoles of medical impor-
tance (fluconazole, itraconazole, posaconazole, vori-
conazole, ravuconazole) as well as other antifungal
agents such as terbinafine and amorolfine. For the mul-
tidrug transporter encoded by CaMDR1, fluconazole
was the only relevant substrate among azole antifun-
gals. Data suggest that the upregulation of CaMDR1
is responsible for the specific resistance to fluconazole
among Candida isolates, consistent with the observa-
tion that CaMDR1 overexpression in S. cerevisiae was
only conferring resistance to fluconazole (Sanglard et
al, 1997). Since not only azole antifungal drugs but
other antifungal agents can be taken simultaneously as
substrates by several multidrug efflux transporters,
these genes, when upregulated in yeast clinical isolates,
have the potential of mediating cross-resistance to dif-
ferent antifungal agents.

Resistance Involving Alterations
of the Cellular Target
Alterations in the affinity of azole derivatives to Ergl1p
is another important mechanism of resistance and has
been described in different posttreatment yeast species,
namely C. albicans (Vanden Bossche et al, 1990) and
C. neoformans (Lamb et al, 1995). Affinity alterations
are thought to be due to mutations in the gene encod-
ing Ergllp (ERGI11), which, by conformational
changes, can affect the binding of azole derivatives
(Fig. 9-1). When comparing ERG11 sequences from
matched pairs of azole-susceptible and azole-resistant
C. albicans isolates, several laboratories have described
nucleotide substitutions in ERG11 alleles from azole-
resistant C. albicans isolates, resulting in amino acid
changes. A total of 83 amino acids substitutions have
been reported by these studies (Sanglard and Bille,
2002c), illustrating the high allelic variability for
ERG11, which still has few equivalents in other genes
in lower eukaryotes. Functional expression of PCR-
amplified ERG11 alleles in S. cerevisiae as described
by azole susceptibility assays is a convenient alterna-
tive to reveal mutations coupled with the development
of azole resistance (Sanglard et al, 1998). In vitro meth-
ods consisting of binding assays of azoles with mutant

Ergll1p protein variants have been carried out for the
substitutions found in ERG11 alleles of azole-resistant
isolates. The introduction of the following substitu-
tions, Arg467 to Lys, Gly464 to Ser, and Tyr132 to
His, into C. albicans Ergl1p resulted in decreased azole
binding capacity (Kelly et al, 1999a; Kelly et al, 1999b;
Lamb et al, 2000). While some ERG11 alleles of azole-
resistant isolates contained a single mutation responsi-
ble for azole resistance, other ERGI11 alleles were
found to contain several mutations with potential ad-
ditive effects. Alteration of the cellular target appears
to be an important resistance mechanism in A. fumi-
gatus clinical isolates that acquire resistance to itra-
conazole. Recently, investigators reported that a muta-
tion in one of the ERG11 alleles (Cyp51A) at amino
acid position 54 could be responsible for resistance to
itraconazole and posaconazole (Mann et al, 2002; Mel-
lado et al, 2002). Interestingly however, this mutation
is not associated with changes in voriconazole suscep-
tibility. Aspergillus fumigatus isolates resistant to
voriconazole remain rare (Mosquera and Denning,
2002).

Upregulation of ERG11 has been mentioned as a
possible cause of azole resistance among a few C. al-
bicans and C. glabrata clinical isolates (Fig. 9-1). Up-
regulation of ERG11 does not exceed a factor of 3-5
in azole-resistant isolates when compared to ERG11
expression in related azole-susceptible strains (Sanglard
et al, 1995). Upregulation of ERG11 can be achieved
in principle by deregulating gene transcription or by
gene amplification. This latter possibility has been
demonstrated in a C. glabrata isolate resistant to azole
derivatives (Marichal et al, 1997). Upregulation of
ERG11 can also be obtained by exposure of C. albi-
cans to ergosterol biosynthesis inhibitors, especially
azole agents. Exposure of C. albicans to these type of
drugs affects the expression of other ERG genes, as re-
cently confirmed by genomewide expression studies
performed in C. albicans (De Backer et al, 2001).

Resistance Involving Alterations in the
Ergosterol Biosynthetic Pathway
Analysis of the sterol composition of azole-resistant
yeasts has provided several hypotheses about specific
alterations of enzymes involved in the complex ergos-
terol biosynthetic pathway. Accumulation of ergosta-
7,22-dienol-3B-ol was observed in two separate azole-
resistant C. albicans clinical isolates, which is a feature
consistent with an absence of sterol A%-¢ desaturase ac-
tivity encoded by ERG3 (Nolte et al, 1997). Interest-
ingly, azole resistance in these two cases was coupled
with resistance to AmB, which was expected because
of the absence of ergosterol in these cells. An ERG3
defect and cross-resistance between azoles and AmB
were also reported in other C. albicans isolates from
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AIDS patients (Kelly et al, 1996; Kelly et al, 1997).
ERG3 deletion by targeted mutagenesis in laboratory
strains of C. albicans (Sanglard, unpublished) and
C. glabrata (Geber et al, 1995) is not linked to AmB
resistance, in contrast to the analysis of C. albicans clin-
ical strains. In addition, the role of ERG3 in azole re-
sistance originates from the observation that treatment
with azoles of a normal yeast cell inhibits Erglip,
resulting in accumulation of 14a-methylated sterols
and 14a-methylergosta-8,24(28)-dien-38,6a-diol. For-
mation of this latter sterol metabolite is thought to be
catalyzed by the ERG3 gene product (the sterol A%
desaturase). Thus, inactivation of this gene suppresses
toxicity and causes azole resistance (Kelly et al, 1995;
Lupetti et al, 2002) (Fig. 9-1). This specific mechanism
of resistance to azole derivatives among C. albicans
seems to mimic azole resistance obtained in laboratory
conditions among S. cerevisiae by mutations of the
ERG3 gene (Watson et al, 1988). Loss of functional
mutations in ERG3 alleles from the known C. albicans
azole-resistant Darlington strain were characterized re-
cently (Miyazaki et al, 1999). Unfortunately, the effect
of these mutations on azole resistance were masked by
other azole resistance mechanisms in this strain, mak-
ing it difficult to assess the contribution of ERG3 in
these conditions (Miyazaki et al, 1999).

Multiple Azole Resistance
Mechanisms in Clinical Isolates
In some studies investigating resistance mechanisms to
azoles among clinical isolates, sequential isolates from
patients treated with these compounds may show a
stepwise increase in azole resistance, as measured by
susceptibility testing. This stepwise increase in azole re-
sistance indicates that different resistance mechanisms
could operate and, through their sequential addition,
explain the increase in azole MIC values. Several ex-
amples have documented the multifactorial basis of
azole resistance in clinical isolates (Sanglard et al, 19935;
White, 1997a; White, 1997b; Sanglard et al, 1998; Perea
et al, 2001). The combination of resistance mechanisms
seems to be associated with a high level of azole resist-
ance, e.g., MIC values for fluconazole exceeding 64
pg/ml (Perea et al, 2001). Alterations of the target en-
zymes by several distinct single or multiple mutations
and upregulation of multidrug transporters from two
different families provide a large flexibility for the po-
tential combinations of resistance mechanisms. Molecu-
lar epidemiologic studies of azole resistance performed
mainly with C. albicans isolates demonstrated that the
diversity of resistance mechanism combinations was high
enough to indicate that only a very few azole resistant
isolates have identical patterns of ERG11 mutations and
profiles of multidrug transporter genes expression. The

relative frequency of resistance mechanisms in large pop-
ulations of azole-resistant isolates has been investigated
in a few studies. Perea and coworkers showed that 85%
of azole-resistant isolates were upregulating multidrug
transporter genes and that 65% contained ERG11 mu-
tations linked to azole resistance (Perea et al, 2001).
Overall, 75% of the azole-resistant isolates combined re-
sistance mechanisms. These results matched our own
data obtained on azole-resistant isolates from 18 HIV-
positive patients; 82% of these isolates showed upregu-
lation of multidrug transporter genes; 63% contained
ERG11 mutations linked to azole resistance; and
50% showed combinations of resistance mechanisms
(Sanglard, unpublished). The relative distribution of the
type of multidrug transporter genes upregulated in these
populations favors the ABC-transporters CDR1 and
CDR2; these transporters are upregulated in approxi-
mately twice as many azole-resistant isolates than in iso-
lates with CaMDR1 upregulation.

Combination of resistance mechanisms is not always
linked to high levels of resistance. In C. glabrata azole-
resistant isolates, a single resistance mechanism (i.e.,
upregulation of the C¢CDR1 ABC-transporter gene) is
responsible for acquisition of high level azole resist-
ance. Genetic evidence has also been provided for the
occurrence of this single resistance mechanism by dele-
tion of C¢CDRI1 in an azole-resistant strain, which re-
sults in a decrease of fluconazole MIC values near to
those obtained in the parental azole-susceptible isolate
(Sanglard et al, 1999).

Alternative Mechanisms of Resistance
Besides the resistance mechanisms described above, al-
ternative pathways for the acquisition of azole resist-
ance can be used by yeasts and moulds. One interest-
ing alternative for development of azole resistance is
the ability of fungal pathogens to form biofilms on syn-
thetic or natural surfaces. Biofilms are organized as a
dense network of differentiated cells onto which a layer
of extracellular matrix can form. Biofilms can consti-
tute a physical barrier for the efficient penetration of
antifungal drugs, which could explain why fungal cells
embedded in the biofilm become recalcitrant to the an-
tifungal action of the drugs. Measurement of drug sus-
ceptibilities of C. albicans or C. dubliniensis obtained
from biofilms yielded high MIC values for azoles and
AmB as compared to planktonic cells (Ramage et al,
2002). As reported for C. albicans, the expression of
genes involved in azole resistance (i.e., multidrug trans-
porter genes) can also be altered in biofilms and may
contribute to the relatively high azole resistance meas-
ured in the fungal cell population of these dense struc-
tures (Ramage et al, 2002). The clinical relevance of
biofilm formation and the potential contribution of
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biofilm to resistance to the action of antifungal agents
is still under debate. There are at least two situations
where biofilms can form in vivo: when fungal cells grow
as multilayers on mucosal surfaces (as in oropharyn-
geal candidiasis) or grow on synthetic surfaces of
catheters. Resistance to antifungal agents by fungal-as-
sociated biofilm formation is therefore limited to spe-
cific clinical presentations.

Genome Approaches to the
Study of Azole Resistance
Azole resistance among fungal pathogens until now has
been correlated with the upregulation of a limited num-
ber of genes belonging mainly to two distinct multidrug
transporter families or to the ergosterol biosynthesis
pathway. Microarray experiments, with their ability to
deliver collections of genes differentially expressed in a
genome, represent an attractive tool to identify clusters
of genes coregulated between azole-susceptible and
azole-resistant isolates. The expression of coregulated
genes might be controlled by common regulatory cir-
cuits converging to similar regulatory sequences in the
promoters of these genes. In one study of microarrays
representing almost the entire C. albicans genome, gene
expression profiles of individual C. albicans isolates
with reduced azole susceptibility were investigated;
these isolates were upregulating either CDR1/CDR?2 or
CaMDR1 (Cowen et al, 2002). Interestingly, in an iso-
late upregulating CDR2, other upregulated genes were
found and, under them, three genes (YPL8S [LPG20],
YOR49 [RTA3], and YLR63) contained in their pro-
moter a consensus for a DRE, which is necessary for
CDR1 and CDR2 upregulation. In other isolates up-
regulating CaMDR]1, several genes involved in oxida-
tive stress response were also upregulated, suggesting
that the oxidative stress pathway, to which CAP1 also
belongs, is contributing to CaMDRI1 upregulation.
With another microarray study, other sets of C. albi-
cans azole-resistant and azole-susceptible isolates were
compared for differential gene expression (Rogers and
Barker, 2002). These investigators confirmed some of
the earlier results by Cowen et al related to the coor-
dinate upregulation of CDR1/CDR2 and YOR49
(RTA3) LPG20 (IFDS), and also enlarged the analysis
to other upregulated genes such as the ergosterol bio-
synthesis gene ERG2, and the cell stress genes, CRD2
and GPXI1. Microarray experiments also represent a
valuable tool to investigate the mode of action of cur-
rent or investigational antifungal drugs. This technique
was used with S. cerevisiae cells exposed to fluconazole
(Bammert and Fostel, 2000) and to AmB (Zhang et al,
2002) or with C. albicans cells exposed to itraconazole
(De Backer et al, 2001). Beside confirming the mode of
action of these drugs, these microarray studies can also

reveal other side effects (so-called off-targets) of the
drugs on the metabolism of the entire cell.

Future microarray experiments will likely evaluate
other azole-resistant isolates as tester strains for ex-
pression profile analyses. These analyses will be help-
ful not only because they may cluster genes under the
control of specific regulatory pathways, but also they
may reveal still unmasked azole resistance mechanisms.

Cyclic Lipopeptides: The Echinocandins

The fungal cell wall is an essential component for the
maintenance of turgor pressure of the cell and is ab-
sent from mammalian cells. The fundamental compo-
nents of the cell wall of most fungi are chitin, a- and
B-linked glucans, mannoproteins, and glycosylphos-
phatidylinositol (GPI)-anchored proteins. Cyclic lipo-
peptide antifungal agents target the biosynthesis of in-
dividual cell wall components, which are attractive
novel targets. The echinocandins are noncompetitive in-
hibitors of 8-1,3 glucan synthase, which is part of an en-
zyme complex that forms the major glucan polymers of
most pathogenic fungi. 8-1,3 glucan synthases in S. cere-
visiae are encoded by 2 separate genes, FKS1 and FKS2
(Kurtz and Douglas, 1997), whose simultaneous deletion
results in nonviable cells. FKS-like genes have been cloned
from other fungal pathogens, including C. albicans,
C. neoformans, and Paracoccidioides brasiliensis (Dou-
glas et al, 1997; Mio et al, 1997; Thompson et al, 1999;
Pereira et al, 2000). Synthetic variations on the echinocan-
din moiety have produced several molecules with im-
proved water solubility, antifungal potency and efficacy
in animal models. Caspofungin (MK-0991) is the only
currently approved echinocandin; two other drugs in
this class are in various stages of development, mica-
fungin (FK 463) and anidulafungin (VER 002). Caspo-
fungin, a semisynthetic analogue of pneumocandin Bo
(Onishi et al, 2000), is water-soluble, only available in
parenteral form, and has very good fungicidal activity
against a large number of Candida spp. and Aspergillus
spp. The MIC values for these pathogens range between
0.12 and 2 pg/ml (Table 9-1).

The MICs for caspofungin against A. fumigatus are
however atypical. Since the drug is active against ex-
perimental in vivo models of aspergillosis (Bowman et
al, 2002), other criteria for measuring its activity have
been developed (Arikan et al, 2001), such as the min-
imal effective concentration (MEC), which estimates
microscopic cell damage rather than decrease in growth
as classically measured by standard MIC tests. Pneu-
mocandin resistance was first demonstrated in the
model yeast S. cerevisiae; a mutant R560-1C was
shown to be resistant to the semisynthetic pneumo-
candin derivative 1-733,560. Glucan synthesis cat-
alyzed by a crude membrane fraction prepared from
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the S. cerevisiae was resistant to inhibition by
L-733,560; a nearly 50-fold increase in the inhibitory
concentration 50% (ICs) against glucan synthase was
paralleled by an increase in whole-cell resistance (Dou-
glas et al, 1994).

Pneumocandin resistance has been established in C.
albicans either by mutagenesis or by spontaneous se-
lection at low frequency of resistant mutants on pneu-
mocandin-containing medium. Resistant mutants in-
creased their MIC values to pneumocandin derivatives
by 50- to 100-fold. The ICsy of glucan synthase activ-
ity was affected to variable degrees, from 4- to over
5000-fold, in these mutants, suggesting that alterations
in this enzyme were responsible for resistance. With the
cloning of the CaFKS1 gene encoding a subunit of
B-1,3 glucan synthase, genetic evidence was provided for
this possibility since disruption of CaFKS1 echinocan-
din-resistant alleles in a C. albicans resistant mutant re-
sulted in loss of resistance (Douglas et al, 1997; Mio
et al, 1997). These experiments also provided the evi-
dence that echinocandin derivatives were targeting the
product of the CaFKS1 gene in C. albicans. Not only
was the development of echinocandin resistance a rare
event in C. albicans, but also it was coupled with re-
duced virulence in animal models (Frost et al, 1997).
Other echinocandin-resistant mutants have been pro-
duced without significant loss of virulence. These mu-
tants were more refractory but still susceptible to treat-
ment with the echinocandin L-733,560 than fully
susceptible wild types (Kurtz et al, 1996). Since the in-
troduction of caspofungin for the treatment of fungal
diseases is a very recent event, it is too early to specu-
late on the impact of the clinical use of this drug on
the potential emergence of resistance.

SURVIVING IN THE PRESENCE
OF ANTIFUNGAL DRUGS

Some important antifungal agents in use (fluconazole,
itraconazole) have a fungistatic activity in C. albicans,
while other compounds have strong (e.g., AmB) or
moderate (e.g., caspofungin) fungicidal activities in C.
albicans. The fungistatic nature of azoles limits the ef-
ficacy of these substances especially in patients with
serious immunosuppression, since the immune system
participates actively with azoles in the elimination of
C. albicans from infected sites. Recently, a screening of
different types of drugs encountered in medical prac-
tice and capable of potentiating the activity of azoles
was done. Among these different drugs, cyclosporin A
was found to act in synergism with fluconazole and
converted the in vitro fungistatic antifungal effect of
fluconazole into a potent fungicidal effect (Marchetti
et al, 2000b). This conversion into a fungicidal effect
is due to a loss of tolerance, which is generally defined

as the capacity of an organism to survive in the pres-
ence of a drug at growth-inhibiting concentrations. The
impact of the loss of fluconazole tolerance on drug ef-
ficacy was tested in a rat model of endocarditis due to
C. albicans infection (Marchetti et al, 2000a). The re-
sults of animal experiments confirmed those results ob-
served in vitro: the combination of fluconazole with cy-
closporin A greatly increased the efficacy of fluconazole
treatment and reduced fungal load to undetectable lev-
els in infected organs. The molecular mechanism of cy-
closporin A on fluconazole tolerance in C. albicans
infection is thought to be exerted at the level of the
cyclophilin—cyclosporin A complex, which inhibits cal-
cineurin functions. Calcineurin, a protein phosphatase
conserved among eukaryotic organisms, is activated by
a calcium-dependent pathway (Rusnak and Mertz,
2000). Recent studies indicate that calcineurin is es-
sential for survival of C. albicans exposed to different
environmental stresses; among these, exposure to anti-
fungal agents is of special relevance (Cruz et al, 2002)
(Sanglard, unpublished). Calcineurin seems to be in-
volved in the survival of other fungal pathogens (i.e.,
C. krusei and C. glabrata) in the presence of antifun-
gal drugs (Bonilla et al, 2002; Cruz et al, 2002). Inhi-
bition of calcineurin could therefore be utilized in the
future for increasing the efficacy of specific antifungal
drugs. The exact mechanisms by which calcineurin pro-
tects C. albicans from cell death in the presence of an-
tifungal drugs remain to be elucidated.

CURRENT SITUATION OF RESISTANCE
TO ANTIFUNGAL DRUGS

Antifungal resistance over the last 10 to 15 years has
been seen with triazole antifungals (fluconazole, itra-
conazole) in relation to oropharyngeal candidiasis as-
sociated with HIV infection. However, with the in-
troduction of highly active antiretroviral therapy
(HAART) for AIDS, oral candidiasis has decreased in
frequency (Martins et al, 1998) and azole-resistant iso-
lates from AIDS patients are now rarely isolated. The
extensive use of azole antifungals during this period,
either for treatment or prophylaxis of fungal diseases,
could have been a predisposing factor for the emer-
gence of yeast species intrinsically resistant, such as C.
krusei or C. glabrata. However, available prospective
data from oral and vaginal samples from more than
1220 HIV positive women between 1993 and 1995
showed little shift in the spectrum of Candida species,
with C. albicans accounting for 87% of isolates at the
start of the study, 84% after 1 year and 83% after 2
years (Sobel et al, 2000). The data for HIV-negative
patients showed a similar (82%-87%) prevalence of C.
albicans. Accordingly, azole usage appears to have lit-
tle effect on the prevalence of Candida species origi-
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nating from mucosal surfaces and has not predisposed
to the predominance of non-C. albicans species associ-
ated with intrinsic resistance. Large surveillance stud-
ies performed in North America and in Europe have
also looked at the problem of antifungal resistance in
disseminated infections. A recent study of Candida
bloodstream isolates in North America and Latin
America indicated that less than 2% and 9% of Can-
dida spp. were resistant to fluconazole and itracona-
zole, respectively (Pfaller et al, 2000). An overview of
available data from population-based surveillance pro-
grams of Candida bloodstream infections indicate lit-
tle, if any, resistance to fluconazole emerged among
bloodstream isolates of Candida spp. between 1992
and 2000 (Pfaller and Diekema, 2002). In a recent
review of this issue, the main conclusion was that C.
albicans, which is the principal species to cause can-
didemia, has undergone no significant shift in flucona-
zole or itraconazole MICs (Sanglard and Odds, 2002b).

Some population shift toward intrinsically resistant
non-C. albicans species has been reported in specific in-
stitutions. Compilation of data by Sanglard and Odds
supports a correlation of C. glabrata and C. krusei
prevalence with the introduction of fluconazole ther-
apy (Sanglard and Odds, 2002b). Other less common
fungi, many of which are intrinsically resistant to the
currently available antifungal agents, are being in-
creasingly reported as causes of fungal infections and
therefore deserve more attention. These fungi include
Zygomycetes (Rhbizopus arrhizus, Mucor spp., Rbi-
zomucor pusillus), Fusarium spp., Trichosporon asabii,
Scedosporium spp., Acremonium spp. and dematia-
ceous fungi (Fridkin and Jarvis, 1996; Groll and Walsh,
2001; Perea and Patterson, 2002a).

CONCLUSIONS AND PERSPECTIVES

Studies on mechanisms of resistance of fungal organ-
isms to antifungal agents have documented the many
different resources utilized by simple microorganisms to
circumvent the effect of growth inhibitory substances.
Expectations are that other mechanisms will soon be re-
vealed, either by use of novel technologies (i.e.,
genomewide analysis with DNA microarrays) or by con-
tinued isolation of resistant isolates in hospital envi-
ronments. Clinicians faced with the treatment of fungal
diseases have to take into account that fungal pathogens
have versatile tools for evolving resistance mechanisms.
This phenomenon was seen with azole resistance in
AIDS patients before the introduction of HAART. Even
if the incidence of antifungal drug resistance among fun-
gal pathogens is now low, studies on surveillance of an-
tifungal resistance are still necessary. New antifungal
agents with improved properties (voriconazole) or with
a new mode of action (echinocandins) are now avail-

able and offer attractive alternatives for the treatment
of fungal diseases. In addition, combinations of these
newer antifungal agents with older agents can be better
rationalized since each of the individual drugs has a dif-
ferent mode of action. These antifungal drug combina-
tions will likely offer novel alternative therapeutic ap-
proaches for refractory fungal infections.
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Invasive fungal infections (IFIs) have become an im-
portant problem in recent years, particularly among im-
munocompromised patients, such as those with cancer
and those undergoing transplantation or chemother-
apy. Corticosteroid treatment and phagocytic dysfunc-
tion occurring in patients with chronic granulomatous
disease (CGD), human immunodeficiency virus (HIV),
graft vs. host disease (GVHD) and birth prematurity
are some other conditions that are associated with high
frequency of IFIs. Invasive candidiasis and aspergillo-
sis are the most frequent opportunistic IFIs. Despite re-
cent progress in antifungal therapy with the develop-
ment of new potent antifungal drugs and establishment
of novel antifungal strategies of prevention and early
treatment, their outcome remains dismal and mortality
can be up to 90% (Denning, 1998). Reconstitution of
immune host defense is a critical factor for recovery
from IFIs (Roilides et al, 1998a).

Host defense against fungi is through both innate and
acquired immunity. Innate immunity is based on the
antifungal action of mononuclear and polymorphonu-
clear phagocytes. Both the number and the function of
these cells can be up-regulated by hematopoietic growth
factors (HGFs) and proinflammatory cytokines. By
contrast, antiinflammatory cytokines exert an overall
suppressive effect on antifungal function of phagocytes.
Table 10-1 provides the names with abbreviations of
clinically relevant HGFs and cytokines. Acquired im-
munity is based on T lymphocytes and antibody pro-
duction by B lymphocytes and has been studied best in
the cases of the fungal pathogens, Candida albicans and
Cryptococcus neoformans (Aguirre and Johnson, 1997).

The immune system responds to challenges by fungi
with secretion of a number of cytokines. For example
in the case of Aspergillus fumigatus, one of the com-
monest pathogenic fungi, inhalation of conidia results
in the production of interleukin (IL)-18, IL-12, and
interferon (IFN)-y, which play a protective role in
pulmonary aspergillosis (Brieland et al, 2001). On the
other hand, conidia, hyphae, and even fungal cell wall
components result in secretion of high levels of IFN-y,
granulocyte-macrophage colony-stimulating factor (GM-
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CSF), tumor necrosis factor (TNF)-a, IL-2, and IL-6,
especially by macrophages and monocytes (Grazziutti
et al, 1997; Schelenz et al, 1999) orchestrating the host
response to the invading fungus (Fig. 10-1). The im-
mune responses to medically relevant fungi are sum-
marized in Table 10-2.

HEMATOPOIETIC GROWTH FACTORS
AND OTHER CYTOKINES

The most important biologic properties of HGFs and
cytokines related to antifungal host defense are re-
viewed here. Granulocyte colony-stimulating factor
(G-CSF) acts upon polymorphonuclear neutrophils
(PMNs), promoting their maturation and increasing
their number in peripheral blood (Lieschke and Burgess,
1992; Nemunaitis, 1997). In vitro studies have demon-
strated that G-CSF also regulates the function of intact
PMNSs against fungi, such as C. albicans and A. fumi-
gatus hyphae, mainly by enhancement of PMN super-
oxide anion (O,~) production (Roilides et al, 1995a;
Roilides et al, 1993a; Liles et al, 1997). This enhance-
ment occurs even when PMNs have been previously
suppressed by corticosteroids (Roilides et al, 1993b).
Polymorphonuclear neutrophils from patients treated
with G-CSF have been found to possess enhanced in
vitro activity not only against A. fumigatus but also
against Rhizopus arrhizus, C. albicans (Liles et al,
1997), and C. neoformans (Vecchiarelli et al, 1995).
The latter two fungal organisms were killed even by
PMNs from HIV-infected patients who had received
G-CSF (5 pg/kg), a finding suggesting that this cytokine
restores the suppressed function (Vecchiarelli et al,
1995). The effect of G-CSF has been also tested in com-
bination with fluconazole and voriconazole in vitro and
an additive effect has been found against C. albicans
and A. fumigatus (Natarajan et al, 1997; Vora et al,
1998). Similar effect has been demonstrated in a neu-
tropenic murine model of invasive aspergillosis given
G-CSF and posaconazole (Graybill et al, 1998).
Granulocyte-macrophage colony-stimulating factor
acts on both granulocytic and monocytic lineages, reg-
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TABLE 10-1. Clinically Relevant Hematopoietic
Growth Factors and Cytokines with Potential
Utility as Adjunctive Antifungal Therapy

Hematopoietic

Growth Factors Cytokines

G-CSF IFN-y IL-4
GM-CSF TNF-« IL-10
M-CSF IL-12 IL-15

G-CSF, granulocyte colony-stimulating factor; GM-CSF, granulo-
cyte-macrophage colony-stimulating factor; M-CSF, macrophage
colony-stimulating factor; IFN-y, interferon-y; TNF-a, tumor necro-
sis factor-a; IL, interleukin.

ulating the number not only of PMNs but also of
eosinophils and monocytes. Granulocyte-macrophage
colony-stimulating factor enhances antifungal activities
of intact PMNs and mononuclear cells (MNCs) against
C. albicans (Smith et al, 1990), A. fumigatus (Roilides
et al, 1994), and other less common fungi. The effect
of GM-CSF has been tested in vitro in combination
with voriconazole and an additive effect, similar to that
with G-CSF, has been found against A. fumigatus (Vora
et al, 1998). Granulocyte-macrophage colony-stimulat-
ing factor also primes macrophages to release mediators
of inflammation such as IL-1 and TNF-a (Rodriguez-
Adrian et al, 1998) that can overcome dexamethasone-
mediated suppression of antifungal monocytic activity
against Aspergillus (Roilides et al, 1996a). On the other
hand, these mediators may be responsible for the toxi-
city associated with GM-CSF therapy.
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Macrophage colony-stimulating factor (M-CSF),
which promotes the differentiation, proliferation, and
activation of MNCs and macrophages, enhances the
antifungal in vitro activity of MNCs and macrophages
against Candida spp. (Karbassi et al, 1987), A. fumi-
gatus (Roilides et al, 1995b) and other fungi. This en-
hancement also has been shown in vivo (Cenci et al,
1991; Roilides et al, 1996Db).

Interferon-y is a potent activator of both PMN and
macrophage function (Murray, 1994) that can enhance
phagocytic activity against a number of fungal pathogens
both in vitro and in vivo (Kullberg and Anaissie, 1998a).
An up-regulatory role of IFN-y on both PMNs and
MNCs against Aspergillus hyphae has been shown as
well as an additive effect of the combination of IFN-y
and G-CSF at high concentrations (Roilides et al, 1994;
Roilides et al, 1993a). Compared to G-CSF and
GM-CSF, TFN-y has been shown to be a very potent
activator of phagocytes against opportunistic fungal
pathogens (Gaviria et al, 1999). Synergy between IFN-
v and antifungal agents against Candida species, A. fu-
migatus, C. neoformans, Paracoccidioides brasiliensis,
and Blastomyces dermatiditis has been demonstrated
in vitro by use of macrophages (Rodriguez-Adrian et
al, 1998) and in vivo for experimental cryptococcosis
(Lutz et al, 2000).

Interleukin-12 can enhance fluconazole efficacy
against Candida infections in mice with neutropenia
(Mencacci et al, 2000) and has activity alone in ex-
perimental murine cryptococcosis (Clemons et al,
1994), histoplasmosis (Zhou et al, 1995), coccid-
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FIGURE 10-1. Cytokine response of host pulmonary immune cells after challenge with conidia of A. fu-

migatus, a typical airborne fungus.
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TABLE 10-2. Immune Response to Specific
Groups of Fungi
Fungi

Immune Response

Candida albicans and
other Candida spp.

Macrophages (liver, spleen, etc.)
phagocytose and kill blastoconidia
intracellularly by nonoxidative
mechanisms, produce monokines
(i.c., TNF-a)

Neutrophils (circulating in blood
stream and in tissues) phagocytose
and kill blastoconidia intracellu-
larly, damage pseudohyphae and
hyphae extracellularly by oxidative
burst and nonoxidative mechanisms

T lymphocytes produce lymphokines
(i.e., IL-18, IFN-y)

Pulmonary alveolar macrophages
phagocytose and kill conidia
intracellularly by nonoxidative
mechanisms, produce monokines
(i.e., TNF-a)

Neutrophils damage escaping hyphae
extracellularly by oxidative burst
and nonoxidative mechanisms

T lymphocytes produce lymphokines
(i.c., IL-18, IFN-y)

Polysaccharide-specific antibody
mediated response, phagocytosis
by macrophages and neutrophils,
inhibition of immune functions

Airborne fungi (i.e.,
Aspergillus spp.,
Zygomycetes,
Fusarium spp.,
Scedosporium spp.)

Cryptococcus neoformans
(and Trichosporon spp.)

TNF-a, tumor necrosis factor-a; IL, interleukin; IFN, interferon.

ioidomycosis (Magee and Cox, 1996), and early in the
course of aspergillosis. Thus, IL-12 may be useful ad-
junctive therapy against various IFIs in the setting of
neutropenia. However, IL-12 can be detrimental in
hosts that are not neutropenic because IL-12 can in-
duce an excessive inflammatory response (Romani et
al, 1997).

Interleukin-15 shares biological activities with IL-2,
and appears to be important in up-regulation of host
defenses against opportunistic fungal infections. Inter-
leukin-15 has been shown to enhance O, production
and antifungal activities of PMNs and MNCs, includ-
ing their abilities to phagocytose and inhibit growth
of C. albicans (Musso et al, 1998; Vazquez et al,
1998b). Similarly, IL-15 enhances PMN-induced hy-
phal damage in a variety of fungi including A. fumi-
gatus, Scedosporium prolificans, and Fusarium spp.,
but not Aspergillus flavus or Scedosporium apiosper-
mum (Pseudallescheria bodyii) (Roilides et al, 2001a).

Tumor necrosis factor-a is another potent immu-
noenhancing cytokine that can augment the production
of other cytokines, such as GM-CSF as well as enhance
several PMN functions, mainly by increasing O, and
H,0, release (Roilides et al, 1998b). In vitro studies
have demonstrated that TNF-a enhances the antifun-
gal activities of all the phagocytes against A. fumiga-
tus. For example, TNF-a stimulates PMNs to damage
hyphae, enhances pulmonary alveolar macrophage

(PAM) phagocytosis of conidia, and also increases O, ~
production by MNCs, although the effects on MNC
functions are moderate (Roilides et al, 1998b). Fungi-
cidal activity of PMNs against blastoconidia of C. al-
bicans and Candida glabrata also have been enhanced
by TNF-a (Djeu et al, 1986; Ferrante, 1989), whereas
the results against pseudohyphae of C. albicans have
been equivocal (Diamond et al, 1991).

Interleukin-4, a cytokine with antiinflammatory prop-
erties, has been shown to suppress the oxidative burst
of MNCs and the killing of C. albicans blastoconidia
(Roilides et al, 1997b). In the case of A. fumigatus,
IL-4 significantly suppresses MNC-induced damage of
hyphae, but did not alter phagocytic activity or inhibi-
tion of conidial germination. These findings suggest a
lack of pathogenic role of IL-4 on the host response in
the early phase of invasive aspergillosis and a suppres-
sive role in the late phase. In murine models of can-
didiasis and aspergillosis, IL-4 had detrimental effects
(Cenci et al, 1999; Cenci et al, 1993) and inhibition of
IL-4 improves outcome.

Interleukin-10 is a similarly potent cytokine that af-
fects MNCs by suppressing O, production and anti-
fungal activity of MNCs against A. fumigatus hyphae,
a late host response event. IFN-y and GM-CSF appear
to counteract the suppressive effects of IL-10 (Roilides
et al, 1997a). Interleukin-10 also affects PMN function
against C. albicans by suppressing phagocytosis of blas-
toconidia and by reducing PMN-induced damage of C.
albicans pseudohyphae (Roilides et al, 2000).

ADJUNCTIVE ANTIFUNGAL THERAPY
WITH HEMATOPOIETIC GROWTH FACTORS
AND OTHER CYTOKINES

Two patient population groups are at high risk for IFIs:
those with neutropenia and those without neutropenia
but with a variety of functional deficiencies of lym-
phocytes and phagocytes. Hematopoietic growth fac-
tors and other cytokines have a role in prophylaxis in
both patient groups and in treatment of IFIs in combi-
nation with antifungal drugs.

Neutropenia
Patients with malignancies and disease or therapy-
related neutropenia constitute the largest group of per-
sons with acquired defects in host defenses and the
group with greatest need for immune reconstitution.
Thus, most of the preclinical and clinical studies have
focused on this patient population. Although various
cytokines have been evaluated extensively in preclini-
cal studies, to date no randomized studies have been
performed to specifically examine their roles against
IFIs. The fact is that the number of IFIs as infectious
sequelae of immune compromise is relatively small, and
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no study has had the statistical power to demonstrate
significant differences in the two treatment groups (cy-
tokine vs. placebo). Thus, conclusive clinical data are
still missing, making the issue of cytokine use in the
management of IFIs controversial.

The clinical use of G-CSF and GM-CSF has been
based on the ability of either factor to abbreviate the
depth and duration of neutropenia (American Society
of Clinical Oncology, 1994; Boogaerts and Demuynck,
1996). In particular, G-CSF has been used to promote
bone marrow recovery in patients with neutropenia and
for the treatment of chronic neutropenia, myelodys-
plastic syndrome, and aplastic anemia (Nemunaitis,
1997). Both GM-CSF and G-CSF are used clinically in
patients with neutropenia associated with chemother-
apy and/or hematopoietic stem cell transplantation
(HSCT), myelodysplastic syndromes, and aplastic ane-
mia in order to promote bone marrow recovery. Both
HGFs have assumed a central role in the supportive
care of neutropenic patients associated with cancer,
transplantation, aplastic anemia, and congenital defi-
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ciencies. Since susceptibility to IFIs is proportional to
the duration and degree of neutropenia (Nemunaitis,
1998a), the outcome of neutropenic patients with IFIs
who receive a HGF may be better.

Hematopoietic growth factors have been adminis-
tered in different settings of immunosuppression for
the management of IFIs (Fig. 10-2). For prophylaxis
against infections, HGFs have been given at the begin-
ning of neutropenia (Antman et al, 1988; Crawford et
al, 1991; Rowe et al, 1995; Seipelt, 2000). Although
beneficial effects were noted in some of these studies,
the number of IFIs that developed was too small to
evaluate any potential effect. As shown in Table 10-3,
in a retrospective study of prophylactic administration
of GM-CSF to patients with autologous bone marrow
transplantation (BMT) for lymphoid cancer (Nemu-
naitis et al, 1998b), GM-CSF resulted in a trend to-
ward fewer IFIs and decreased use of amphotericin B.
In this study, the 28-day post-BMT incidence of over-
all infections occurring in those who had taken GM-
CSF was compared with those who had no GM-CSF.
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FIGURE 10-2. Settings where hematopoietic growth factors (HGFs)
and interferon-y (IFN-vy) have been used and may have potential clin-
ical efficacy. Typical course of a hematopoietic stem cell transplant
(HSCT) patient consisting of neutropenic and nonneutropenic peri-

ods and settings when invasive fungal infections (IFIs) may occur.
Cytokine administration has been suggested at times indicated by ar-
rows; the few clinical data published are summarized below. (Mod-
ified from Roilides et al, in press, 2003).
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TABLE 10-3. Clinical Studies on Use of Cytokines
for Prophylaxis Against Invasive Fungal Infections
in Cancer Patients

Reference Cytokine Outcome
Nemunaitis GM-CSF Overall | infections, a trend of
et al, 1998b | IFIs, | intravenous antibiotics
and | days of amphotericin B
usage
Rowe et al, GM-CSF More complete responses,
199§ 1 survival, | IFI-related
mortality
Peters et al, GM-CSF* Overall | infections, more

1996 complete responses, prevention
of IFIs in patients receiving
high-dose chemotherapy

*Retrospective analysis of GM-CSF vs. nonmacrophage enhanc-
ing cytokines

GM-CSF, granulocyte-macrophage colony-stimulating factor; IFI,
invasive fungal infection.

Overall, fewer infections were observed with GM-CSF
treatment as well as a trend of fewer IFIs and fewer
days of amphotericin B usage.

Granulocyte-macrophage colony-stimulating factor
has been used in patients with malignancies undergo-
ing chemotherapy or BMT, and has been found to im-
prove survival and decrease the rate of bacterial and
fungal infections (Giles, 1998). A retrospective study
(Peters et al, 1996) suggested that GM-CSF has some
advantages compared to G-CSF as preventive therapy
of IFIs in patients receiving high-dose chemotherapy,
with or without stem cell transplantation (Table 10-3).

The only prospective, randomized study that had
enough IFIs to show significant differences has been the
Eastern Cooperative Oncology Group study (Rowe et
al, 1995) (Table 10-3). In this placebo-controlled
study, GM-CSF administration to 124 elderly patients
with myelogenous leukemia resulted in a reduction in
the TFI-related mortality (2% in the GM-CSF group as
compared to 19% in the placebo group), and a higher
rate of complete remission of neutropenia. Among
the patients with IFIs, there were 11 patients with as-
pergillosis, 7 with candidiasis and 2 with other IFIs.
Only 1 of 8 patients who had been randomized to re-
ceive GM-CSF and developed IFI died (13%) as com-
pared to 9 among 12 patients on placebo (75%). No
significant differences between aspergillosis and can-
didiasis were noted.

Similar lack of consistent beneficial effects to sup-
port routine use of HGFs exists in the case of preemp-
tive administration of G-CSF or GM-CSF to patients
at the onset of febrile neutropenia (Maher et al, 1994;
Aviles et al, 1996; Anaissie et al, 1996; Ohno et al,
1997) (Table 10-4). In this setting, however, signifi-
cantly less usage of antifungal drugs was observed
probably due to the effect of the cytokines on the in-
cidence and duration of febrile neutropenia. Again, the

numbers of IFIs diagnosed in the treated or the control
arms were too small for any meaningful comparisons.
Granulocyte colony-stimulating factor also was stud-
ied in a randomized trial in which patients with hema-
tological malignancies and febrile neutropenia received
either G-CSF with antibiotics or antibiotics alone
(Aviles et al, 1996). Although only four IFIs occurred,
all were encountered in the group receiving antibiotics
alone. The patients receiving G-CSF plus antibiotics
fared better by every outcome parameter.

In a double-blind controlled study, the administra-
tion of M-CSF to patients with myelogenous leukemia
and febrile neutropenia decreased incidence and dura-
tion of febrile neutropenia and significantly decreased
the use of systemic antifungal drugs (Ohno et al, 1997).
However, no impact on disease-free survival was found,
an outcome heavily dependent on many confounding
factors in these high-risk patients.

Based on the data cited above, strong evidence for
success with prophylactic or preemptive therapy with
HGFs does not currently exist. On the other hand,
when a febrile neutropenic episode is complicated and
IFI is suspected, adjunctive use of a HGF with empir-
ical antifungal therapy may be justified according to
the American Society of Clinical Oncology (ASCO) up-
dated recommendations regarding the use of HGFs
(Ozer et al, 2000). In this document, ASCO does not
recommend the use of HGFs for routine purposes in
patients with afebrile neutropenia.

REFRACTORY INVASIVE FUNGAL INFECTIONS

Both in vitro and experimental animal models have
suggested the utility of cytokine treatment as adjunc-

TABLE 10-4. Clinical Use of Cytokines as Adjunctive

Management of Febrile Neutropenia*

Reference Cytokine

Maher et al., G-CSF | Number of days of neutropenia,

1994 | time to resolution of febrile

neutropenia, | risk for prolonged
hospitalization, accelerated
neutrophil recovery

Outcome

Aviles et al, G-CSF More clinical responses, | super-
1996 infections, | hospitalization,
| antibiotic use, | mortality IFIs
in the group treated with antibiotics
plus G-CSF

Anaissie GM-CSF  No effect on clinical response and
et al, 1996 survival
Ohno et al, M-CSF | Incidence and duration of febrile

1997 neutropenia, | | use of systemic
antifungal drugs

*Early or preemptive treatment of a possible invasive fungal in-
fection in cancer patients*

G-CSF, granulocyte colony-stimulating factor; GM-CSF, granulo-
cyte-macrophage colony-stimulating factor; M-CSF, macrophage
colony-stimulating factor.
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tive therapy in combination with conventional anti-
fungal chemotherapy against refractory IFIs (Kullberg
and Anaissie, 1998a; Roilides et al, 1998a; Stevens,
1998; Stevens et al, 2000; Farmaki and Roilides, 2001).
There are several small series and case reports sug-
gesting the use of G-CSF as adjunctive therapy for cer-
tain IFIs with very poor prognosis in combination with
amphotericin B or fluconazole and in some cases in ad-
dition to surgical debridement (Grauer et al, 1994;
Fukushima et al, 1995; Dornbusch et al, 1995; Niitsu
and Umeda, 1996; Sahin et al, 1996; Gonzalez et al,
1997; Hennequin et al, 1994; Boutati and Anaissie,
1997). Similarly, other reports have suggested a po-
tential beneficial effect of the combination of GM-CSF
and antifungal drugs (Spielberger et al, 1993; Pagano
et al, 1996; Vazquez et al, 1998a; Abu Jawdeh et al,
2000) and GM-CSF and IFN-y plus antifungal therapy
(Poynton et al, 1998). Other clinical case reports of
combination therapy with IFN-y and conventional an-
tifungal therapy have had mixed results.

In addition to the anecdotal reports cited above, three
somewhat larger trials have addressed this issue. In the
first clinical trial examining combination immunother-
apy, M-CSF was administered to patients at escalating
dosages (50-2000 mg/m?, IV) in combination with the
appropriate antifungal agent (amphotericin B, flucona-
zole, or flucytosine) at maximally tolerated doses (Ne-
munaitis et al, 1991). Among the 45 patients with IFIs,
30 had candidiasis, 15 had aspergillosis, and 1 had an-
other. There was a trend toward better survival in the
patients receiving M-CSF (Nemunaitis et al, 1993; Ne-
munaitis, 1998b). Moreover, this increase in survival
was significant in patients with candidiasis and a
Karnofsky score > 20% when compared with histori-
cal controls.

In another pilot study in which GM-CSF and am-
photericin B were administered to 8 patients with IFIs
and severe neutropenia, 6 had a PMN response, 4 were
completely cured, and 2 were improved. Unfortunately,
3 patients developed a capillary leak syndrome, sug-
gesting that the dosage of GM-CSF was excessive
(Bodey et al, 1993). However, a subsequent open study
of GM-CSF plus amphotericin B in 17 neutropenic can-
cer patients with proven IFIs did not show similar fa-
vorable outcomes; 6 of 17 died. Eight of the patients
had candidemia, 8 had pulmonary aspergillosis, and 1
had fusariosis (Maertens et al, 1997). Clearly, statisti-
cally powered randomized clinical trials examining the
utility of cytokine therapy in combination with con-
ventional antifungal agents remain to be done.

The issue of cost effective use of cytokines as ad-
junctive therapy in combination with antifungal agents
has not been thoroughly studied and does not allow
specific recommendations. In 29 neutropenic patients
with IFIs following chemotherapy or BMT, combined

therapy of amphotericin B and G-CSF (3-5 ug/kg per
day) was associated with an improved response rate
(62% vs. 33% controls) (Hazel et al, 1999). This study
showed a greater cost-effectiveness of combination reg-
imen, based on drug acquisition, hospital stay, and
treatment duration (Flynn et al, 1999).

In immunocompetent patients, G-CSF is the only
HGEF that has been investigated. In a multicenter clin-
ical trial addressing the utility of G-CSF as adjunctive
therapy of invasive candidiasis, 51 nonneutropenic pa-
tients were randomized to receive either fluconazole
alone or fluconazole with G-CSF. There was a trend
(not statistically significant) toward an earlier resolu-
tion of infection as well as reduced mortality in the
patients receiving combination therapy (Kullberg et al,
1998b). Results of this study support in vitro and in
vivo results that have shown that not only number, but
also function, of host immune cells is important to re-
covery from IFIs (Rodriguez-Adrian et al, 1998; Men-
cacci et al, 2000).

Phagocytic Dysfunction
Certain nonneutropenic patients have phagocytic dys-
function and are also at high risk for IFIs. Among them,
patients with HSCT after recovery from neutropenia
and especially during corticosteroid treatment of post-
engraftment GVHD are the most susceptible hosts
(Rodriguez-Adrian et al, 1998). Apart from a decrease
in the function of circulating phagocytes, these patients
present abnormal cell-mediated immunity related to de-
fective function of MNCs, T, and NK cells. Indeed, IFIs,
particularly aspergillosis, occur frequently in HSCT pa-
tients after the resolution of neutropenia (Wald et al,
1997), presumably related to an existing cytokine net-
work dysregulation (Roilides et al, 2001b). These high-
risk HSCT patients may benefit from cytokines ad-
ministered during IFIs developed in the nonneutropenic
phase after transplantation (Fig. 10-2).

Patients with qualitative phagocytic defects (most im-
portantly CGD) are also at increased risk of IFIs, es-
pecially invasive aspergillosis, a main cause of mortal-
ity in these patients (Winkelstein et al, 2000). In one
large prospective, randomized, placebo-controlled clin-
ical trial, long-term administration of IFN-y has been
shown to reduce significantly the incidence of serious
infections in CGD patients (The International Chronic
Granulomatous Disease Cooperative Study Group,
1991). Patients in this study tended to have a reduced
incidence of Aspergillus pneumonia compared with
controls.

In addition, there is anecdotal evidence suggesting
that IFN-y can be an effective adjunctive therapy for
the treatment of certain unusual IFIs (Phillips et al,
1991; Williamson et al, 1992; Tsumura et al, 1999;
Roilides et al, 1999; Touza Rey et al, 2000). Adjunc-
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tive therapy with IFN-y has proven to be most useful
in patients with defects in their cellular immune func-
tion. For example, this cytokine has been used suc-
cessfully for therapy of invasive aspergillosis in CGD
patients in combination with antifungal agents (Cohen-
Abbo and Edwards, 1995; Pasic et al, 1996).

Other nonneutropenic patients at high risk for IFIs
who might benefit from immunotherapy, such as those
with AIDS, lymphoma, solid organ transplant recipi-
ents, and patients receiving corticosteroids or other
immunosuppressants, have dysfunctional phagocytes
along with cytokine dysregulation and lymphocytic de-
fects. In patients with AIDS, administration of recom-
binant IFN-y showed a trend of decreased incidence of
oral/esophageal candidiasis compared to control sub-
jects (Riddell et al, 2001).

Recommendations of Cytokine Administration
As sufficient clinical data do not exist on the use of cy-
tokines in the management of IFIs, no definite guide-
lines for their routine use can be established. Never-
theless, reconstitution of the immune response by
exogenous administration of HGFs and proinflamma-
tory cytokines or inhibition of immunoregulatory cy-
tokines appears to be a promising adjunct to our ar-
mamentarium against life-threatening IFIs. In its 1994
guidelines, followed by its 1996 and 2000 updates
(American Society of Clinical Oncology, 1994, 1996;
Ozer et al, 2000), ASCO recommends that only high-
risk patients (more than 40% risk of febrile neutrope-
nia) receive G-CSF or GM-CSF prophylactically. Sim-
ilarly, during the onset of febrile neutropenia in patients
not receiving a HGF, G-CSF, or GM-CSF is suggested
only when the duration of neutropenia is predicted to
be long. Although no data exist, patients who have had
an episode of IFI in the past and become neutropenic
again should be treated with a HGF.

With regard to the management of documented IFIs
in neutropenic patients, the 1997 Guidelines of the In-
fectious Diseases Society of America state that these
HGFs “may be indicated” (Hughes et al, 1997). Up to
now, potential direct applications of cytokines and HGFs
against IFIs are limited to the following indications:

1. Use of G-CSF, GM-CSF, or M-CSF in the pre-
vention and treatment of IFIs in neutropenic pa-
tients, especially those with myelogenous leukemia
or HSCT. Granulocyte-colony stimulating factor
may not be as effective as the macrophage-stimu-
lating HGFs. In addition, patients with other types
of neoplastic diseases including AIDS-related ma-
lignancies, which are associated with high proba-
bility of development of IFIs, may benefit from
HGF therapy. Macrophage-colony stimulating
factor is used in Japan. Since M-CSF has not been

licensed in the United States and Europe, it can-
not be used clinically in these countries.
2. Prophylactic use of IFN-y in patients with CGD.
3. Under certain conditions of defective host de-
fenses even without neutropenia (i.e., GVHD), a
HGF with or without IFN-y may be justified as
adjunctive therapy for IFIs.

With completion of more clinical studies, indications
also might include surgical and other nonneutropenic
immunodeficient patients with IFIs, i.e., those with
solid organ transplants, AIDS, neonates, and others.
The role of administration of neutralizing antibodies or
inhibitors of immunoregulatory cytokines on preven-
tion and outcome of IFIs needs further clinical study.

Pharmacology of Hematopoietic

Growth Factors and Interferon-y
Two forms of G-CSF are commercially available. One
is a recombinant nonglycosylated protein expressed in
Escherichia coli (filgrastim). The other is a glycosylated
form expressed in Chinese hamster ovarian cells in vitro
(lenograstim). Both products have the same net effect,
acceleration of myelopoiesis and enhancement of func-
tional responses. Granulocyte colony-stimulating fac-
tor causes an immediate actual decrease of PMN count,
which is followed by a sustained dose-dependent rise
in the PMN count.

Granulocyte colony-stimulating factor has been rec-
ommended at a dose of 5 ug/kg/day subcutaneously or
intravenously for high-risk patients after cytotoxic can-
cer chemotherapy. Administration of G-CSF begins the
day after the last chemotherapy dose and continues
with subsequent individualized adjustment of dosage
depending on the PMN count until PMN count in-
creases to 1000 per ul for 3 consecutive days. A higher
dosage of 10 ug/kg/day can be used in early phases of
HSCT followed by a standard dose of 5 ug/kg/day or
when G-CSF is administered as adjunctive therapy for
a documented IFL.

Granulocyte-macrophage colony-stimulating factor
exists as a recombinant nonglycosylated protein ex-
pressed in E. coli (molgramostim) and a glycosylated
protein expressed in Saccharomyces cerevisiae (sar-
gramostim) or in mammalian cells (regramostim).
Granulocyte-macrophage colony-stimulating factor tran-
siently decreases leukocyte counts immediately after ad-
ministration and afterwards causes sustained rises of
PMN, eosinophil, and MNC counts.

Various dosing regimens of GM-CSF have been used
in different studies. The recommended dosage is 250
ug per m? daily during the period of profound neu-
tropenia or when a documented IFI is treated. The
dosage is individualized depending on response and de-
velopment of adverse effects. Interferon-y has been ad-
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ministered at a dose of 50 ug per m? 3 times a week
subcutaneously as prophylaxis in CGD patients (The
International Chronic Granulomatous Disease Coop-
erative Study Group, 1991). Doses up to 100 ug per
m? 3 times a week have been subsequently suggested.
Similar doses have been used as adjunctive therapy.

Toxicity
Granulocyte-macrophage colony-stimulating factor has
been described in some cases as inducing pleuritic pain,
pulmonary edema, and a capillary leak syndrome. An-
other potential complication of its use stems from its
activity in stimulating recovery of leukocyte function.
Massive fatal hemoptysis has been reported to follow
(Groll et al, 1992). Although bone pain is described in
20% of patients receiving G-CSF, the other adverse ef-
fects associated with GM-CSF are not commonly ob-
served in G-CSF treated patients. The toxicity of
GM-CSF appears to be related to the nonglycosylated
preparations expressed in E. coli. By comparison, the
glycosylated form of GM-CSF is not associated with
these adverse effects. The toxicity profile of recombi-
nant GM-CSF is consistent with priming of macro-
phages for increased formation and release of inflam-
matory cytokines, whereas G-CSF induces production
of antiinflammatory factors, such as IL-1 receptor an-
tagonist and soluble TNF receptor. Granulocyte colony-
stimulating factor is protective against endotoxin- and
sepsis- induced organ injury.

Although administration of G-CSF to patients with
acute myeloid leukemia (AML) carries the theoretical
risk of accelerating the leukemic blast cells, this has not
been observed. Indeed, G-CSF has been used safely in
patients with AML and myelodysplasia (Giralt et al,
1993). The adverse effect of GM-CSF accelerating HIV
replication in MNCs may be offset by simultaneous ad-
ministration of antiretroviral agents.

With regard to the IFN-vy therapy, the most common
adverse effects are minor and consist of flu-like or con-
stitutional symptoms such as fever, headache, chills,
myalgia, or fatigue. These symptoms may decrease in
severity as treatment continues.

WHITE BLOOD CELL TRANSFUSIONS

Based on the observation linking therapy-induced neu-
tropenia with an increased risk for serious bacterial and
fungal infection in cancer patients (Bodey et al, 1966),
infusion of donor PMNs was attempted initially in an
effort to combat progressive life-threatening infections
in persistently neutropenic patients (Freireich et al 1964;
Strauss, 1978; DiNubile, 1985; Schiffer, 1990). The
findings supported the use of white blood cell transfu-
sions (WBCTx) in persistently neutropenic patients
with progressive bacterial infection, but were less com-

pelling for IFIs. This approach to immunotherapy was
not used widely because of toxicity, cost, efficacy, al-
loimmunization, lack of readily available donors, and
the development of potent alternative antibacterial
strategies.

In the 1990s, use of WBCTx was reconsidered due
to the increased incidence of neutropenia-related IFIs
in combination with the limited efficacy of antifungal
agents. At the same time, there were new developments,
namely, the commercial availability of recombinant
HGFs and modern transfusion practices. Studies sup-
ported the use of WBCTXx in neutropenic patients with
a progressive bacterial infection. In a review of 32 stud-
ies, the overall efficacy was 62% in 206 patients with
bacterial infection (Strauss, 1994). For IFIs, the data
were less encouraging. A positive clinical outcome was
observed in only 29% of recipients. Investigators re-
ported data on 50 patients; there was no significant im-
provement in outcome of IFIs, despite showing the fea-
sibility of administering WBCTx (Bhatia et al, 1994).
However, recent reports have provided encouraging
data with G—CSF elicited WBCTx as compared to stud-
ies that used conventional WBCTx stimulated with cor-
ticosteroids (Catalano et al, 1997; Di Mario et al, 1997;
Di