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INTRODUCTION

High morbidity and mortality persist for systemic fungal
infections due to pathogenic yeast (47, 55, 91, 191) and molds
(42, 119, 169). The Food and Drug Administration has ap-
proved several antifungal agents belonging to different chem-
ical classes (polyenes, pyrimidines, azoles, and echinocandins)
as therapeutic options for fungal infections (reviewed in refer-
ences 50 and 79). However, treatment is often complicated by
high toxicity, low tolerability, or narrow spectrum of activity.
These difficulties have driven recent efforts to determine the
efficacy of combination therapy in the treatment and manage-
ment of invasive infections. The most common rationales be-
hind the studies focused on combination therapy are based on
(i) mechanisms of action, combining agents with complemen-
tary targets within the fungal cells (polyenes plus azoles or
echinocandins, antifungals plus immune factors, etc.), (ii) spec-
trum of action (combining agents potent against different or-
ganisms), and (iii) stability and pharamacokinetic/pharmaco-
dynamic characteristics. Of these three main rationales, most
combination therapy studies are based on the rationale of com-
bining agents that have complementary mechanisms of action
(Fig. 1). Potential benefits of using combination therapy in-
clude broad spectrum of efficacy, greater potency than ei-
ther of the drugs used in monotherapy, improved safety and
tolerability, and reduction in the number of resistant organ-
isms (127).

Antifungal combination therapy was recognized as an im-
portant area nearly a quarter of a century ago by Bennett et al.
(19), who compared amphotericin B (AmB) alone and in com-
bination with 5-fluorocytosine (5FC) in the treatment of cryp-
tococcal meningitis. However, adoption of this approach for
the treatment of invasive fungal infections has been slow,
limited to AmB plus 5FC or 5FC plus fluconazole (FLU),
and fraught with controversy regarding the use of a polyene

combined with an azole. With the approval of the third-gen-
eration azole voriconazole (VORI) and the candins (e.g.,
caspofungin [CAS]), there is rekindled interest in antifungal
combination therapy, especially since these agents have dif-
ferent mechanisms of action. Unlike antibacterial and anti-
viral agents, studies of combinations of antifungal agents
are in the early stages of investigation and, consequently, are
highly dynamic.

Interactions between different drugs are described variously
as synergistic, indifferent, additive, or antagonistic. Assess-
ments of in vitro drug interactions are usually based on the “no
interaction” theory, which assumes that drugs in combination
do not interact with each other. When the observed effect of
the drug combination is more than that predicted from the “no
interaction” theory, synergy is claimed. On the other hand,
antagonism is claimed when the observed effect is less than
that predicted (88). Although several categories including “ad-
ditive,” “subadditive,” and “indifferent” have been used to de-
scribe intermediate drug-drug interactions, the emerging con-
sensus has been to group all of them under the “no interaction”
category (163).

Inherent problems associated with susceptibility testing of
single antifungal agents are also relevant to testing antifungal
combinations. Evaluation of drug-drug interactions against fil-
amentous fungi is further problematic for a number of reasons:
(i) in spite of concerted efforts which resulted in a published
reference method for the evaluation of susceptibility of conidia-
forming filamentous fungi, in vitro and in vivo correlation are
not yet well-defined (68, 90, 176, 180, 235); (ii) susceptibility
testing of the candins is known to be influenced by different
factors (48, 155, 175), and, despite recent attempts, a standard
method for this class has not been developed so far; (iii) spec-
trophotometric reading, which is successfully used to measure
the drug MICs for yeast, is less useful for filamentous fungi;
and (iv) response to treatment (damage, recovery, or viability)
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varies differentially for apical and subapical hyphal compo-
nents (155).

In this article, we present an overview of methods commonly
applied to assess the effects of combination therapy, historical
and current uses of combination therapy, and potential limi-
tations of antifungal combination therapy. This review demon-
strates the increased interest in antifungal combination and
clearly illustrates the dynamic nature of this field, with all its
complexities.

METHODS TO DETERMINE THE IN VITRO EFFICACY
OF ANTIFUNGAL AGENTS IN COMBINATION

The methods for determining antifungal susceptibilities have
been extensively reviewed, especially for single antifungal
agents (189), and recommendations for determination of the
MIC of single antifungals for yeasts and molds are currently
available (65, 66, 158, 159, 189). The MIC of an antifungal
agents is defined as the minimum concentration of the drug

FIG. 1. Schematic description of sites of action of different antifungal agents. Candins cause disruption of cell wall, allowing other antifungals
(polyenes, azoles, and 5-FC) to enter. Azoles and polyenes can inhibit or bind to ergosterol, leading to cell lysis and allowing 5FC to enter the cell
and inhibit nucleic acid synthesis. Dashed arrows indicate the site of action for each antifungal class. The mechanisms of action for each class of
antifungal agent are depicted in panels A through D.
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resulting in 80% (or 50%, in some cases) inhibition of fungal
growth relative to the control (with no drug exposure). Anti-
fungal susceptibility testing of individual agents is based on the
following principles: (i) MIC is not a physical or chemical
measure, (ii) host factors are often more important than sus-
ceptibility test results in determining clinical outcome, (iii)
susceptibility of a microorganism in vitro does not predict
successful therapy, and (iv) resistance in vitro should often
predict therapeutic failure (186, 187).

In vitro susceptibility assays are highly dependent on the
fungal species under investigation and on the testing condi-
tions of exposure time, incubation temperature, media, and
other method-specific factors. Many in vitro and in vivo mod-
ifications have been devised to better approximate human dis-
seminated disease (130) and to examine the influence of im-
munosuppression (149) or neutropenia (106) on treatment
success. Another complexity is derived from the fact that the
activity of antifungals in combination is dependent not only on
the drug-drug concentration but also the absolute ratio of the
drugs (74, 76, 78). The majority of published results from
studies using combination treatments tend to focus on two-
drug combinations, although this limit is likely to be revised as
methodological and analytical techniques evolve that will allow
evaluation of three or more drugs in combination. Addition-
ally, these methods are based on static drug concentrations,
and interaction is determined at a single time point; therefore,
direct correlation between in vitro and in vivo interactions is
not always possible. These principles are also applicable to
susceptibility testing of antifungals in combination, resulting in
considerably more complex problems. The MICs of different
drugs in combination can be determined using the checker-
board method, time-kill method, or Epsilometer test (E-test)
(105, 123, 173, 174, 187). In this section, we briefly present an
overview of the application of these methods to determine the
interactions between antifungal agents used in combination.

Checkerboard Method

The checkerboard method involves the determination of
percent growth inhibition of fungal cells in the presence of
different combinations of drugs. Percent growth inhibition is
calculated relative to growth in control wells which contain
only cells and no drug. The specific merits and limitations of
checkerboard testing have been described and summarized in
detail by others (11, 15, 105, 163, 171). Briefly, the checker-
board method is relatively simple to perform and the results
are easily interpreted, making them useful for extensive screen-
ing. However, this method also has some important limitations.
(i) The checkerboard method appears to be less useful for
detecting changes in antimicrobial tolerance over time and
may fail to detect changes in susceptibility end points that
permit interpretations of synergy or antagonism (105, 124, 178,
189). (ii) Results are relative and not actual measurements of
the efficacy of drug combinations. (iii) Combinations with
AmB are frequently complicated by MIC clustering, which
precludes the discrimination of small differences in suscepti-
bility over time (14, 188, 189). (iv) An assumption in most
checkerboard titration systems is that all drugs in combination
in the system possess identical, generally linear dose-response
curves (105, 108, 123, 125) and a comparable time-course of

activity. This assumption may be especially problematic for
polyene-azole combinations, since the in vitro activity of azoles
against Candida and Cryptococcus species is initiated consid-
erably more slowly than that of the polyenes (109, 110), pre-
exposure to FLU affects the in vitro interaction between AmB
and FLU (61, 173), and the rapid onset of AmB activity may
result in failure to detect synergic or antagonistic antifungal in-
teractions. Finally, data from the checkerboard method some-
times results in interpretations contradictory to those obtained
from other methods like the time-kill or E-test methods (123).
In general, checkerboard testing is easy to carry out and inter-
pret but does not provide details about the pharmacodynamic
characteristics of antifungal combinations. The checkerboard-
based determination of MICs of antifungal agents in combi-
nation is often followed by further analysis employing the non-
parametric fractional inhibitory concentration index (FICI)
(20–22), or the fully parametric response surface model (RSM)
proposed by Greco et al. (88, 89). These methods are outlined
in the next sections.

Fractional inhibitory concentration index. Most studies in-
vestigating the in vitro efficacy of antifungal agents in combi-
nation interpret results in terms of the FICI, which is defined
by the following equation:

FICI � FICA � FICB �
MICA in combination

MICA tested alone

�
MICB in combination

MICB tested alone

where MICA and MICB are the MICs of drugs A and B,
respectively. Over the years, several investigators have catego-
rized interactions between antifungal agents by using the FICI
in different terms, leading to sometimes confusing nomencla-
ture and interpretations of results. Recently, for the sake of
uniformity in interpretation, Odds (163) proposed that an FICI
of �0.5 should be considered synergy, a FICI of �4 should be
considered antagonism, and a FICI of 0.5 to 4 should be
considered no interaction. The interpretation of these criteria
has also been discussed in detail in a recent review (103). We
feel that additivity or indifference implies that the drugs in
combination do not have a detrimental effect on the response,
even though they are not synergistic. In agreement with the
proposed system of interpretation of FICI values, we suggest
that all future studies should follow this system while inter-
preting FICI data.

Ease of use, simplicity, and feasibility of performance make
FICI the method of choice for analyses of drug-drug interac-
tions in most clinical laboratories (57). However, this method
also has some significant disadvantages: (i) it is dependent on
dilution-based determination of MICs and hence may lead to
interexperimental errors; (ii) it does not differentiate between
the possibility that at some concentrations in the checkerboard
there may be synergy while at other dilutions there may be
indifference or antagonism; (iii) for some antifungal combina-
tions, the choice of MIC end point is not clear, leading to
difficulties in calculating the FICI; (iv) it is not amenable to
statistical analyses; and (v) the definition of FICI varies greatly
between different studies (Table 1) (146–148, 223). Attempts
to overcome the difficulty of statistical analyses of the FICI
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include determining the median and range from several repli-
cates of MIC determinations (31), concordant FICI values
from several replicates (147), and establishment of consensus
guidelines regarding interpretation of the FICI values (163).

Response surface-modeling method. An alternative method
for assessment of drug-drug interactions is the RSM method
described by Greco et al. (88), which is based on the calcula-
tion of the interaction coefficient alpha (IC�) and its associ-
ated 95% confidence interval (CI). These parameters are cal-
culated using the following equation:

1 �
DA

IC50, A� E
Emax � E�

1
mA

�
DB

IC50, B� E
Emax � E�

1
mB

� IC�
DADB

IC50, AIC50, B� E
Emax � E�

0.5� 1
mA

�
1

mB
�

where DA and DB represent the MICs of drugs A and B,
respectively, IC� is the interaction coefficient, IC50 represents
the drug concentrations resulting in 50% inhibition, mA and
mB are the slope parameters for drugs A and B, E is the
measured response (optical density [OD]) and Emax is the
control response. Interactions with an IC� of �0 indicate syn-
ergy, while an IC� of �0 indicates antagonism. Additivity is
claimed when IC� equals zero. IC� is considered statistically
significant if the associated CI does not overlap zero. Although
the RSM approach is increasingly being advocated by different
studies to be more robust than the FICI method (146–148,
223), this model is also not without some major drawbacks: (i)
the model involves complicated mathematical data-fitting and
modeling steps; (ii) although specialized software for these
analyses have been reported, they are not commonly accessible
to clinical laboratories; (iii) since the model relies on regres-
sion analysis based on data fitting, results generated are de-
pendent on factors such as initial parameters, ways of calcu-
lating sum of squares, variance, and weighting parameters; and
(iv) it may give erroneous results (e.g., very high interaction
parameters) when IC50 is not known, i.e., no combination
results in 50% inhibition (147).

The RSM method has been used in a number of in vitro
studies in an attempt to better characterize antifungal drug-
drug interactions as a function of specific drugs, by taking into
account the absolute and relative concentrations of drugs in
combination (76). RSM methods are especially useful for in-

vestigations of double and triple drug combinations over a very
wide range of doses. Drug concentration and interaction data
must be analyzed mathematically to generate descriptions of
fungal growth response over a range of drug concentrations
and ratios; the results can be visualized using three-dimen-
sional contour or surface response plots.

Although RSM has a place when an in-depth analysis of
drug-drug interactions is required, the testing will likely be
undertaken by specialized laboratories having the appropriate
expertise. Some investigators have suggested using a combina-
tion of the FICI and RSM approach and have shown that
results obtained from the two correlate well (2, 222, 223).
However, the inherent complexity of the RSM method makes
it less attractive as the primary method to evaluate the inter-
actions between antifungal agents in combination, and the
FICI method has remained the method of choice for most
studies.

Time-Kill Method

Time-kill methods are capable of detecting differences in the
rate and extent of antifungal activity over time and are better
suited for assessing changes in the antifungal activity of AmB
(26, 105, 108, 123, 173). In this method, a standardized cell
suspension (usually 5 � 105 cells/ml) is exposed to different
concentrations of drug combinations for different time inter-
vals (179, 219, 226). After a specified treatment time, cells are
retrieved, plated onto agar medium, and incubated to allow
growth. The CFU for each incubation time point per milliliter
is determined, and plotted as a function of time, resulting in
“time-kill” curves for each drug combination tested. Time-kill
methods have been commonly used for testing bactericidal
activity of antimicrobial agents (5, 9, 25, 92, 102, 131), and
recent studies have focused on using this method to determine
the efficacy of antifungal agents also, both singly and in com-
bination (27, 60, 62, 63, 105, 107, 108, 123, 126, 129). For
antifungal interactions tested by time-kill methods (at 24 to
48 h), the following criteria are commonly followed: (i) synergy
is defined as a �2 log10 decrease in CFU per milliliter com-
pared to the most active constituent, (ii) antagonism is defined
as a �2 log10 increase in CFU per milliliter compare to the
least active agent, (iii) additivity is defined as a �2 but �1 log10

decrease in CFU per milliliter compared to the most active
agent, and (iv) indifference is defined as a �2 but �1 log10

increase in CFU per milliliter compared to the least active
agent (123, 126, 127), (Fig. 2; Table 2).

TABLE 1. Inconsistent interpretations of FICI values in different studies investigating efficacies of
antifungal combinations against fungal organismsa

Interaction

FICI value for:

Candida Cryptococcus Aspergillus Scedosporium

Ref 141 Ref 98 Ref 223 Ref 223 Ref 160 Ref 214 Ref 31 Ref 2 Ref 148 Ref 147

Synergism �1.0 �0.5 �1.0 �1.0 �1.0 �1.0 �0.5 �0.5 �0.5 �1.0
Additivity �1.0 1.0 1.0 1.0 1.0 �0.5–1.0 �0.5–1.0 �0.5–4.0 1.0
Indifference 1.0–2.0 �1.0–2.0 �1.0–4.0
Antagonism �1.0 �4.0 �1.0 �1.0 �2.0 �2.0 �2.0 �4.0 �4.0 �1.0

a Ref, reference.
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Although the time-kill curve assay provides growth kinetic
information over time and give a more detailed picture of the
effect of drug combinations on cell viability, this method also
has its drawbacks. In the time-kill method, the dependence on
calculation of CFU dictates that the cells being evaluated be
grown as suspension of single cells, which works fine for bac-
teria (which grow in suspension as single cells). However, many
fungi (e.g., Candida albicans) can grow as both single cells and
filaments that tend to coaggregate, making it difficult to assess
inhibition. This characteristic of fungi necessitates careful se-
lection of media (e.g., yeast nitrogen base) and growth condi-
tions that do not encourage filamentation. Likewise, in molds,
filamentation compromises our ability to count CFU. Time-kill
studies are laborious to perform, but they measure the effects
of the antifungal interaction on the rate and extent of fungal
killing, thus providing some pharmacodynamic information re-
garding the drug combination tested.

Epsilometer Strip Test (E-test)

The epsilometer test (E-test; AB Biodisk, Solna, Sweden) is
also used to determine the in vitro efficacy of antifungal agents
(36, 202, 203). MICs are determined from the point of inter-
section of a growth inhibition zone by using a calibrated strip

impregnated with a gradient of antimicrobial concentration
and placed on an agar plate lawned with the microbial isolate
under test. This method has been adapted to a number of
antifungal agents. Several studies have demonstrated good cor-
relation between E-test and broth macro- and microdilution
testing methods for singly tested antifungal agents (32, 52, 67,
143). Recent studies have also investigated the feasibility of
using the E-test method to determine the activity of combina-
tions of antifungal agents (111, 174, 230). Based on the man-
ufacturer’s (AB Biodisk) interpretations, the following inter-
actions between antifungal agents using the E-test method
have been proposed: (i) synergy is defined as a decrease of �3
dilutions in the resultant MIC, (ii) additivity is defined as a
decrease of �2 but �3 dilutions, (iii) indifference is defined as
a decrease of �2 dilutions, and (iv) antagonism is defined as an
increase of �3 dilutions for the antifungal combination. In a
recent study, Lewis et al. (123) compared the ability of the
checkerboard, time-kill, and E-test methods to evaluate anti-
fungal interactions against Candida species, and demonstrated
a good agreement between the checkerboard and E-test meth-
ods as well as a between the time-kill and E-test methods.

Although simple to perform, the E-test method has draw-
backs: (i) it has not undergone extensive testing using different
organisms, with at least one report suggesting a species-depen-
dent variation in MIC determination for Candida (203); (ii)
it has not been tested against different antifungal agents, (iii)
the effect of different growth media needs to be ascertained
(RPMI-based agars generally appearing most useful) (177);
(iv) growth of the fungal lawn tends to be nonuniform in some
cases; and (v) the presence of a feathered or trailing growth
edge can make the MIC determination confusing.

In spite of its limitations, checkerboard-based methodols re-
main the most popular approach for evaluating antifungal drug-
drug interactions, evident in the fact that 75% of the drug
interaction papers published from 1998 to 2002 in the Journal
of Antimicrobial Chemotherapy used the checkerboard method
in their analyses (163). Criteria commonly used to interpret in
vitro methods to evaluate antifungal combinations are summa-
rized in Table 2.

METHODS TO DETERMINE THE IN VIVO EFFICACY
OF ANTIFUNGAL AGENTS IN COMBINATION

In vivo assessment of combination therapy is based on ani-
mal studies followed by clinical trials, case series, or anecdotal

FIG. 2. Schematic representation of the criteria used to interpret
results from time-kill studies of drug-drug interactions. The following
criteria are commonly followed: synergy, a �2-log10 decrease in CFU/
ml compared to the most active constituent; antagonism, a �2-log10
increase in CFU/ml compared to the least active agent; additivity, a
�2- but �1-log10 decrease in CFU/ml compared to the most active
agent; and indifference, a �2- but �1-log10 increase in CFU/ml com-
pared to the least active agent.

TABLE 2. Criteria used for in vitro evaluation of drug interactions

Method
Drug interaction

Reference(s)
Synergy Antagonism No interaction

FICI FICI � 0.5 FICI � 4 FICI � 0.5–4 163
RSM IC� � 0 IC� � 0 IC� � 0 (additivity) 88
Time-kill �2 log10 decrease in CFU/ml

compared to the most active
constituent

�2 log10 increase in CFU/ml
compared to the least active
agent

Additivity: �2 but �1 log10 decrease in
CFU/ml compared to the most active
agent; indifference: �2 but �1 log10 in-
crease in CFU/ml compared to the least
active agent

123, 126, 127

E-Test Decrease of �3 dilutions of the
resultant MIC

Increase of �3 dilutions of the
MIC

Additivity: decrease of �2 but �3 dilutions
of the MIC; indifference: decrease of �2
dilutions of the MIC

36, 123, 202,
203
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reports. Most animal studies evaluate the efficacy of combina-
tion therapy based on tissue fungal burden of target organs
(liver, kidneys, brain, etc.), tissue histopathology (sterilization
of tissue), and/or survival studies. Several animal models have
been developed, and involve mice (97, 98, 130, 154, 156, 211),
rats (140), or rabbits (172). Factors that need to be considered
while performing in vivo studies include variable drug absorp-
tion, distribution, and metabolism among animal species. Clin-
ical trials evaluating the interactions between different antifun-
gal agents have been very limited. This is not a surprise due to
the costs involved and the fact that many companies that mar-
ket these antifungal agents often do not encourage the idea of
combining drugs. Clinical trials of combination therapy have
been performed with nonneutropenic patients, and recent tri-
als determined the efficacy of FLU plus AmB combination
therapy compared to monotherapy with AmB (185). This clin-
ical trial showed no detectable antagonism when using the
FLU plus AmB combination and was instrumental in demon-
strating that in vitro antagonism seen in combination therapy
may not always be present in the clinical setting (see below).

COMBINATION THERAPY IN PRACTICE GUIDELINES
FOR TREATMENT OF FUNGAL INFECTIONS

The Practice Guidelines for the Treatment of Fungal Infec-
tions also suggest the use of specific drug combinations in cer-
tain situations (207). These guidelines addressed each patho-
gen separately and provided a guide for the use of single and
combination therapy. The following sections provide a brief
review of these guidelines, focusing on the recommendations
to use combination therapy to treat fungal infections.

Dual Combinations in the Practice Guidelines
for Candidiasis

Dual combinations of intravenous AmB or oral FLU in
combination with 5FC are specifically mentioned in the Prac-
tice Guidelines for candidemia, candidal endocarditis, peri-
carditis, suppurative phlebitis, candidal meningitis, and en-
dophthalmitis (168, 190). Guidelines for treatment of invasive
candidiasis, based on data from clinical trials performed for
acute hematogenous candidiasis and case series or anecdotal
reports for other forms of invasive candidiasis, have suggested
combinations of 5FC, AmB, or FLU as treatment options. In
general, 5FC is added in the setting of more severe infection or
refractory infection and occasionally is used as prophylaxis in
neutropenic patients with well-defined high risk based on their
immune status, such as those receiving chemotherapy for leu-
kemia or bone marrow transplant (BMT) recipients (190). The
latest version of these guidelines suggest AmB (0.7 mg/kg/day)
combined with FLU (800 mg/day), followed by maintenance
therapy with FLU (800 mg/day), as alternative therapy for non-
neutropenic patients with candidemia. All intravascular cath-
eters should be removed, and the duration of therapy should
be 14 days after the last positive culture and resolution of signs
and symptoms. For endocarditis patients, a combination of
liposomal formulations of AmB (LF-AmB, 3.0 to 6.0 mg/kg/
day) and 5FC (25–37.5 mg/kg orally [p.o.] four times a day
[qid]) is suggested as primary therapy (for a duration of at least
6 weeks after valve replacement). The guideline to use differ-

ent antifungal combinations to treat Candida infections at dif-
ferent sits is based primarily on evidence from studies report-
ing that activity of antifungal combinations is influenced by the
site of infection.

Abel-Horn et al. (1) demonstrated site-dependent variation
in activity of the same antifungal combination. These investi-
gators performed a prospective, randomized study to compare
FLU monotherapy with the combination of AmB plus 5FC for
treatment of 72 nonneutropenic intensive-care patients with
systemic candidiasis. One arm (n � 36) received FLU 400 mg
on day 1 followed by 200 mg/day for 14 days, while the other
arm (n � 36) received AmB (1.0 to 1.5 mg/kg of body weight
every other day) and 5FC (2.5 g three times a day) for 14 days.
For pneumonia and sepsis, treatment success was comparable
between the two groups: 18 of 28 FLU patients and 17 of 27
combination patients (P � 0.05, not significant). For peritoni-
tis, however, the combination was more effective than FLU
monotherapy with respect to both cure rate (55 and 25%,
respectively) and pathogen eradication (86 and 50%, respec-
tively). Such site-specific differences in the activity of antifun-
gal combinations may be due to differences in tissue distribu-
tion of antifungal agents and to different effects of the in situ
environments on the pharmacodynamic and pharmacokinetic
characteristics of the drugs.

An open, prospective randomized trial compared combina-
tion therapy with AmB plus 5FC to FLU monotherapy in 40
surgical patients with deep-seated candidal infection (113).
Most infections were due to gastrointestinal perforations; C. al-
bicans was the most frequent isolate. Patients received either
AmB (0.5 mg/kg of body weight) in combination with 5FC 2.5 g
(three times a day; n � 20) or monotherapy with FLU (400 mg
on the first day followed by 300 mg daily; n � 20). Although
there was no difference between regimens with respect to cure
rates, patients receiving combination therapy showed earlier
elimination of fungal pathogens than did patients receiving
monotherapy with FLU (median elimination time, 8.5 days in
the FLU arm and 5.5 days in the AmB-plus-5FC group). Ad-
ditional studies in support of AmB-plus-5FC and FLU-plus-
5FC combinations include those performed by Levine et al.
(122), Smego et al. (206), and Marr et al. (142), indicating the
clinical usefulness of these combinations.

Dual Combinations in the Practice Guidelines
for Cryptococcosis

Combination treatment for cryptococcal diseases has pro-
gressed to the point where it is universally recommended as
necessary for successful clinical treatment. Dual combinations
of intravenous AmB or oral FLU in combination with 5FC are
included in the Practice Guidelines for therapy of Cryptococcal
Disease to treat central nervous system (CNS) infections in
both human immunodeficiency virus (HIV)-infected and non-
HIV-infected patients (195). 5FC, a small water-soluble mol-
ecule, penetrates the cerebrospinal, vitreous, and peritoneal
fluids to predictable levels, comprising the basis for most of its
concurrent use with either AmB or FLU (39).

Among non-HIV patients with cryptococcal meningitis, com-
bination therapy with AmB plus 5FC for 4 to 6 weeks is effec-
tive (19, 51). However, adverse yet non-life-threatening reac-
tions to 5FC were reported in 32% of the patients (11 of 34)
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(19). Due to the toxicity issues associated with this regimen, a
frequently used alternative treatment for cryptococcal menin-
gitis in immunocompetent patients has been induction with
AmB (0.5 to 1 mg/kg/day) plus 5FC (100 mg/kg/day) for 2 weeks,
followed by consolidation therapy with FLU (400 mg/day) for
an additional 8 to 10 weeks (167). Lower doses of FLU (200
mg/day) for longer periods (6 to 12 weeks) have also been
suggested as maintenance therapy (195). For immunocompro-
mised patients with low tolerance for 5FC, a similar therapy of
induction, consolidation, and suppression has been suggested:
AmB (0.7 to 1 mg/kg/day) for �2 weeks followed by FLU (400
to 800 mg/day) for 8 to 10 weeks followed by 6 to 12 months of
lower-dose FLU (200 mg/day) (166, 195).

For patients with severe form of AIDS-related cryptococcal
pneumonia, a combination of FLU (400 mg/day) plus 5FC (100
to 150 mg/day) for 10 weeks is suggested (166, 195). However,
toxicity issues have been reported for this regimen (195). For
HIV-associated cryptococcal meningitis, the primary treatment
suggested is induction with AmB (0.7 to 1 mg/kg/day) plus 5FC
(100 mg/kg/day) for 2 weeks followed by FLU (400 mg/day) for
a minimum of 10 weeks (184, 227). If the severity of disease
abates, the FLU dose can be subsequently reduced (200 mg/
day) but should be continued for life. An alternative regimen is
AmB (0.7 to 1 mg/kg/day) plus 5FC (100 mg/kg/day) for 6 to 10
weeks followed by FLU as a maintenance therapy (117, 118,
196, 236). Larsen et al. (117) showed that combination therapy
with FLU (400 to 800 mg/day) plus 5FC (100 to 150 mg/kg/day
for 6 weeks) is an effective regimen for cryptococcal meningitis
in AIDS patients but reported toxicity in 28% of these patients
(117). In a separate randomized trial, Mayanja-Kizaa et al.
(145) determined the efficacy of combination therapy with low-
dose FLU (200 mg/day for 2 months) � short-term 5FC (150
mg/kg/day for the first 2 weeks) followed by FLU maintenance
therapy (200 mg three times per week for 4 months) against
cryptococcal meningitis. These investigators showed that this
combination therapy prevented death within 2 weeks and sig-
nificantly increased the survival rate, with no serious adverse
reactions (145).

Dual Combinations in the Practice Guidelines for
Aspergillosis and Coccidioidomycosis

Clinical studies have not shown conclusive evidence in sup-
port of use of AmB combined with 5FC for aspergillosis. The
guidelines suggested the use of AmB combined with rifampin
or itraconazole (ITRA) for CNS infection and renal or pros-
tatic disease due to Aspergillus (215). In support of these rec-
ommendations, two studies were cited. In the first study, in
vitro susceptibility testing using a macrodilution broth method
(�100 isolates) showed that for AmB plus rifampin (36 of 39
isolates (92%) showed synergy and for AmB plus 5FC only 6 of
26 (23%) of the isolates showed antagonism whereas 6 (23%)
showed synergy and 13 (50%) showed no interaction. In five
AmB-plus-ITRA combination studies, synergy was seen in two
while the rest gave results indicating that the combination was
noninteractive (44). However, in a separate study, the combi-
nation of ITRA plus AmB was shown to be antagonistic both
in vitro and in a murine model of aspergillosis (199). These
studies involved sequential addition of ITRA followed by AmB
and thus tended to support the “depletion theory” of antago-

nism (see below). When tested in vitro against six isolates of
Aspergillus fumigatus after exposure to subfungicidal concen-
trations of ITRA, AmB lost its activity. Similarly, prior treat-
ment of mice with ITRA abolished the protective effect of AmB,
even when ITRA treatment was stopped before AmB therapy
was started (199). A recent review of 6,281 clinical cases (from
1966 to 2001) of invasive aspergillosis showed that simulta-
neous combination and sequential antifungal therapy led to
improvement in 63 and 68% of the cases, respectively (211).

The only other organism for which the guidelines mention
combination therapy is coccidiodomycoses (71). AmB is often
selected for treatment of patients with respiratory failure
due to Coccidioides immitis or rapidly progressive coccidioi-
dal infections. With other more chronic manifestations of
coccidioidomycosis, additional treatment with FLU, ITRA, or
ketoconazole (KETO) is common. The duration of therapy
often ranges from many months to years; for some patients,
chronic suppressive therapy is needed to prevent relapses (71).
In cases of chronic fibrocavity pneumonia caused by C. immitis,
the Practice Guidelines suggest an initial treatment with an
azole (usually FLU) followed by higher doses of the azole. If
the infection persists, adding AmB therapy is suggested. The
guidelines also suggest that severe cases of coccidiodal menin-
gitis and hydrocephalus be treated with a combination of AmB
and azoles. These guidelines did not address combination ther-
apy with the new agents due to the limited data available at the
time these guidelines were being written. Studies focusing on
these agents are described below.

ANTIFUNGAL COMBINATIONS AGAINST
CANDIDA SPECIES

Established Antifungal Agents in Combination

Amphotericin B plus fluconazole against candidiasis. (i) In
vitro studies. Wide variations have been reported for the AmB-
plus-FLU combination against Candida species; in certain
cases this combination was additive, while in other cases no
interaction was seen (Table 3). In an early study, three-dimen-
sional contour mapping (surface response plots) was used to
evaluate in vitro activity of two- and three-drug combinations
of AmB, FLU, and 5FC against C. albicans (76). The two-drug
combinations were additive (AmB plus FLU) or indifferent
(FLU plus 5FC, AmB plus 5FC) against C. albicans, while the
three-drug combinations (AmB plus FLU plus 5FC) were ad-
ditive against C. albicans. Interestingly, no antagonism was
observed in AmB-plus FLU combinations in vitro (76). Lewis
et al. (129) used an in vitro model of bloodstream infection
that simulates human serum pharmacokinetic parameters for
these antifungals to evaluate the pharmacodynamic activities
of FLU and AmB alone and in combination against C. albi-
cans. These investigators showed that the simultaneous admin-
istration of FLU plus AmB resulted in no interaction, while
sequential addition of FLU followed by AmB resulted in sub-
stantial antagonism (129).

In a study demonstrating the importance of order of addi-
tion of drugs on antifungal interaction, Ernst et al. (61) showed
that preexposure of C. albicans cells to FLU for �8 h resulted
in drastic inhibition of AmB activity. However, removal of
FLU from the culture medium reversed the AmB inhibition

170 MUKHERJEE ET AL. CLIN. MICROBIOL. REV.



within a very short period (�6 h). Similar studies were per-
formed recently by Louie et al. (135), who used in vitro time-
kill studies to show that preincubation of C. albicans with FLU
for 18 h prior to the addition of AmB resulted in transient
AmB antagonism. The duration of this induced AmB resis-
tance was directly related to the duration of FLU preincuba-
tion. These in vitro findings were also reflected in an in vivo
model used by these investigators (described below) (135).

In a separate study, Lewis et al. (123) used checkerboard
dilution, E-test, and time-kill methods to determine the activ-
ities of FLU plus AmB, FLU plus 5FC, and AmB plus 5FC
against six Candida isolates (three C. albicans isolates and one
isolate each of C. glabrata, C. krusei, and C. tropicalis). The
checkerboard method showed that all three combinations were
indifferent or synergistic against all three C. albicans isolates,
while the E-test showed that AmB plus FLU was antagonistic
for two of the three C. albicans isolates and indifferent for
the third isolate. Similar differences in interpretation between

checkerboard and E-test methods were observed for exposure
of C. glabrata to the three combinations, which were synergistic
by checkerboard but indifferent by E-test. In general, there was
better agreement between results from the E-test and time-kill
methods.

These wide variations in results can often be traced to dif-
ferent types of strains, drug concentrations, method of evalu-
ation, and the criteria of interpretation, and they underscore
the necessity of a uniform set of guidelines (similar to the
NCCLs guidelines for in vitro susceptibility testing of antifun-
gals tested singly) for testing of antifungal combinations before
results from these studies can be widely correlated.

(ii) In vivo studies. The first study to examine whether an-
tagonism in vitro was pertinent to experimental candidiasis in
vivo compared AmB plus FLU in three murine models of
invasive candidiasis: acute and subacute infections in immuno-
competent mice, and subacute infection in immunosuppressed
mice (220). This study showed that the order of administration

TABLE 3. Efficacy of drug combinations against Candida species

Study Combination Regimen effect Reference(s)

In vitro FLU � AmB No effect or antagonistic 135
FLU � AmB Antagonistic 220
FLU � AmB Better than alone 76
5FC � FLU Synergistic (63%), additive (6%), indifferent (24%),

antagonistic (none)
160

5FC � FLU Antagonistic 223
5FC � FLU Additive 82
5FC � AmB Indifferent (100%) 105
5FC � AmB (low) Additive 76
5FC � AmB (high) Antagonistic 76
VORI � 5FC C. albicans, synergistic or additive (50%); C. glabrata,

indifferent (50%) or antagonistic (50%); C. tropicalis,
synergistic or additive

M. A. Ghannoum and N. Isham, Abstr. 29th Annu.
Meet. Eur. Group Blood Marrow. Transplant. abstr.
P671, 2003a

AmB � 5FC C. albicans, synergistic or additive (50%); C. glabrata,
additive (60%); C. krusei, additive (70%)

M. A. Ghannoum and N. Isham, Abstr. 29th Annu.
Meet. Eur. Group Blood Marrow Transplant. abstr.
P671, 2003a

VORI � AmB Additive (17%), indifferent (83%) M. A. Ghannoum and N. Isham, Abstr. 29th Annu.
Meet. Eur. Group Blood and Marrow Transplant.
abstr. P671, 2003a; M. A. Ghannoum, N. Isham,
M. A. Hossain, and D. J. Sheehan, Abstr. Trends
Invasive Fungal Infect., 2001a

VORI � FLU Additive (42%), indifferent (58%) M. A. Ghannoum, N. Isham, M. A. Hossain, and D. J.
Sheehan, Abstr. Trends Invasive Fungal Infect. 2001a

VORI � MICAF Synergistic (17%), additive (17%), indifferent (58%) M. A. Ghannoum, N. Isham, M. A. Hossain, and D. J.
Sheehan, Abstr. Trends Invasive Fungal Infect., 2001a

CAS � AmB Additive 98

In vivo AmB � FLU No antagonism 220
FLU � AmB Antagonistic against FLU-susceptible or mid-resistant

strains, indifferent against FLU-resistant strains
134

FLU � AmB Survival, significantly increased; CFUs, increased
clearance

198

FLU than AmB �
FLU (sequential)

Antagonistic 135

FLU � 5FC No effect 86
FLU � 5FC Better CFU clearance 7, 136
CAS � AmB Survival, increased, but not significant; CFUs, significant

reduction in kidneys but not in brain
98

Clinicalb FLU � AmB No antagonism (clinical trial) 185
FLU � 5FC Resolution of candidiasis 201
FLU � 5FC Successful resolution of candidal sepsis and meningitis

in a very-low-birth-weight infant
142

FLU � 5FC Cleared C. krusei and C. glabrata infections 82
TERB � FLU Resolved infection 75

a Cited in the text.
b Case reports.
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of FLU with respect to AmB, using low-dose and high-dose
regimens for each drug, was not a factor in rate of animal
survival. In acute infection in immunocompetent mice, the
combination was not antagonistic. On day 9 postinfection, the
survival of mice treated with the antifungal combination was
significantly increased compared to those treated with FLU
alone (P � 0.01). In contrast, survival when the combination
was used was as effective as that when AmB was used alone (75
and 90%, respectively; P � 0.1). For treatment of subacute
infection in immunocompetent mice, the results were similar:
no antagonism was noted, and survival rates were comparable
(P � 0.1) for groups of mice receiving the combination or AmB
alone. For treatment of less acute infection in immunocom-
promised mice, the combination was more effective on day 30
than was FLU alone (100 and 10% survival, respectively; P �
0.01), and was as effective as AmB alone (100 and 70% sur-
vival, respectively; P � 0.1).

In a separate in vivo study, Sanati et al. (198) demonstrated
no antagonism between AmB and FLU in combination ther-
apy in two candidiasis models: a neutropenic-mouse model of
hematogenously disseminated candidiasis and a rabbit model
of infective endocarditis. In the former model, the combination
was responsible for significantly increased survival and reduced
fungal densities in both the kidneys and the brain; in the latter
model, significant reductions of fungal densities in cardiac veg-
etations were observed. Louie et al. (134) further evaluated the
efficacy of FLU plus AmB in a murine model of systemic
candidiasis for one FLU-susceptible strain (MIC, 0.5 �g/ml),
two strains with intermediate FLU resistance (FLU-midresis-
tant strains) (MIC, 64 and 128 �g/ml), and one highly FLU-
resistant strain (MIC, 512 �g/ml) of C. albicans. Comparison
parameters were survival and fungal densities in the kidneys of
infected mice. For the FLU-susceptible and FLU-midresistant
strains, the FLU-plus-AmB combination was antagonistic, as
shown by both quantitative culture results and survival. Inter-
estingly, for the highly FLU-resistant strain (which is where
combination therapy is most likely to be used), no antagonism
was observed (134). These results need to be verified by further
studies. Although the breakpoints defining FLU susceptibility
and resistance are arbitrary and do not follow the NCCLS
breakpoints, these studies indicates that antagonism between
AmB and FLU in animal models of candidiasis may also be
influenced by the azole resistance phenotype of C. albicans.

(iii) Clinical studies. A crucial question was whether the
pattern seen in animal models will also be present in the
clinical setting. A recent clinical trial attempted to address this
issue, in nonneutropenic patient populations (185). These au-
thors compared high-dose FLU monotherapy and high-dose
FLU in combination with conventional AmB in a prospective
clinical study of nonneutropenic patients with candidemia. Pa-
tients with positive blood culture for Candida spp. other than
C. krusei and with fever or hypotension within 4 days or signs
of local candidal infection within 2 days were randomized to
receive either FLU (800 mg/day plus placebo), or FLU plus
AmB (0.7 mg/kg/day). In both regimens, placebo or AmB was
given only for the first 3 to 8 days while FLU was given for 14
days after symptom resolution. Analysis of 211 patients (FLU,
n � 104; AmB plus FLU, n � 107) defined clinical success as
blood culture clearance and symptom resolution. Infections
identified at baseline were due to C. albicans (60%), C. glabrata

(15%), C. parapsilosis (12%), C. tropicalis (9%), or other spe-
cies (4%). Patient groups were comparable at baseline, except
that those receiving FLU monotherapy had higher mean
(� standard error) acute physiology and chronic health eval-
uation II (APACHE II) scores (16.9 � 0.6 versus 15.1 � 0.7;
P � 0.046). Both overall success rates and blood clearance
rates were statistically higher for the combination. Success
rates were 68% for the combination and 56% for FLU mono-
therapy (P � 0.045); blood clearance failure rates were 17 and
7% for FLU monotherapy and the combination, respectively
(P � 0.02). Additionally, the success rate by species was the
same between regimens. Mortality rates at 30 and 90 days were
not significantly different between groups. Results were also
comparable between groups for treatment failures secondary
to both renal toxicity and hepatotoxicity; patients receiving
combination treatment had expectedly higher elevations in cre-
atinine levels (16%) compared with those receiving mono-
therapy (6%; P � 0.021). The odds of treatment failure were
decreased by having an infection attributable to C. parapsilosis
(odds ratio [OR] � 0.208; P � 0.018) or by receiving combi-
nation treatment (OR � 0.681, 0.22); the odds of treatment
failure were increased for patients with higher APACHE II
scores (OR � 1.090 per point; P � 0.0006) or a requirement
for total parenteral nutrition (TPN) (OR � 3.00; P � 0.0008).
Treatment response was independent of prestudy antifungal
therapy. The authors concluded that combination treatment
with FLU plus AmB was not antagonistic compared with FLU
monotherapy. Although the analysis was qualified by differ-
ences in baseline APACHE II scores, combination treatment
overall trended toward better success and more rapid blood
culture clearance, similar overall mortality for both regimens,
but more episodes of renal toxicity for the combination (185).
This is a seminal study because it adds significant input to the
antagonism debate, at least in this patient population.

Amphotericin B plus 5-fluorocytosine: in vitro studies.
Keele et al. (105) reported that no antagonistic or additive
effects were observed in vitro for the combination of AmB and
5FC against C. albicans and C. neoformans. Using time-kill
analysis, three isolates each of C. albicans and Cryptococcus
neoformans were tested with three monotherapy and two com-
bination drug regimens of 5FC and AmB. Monotherapy regi-
mens included 5FC (50 �g/ml), low-dose AmB (0.125 �g/ml),
and high dose AmB (2.4 �g/ml). Combinations used a fixed
dose of 5FC with either low-dose AmB (5FC at 50 �g/ml plus
AmB at 0.125 �g/ml) or high-dose AmB (5FC at 50 �g/ml plus
AmB at 2.4 �g/ml). None of the interactions were antagonistic.
There were no differences between combination regimens with
respect to either 5FC preexposure or timing, i.e., staggered
versus simultaneous administration. In both the low-dose and
high-dose combination regimens, drug-drug interactions were
indifferent. Furthermore, regardless of the AmB concentra-
tion, no antagonism or additive effects were observed. The
authors stated the importance of their finding of a lack of any
antagonistic interaction between the two drugs in combination,
reflecting its potential for improved clinical treatment of cer-
tain fungal infections based on the different mechanisms of
action, distinct toxicity profiles, and complementary pharma-
cokinetic profiles (105).

Amphotericin B plus 5-fluorocytosine plus fluconazole: in
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vitro studies. Using a microdilution plate technique, Ghan-
noum et al. (76) studied one-, two-, and three-drug regimens of
AmB, FLU, and 5FC against three isolates each of C. albicans
and C. neoformans. Results of two-drug combinations against
both C. albicans and C. neoformans showed that inhibition by
AmB plus FLU was greater than inhibition by either drug
alone. At low concentrations of AmB, addition of 5FC en-
hanced the growth-inhibitory effect against C. albicans, but
antagonism was noted at higher concentrations of AmB. Data
for the three-drug pairs (AmB plus FLU, AmB plus 5FC, and
FLU plus 5FC) were presented as contour plots, which showed
distinct upward or downward contour plots for C. neoformans
and C. albicans (Fig. 3). Results of the three-drug combina-
tions for C. neoformans showed inhibition with AmB plus dif-
ferent concentrations of FLU plus a single fixed dose of 5FC.
In the presence of 5FC, the combined effects of AmB and FLU
on the growth of C. neoformans remained indifferent; when the

AmB concentration was greater than approximately 1 to 1.2
�g/ml, addition of 5FC had no further effect on growth. These
investigators suggested that the effects of a drug combination
on in vitro fungal growth depends on the ratios and concen-
trations of the drugs used, as well as the fungal strains tested,
apart from other differences related to variations in study de-
sign, pathogens, drug conditions, and regimens.

Amphotericin B plus fluconazole in sequential combinations
against candidiasis. The theoretical concept that using poly-
enes and azoles in combination may be antagonistic prompted
the question whether using these two drug classes sequentially
may circumvent the potential antagonism. Consequently, Vaz-
quez et al. (229) investigated the interaction between AmB and
FLU against Candida cells and demonstrated that preexposure
of C. albicans to the azole leads to transient protection against
subsequent exposure to AmB (229). In a subsequent study of
FLU and AmB interactions, the order of drug initiation in this
combination was examined in a two-part study using four Can-
dida isolates (135). The in vivo implications of in vitro antag-
onism were examined in the first part by using the time-kill
method and macrobroth dilutions (incubation for up to 48 h)
and FLU preincubation (up to 40 hs). Assessments included
log CFUs per milliliter and the effect of FLU preincubation on
AmB (0.5 and 1.5 �g/ml). Results confirmed a transient, in-
duced resistance to AmB as a result of FLU preincubation,
with the increased duration of resistance being related to the
increased time of FLU preincubation. For yeasts sequentially
incubated with FLU followed by AmB plus FLU, fungistatic
growth kinetics were similar to those of fungi exposed to FLU
alone, with antagonism persisting for a minimum of 24 h.
When the drugs were given concomitantly, the activity was
similar to that of AmB alone at concentrations of �1 �g/ml.
The second part of the study used a rabbit model of endocar-
ditis and pyelonephritis. Groups of rabbits received eight dif-
ferent drug regimens, including monotherapy (untreated con-
trols, FLU, and AmB), a simultaneous regimen (FLU plus
AmB), and four sequential regimens (AmB followed by FLU,
FLU followed by AmB, FLU followed by AmB plus FLU,
AmB followed by AmB plus FLU). In vivo doses of FLU were
based on the dose that resulted in the area under the concen-
tration-time curve (AUC) for rabbit serum that mimicked the
steady-state AUC measured in humans receiving FLU at 800
mg/day. The dose of AmB was based on the dose resulting in
serum trough and AUC values similar in humans given 1 mg/kg
of body weight/day. Endpoint parameters used to assess effi-
cacy included concentrations of FLU and AmB in serum, tis-
sue fungal burden for kidney and cardiac vegetations, and the
effect of FLU given for 1 or 5 days prior to changing regimens
to AmB plus FLU to AmB. Results showed that simultaneous
(AmB plus FLU) and sequential (FLU followed by AmB plus
FLU) regimen is were slower in clearing fungi from tissue then
was AmB monotherapy or the sequential regimen initiated
with AmB (AmB followed by AmB plus FLU). FLU preexpo-
sure (FLU for 1 day followed by AmB) delayed the clearance
of fungi from cardiac vegetations and kidneys with respect to
AmB monotherapy. Longer FLU preexposure (FLU for 5 days
followed by AmB) required more time for AmB to effect clear-
ance. The authors concluded that there were no negative con-
sequences of switching from AmB to FLU during the treat-
ment of deep-seated Candida infections, since this is the usual

FIG. 3. Stacked contour plots showing the combined effects of
AmB, FLU, and 5-FC on the growth of C. neoformans. Susceptibilities
of two- and three-drug combinations were determined using a microdi-
lution method. The range of concentrations of drugs used for the
combinations was based on the individual MICs and included concen-
trations both above and below the MICs. Analysis of antifungal drug
concentrations and interactions affecting fungal growth was performed
using multifactorial design models. Eighty data points were generated
describing growth responses to a wide range of antifungal concentra-
tions and ratios. The data were used to generate contour plots and
surface response plots and to develop mathematical equations with
coefficients providing the best empirical fit of the experimental data.
The numerical values on the contours indicate the percentages of
maximal fungal growth in the presence of the various combined anti-
fungal concentrations. The points on the lower contour plane indicate
the concentrations of AmB and FLU used at each of the three levels
of 5-FC shown to develop the contour plots. Contour plots with gen-
erally upward concave form suggest favorable interactions, while those
with concave downward form suggest less favorable interactions. The
equation describing the best fit of the growth data was as follows:
growth � 101 	 27(FLU) 	 33(AmB) 	 173(5FC) � 7(FLU)(AmB) �
19(FLU)(5FC) � 36(AmB)(5FC) 	 7(AmB)(FLU)(5FC) � 2(FLU)2 �
78(5FC)2. These data demonstrate that at AmB concentrations of
�1.0 to 1.2 �g/ml, addition of Flu had no further effect on growth.
Reprinted from reference 76 with permission.
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order of events in the clinic, with AmB empirical therapy
switched to FLU once the infection is determined to be FLU
susceptible. These investigators showed no therapeutic advan-
tage in using FLU and AmB in sequential protocols (AmB
followed by AmB plus FLU or FLU followed by AmB plus
FLU) or simultaneously. Several other studies have demon-
strated that both the order and sequence of drug administra-
tion play critical roles in combination therapy, and favor the
use of either sequential approach, starting with AmB, or both
drugs given concomitantly (61, 135, 138).

Fluconazole plus 5-fluorocytosine against candidiasis. Since
FLU and 5FC act on the fungal cell by completely different
routes, it is expected that a combination of these two drugs will
not be antagonistic and should be synergistic or noninteractive.
The efficacy of this combination has been tested both in vitro
and in vivo, as described below.

(i) In vitro studies. Only a limited number of studies have
been performed with the FLU-plus-5FC combination against
Candida infections. In a recent study, Te Dorsthorst et al. (223)
evaluated the in vitro efficacy of FLU plus 5FC against 27
Candida species including C. albicans (n � 9), C. glabrata (n �
9), and C. krusei (n � 9). These investigators defined drug in-
teractions as synergy if the FICI was �1, additive if the FICI
was 1, and antagonistic if the FICI was �1. Synergism and an-
tagonism were observed for five and four C. albicans isolates,
respectively. For C. krusei, synergy was observed for only one
isolate, and antagonism was observed for eight isolates. Nota-
bly, this combination was antagonistic for all the C. glabrata
isolates tested (223).

(ii) In vivo studies. In vivo studies with 5FC-plus-FLU com-
binations have shown both synergistic and antagonistic inter-
actions. Graybill et al. (86) evaluated the in vivo efficacy of
combining 5FC with azoles in a murine model of disseminated
C. tropicalis infection. Survival and tissue fungal burden of the
spleen and kidneys were used to evaluate the efficacy of anti-
fungal therapy. These studies showed that combining 5FC with
FLU did not increase efficacy against C. tropicalis infection
(86). In a separate study, Atkinson et al. (7) established an im-
munosuppressed-mouse model of C. glabrata infection to eval-
uate the efficacy of combinations of AmB, 5FC, and FLU
treatments in vivo. Treatment with FLU, 5FC, AmB, or a com-
bination was begun 1 day after infection. Kidneys and spleen
CFU counts following 5 days of treatment revealed that the
FLU-plus-5FC combination was superior to these agents alone
in reducing the tissue fungal burden in the kidneys for one
isolate of C. glabrata. High doses of FLU alone produced
modest reductions in kidneys counts but did not reduce spleen
tissue fungal burden. Moreover, there was a poor correlation
between in vitro MICs and in vivo results (7). In a subsequent
study, the efficacies of FLU plus 5FC and FLU plus AmB were
evaluated in a rabbit model of C. albicans endocarditis, en-
dophthalmitis, and pyelonephritis (136). In all the treatment
groups except 5FC monotherapy, 93% of animals appeared
well and survived until they were sacrificed. On day 5, the
relative decreases in CFU per gram in the vitreous humor were
greater in groups receiving FLU alone and in combination with
5FC or AmB than in groups receiving AmB or 5FC mono-
therapies (P � 0.005). However, the results were similar there-
after. In the choroid retina. 5FC was the least active drug. How-
ever, there were no differences in choroidal fungal densities

between the other treatment groups. Both 5FC plus FLU and
5FC plus AmB demonstrated enhanced killing in cardiac veg-
etations compared with monotherapies (P � 0.03). In contrast,
AmB plus FLU demonstrated antagonism in the treatment of
C. albicans endocarditis and in reduction of kidney CFU (136).

(iii) Case reports. Although studies using animal models
suggested mixed interactions for 5FC-plus-FLU combinations,
some clinical case reports have indicated successful treatment
with this regimen. Scheven et al. (201) reported successful
treatment of C. albicans sepsis with FLU-plus-5FC combina-
tion therapy. Recently, Girmenia et al. (82) reported two cases
of a 46-year-old patient (with C. krusei infection) and a 10-
year-old child (with C. glabrata infection) who were success-
fully treated with FLU-plus-5FC regimens. In vitro suscepti-
bility testing of both strains showed resistance to FLU (MIC,
�64 �g/ml). Combination therapy included FLU (600 mg/day)
plus 5FC (4 g three times a day [tid], 150 mg/kg/day) for C. kru-
sei; and a regimen of FLU (300 mg/day) plus 5FC (2 g/tid, 150
mg/kg/day) for C. glabrata infection. Combination therapy re-
sulted in clearing of symptoms within 1 to 2 weeks. Subsequent
in vitro susceptibility testing using FICI and time-kill methods
revealed no antagonistic interactions (FICI � 1.0019) against
both isolates.

Therefore, the in vitro and animal model results for the
FLU-plus-5FC combination are not accurately predictive for
clinical application; this may be due to differences in drug
availability and tissue distribution of the drug in the in vivo
setting or to differences in strains used in the in vitro animal
experiments and clinical isolates. Although these studies sug-
gest that combining FLU and 5FC may have utility in the treat-
ment of azole-resistant Candida, further evaluation is necessary.

Newer Antifungals in Combination

Recently, two new antifungal agents, VORI and CAS, were
approved for the treatment of fungal infections. In this section,
we review the papers and abstracts that investigate the use of
these agents in combination therapy.

Voriconazole combinations. (i) In vitro studies. Checker-
board methods and visual and colorimetric end points were
used to assess drug-drug interactions of 5FC combined in vitro
with either AmB or VORI against C. albicans, C. glabrata, C. kru-
sei, and C. tropicalis isolates (M. A. Ghannoum and N. Isham,
Abstr. 29th Annu. Meet. Eur. Group Blood Marrow Trans-
plant. abstr. P671, 2003). Interactions of 5FC with either VORI
or AmB were synergistic or additive against 50% of C. albicans
isolates tested. Interactions against C. glabrata isolates were
additive for 5FC plus AmB (60%), with no antagonism noted;
however, VORI-plus-5FC interactions were indifferent (50%)
or antagonistic (50%). Additionally, 5FC-plus-AmB interac-
tions were additive against 70% of the C. krusei isolates, which
are innately resistant to FLU. Finally, VORI-plus-5FC exhib-
ited synergistic or additive interactions against 40% of C. tropi-
calis. In another study, Ghannoum et al. (M. A. Hossain, M. A.
Ghannoum, and D. J. Sheehan, Abstr. Trends Invasive Fungal
Infect., abstr. P-59, 2001) determined the efficacy of VORI
in combination with conventional AmB, liposomal AmB
(LAmB), 5FC, FLU, micafungin (FK 463, MICAF), or CAS
against isolates of Candida and Cryptococcus. No antagonism
was observed for any combination evaluated. Across all com-
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binations of VORI and another agent, 74% of the interactions
were indifferent while 26% were synergistic or additive. Com-
binations of VORI and MICAF were synergistic against C. al-
bicans and non-albicans species.

A separate study by Ghannoum et al. (M. A. Ghannoum, N.
Isham, M. A. Hossain, and D. J. Sheehan, Abstr. Int. Immu-
nocompromised Host Soc. Conf. abstr. 65, 2002) supported the
results of an earlier trial using the same methods and defini-
tions against nine Candida isolates. All the isolates were sus-
ceptible to VORI plus AmB and to CAS plus MICAF. Overall,
VORI combinations were 33% additive, 4% synergistic, and
63% indifferent, with no observed antagonism. VORI-plus-
AmB combinations were 17% additive and 83% indifferent.
VORI-plus-FLU combinations were 42% additive and 58%
indifferent. VORI-plus-MICAF combinations were 17% syn-
ergistic, 17% additive, and 58% indifferent. As before, the in-
teractions were strain specific and correlations with clinical
outcome were not determined. These studies emphasize the
notion that VORI is unlikely to be antagonistic when com-
bined with other antifungal agents.

Ernst et al. (63) used broth microdilution and E-test meth-
ods, and time-kill studies to determine the antifungal activities
of AmB, FLU, 5FC, and VORI alone and in combination
against 11 isolates of C. lusitaniae. AmB demonstrated fungi-
cidal activity against most isolates tested, whereas FLU, VORI,
and 5FC demonstrated primarily fungistatic activities. For
AmB-resistant isolates (MIC, �3�g/ml), a trend toward short-
er times taken to reach the fungicidal end point was observed
in cells exposed to AmB plus 5FC, compared to those exposed
to AmB alone (9.3 and 14.5 h, respectively; P � 0.068). These
isolates (3 of 4) also showed a 0.5-log-greater reduction in
fungal growth in the presence of AmB plus 5FC, indicating a
greater extent of activity by this combination (63). Other com-
binations did not produce improvement in activity compared to
single agents (63).

(ii) In vivo studies. Recently, VORI has been studied in
combination with 5-FC or AmB against systemic candidiasis in
immunocompetent guinea pigs (C. A. Hitchcock, R. J. An-
drews, B. G. H. H. Lewis, G. W. Pye, G. P. Oliver, and P. F.
Troke, Int. J. Antimicrob. Agents 19(SI):S74, 2002; 4th Eur.
Congr. Chemother. Infect. 2002), and the results are reviewed
below.

(iii) Combination with 5-fluorocytosine or amphotericin B
against systemic candidiasis in immunocompetent guinea
pigs. When VORI (0.1, 1, and 5 mg/kg p.o. twice daily [bid] for
5 days) was combined with 5-FC (5 mg/kg p.o. bid for 5 days),
there was no evidence of antagonism in terms of survivors or
reductions in kidney fungal loads. At 0.1 and 1 mg of VORI
per kg, addition of 5-FC caused significantly greater decreases
in fungal loads compared with the same VORI doses alone (P
� 0.01). When combined with AmB (1 mg/kg intraperitoneally
[i.p.]) VORI (0.1 and 1 mg/kg p.o. bid for 5 days) showed no
antagonism and was significantly more effective in reducing
fungal loads than was the corresponding VORI monotherapy
(P � 0.001). The mean fungal load in animals treated with a
combination of the highest dose of VORI (5 mg/kg p.o. bid for
5 days) and AmB (1 mg/kg i.p.) was significantly higher (P �
0.05) than that in animals receiving VORI monotherapy. Par-
allel groups of animals dosed with FLU (0.1, 1, and 5 mg/kg
p.o. bid for 5 days) were included for comparison with VORI

in these studies. As expected, when combined with AmB, FLU
demonstrated a similar trend to that observed for VORI. Thus,
addition of AmB (1 mg/kg i.p. once a day for 5 days) signifi-
cantly (P � 0.01) increased the reduction in kidney fungal load
at the lowest doses of FLU (0.1 and 1 mg/kg p.o. bid for 5
days). At the highest dose of FLU (5 mg/kg p.o. bid for 5 days),
there was no significant difference (P � 0.01) in fungal load
between the monotherapy and combination therapy groups. In
general, combinations with VORI, when tested against Can-
dida, did not display any antagonism. Clinical data are needed
to determine the validity of these interpretations.

Caspofungin combinations. The candins, which inhibit cell
wall synthesis through disruption of 1,3-
-D-glucan synthesis
and possibly 1,6-
-D-glucan synthesis (45, 85, 121, 165), may
enhance the activity of either the azoles or AmB by increasing
the rate or degree of their access to the cell membrane (Fig. 1
and 4). Hossain et al. (98) recently evaluated in vitro and in
vivo efficacies of CAS plus AmB against an azole-resistant
strain of C. albicans isolated from a patient who failed to
respond to FLU therapy. In vitro antifungal susceptibility test-
ing was performed based on the M27-A method and drug
interactions assessed using the checkerboard technique. Inter-
actions were defined as synergy (FICI � 0.5), positive (FICI �
1), negative (FICI � 1), or antagonism (FICI � 4.0). These
investigators showed that combination of CAS and AmB re-
sulted in a two- and fourfold reduction in MIC of AmB and
CAS, respectively, and exhibited a positive in vitro interactive
effect (FICI � 0.75). Furthermore, in vivo studies showed that
the combination of CAS (0.002 mg/kg) plus AmB (0.016 mg/
kg) significantly prolonged animal survival compared with un-
treated controls (P � 0.006). The proportions of mice treated
with CAS plus AmB survived longer (72%) than those treated
with the single drugs alone (50% for AmB, 22% for CAS),
although this difference was not statistically significant (P �
0.36) compared to the effect of AmB alone. The CAS-plus-
AmB combination was the only treatment that resulted in
significant reduction in kidney CFU counts (P � 0.05). Com-
pared to untreated controls, CFU counts in the brains of in-
fected mice were significantly reduced when the animals were
treated with CAS plus AmB (P � 0.005) or CAS alone (P �
0.05). However, no significant difference was observed between
animals treated with CAS alone and CAS plus AmB (P �
0.094). Interestingly, no antagonistic interactions were ob-
served between the two agents, which tended to result in fa-
vorable interactions in vivo and in vitro (98). Graybill et al. (87)
recently investigated the in vivo efficacy of the CAS-plus-FLU
combination in a murine model of candidiasis. FLU was ad-
ministered at doses ranging from 0.06 to 5 mg/kg, while CAS
doses ranged from 0.0005 to 5 mg/kg/day. Kidney tissue fungal
burden was used as a measure of efficacy. These studies
showed that none of the CAS-plus-FLU combinations led to
any benefit over using the individual drugs alone.

Although studies evaluating CAS in combination are lim-
ited, available data show a promise for using CAS combined
with AmB. However, confirmation of these data clinically is
warranted.

Fluconazole plus terbinafine combination against candidi-
asis: case report. Although terbinafine (TERB) is approved for
the treatment of superficial fungal infections including onycho-
mycosis and tinea pedis, this drug attracted great interest in
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being used in combination with other antifungal agents to treat
invasive mycoses. This interest stems from the fact that TERB
inhibits fungal growth by blocking squalene epoxidase, an en-
zyme catalyzing the initial steps in ergosterol biosynthesis.
Ghannoum and Elewski (75) described a 39-year-old woman
who presented with white patches on her buccal mucosa,
tongue, and palate with a bright erythematous erosive base. A
fungal culture revealed C. albicans. The patient, who had been
taking FLU for over 2 years previously (100 mg/day for 6
months, then 400 mg once a week) for a diagnosis of onycho-
mycosis, failed to respond to the initially prescribed FLU ther-
apy (200 mg/day for 2 weeks). In vitro testing of the culture
from the patient showed elevated FLU, ITRA, and TERB
MICs (32, 0.5, and 64 �g/ml, respectively). Administration of
TERB (250 mg/day) combined with FLU (200 mg/day) for 2
weeks resulted in clearing of clinical symptoms, and the patient
was successfully asymptomatic for more than 12 months post-
treatment (75). Recent studies have also supported the ob-
servations that FLU-plus-TERB combinations are effective
against Candida infections (D. Marriott, T. Pfeiffer, D. Ellis,

and J. Harkness, Abstr. Trends Fungal Infect., vol. 5, abstr.
P6.17, 1999). This combination is very interesting and should
be pursued further.

ANTIFUNGAL COMBINATIONS AGAINST
CRYPTOCOCCUS SPECIES

Established Antifungal Agents in Combination

Fluconazole plus 5-fluorocytosine against cryptococcosis.
(i) In vitro studies. Nguyen et al. (160) tested FLU plus 5FC
(0.125 to 128 �g/ml range for each) against 50 clinical strains of
C. neoformans. Combination of FLU with 5FC resulted in
significant reductions in the geometric mean FLU MIC (from
5 to 1 �g/ml; P � 0.001) and of the 5FC MIC (from 12 to 0.1
�g/ml; P � 0.0001). Synergy (FICI � 1.0) was observed in 31
of 50 cases (62%), while antagonism (FICI � 2.0) was not
observed. For cases in which synergy was achieved, the median
reduction in MICs were fourfold (range, 2- to 16-fold) for FLU
and fourfold (range, 2- to �1,000-fold) for 5FC. Addition of

FIG. 4. Schematic representation of depletion and enhancement theories of interactions between polyenes and azoles. (A) Depletion.
Preexposure to azoles depletes the fungal cells of ergosterol, leading to fewer targets for the polyene, resulting in antagonism. (B) Enhancement.
Exposure to AmB leads to the formation of pores that facilitate greater access of azoles to the intracellular space, inhibiting the enzymes involved
in ergosterol biosynthesis, resulting in increased efficacy of the drug combination.
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FLU greatly affected the in vitro inhibitory action of 5FC; the
5FC MICs for Cryptococcus isolates were markedly decreased
to concentrations which were severalfold lower than the
achievable 5FC concentration in cerebrospinal fluid. However,
if the initial FLU MIC for the isolate was �8 �g/ml, addition
of 5FC did not greatly enhance the in vitro activity of FLU
(160). A drug interaction study of the FLU-plus-5FC combi-
nation against 35 yeast isolates (including Candida and Cryp-
tococcus spp.) using the FICI and RSM methods demonstrated
that by both methods, the combination was antagonistic against
most Candida species and synergistic for some (223). However,
for Cryptococcus species, the interaction for both combinations
was highly dependent on the tested isolate and the method
used (223) (Table 4).

(ii) In vivo and clinical studies. Nguyen et al. (161) evalu-
ated the efficacy of the FLU-plus-5FC combination as therapy
for cryptococcosis in a murine model of meningitis. Three
strains of C. neoformans for which the range of FLU MICs was
wide—2 �g/ml (susceptible strain), 8 �g/ml (moderately sus-
ceptible strain), and 32 �g/ml (resistant strain)—were used to
challenge the mice and establish infection. At 1 day postinfec-
tion, the mice were randomized into eight treatment groups:
placebo; 5FC (40 mg/kg of body weight/day); FLU at 3 mg/kg/
day (low dosage), 10 mg/kg/day (moderate dosage), or 20 mg/
kg/day (high dosage); and combined 5FC and FLU at low,
moderate, or high doses of FLU. These studies showed that
(i) MICs for the isolates correlated with the in vivo efficacy of
FLU as assessed by the reduction in cryptococcal brain burden,
(ii) a dose-response curve can be created for these studies (a
higher dose of FLU was significantly more efficacious than a
lower dose [P � 0.001]), and (iii) the combination of FLU plus
5FC was superior to therapy with either agent alone (P � 0.01)
(161). Similar synergistic effects of FLU-plus-5FC combination
therapy were demonstrated in vivo by Larsen et al. (116).

In a separate study using a murine model of cryptococcal
meningitis and a study design based on dose response surface
modeling, Ding et al. (49) attempted to identify the regions of
various dose combinations of 5FC and FLU with the highest
fungicidal activity and to determine the effect of a delay in the
start of treatment. The range of doses used included 5FC at 0
to 140 mg/kg/day, FLU at 0 to 40 mg/kg/day (0 to 50 mg/kg/day
for the day 7 group), and FLU plus 5FC in combination, with
approximately four or five mice per group. Infection severity
was varied by using a delay in treatment onset (3, 5, or 7 days
postinoculation). Analysis of outcomes (duration and percent

survival per group, weight change, and tissue fungal burden)
relied on a Loess regression model (35) to characterize the
effect of severity of cryptococcal meningitis. The combination
had the most potent antifungal effects, but the range of effec-
tive dose combinations was progressively reduced as the sever-
ity of meningitis increased. In addition, the magnitude of the
effect as measured by the fungal tissue burden (CFU per gram
of brain tissue) was also reduced with increased severity of
meningitis. Higher doses of FLU were required to achieve
equivalent levels of activity with increased severity of the dis-
ease. This study suggested that combining higher doses of FLU
with lower doses of 5FC could improve treatment for pa-
tients—especially AIDS patients—with cryptococcal meningi-
tis and result in lower toxicity.

The efficacy of the FLU-plus-5FC regimen in the clinical
setting was demonstrated by Cook et al. (37), who reported
successful treatment of thoracic cryptococcal osteomyelitis
with the combination of FLU plus 5FC. These studies sup-
ported the earlier clinical trial performed by Larsen et al. (117)
showing a higher rate of clinical success with the FLU-plus-
5FC combination compared to monotherapies.

Amphotericin B plus fluconazole against cryptococcosis

(i) In vitro studies. Ghannoum et al. (76) evaluated the
activity of two- and three-drug combinations of AmB, FLU,
and 5FC against C. neoformans, using the RSM method. Con-
tour plot analyses revealed that none of the three combinations
exhibited antagonism but were indifferent in their activity
against C. neoformans. Even the triple combination (AmB plus
FLU plus 5FC) was not antagonistic (76). In a separate study,
Barchiesi et al. (12) investigated the in vitro activity of AmB
combined with FLU, ITRA, and posaconazole (POSA; previ-
ously known as SCH 56592) against 15 clinical isolates of
C. neoformans by using the checkerboard method. The re-
sponse for 7% of the isolates was synergistic for both the FLU-
plus-AmB and ITRA-plus-AmB combinations. AmB plus POSA
was synergistic (FICI � 0.5) for 33% of the C. neoformans
isolates studied. Additivity (FICI, �0.50 to 1.0) was observed
for 67, 73, and 53% of the isolates for the FLU-plus-AmB,
ITRA-plus-AmB, and POSA-plus-AmB combinations, respec-
tively. Indifference (FICI, �1.0 to �2.0) was observed for 26,
20, and 14% of the isolates for the FLU-plus-AmB, ITRA-
plus-AmB, and POSA-plus-AmB combinations, respectively.
Antagonism (FIC, �2.0) was not observed.

TABLE 4. Efficacy of drug combinations against Cryptococcus species

Study Combination Regimen effect Reference

In vitro AmB � FLU Synergistic (7%), additive (67%), indifferent (26%) 12
AmB � ITRA Synergistic (7%), additive (73%), indifferent (20%) 12
AmB � POSA Synergistic (33%), additive (53%), indifferent (14%) 12
5FC � ITRA Synergistic (63%), additive (31%), indifferent (6%) 11
FC � POSA Synergistic (33%), additive (67%) 13
CAS � AmB Synergistic (100%) 70
CAS � FLU Synergistic (22%), additive (50%), indifferent (28%) 70

In vivo VORI � 5-FC,
VORI � AmB

Some antagonism at high doses of VORI
(5–10 mg/kg p.o. bid for 10 days)

C. Hitchcock, R. J. Andrews, B. G. H. Lewis, G. W. Pye,
G. P. Oliver, and P. F. Troke, Abstr. Int. J. Antimicrob.
Agents 19(S1):S74, 2002; 4th Eur. Congr. Chemother.
Infect. 2002a

a Cited in the text.
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Overall these studies showed that in vitro, the AmB-plus-
azole combination is synergistic or shows no interaction but is
not antagonistic against C. neoformans.

(ii) In vivo studies. Diamond et al. (46) examined double
and triple combinations of AmB colloidal dispersion (ABCD)
combined with 5FC with or without FLU over a wide range of
doses for treatment of murine cryptococcal meningitis. Regi-
mens included ABCD monotherapy (0 to 12.5 mg/kg of body
weight intravenously [i.v.] for 3 days/week), FLU (0 to 50 mg/
kg/day), ABCD plus 5FC (0 to 110 mg/kg/day), and all three
drugs in combination. The dual 5FC-plus-FLU regimens tested
low to moderate dose ranges (5FC and FLU at 10 to 45 mg/kg/
day) and high dose ranges (5FC at �60 mg/kg/day plus FLU at
�40 mg/kg/day). Results were partially analyzed using RSM
for each of three end points (survival, weight change relative to
baseline, and fungal burden in brain tissue) in an attempt to
identify the ranges of effective dose combinations, as opposed
to conventional analytical approaches that characterize the
effects of specific doses. The addition of FLU to ABCD was
required to achieve a maximum antifungal effect (P � 0.00001)
and prevent weight loss (P � 0.00001). No mortalities were
observed at FLU doses of �20 mg/kg/day (P � 0.00001). The
only region of dose combinations for which the 99% CIs indi-
cated �100 CFU/g of brain tissue was determined for the triple
combination of ABCD (5.0 to 7.5 mg/kg) plus 5FC (20 to 60
mg/kg/day) plus (FLU 30 to 40 mg/kg/day). The triple combi-
nation ABCD plus 5FC plus FLU, within these defined ranges
for each drug, was needed to achieve greatest antifungal ac-
tivity. The authors showed that the most promising therapeutic
effects were defined by higher doses of FLU combined with low
to moderate doses of 5FC plus ABCD, rather than the com-
bination of all three drugs at their respective maximum toler-
ated doses (46).

Larsen et al. (115) evaluated the antifungal activities of
AmB (0.3 to 1.3 mg/kg of body weight/day), FLU (10 to 40 mg/
kg/day), and 5FC (20 to 105 mg/kg/day), alone and in combi-
nation, in a murine model of cryptococcal meningitis. Activity
was determined in terms of brain CFU count. The association
between the response and the dose combination was evaluated
by the RSM method. Administration of AmB alone led to 95%
survival, regardless of the FLU or 5FC dose used, while the
AmB-plus-FLU combination (with or without 5FC) gave the
highest activity. Therefore, AmB plus FLU may be a viable al-
ternative to the 5FC regimen for the treatment of cryptococcal
meningitis.

Barchiesi et al. (12) described the effects of the AmB-plus-
FLU combination in vivo by using an experimental model of
systemic cryptococcosis in BALB/c mice. A clinical isolate of
C. neoformans (strain 2337, serotype D), against which AmB
plus FLU in vitro had an additive response, was injected i.v.
into mice, and the tissue fungal burden and survival of mice
were onitored. These investigators showed that AmB plus FLU
(0.5 and 10 mg/kg/day, respectively) was more efficacious than
FLU therapy (P � 0.0001) in survival studies but less effica-
cious than AmB monotherapy (P � 0.05). In the same inves-
tigation, tissue fungal burdens were analyzed with two combi-
nations involving low (3 mg/kg/day) or high (10 mg/kg/day) FLU
dose combined with AmB (0.5 mg/kg/day). The data showed
that both combinations were more effective than monothera-
pies with either AmB or FLU in clearing all organs studied

(lungs, kidneys, brain, liver, and spleen). In the same study, the
effect of sequential therapy (FLU followed by AmB) was de-
termined, and it was shown that sequential therapy was better
than both monotherapies in reducing fungal burdens in lung,
brain and spleen. Efficacy of sequential therapy was better than
only one of the single drugs in the liver (better than AmB but
not FLU) and kidneys (better than FLU but not AmB) (12).
Notably, no antagonism was observed in either in vitro or
in vivo effects of the AmB-plus-FLU combination against cryp-
tococcosis. Thus, the simultaneous and sequential addition of
AmB and triazoles interact differently with C. neoformans cells,
suggesting that FLU preexposure leads to some degree of ad-
aptation that protects the cells against the action of AmB (12).
These studies also lend support to the “depletion” and “en-
hancement” theories for explaining the interactions between
AmB and FLU (see below).

Newer Antifungals in Combination

Triazoles in combination. (i) In vitro studies. The efficacy of
combinations of the new triazoles against C. neoformans was
investigated in separate studies (12, 13). These studies also
attempted to determine any possible correlation between the
in vitro and in vivo efficacies of these combinations. Drug
interactions for AmB plus FLU, AmB plus ITRA, and AmB
plus POSA were determined in vitro by using the checkerboard
titration microdilution-based NCCLS method. When tested in
vitro, all three combinations with AmB (AmB plus FLU, AmB
plus ITRA, and AmB plus POSA) resulted in significant re-
ductions in the geometric mean MICs of individual drugs (12).
Thus, for the AmB-plus-FLU combination, the MIC AmB was
reduced from 0.73 to 0.07 �g/ml (P � 0.0001) and that of FLU
was reduced from 4.1 to 1.8 �g/ml (P � 0.029). For the AmB-
plus-ITRA combination, the MIC of AmB was reduced from
0.83 to 0.10 �g/ml (P � 0.0001), while the ITRA MIC was
reduced from 0.41 to 0.17 �g/ml (P � 0.009). Similarly, for the
AmB-plus-POSA combination, the MIC of AmB was reduced
from 0.57 to 0.15 �g/ml (P � 0.0001) while the POSA MIC was
reduced from 0.45 to 0.08 �g/ml (P � 0.0001). Synergy was
observed in �7% of the isolates tested for each combination,
while no interaction was observed in �20% of the isolates
tested for each combination. Importantly, antagonism was not
detected for any of the combinations studied (12). In vitro
studies evaluating the efficacy of 5FC plus POSA against C. neo-
formans showed that this combination led to significant reduc-
tion in the MICs of both 5FC (from 1.26 to 0.39 �g/ml; P �
0.0001) and POSA (0.13 to 0.02 �g/ml; P � 0.0001) (13). In a
separate study, the effect of 5FC plus ITRA against 16 strains
of C. neoformans was studied (11). Combination therapy re-
vealed different results for the various strains, including syn-
ergy in 63% and no interaction in 37%, while antagonism was
not observed in any of the interactions (11). Taken together,
these studies clearly demonstrated the strain-dependent in vitro
efficacy of combinations of AmB, triazoles, and 5FC against
C. neoformans.

(ii) In vivo studies. Several studies are described in the
literature describing the efficacy of the 5FC-plus-triazole com-
bination against cryptococcosis in vivo. In one the early studies,
Polak (181) used a murine model of cryptococcosis and showed
that the 5FC-plus-FLU combination is indifferent against
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C. neoformans. In a separate study using a hamster model of
cryptococcosis, Iovanitti et al. (100) showed that the combina-
tion of 5FC�ITRA was less effective than monotherapy with
individual drugs (100). Van Cutsem et al. (225) used a guinea
pig model of cryptococcosis and showed that the combinations
of 5FC plus ITRA or AmB plus ITRA were more efficacious
than monotherapy. More recently, Barchiesi et al. (13) deter-
mined the effectiveness of 5FC plus POSA using a murine
model of cryptococcosis and showed that combination therapy
led to a significant reduction in the number of CFU compared
to that observed with single drugs alone (P � 0.0001). Results
obtained from both systemic cryptococcosis and cryptococcal
meningitis indicated that combination therapy was more effec-
tive than either monotherapy (P � 0.05) (13). In another study,
combinations of VORI plus 5FC (11%) and VORI plus CAS
(33%) were additive against all Cryptococcus isolates tested,
while VORI-plus-FLU, VORI-plus-AmB, and VORI-plus-
MICAF combinations were indifferent (M. A. Hossain, M. A.
Ghannoum, and D. J. Sheehan, Abstr. Trends Invasive Fungal
Infect., abstr. P-59, 2001). When evaluated in immunocompe-
tent guinea pig models of intracranial or pulmonary cryptococ-
cosis (C. neoformans), VORI (5 mg/kg bid for 9 days) demon-
strated efficacy comparable with the same dose of FLU on the
basis of reductions in brain and lung fungal loads, respectively
(C. Hitchcock, R. J. Andrews, B. G. H. Lewis, G. W. Pye, G. P.
Oliver, and P. F. Troke, Program Abstr. 35th Intersci. Conf.
Antimicrob. Agents Chemother., abstr. 2740, 1995). The activ-
ity of VORI in combination with 5-FC or AmB was also in-
vestigated in the intracranial cryptococcosis infection model in
immunocompetent guinea pigs. In common with systemic can-
didiasis in guinea pigs, the lower doses of VORI (0.1 and 1
mg/kg p.o. bid for 9 days) were not antagonized when com-
bined with either 5-FC (5 mg/kg p.o. bid for 9 days) or AmB
(2.5 mg/kg i.p. on alternate days for 9 days). By contrast, at the
highest doses of VORI (5 to 10 mg/kg p.o. bid for 10 days),
both 5-FC and AmB combinations showed some antagonism,
but they were still effective in significantly reducing brain fun-
gal loads compared with vehicle-treated control animals (Hitch-
cock et al., Int. J. Antimicrob. Agents 19(S1):S74, 2002).

Echinocandins in combination. Echincandins represent a
novel class of antifungals, targeted against the fungal cell wall
biosynthesis, and combination of these drugs with other anti-
fungal classes held the promise of being efficacious against
fungi, without being antagonistic. Candins of interest include
CAS, anidulafungin (ANIDU, VER-002; formerly LY 303366),
and MICAF. CAS when used singly has no activity in vitro
against C. neoformans (16). However, Franzot and Casadevall
(70) showed that a combination of CAS with AmB or FLU re-
sulted in enhanced efficacy against C. neoformans. These in-
vestigators performed in vitro combination testing based on
the checkerboard method with 18 clinical and environmental
C. neoformans strains. The combination of AmB (0.03 to 1.0
�g/ml) and CAS (8 to 16 �g/ml) led to a median eightfold
reduction in the MICs of both drugs. The CAS-plus-AmB
combinations exhibited 100% synergy against all the strains
tested. In comparison, combining CAS with FLU (0.24 to 4 �g/
ml) resulted in a twofold reduction in the MICs of each drug
and in synergistic (22%), additive (50%), or indifferent (28%)
interactions. No antagonism in the CAS-plus-FLU combina-
tion was observed. This is not surprising since, unlike polyenes

and azoles, which have the same fungal cellular target, candins
and azoles act at completely different sites, and no antagonism
is expected.

For the FLU (1 �g/ml)-plus-CAS combination, significantly
reduced fungal growth was observed only when the CAS con-
centration was 16 �g/ml, while no effect was detected in pres-
ence of 4 or 8 �g of CAS per ml. In the same study, fungal cell
damage in the presence of different combinations of CAS with
AmB or FLU was determined using a metabolic dye-based
assay. These studies showed that combination of CAS (8 �g/
ml) with increasing concentrations of AmB (0.03 to 1 �g/ml)
resulted in significantly greater fungal damage compared to
each drug used alone. Similarly, while CAS (16 �g/ml) alone
induced 35% fungal damage, a combination of this echinocan-
din with FLU (0.25 to 4 �g/ml) increased fungal damage to the
56 to 65% range (70). Notably, and in contrast to CAS plus
AmB, the effect of combining CAS with FLU was independent
of the azole concentration (70). Overall, these investigators
used the FICI method to show that the in vitro anticryptococ-
cal activity was less pronounced for CAS plus FLU (22%
synergism) compared to CAS plus AmB (100%). However,
CFU studies and fungal damage {2,3-bis(2-methoxy-4-nitro-
5-sulfophenyl)-5-[(phenylamino)carbonyl]-2H-tetrazolium hy-
droxide [XTT]} assays revealed that addition of CAS enhances
the activities of both AmB and FLU against C. neoformans in
vitro. Although the activity of both AmB and FLU is depen-
dent on their efficient diffusion across the cell membrane (79),
the exact mechanisms of action of CAS plus AmB and CAS
plus FLU have not been elucidated. Franzot and Casadevall
(70) proposed that CAS can enhance the activities of AmB and
FLU by inhibiting cell wall synthesis, resulting in increased
access of these drugs to the cell membrane and leading to
enhanced efficacy of the combinations. One caveat in these
studies is the high concentrations of CAS used (8 to 16 �g/ml)
used. Interestingly, pharmacokinetic studies have demon-
strated that administration of a 70-mg loading dose on day 1,
followed by 50 mg of CAS daily, maintains mean plasma CAS
concentrations at �1 �g/ml (218). Therefore the combination
studies with CAS described above were based on very high
levels of CAS, which renders the clinical relevance of these
findings questionable.

In a separate study, Roling et al. (193) used a time-kill
method to assess the efficacies of a low-dose CAS-plus-FLU-
combination (2 and 20 �g/ml, respectively) and a very-low-
dose combination of CAS and FLU (0.007 and 0.5 �g/ml,
respectively) against two C. neoformans isolates. Mean CFU
data (log10 CFU per milliliters) were plotted at different time
points of fungal growth, and a �3 log10 (99.9%) reduction in
CFUs from the starting inoculum was defined as fungicidal.
Fungistatic activity was defined as �99.9% reduction in growth.
Interactions in both these combinations resulted in indiffer-
ence, with no antagonistic effects.

Taken together, these studies demonstrated that the efficacy
of CAS plus FLU against Cryptococcus is influenced by the
drug doses, with higher doses resulting in more synergistic
interactions. Differences between the studies may also be at-
tributed to (i) the use of different number of strains, i.e., 2
versus 18; (ii) different methods of testing, i.e., time-kill versus
checkerboard; (iii) strain differences; and (iv) drug concentra-
tions used. Since the concentration range used by Roling et al.
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(193) was lower than that used earlier by Franzot and Casade-
vall (70), the anticryptococcal activity of the CAS-plus-FLU
combination appears to be concentration dependent and is
enhanced in the presence of �8 �g of CAS per ml. Despite
some differences, both studies reported no antagonism in any
of the CAS-plus-FLU or CAS-plus-AmB combinations tested.

ANTIFUNGAL COMBINATIONS AGAINST ASPERGILLUS
AND FUSARIUM SPECIES

Although the vast majority of the published literature is fo-
cused on combination therapy of candidiasis and cryptococco-
sis, more recent studies have investigated this approach for
managing the difficult-to-treat mold infections (Table 5) (for a
review, see reference 224 and Reference Guide for Difficult-to-
Treat Fungal Infections, J. Chemother. 15(Suppl. 2), 2004, M. A.
Ghannoum [guest editor]). This is not surprising, since the
treatment of invasive mold infections, especially CNS aspergil-
losis and fusariosis, is plagued by high failure rates, necessitat-
ing the exploration of alternative means for therapy. Several
studies, including clinical trials, have been performed to deter-
mine the efficacy of combination therapy against aspergillosis.
These studies are summarized below.

Established Antifungals in Combination

Amphotericin B, triazoles, and 5-fluorocytosine against As-
pergillus and Fusarium: in vitro and in vivo studies. Te Dorst-
horst et al. (223) employed both FICI and RSM methods to
determine in vitro interactions of AmB-plus-ITRA, AmB-plus-
5FC, and ITRA-plus-5FC combinations against isolates of
A. fumigatus, A. flavus, and A. terreus. As expected, these in-
vestigators observed higher MICs of 5FC (median MIC, 128
�g/ml) than either AmB (MIC, 0.50 �g/ml) or ITRA (MIC,
0.25 �g/ml) for all 20 isolates. Interactions (FICI) tended to
vary by species and isolates for combinations of AmB plus
ITRA and ITRA plus 5FC, with antagonism noted for all three
species tested for both combinations (median FICI, 2.5 and
2.062, respectively). For AmB plus 5FC, synergy was observed
against A. fumigatus isolates (FICI � 0.75) while antagonism
was noted against A. flavus and A. terreus isolates (FICI � 2.5).
Investigators were unable to determine FICIs for ITRA plus
5FC against ITRA-resistant A. fumigatus isolates. A similar
species and strain variation was noted when the authors used
IC� to define drug-drug interactions. For combinations of
AmB plus ITRA and ITRA plus 5FC, they again found antag-
onism (median IC� � 	0.04 and 	0.05, respectively). Fur-
thermore, for the combination of AmB plus ITRA, results
were antagonistic for ITRA-sensitive isolates of A. fumigatus
and A. flavus (IC� � 	0.05) but synergistic for isolates of
A. terreus (IC� � 0.08). No reliable IC� values were found for
ITRA-resistant A. fumigatus isolates with the combination
AmB plus ITRA. For AmB plus 5FC, they observed synergy
for all Aspergillus isolates tested (IC� � 0.65). Although there
were occasional discrepancies among the results between the
two models, both indicated that the combination of AmB plus
5FC was the most potent combination against the tested As-
pergillus spp. in vitro.

In a separate study, Kontoyiannis et al. (111) used the E-test
method to evaluate the in vitro efficacy of ITRA (0.002 to 32

�g/ml) combined with AmB (0.002 to 32 �g/ml), added se-
quentially or concomitantly, against 12 A. fumigatus isolates.
Both sequential and concomitant treatments resulted in antag-
onism, but the antagonism in sequential addition was greater
than that in simultaneous addition.

Lewis et al. (130) used an established murine model of in-
vasive pulmonary aspergillosis to evaluate the efficacy of sev-
eral AmB doses (0.25, 0.5, 1.0, and 3.0 mg/kg) given alone or
following preexposure to ITRA. The end points used to exam-
ine the efficacy of antifungal therapy included lung tissue fun-
gal burden; mortality at 96 h, and histopathology of represen-
tative lung sections. At AmB doses of �0.5 mg/kg/day, fewer
ITRA-preexposed mice versus non-ITRA-preexposed mice
were alive at 96 h (0 to 20% and 60%, respectively). At all time
points, the fungal lung burden was consistently and signifi-
cantly higher in animals preexposed to ITRA, as measured by
the CFU counts (P � 0.001) and the chitin assay (P � 0.03).
Higher doses of AmB did not overcome this antagonism.
ITRA preexposure was associated with poorer mycological
efficacy and survival in mice treated subsequently with AmB
for invasive pulmonary aspergillosis (130). However, in a re-
cent study, Najvar et al. (154) investigated the interlaboratory
variations in determining the in vivo efficacy of the AmB-plus-
POSA combination in a murine model of A. flavus infection
and reported consistent results from both sites. These investi-
gators found that no antagonism existed between AmB and
POSA in vivo, even when the experiments were designed to
maximize the likelihood of antagonism. Thus, in vivo antago-
nism observed between AmB and some triazoles may be de-
pendent on the actual azole being used (ITRA versus POSA).

One possible reason for the different interactions between
AmB and triazoles in vivo may be related to variations in the
pharmacodynamic and pharmacokinetic properties (drug ab-
sorption, distribution, and metabolism) of different triazoles.

Amphotericin B plus itraconazole against aspergillosis:
clinical studies. Popp et al. (183) examined the role of ITRA
in the adjunctive treatment of invasive aspergillosis in a small,
retrospective review conducted with patients having definite or
probable aspergillosis (1995 to 1997) who were treated with
conventional AmB alone or in combination with ITRA. Of 21
patients, 10 received AmB and 11 received the combination.
The two groups were comparable at baseline, including similar
mean APACHE II scores, and both groups received similar
doses and duration of AmB. A higher proportion of patients
who received combination therapy (9 of 11; 82%) were cured
or showed improvement compared with those who received
AmB monotherapy (5 of 10; 50%). In this clinical setting,
ITRA and AmB in combination were not antagonistic. Results
of a subsequent, large retrospective chart review (n � 595) of
patients with aspergillosis who received either ITRA alone or
in combination with AmB were considered inconclusive (169).
The most severely immunosuppressed patients received AmB
alone (n � 187); patients who were less severely immunosup-
pressed received either ITRA alone (58 patients) or AmB
followed by ITRA (93 patients). Mortality rates for patients
receiving AmB alone (65%) were much higher than that for
patients receiving ITRA alone (26%) or AmB followed by
ITRA (36%). These differential results were attributed to se-
lection bias with respect to the treatment of patients included
in the chart review and to the conclusion that immunosuppres-
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TABLE 5. Efficacy of drug combinations against Aspergillus species

Study Combination Regimen effect Reference

In vitro VORI � CAS Antagonistic (66%) E. Dannaoui, O. Lortholary, and F. Dromer, Abstr.
13th Eur. Congr. Clin. Microbiol. Infect. Dis.
abstr. P1493, 2003a

VORI � 5FC Indifferent (42%), antagonistic (58%)
VORI � CAS Synergistic (87.5%), additive (4.2%), subadditive

(indifferent, 8.3%)
170

VORI � CAS Indifferent 139
VORI � 5FC Synergistic or additive (40%), indifferent (60%),

antagonistic (none)
M. A. Ghannoum and N. Isham, Abstr. 29th Annu.

Meet. Eur. Group Blood Marrow Transplant.
abstr. P671, 2003a

5FC � FLU Varied by strain and method (FICI or RSM) 223
5FC � CAS Synergistic (92%) E. Dannaoui, O. Lortholary, and F. Dromer, Abstr.

13th Eur. Cong. Clin. Microbiol. Infect. Dis.,
abstr. P1493, 2003a

CAS � AmB Additive (66%)
CAS � AmB Synergistic (14%), additive (50%), indifferent (36%) 6
ITRA � TERB Synergistic 222
ITRA � AmB Antagonistic 222, 223
5FC � AmB Synergistic 223
ITRA � 5FC Antagonistic 223
TERB � AmB Antagonistic 222
TERB � AmB Synergistic or additive 194
TERB � ITRA Synergistic 194
TERB � VORI Synergistic 194
TERB � ITRA Synergistic or additive 151
TERB � FLU Synergistic or additive 151
TERB � AmB Indifferent or antagonistic 151
TERB � 5FC Indifferent or antagonistic 151

In vivo VORI � CAS Mortality, none; survival, complete; CFU/g, signifi-
cantly less that monotherapy

106

MICF � RAVU Significantly reduced 172
ITRA � AmB Antagonistic 130

Clinical studyb FLU � 5FC Successful treatment of cryptococcal osteomyelitis 37
ITRA � FLU Effective 144
ITRA � LAmB Effective 144
ITRA � AmB Cure in 82% of patients compared to 50% in mono-

therapy group
183

CAS � AmB Favorable response in 60–75% of patients 4
CAS � LAmB Good response to invasive aspergillosis in 2-yr-old

patient with acute lymphoblastic leukemia
56

VORI � CAS Invasive aspergillosis resolved T. Gentina, S. do Botton, S. Alfandri, J. Delomez,
S. Jaillard, L. Leroy, C. J. Marquette, G. Beau-
caire, F. Bauters, and P. Fenaux, Program Abstr.
42nd Intersci. Conf. Antimicrob. Agents Chemo-
ther., abstr. M-860, 2002a

LAmB � CAS Invasive aspergillosis resolved T. Gentina, S. do Botton, S. Alfandri, J. Delomez,
S. Jaillard, L. Leroy, C. J. Marquette, G. Beau-
caire, F. Bauters, and P. Fenaux, Program Abstr.
42nd Intersci. Conf. Antimicrob. Agents Chemo-
ther., abstr. M-860, 2002a

VORI � AmB Favorable response in 37% of patients A. Thiébaut, D. Antal, M. C. Breyesse, and C.
Pivot, Program Abstr. 42nd Intersci. Conf. Anti-
microb. Agents Chemother., abstr. M-859, 2002a

CAS � AmB
MICAF � AmB 84 patients successfully treated V. Ratanatharathorn, P. Flynn, J. A. van Burik, P.

McSweeney, D. Niederwieser, and D. Kontoyian-
nis, Abstr. 17th Annu. Sci. Meet. Am. Soc.
Hypertension, abstr. 2472, 2002a

MICAF � AmB
� triazole

MICAF � azole Effective against aspergillosis; no adverse effects A. J. Ullman, J. A. van Burik, P. McSweeney, V.
Ratanatharathorn, J. Raymond, V. L. de Morais,
J. McGurik, W. Lau, D. Facklam, S. Koblinger,
M. Reusch, K. Marr, T. F. Patterson, and D. W.
Denning, Abstr. 13th Eur. Congr. Clin. Micro-
biol. Infect. Dis., abstr. O-400, 2003a

a Cited in the text.
b Case report, clinical trials, retrospective study, etc.
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sion (rather than drug regimen) was the single most important
factor determining outcome (127).

Fluconazole plus itraconazole compared with amphotericin
B against aspergillosis. The rationale of using two azoles to
treat fungal infections is based on filling in therapeutic gaps of
the respective spectrum of activity for each, in that FLU is
active against yeast while ITRA has a broader spectrum (inci-
dentally, this is an example of the second rationale for using
combination therapy [see above]). Mattiuzi et al. (144) recently
published the results of a randomized clinical trial comparing
prophylactic regimens of intravenous monotherapy with LAmB
to the combination of oral FLU plus oral ITRA in patients
undergoing induction chemotherapy for either acute myelog-
enous leukemia (AML) or myelodysplastic syndrome (MDS).
oses used were FLU (200 mg every 12 h [q12]) � ITRA
(200 mg q12h; n � 67) and LAmB (3.0 mg/kg i.v. three times
weekly; n � 70). Clinical outcomes included time to fungal
infection, tissue and blood cultures, signs and symptoms, oc-
currence of either fever of unknown origin or pneumonia of
unknown etiology, and survival. The two groups were compa-
rable at baseline, except for LAmB patients, who were more
likely to be younger (P � 0.006) and to have had a history of
an unfavorable previous malignancy (P � 0.032). However,
response rates were comparable between the two regimens
(LAmB, 60%; FLU plus ITRA, 56%), as was survival (10
deaths for patients receiving LAmB; 8 deaths for patients re-
ceiving FLU plus ITRA in combination). Two patients in the
FLU-plus-ITRA group had infections due to Aspergillus; the
authors proposed that these infections may have been due to
inadequate ITRA absorption and recommended that higher
doses of ITRA be considered for this patient group. They
concluded that LAmB monotherapy and combination FLU
plus ITRA showed comparable efficacy as prophylaxis against
fungal infections in patients with AML or MDS undergoing
chemotherapy and that the combination of FLU and ITRA
was well tolerated, but that LAmB may be better for some
patients, i.e., those who either cannot take oral medications or
who may have absorption problems (144).

Newer Antifungals in Combination against Aspergillosis

Although VORI was introduced recently, a significant
amount of data is already available for single and combination
studies with this antifungal agent. Increasing interest has been
focused recently on combining VORI and the candins with
polyenes. In contrast, studies with CAS in combination are
limited.

Voriconazole plus echinocandins and other antifungals.
(i) In vitro studies. The in vitro activity of two-drug combina-
tions of VORI, 5FC, CAS, and AmB against clinical isolates of
Aspergillus spp., including A. fumigatus and A. terreus, was re-
cently investigated using a checkerboard modification of the
NCCLS M-38P microdilution broth technique (E. Dannaoui,
O. Lortholary, and F. Dromer, Abstr. 13th Eur. Congr. Clin.
Microbiol. Infect. Dis. abstr. P1493, 2003). Combinations of
CAS plus 5FC and VORI plus 5FC were tested against 14
isolates (A. fumigatus, n � 12; A. terreus, n � 2), while combi-
nations of AmB plus CAS and VORI plus CAS were tested
against 35 isolates (A. fumigatus, n � 30; A. terreus; n � 5).
MICs were defined as the lowest concentrations showing 50%

inhibition (CAS, 5FC, and VORI) or 100% inhibition (AmB)
at 48 h. Combinations were generally additive (FICI, �0.5 to
�1) against A. fumigatus for AmB plus CAS (66%) and VORI
plus CAS (68%). Marked synergy (FICI, �0.5) was observed
for 5FC plus CAS (92%). Combinations of VORI plus 5FC
were either indifferent (FICI, � 1 to �4; 42%) or antagonistic
(FICI, �4; 58%).

Dannaoui et al. (41) performed in vitro evaluation of two-
and three-drug combinations of CAS, AmB, VORI, and 5FC
against A. fumigatus and A. terreus. Combinations of CAS with
either AmB or VORI were additive for all the isolates, and
antagonism was not observed (the highest FICI values ranged
from 1.00 to 2.5). The CAS-plus-5FC combination was syner-
gistic for 7 of 12 A. fumigatus isolates (58%) and additive for
5 isolates (42%); antagonism was not observed (FICI, 0.62 to
1.0). In contrast, VORI plus 5FC was antagonistic against most
(93%) of the isolates. The triple combination of CAS plus 5FC
plus AmB was mostly synergistic (FICI, 0.04 to 0.41), while
CAS plus 5FC plus VORI was synergistic for 8 of 12 isolates
(67%) and additive for 4 isolates (33%). For both the triple
combinations, complex interactions were obtained for some
isolates, with synergy or antagonism noted for some concen-
trations of CAS and VORI.

Ghannoum et al. (M. A. Ghannoum, N. Isham, and D. J.
Sheehan, Program Abstr. 42nd Intersci. Conf. Antimicrob.
Agents Chemother. abstr. M-855, 2002) investigated the effi-
cacy of combining VORI with AmB, Abelcet (AB), FLU,
MICAF, ravuconazole (RAVU), or CAS against different fil-
amentous fungi by using the checkerboard technique. Filamen-
tous fungi tested included three strains each of A. fumigatus, A.
terreus, Pseudallescheria boydii, Scedosporium prolificans, and
Acremonium sp. Isolates were chosen to include strains with
high FLU, MICAF, and CAS MICs. All isolates were suscep-
tible to VORI and RAVU, except S. prolificans (mean MICs,
28.24 and 4.0 �g/ml, respectively). All isolates were resistant to
FLU, MICAF, and CAS. Susceptibility to AmB and AB varied.
VORI-plus-CAS combinations were 33.3% additive and 66.6%
indifferent, while VORI-plus-AmB combinations were 20%
additive and 80% indifferent. Both VORI-plus-MICAF and
VORI-plus-RAVU combinations were 13% additive and 87%
indifferent. VORI-plus-FLU and VORI-plus-AB combina-
tions were 100% indifferent. Overall, 14.5% of all VORI com-
binations against these filamentous isolates were additive while
85.5% were indifferent. These results indicated enhanced effi-
cacy of several VORI drug combinations, but correlation with
clinical outcome remains to be determined.

Using NCCLS broth microdilution methods to determine
MICs, Perea et al. (170) studied interactions between VORI
and CAS in 48 Aspergillus isolates from patients with invasive
aspergillosis. Interactions were defined for synergy (FICI, �1),
additivity (FICI, 1.0), subadditivity, indifference (FICI, 2),
and antagonism (FICI, �2). This is the only study where the
terms “subadditivity” (FICI, 1.0 to 2.0), “marked synergy”
(FICI, �0.5) and “weak synergy” (FICI, 0.50 to 1.0) were used
to describe drug interactions. These investigators reported that
drug interactions were synergistic (87.5%), additive (4.2%), or
subadditive (8.3%), while no antagonism was observed (170).
In a separate study, Manavathu et al. (139) used an in vitro
method to evaluate the efficacies of CAS plus VORI, CAS
plus ITRA, CAS plus POSA, and CAS plus RAVU against
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A. fumigatus. These investigators showed that while CAS plus
VORI or CAS plus RAVU resulted in no interaction (FICI,
0.61 and 1.61, respectively), CAS plus ITRA and CAS plus
POSA exhibited synergism (FICI, 0.49 and 0.32, respectively)
(139).

Arikan et al. (6) evaluated the in vitro interactions for CAS
and AmB alone and in combination against Aspergillus (14 iso-
lates) and Fusarium spp (6 isolates). In addition to the MICs,
these investigators determined the minimum effective concen-
trations, defined as lowest concentration of the drug that re-
sults in the formation of aberrantly growing, unusual hyphal
tips (114). Using checkerboard microdilution methods, suscep-
tibilities and interactions were determined for isolates of As-
pergillus and Fusarium, with 24-h and 48-h interpretations for
MICs MECs, and FICI end points. Combination of CAS plus
AmB resulted in a reduction of the CAS MIC by three- to
ninefold, while that of AmB was reduced only slightly (one- to
twofold) (6). For Aspergillus, drug interactions at 24 h were
synergistic for 14% (2 of 14), additive for 50% (7 of 14),
indifferent for 36% (5 of 14) of the isolates. The corresponding
interactions for Fusarium isolates at 24 h were 50% synergistic
(3 of 6), 17% additive (1 of 6), and 33% indifferent (2 of 6).
Notably, no antagonism was observed (6). Results at 48 h were
qualitatively similar to that obtained at 24 h. Similar to the
study with C. neoformans performed previously (70), Arikan et
al. (6) also hypothesized that the enhanced efficacy of the
CAS-plus-AmB combination against Aspergillus may be due to
CAS-mediated depletion of fungal cell wall, leading to greater
penetration of the cell membrane by AmB (Fig. 1 and 4) (6).

(ii) In vivo studies. Kirkpatrick et al. (106) used an immu-
nosuppressed transiently neutropenic guinea pig model of in-
vasive aspergillosis to evaluate the efficacy of VORI alone and
in combination with CAS. Immunosuppression and transient
neutropenia in the model were produced by triamcinolone (20
mg/kg of body weight/day subcutaneously [s.c.] for 4 days prior
to challenge) and cyclophosphamide (150 mg/kg i.p. given
1 day prior to challenge), respectively. Seven drug regimens
with 12 animals per group were used: untreated controls; four
monotherapy regimens (CAS, i.p. 1 mg/kg/day and 2.5 mg/kg/
day; VORI, i.p. 5 mg/kg/day; AmB, i.p. 1.25 mg/kg/day) and
two combination regimens (VORI [5 mg/kg/day] plus low-dose
CAS [1 mg/kg/day] or high-dose CAS [2.5 mg/kg/day]). Efficacy
end points included mortality, survival time, and fungal burden
(CFU in the liver, lungs, kidneys, and brain). Mortality on day
6 post-challenge was lower for all regimens than for controls
(P � 0.0025). Furthermore, no mortality was observed for
VORI monotherapy or either of the VORI-plus-CAS combi-
nations. Semiquantitative cultures of liver, lung, kidney, and
brain tissue revealed that CAS (1 mg/kg/day) reduced the
Aspergillus fungal burden by 10- to 50-fold in brain, liver, and
kidney tissue compared to that in untreated controls. In con-
trast, a higher dosage of CAS (2.5 mg/kg/day) resulted in only
a 10-fold reduction in fungal burden in the kidneys. AmB,
VORI, and the VORI-plus-CAS combinations also signifi-
cantly reduced CFU in liver, brain and kidney tissues com-
pared to those in untreated control tissues (P � 0.0025). Lung
fungal burdens were only slightly reduced by CAS alone, but
treatment with VORI-plus-CAS combinations resulted in sig-
nificantly reduced CFU in the lung tissues (106). Organ cul-
tures from guinea pigs killed 96 h after completion of therapy

revealed that the VORI-plus-CAS combinations were sig-
nificantly more effective than any of the other monothera-
pies in sterilizing the liver, lung, brain, and kidney tissues (P �
0.0025). Overall, about 25% of the animals receiving combi-
nation therapy with VORI plus CAS (1.5 mg/kg/day) had any
organs positive for Aspergillus by culture. In contrast, about 92
to 100% of the animals receiving therapy with single drugs
alone had any organs positive for Aspergillus culture (106).
These studies supported previous in vitro investigations and
suggest that the combination of CAS plus VORI may be an
alternative to using either drug alone, especially in difficult-to-
treat patients.

In the systemic-aspergillosis models (immune normal and
neutropenic animals), the efficacy of VORI was not antago-
nised in combination either with 5-FC or AmB (Hitchcock
et al., Int. J. Antimicrob. Agents 19(S1):S75, 2002). In animals
receiving combinations of VORI (0.1 to 5 mg/kg p.o. bid for
5 days) and 5-FC (5 mg/kg p.o. bid for 5 days), no significant
interaction between the antifungal agents was observed at any
dose compared with the VORI monotherapy group, in terms
of either reduction of fungal burden or cure rates. In analogous
studies where 5-FC was replaced with AmB, treatment with
VORI (1 mg/kg p.o. for 5 days) combined with AmB (2.5
mg/kg i.p. once daily for 5 days) was significantly more effective
than the corresponding VORI monotherapy in reducing the
fungal burden of the livers (P � 0.001), although cure rates
between these two treatment groups were similar. At higher
doses of VORI (5 and 10 mg/kg p.o.), addition of AmB had no
significant effect on efficacy.

In common with neutropenic guinea pigs, the corresponding
studies in immunocompetent animals showed that the efficacy
of VORI was not antagonised by 5-FC or AmB; similarly, at
lower concentrations of VORI, significant improvements in
reducing fungal burden were achieved by the addition of AmB,
whereas 5-FC showed no interaction at any of the doses com-
pared with VORI monotherapy.

In a recent study, Sivak et al. (205) assessed the antifungal
activity and renal and hepatic toxicity of AmB lipid complex
(ABLC; Abelcet) following coadministration of CAS to rats
infected with A. fumigatus. An inoculum of 1.3 � 107 to 2.3 �
107 CFU of A. fumigatus was injected via the jugular vein,
followed by a single i.v. dose of AmB (1 mg/kg), ABLC (1 or
5 mg of AmpB/kg), or an equivalent volume of normal saline
(vehicle control) once daily for 4 days. Rats were further ran-
domized into groups to receive 3 mg of CAS per kg or physi-
ologic saline i.v. once daily for 4 days. Antifungal activity was
assessed from tissue fungal burden of brain, lung, heart, liver,
spleen, and kidney sections. Renal and hepatic toxicity was
assessed from serum creatinine and aspartate aminotransfer-
ase levels. Combinations of CAS (3 mg/kg) plus ABLC (1 or 5
mg/kg) significantly decreased the total number of A. fumigatus
CFU found in all organs analyzed compared to the number
after treatment with CAS alone and nontreated controls. How-
ever, the combination of CAS and ABLC was not more effi-
cient than ABLC alone in reducing the tissue fungal burden.
These findings suggest that combination of CAS plus ABLC is
not antagonistic in vivo, although ABLC alone (5 mg/kg once
daily for 4 days) appears to be the best therapeutic choice in
this animal model (205).
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(iii) Clinical studies. In a recently reported clinical study
involving six leukemia patients with invasive aspergillosis (IA)
refractory to AmB, Gentina et al. (T. Gentina, S. do Botton,
S. Alfandri, J. Delomez, S. Jaillard, L. Leroy, C. J. Marquette,
G. Beaucaire, F. Bauters, and P. Fenaux, Program Abstr. 42nd
Intersci. Conf. Antimicrob. Agents Chemother., abstr. M-860,
2002) evaluated antifungal therapies combining VORI (200
mg bid) or LAmB (5 mg/kg/day) with CAS (70 mg on day 1,
followed by 50 mg/day). Combination therapies were started 8
days after the initial IA diagnosis. The duration of neutropenia
after initiation of combination therapy ranged 4 to 25 days. All
patients had pulmonary IA, including one with disseminated
IA. In all patients, sequential computed tomograms demon-
strated improvement, with a rapid reduction of the size of the
lesions. Improvement allowed administration of consolidation
chemotherapy in three patients without recurrence of IA.
During antifungal therapy, three patients died; none of those
deaths were related to IA. No toxicity of antifungal therapy
was observed. These results suggest that combination antifun-
gal therapy of IA with VORI, CAS, and LAmB is a useful
salvage therapy for IA refractory to AmB.

In a separate study, Thiébault et al. (A. Thiébaut, D. Antal,
M. C. Breyesse, and C. Pivot, Program Abstr. 42nd Intersci.
Conf. Antimicrob. Agents Chemother., abstr. M-859, 2002)
evaluated VORI-plus-AmB or CAS-plus-AmB combinations
in six patients with refractory aspergillosis. These investigators
showed that overall a 37% favorable response was detected.
Furthermore, Ratanatharathorn et al. (V. Ratanatharathorn,
P. Flynn, J. A. van Burik, P. McSweeney, D. Niederwieser, and
D. Kontoyiannis, Abstr. 17th Annu. Sci. Meet. Am. Soc. Hyper-
tension, abstr. 2472, 2002) reported significant success in treat-
ing 84 refractory aspergillosis patients with either a double
(MICAF plus AmB) or a triple (MICAF plus AmB plus azole)
combination of antifungals. These data were subsequently
supported by Ullman et al. (A. J. Ullman, J. A. van Burik,
P. McSweeney, V. Ratanatharathorn, J. Raymond, V. L. de
Morais, J. McGurik, W. Lau, D. Facklam, S. Koblinger, M.
Reusch, K. Marr, T. F. Patterson, and D. W. Denning, Abstr.
13th Eur. Congr. Clin. Microbiol. Infect. Dis., abstr. O-400,
2003), who performed an open phase II clinical trial of 283
patients with refractory IA and administered MICAF alone or
in combination with azoles. These investigators reported that
MICAF alone and in combination were both effective against
aspergillosis, and no adverse effects were noted. These studies
indicated that an echinocandin-plus-azole combination may
represent a new strategy for treatment of pulmonary IA.

Recently, Durand-Joly et al. (54) reported the efficacy of
VORI plus ABLC in the treatment of disseminated Fusarium
oxysporum infection with skin localization in a woman with a
relapse of B-acute leukemia during induction chemotherapy.
The infection was refractory to ABLC alone (5 mg/kg of body
weight/day) but responded successfully when VORI (loading
dose, 6 mg/kg/day, followed by 4 mg/kg/day i.v. every 12 h)
was added. No relapse was observed during a follow-up of 9
months.

Aliff et al. (4) reported clinical results for a retrospective
chart review of CAS and AmB or LAmB in combination for
refractory aspergillosis pneumonia in 30 patients with acute
leukemia. Infections were determined as proven (6 patients),
probable (4 patients), or possible (20 patients). The antifungal

response was based on clinical and radiographic evidence; the
response was further graded as favorable (complete or partial
resolution of all radiographic evidence of fungal infection ac-
companied by definitive improvement in associated clinical
signs and symptoms) or unfavorable (all other responses). The
impact of neutrophil recovery as a potential confounding fac-
tor in the determination of AmB resistance was determined by
the incidence and timing of neutropenia. At the time CAS
treatment was initiated, 27 of 30 patients (90%) were receiving
LAmB. All patients had progression of their fungal disease
while they were receiving AmB or LAmB; 9 of 30 patients
(30%) had fungal disease resistant to ITRA, of whom 4 had
persistent fungal disease despite the combination of AmB and
ITRA. The Median duration of ITRA monotherapy was 12
days (range, 4 to 65 days), while the median dose of LAmB
monotherapy was 7.8 mg/kg (range, 4.2 to 66.1 mg/kg). The
median duration of combination therapy was 24 days (range, 3
to 74 days). A favorable response was reported for 18 patients
(60%; 95% CI, 42 to 78%), of whom 6 exhibited complete
resolution of clinical signs and complete or near complete
resolution of radiographic evidence of fungal pneumonia.
Twenty patients with acute leukemia received combination for
fungal pneumonias arising during chemotherapy; 15 of the
patients (75%) had a favorable response independent of their
response to leukemia treatment. Survival to discharge was sig-
nificantly better (P � 0.001) for patients having a favorable
response. Mild to moderate nephrotoxicity was reported for
half of the patients, who subsequently received LAmB (4).
These investigators showed that combination therapy had an
overall favorable activity against Aspergillus in the patient
groups studied and suggested that the CAS-plus-AmB combi-
nation is a safe and feasible option for high-risk patients with
hematologic disorders and presumed AmB-resistant fungal in-
fections (4). In a separate study, Elanjikal et al. (56) reported
that in a 24-month-old girl with acute lymphoblastic leukemia
and IA, combination therapy with CAS plus LAmB achieved a
good response. These investigators suggested that combination
therapy could be a useful treatment option in children with
invasive fungal disease. In another study, Castagnola et al. (28)
reported successful use of CAS combined with liposomal AmB
or VORI as rescue therapy in two cases of documented and
one case of possible invasive fungal infection in children with
acute leukemia or undergoing allogeneic BMT (28).

A combination antifungal therapy including CAS could rep-
resent an effective therapy for invasive mycoses refractory to
single-agent antifungal therapy. In view of these encouraging
studies, large-scale randomized clinical trials need to be per-
formed to assess whether an echinocandins-plus-AmB/LAmB
combination is more efficacious than monotherapies.

Terbinafine plus triazoles and other antifungals against
Aspergillus. Te Dorsthorst et al. (222) reported that TERB plus
ITRA was a potent combination showing synergy against
ITRA-resistant and ITRA-sensitive strains of A. fumigatus.
These investigators applied RSM to evaluate the interactions
between AmB, ITRA, and TERB against 10 ITRA-susceptible
and 5 ITRA-resistant clinical strains of A. fumigatus, using a
modified checkerboard microdilution method that employs a
foramzan dye (222). Their data revealed that the ITRA-plus-
TERB combination was synergistic for both IT-S and IT-R
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strains while the AmB-plus-TERB and AmB-plus-ITRA com-
binations were antagonistic in vitro (222).

Other studies have supported the observation that ITRA-
resistant fungi can be treated with TERB-plus-azole combina-
tions. TERB in combination with either ITRA, FLU, AmB, or
5FC was tested against isolates of A. fumigatus (three isolates,
one of which was ITRA-resistant) and A. flavus, A. niger, and
A. terreus (two isolates each) using a broth microdilution-based
method (151). MICs, fractional inhibitory concentration (FICs),
and fractional fungicidal concentration (FFCs) were the deter-
mined endpoints. In vitro interactions of TERB in combina-
tion with ITRA or FLU against Aspergillus spp were favorable,
while combinations of TERB plus AmB or 5FC were less
effective. ITRA-plus-TERB was synergistic or additive against
all strains tested (FICI, 0.15 to 1.0). FLU-plus-TERB was
synergistic against A. fumigatus, A. terreus, and A. flavus (FICI,
0.3 to 0.5) and indifferent against A. niger (FICI, 2). TERB-
plus-AmB interactions were primarily indifferent or antagonis-
tic (FICI, 1.0 to 4.02), as were interactions for TERB-plus-5FC
(FICI, 0.63 to 8.5). In this study, FFCs were generally in ag-
greement with FICIs (151).

Ryder and Leitner (194) tested the in vitro activity of TERB
alone and in combination with other antifungal agents against
isolates of A. fumigatus, A. flavus, and A. niger. Testing was per-
formed by a modified NCCLS macrodilution broth assay, and
interactions were examined using a checkerboard design. These
investigators demonstrated that TERB was highly active (MIC,
0.01 to 2 �g/ml) and fungicidal (MFC, 0.02 to 4 �g/ml) against
Aspergillus isolates; AmB was also highly active and fungicidal
(MIC, 1 �g/ml; MFC, 1 to 4 �g/ml) (194). The triazoles ITRA
and VORI were highly active but showed variable degrees of
fungicidal activity against the different strains, with VORI hav-
ing the more potent cidal activity. As expected, FLU had no
significant activity (MIC, �128 �g/ml). Drug combinations
(TERB combined with AmB, ITRA, or VORI) were tested
against A. fumigatus and A. niger strains. The TERB-plus-AmB
combination showed synergism or no interaction, depending

on the isolate. Combinations of TERB-plus-ITRA or VORI-
plus-TERB displayed potent synergistic interactions and fun-
gicidal activity against all isolates. In general, TERB combined
with a triazole appears to be more efficacious than combined
with a polyene. Although many in vitro studies suggest syn-
ergy between TERB and other agents, in vivo confirmation is
warranted.

ANTIFUNGAL COMBINATIONS AGAINST
SCEDOSPORIUM SPECIES

In immunocompromised patients, Scedosporium prolificans
can cause pulmonary or disseminated infection similar to as-
pergillosis or fusariosis (146, 233). S. prolificans infections are
difficult to treat due to this organism’s inherently poor re-
sponse against available antifungals (133, 146, 182, 209). In
vitro interactions between TERB, VORI, miconazole (MCZ),
and ITRA were recently evaluated against five clinical isolates
of S. prolificans by using a microdilution checkerboard tech-
nique (147). Antifungal effects of the drugs alone and in com-
bination were based on determination of fungal biomass and
metabolic activity at 48 and 72 h, using a spectrophotometric
method and two colorimetric methods to generate cutoffs for
MIC-1 (75% growth inhibition) and MIC-2 (50% inhibition).
Interactions were analyzed using parametric, nonparametric,
and semiparametric approaches. The investigators found sta-
tistically significant synergy between each of three azoles and
TERB in all cases, but with different degrees of reduction of
the geometric means of the MICs in combination for TERB
(27- to 64-fold) and the azoles (16- to 90-fold). Corresponding
FICIs ranged from �1 to 0.02. The strongest synergy among
the azoles was found with the TERB-plus-VORI and TERB-
plus-MCZ combinations, and synergistic effects on both fungal
growth and metabolic activity were more potent at 72 hs. These
studies demonstrated the in vitro efficacy of combining TERB
with VORI or MCZ against S. prolificans (147) (Table 6).

Recently, Steinbach et al. (212) described a case of S. pro-

TABLE 6. Efficacy of drug combinations against uncommon molds

Study Organism Combination Regimen effect Reference(s)

In vitro S. prolificans VORI � CAS Synergistic 212
VORI � TERB Synergistic 147, 148
TERB � ITRA Synergistic 147, 148
TERB � MCZ Synergistic 147, 148

P. boydii AmB � FLU Additive or synergistic 234
AmB � ITRA Additive or synergistic 234
AmB � MCZ Additive or synergistic 234

Histoplasma FLU � AmB Synergistic (60%), additive (39%), indifferent (10%) 120
Zygomycetes AmB � RIF Synergistic (69%), additive (31%) 40

AmB � 5FC Additive (100%) 40
AmB � TERB Synergistic (20%), additive (80%) 40
VORI � TERB Synergistic (44%), additive (56%) 40

In vivo Histoplasma FLU � AmB No antagonism; CFUs, high (no clearance in lung) 96, 120
ITRA � AmB No antagonism; CFUs, 0 (completely sterilized lung) 120

Clinical studya S. prolificans VORI � CAS Synergistic 212
VORI � TERB Cure of orthopedic infection 84
VORI � TERB Control of disseminated infection 99

P. lilacinus ITRA � CAS Complete resolution 197
Fonsecaea pedrosoib ITRA � TERB Synergistic 93

a Case report, clinical trials, etc.
b Chromoblastomycosis.
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lificans-associated osteomyelitis in a 5-year-old immunocom-
petent child. The patient was given empirical FLU mono-
therapy 4 weeks into the infection, followed by intravenous
ITRA to expand mold coverage. The fungal isolate was iden-
tified as S. prolificans, and the therapy was changed to VORI (4
mg/kg/day) for 2 months, followed by a higher dose of VORI
(6 mg/kg/day). Continued failure to resolve the infection
prompted the addition of CAS to the treatment regimen at an
initial load of 1 mg/kg followed by maintenance at 0.75 mg/kg/
day. Surgical debridement was performed twice during sys-
temic combination therapy (6-week course) and led to success-
ful resolution of the infection. Subsequent in vitro antifungal
susceptibility testing of the isolated S. prolificans strain re-
vealed that the VORI MIC was 8 �g/ml while the CAS MIC
was �4 �g/ml. Microdilution checkerboard-based determina-
tion of drug interactions revealed that the combination of
VORI-plus-CAS resulted in synergistic interaction (FICI �
0.25) (212). In a recent case report, Gosbell et al. (84) reported
the use of VORI-plus-TERB to successfully cure an orthope-
dic infection due to S. prolificans. Howden et al. (99) recently
reported successful treatment of disseminated S. prolificans
infection in a BMT patient by using a VORI-plus-TERB com-
bination with aggressive surgical debridement. These studies
suggest that difficult-to-treat fungal infections can benefit from
combination treatment strategies employing VORI in combi-
nation with TERB or an echinocandins.

P. boydii, the sexual teleomorph of S. apiospermum, is resis-
tant to AmB (233). Walsh et al. (234) determined the MICs,
minimum lethal concentrations (MLCs; lowest concentrations
of antifungals resulting in growth of three or fewer colonies),
and FICIs of AmB alone and in combination with either
ITRA, FLU, or MCZ against 22 clinical isolates of P. boydii.
Except for MCZ, there was a broad range of antifungal activ-
ity, indicated by high and low MICs of the individual agents.
Mean MICs � standard error were as follows: AmB (1.1 �
0.15 �g/ml; range, 0.25 to 2.0 �g/ml), ITRA (0.45 � 0.20 �g/
ml; range, 0.03 to 4.0 �g/ml), FLU (18 � 2.2 �g/ml; range, 2.0
to 32 �g/ml), and MCZ (0.36 � 0.04 �g/ml; range, 0.125 to 0.50
�g/ml). However, the mean MLCs of all four agents were 5 to
33 times higher than the corresponding MICs (AmB, 12 � 3.0
�g/ml; ITRA, 15 � 2.8 �g/ml; FLU, 87 � 11 �g/ml; MCZ,
6.9 � 1.8 �g/ml). Drug interactions (FICIs) were defined for
synergy (�0.05), additivity (�.05 but �1), indifference (�1 but
�4), and antagonism (�4). The majority of AmB-azole inter-
actions (16 of 22; 67%) were additive or synergistic; antago-
nism was not observed. The mean MIC of AmB was reduced in
the presence of ITRA (P � 0.042), FLU (P � 0.11), or MCZ
(P � 0.026). The investigators noted a strain-dependent re-
sponse to AmB: 7 of the 22 isolates (32%) were resistant to
AmB at concentrations �2.0 �g/ml, but 8 isolates (36%) were
sensitive to this antifungal at concentrations �0.05 �g/ml.
However, the overall disparity between the mean MICs and
MLCs for the single agents, and the observed strain-dependent
activity, led the authors to conclude that fungicidal effects were
not likely to be attained at safely achievable concentrations in
serum, limiting their use as individual agents in immunocom-
promised patients. The authors also concluded that their re-
sults were compatible with a mechanism of increased AmB-
mediated permeability of the fungal cell membrane, permitting
higher intracytoplasmic azole concentrations at the C-14-de-

methylase–cytochrome P-450 binding site, resulting in further
inhibition of ergosterol synthesis in fungal cell membranes
(Fig. 4). Clearly, more in vitro and in vivo studies are needed
to investigate different combinations to identify appropriate
candidates to treat infections caused by Scedosporum (partic-
ularly S. prolificans). However, based on the limited data, com-
binations employing VORI and TERB or an echinocandin may
be promising.

ANTIFUNGAL COMBINATIONS AGAINST
OTHER FUNGI

The efficacy of antifungal combinations against other fungi,
such as Histoplasma, Paecilomyces, and zygomycetes isolates,
have not been studied in much detail, and only a handful of
studies are described in the literature (Table 6). A brief de-
scription of these studies is given.

Lemonte et al. (120) compared the in vitro efficacy of tria-
zoles (ITRA or FLU) plus-AmB against 10 clinical isolates of
Histoplasma and showed that drug interactions were synergistic
for 60% (6 of 10), additive for 30% (3 of 10), and indifferent
for 10% (1 of 10) of the isolates. No antagonism was observed
for any of the isolates. In an animal model of histoplasmosis
based on lung and spleen CFU determinations, the FLU-plus-
AmB combination was shown to be antagonistic. However,
these investigators suggested using brain tissue burden as an
indicator of efficacy for more accurate analyses of these com-
binations. Haynes et al. (96) used a murine model of CNS his-
toplasmosis and brain tissue burden as an indicator of efficacy
to demonstrate antagonism between FLU and AmB. Although
FLU penetrates into the brain tissue, it was less effective as a
single agent than AmB in its ability to clear the brain fungal
burden (96). Addition of ITRA to AmB therapy neither im-
proved nor hindered fungal clearance. Although limited; these
studies suggest that AmB-plus-FLU combination therapy may
not be effective for the treatment of CNS histoplasmosis, while
the AmB-plus-ITRA combination is not antagonistic (96, 120).

Paecilomyces lilacinus is an emerging opportunistic pathogen
in humans and can cause extensive infection in immunocom-
promised patients, especially infections of the skin, manifesting
as erythematous macules, vesicles, pustules, and lesions (33,
101). Treatment in most cases is extremely difficult due to vari-
able resistance of P. lilacinus to TERB, AmB, 5FC, and most
azoles (33, 43, 64, 101). The susceptibility of P. lilacinus to
ITRA and CAS is uncertain (33, 43), although single reports
have described successful treatment with ITRA (94) or TERB
(33). Recently, a case of rapidly progressive cutaneous P. lila-
cinus infection that responded to CAS-plus-ITRA combination
antifungal therapy was reported (197). Initial treatment con-
sisted of oral ITRA (600 mg qid for 3 days) followed by main-
tenance on 400 mg qid. Lack of response to ITRA for 7 days
(demonstrated by the development of new skin lesions) prompt-
ed the administration of CAS at 70 mg on the first day and then
50 mg qid. thereafter. Complete resolution of the P. lilacinus
infection was observed after 4 weeks of combination therapy
(197). Treatment with combination therapy was continued for
approximately 3 months, with no significant side effects.

In vitro evaluation of AmB-plus-TERB and ITRA-plus-
TERB combinations against 17 clinical isolates of Zygomycota
by using a checkerboard technique revealed that the ITRA-
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plus-TERB combination was synergistic effect against most of
the strains. The AmB-plus-TERB combination was indifferent
against Rhizopus oryzae and additive for the other species
tested (83). In a separate study, Dannaoui et al. (40) reported
the in vitro susceptibilities of 35 zygomycetes isolates (Rhizo-
pus, n � 15; Absidia, n � 10; and other zygomycetes, n � 10)
to four dual combinations of antimicrobial agents: AmB-plus-
rifampin, AmB-plus-5FC, or AmB-plus-TERB, and VORI-plus-
TERB (40). TERB was used at 0.25 �g/ml for the combi-
nations, a level similar to that seen in serum (40). These
investigators noted no antagonism for any of the four combi-
nation regimens. Drug interactions for AmB-plus-rifampin
were either synergistic (69%) or additive (31%); those for
AmB-plus-5FC were completely additive (100%); those for
AmB-plus-TERB were synergistic (20%) or additive (80%);
and those for VORI-plus-TERB were synergistic (44%) or
additive (56%). As can be seen, VORI-plus-TERB showed the
highest synergy among antifungal combinations, suggesting
this combination as a possible alternative therapeutic option.
Overall, these studies suggest that antifungal combinations
can, in some cases, be useful therapies for treating infections
due to uncommon fungi. However, more detailed in vitro and
in vivo studies and more clinical experience are warranted in
this area.

MISCELLANEOUS COMBINATIONS

In addition to antifungal-antifungal combinations, studies
evaluating the efficacy of antifungals combined with antibacte-
rial, anticancer, or immunomodulator agents have been under-
taken. Since these studies are exploratory and limited in num-
ber, they are described briefly, and interested readers are
encouraged to consult the original articles.

Combinations of Antifungal, Antibacterial,
and Anticancer Agents

Although some studies have investigated the efficacies of
antifungal, antibacterial and anticancer agents in combination,
more studies need to be performed before a general conclusion
may be reached regarding their effectiveness in the clinical
setting. Here we present a brief summary of some of these
studies.

The antifungal activities of the antibiotics ciprofloxacin and
trovafloxacin, alone and in combination with AmB or FLU,
were investigated in vivo against C. albicans in a murine mod-
el of hematogenously disseminated candidiasis, and in vitro
against several molds with trovafloxacin (221). The two fluoro-
quinolones did not augment the in vitro activity of either AmB
or FLU. However, in vivo, the combination of both ciprofloxa-
cin and trovafloxacin with FLU was more effective than FLU
alone in prolonging survival. The aromatic diamidine pentam-
idine (PN) displays multiples effects against protozoa, bacteria
and fungi (17, 53, 58, 132, 137, 217a, 237). Among the fungi, its
effect has been mostly studied against Pneumocystis carinii (95,
228), C. neoformans (10), C. albicans (150, 162), and A. fumiga-
tus (3). The in vitro effect of PN-plus-ITRA and PN-plus-
KETO combinations on 11 C. albicans strains (including one
azole-resistant isolate) has also been studied (217a). These
studies showed that the KETO-plus-PN combination had no

significant effect on drug susceptibility of most strains tested
while ITRA-plus-PN was fungicidal for eight strains in either
combinations (217a). In another study, Afeltra et al. (J. Afel-
tra, E. Dannaoui, J. F. G. M. Meis, and P. E. Verweij, Program
Abstr. 42nd Intersci. Conf. Antimicrob. Agents Chemother.
abstr. M-849, 2002) investigated the effect of AmB combined
with co-trimoxazole (SXT) against 60 clinical isolates of As-
pergillus species grown in RPMI 1640 or AM3 media. These
investigators demonstrated that in RPMI, AmB-plus-SXT was
antagonistic for 45 of 60 isolates (75%), while in AM3 the
combination was antagonistic against 29 of 60 (48%), and syn-
ergistic against 13 of 60 (21.6%). Although these results need
to be confirmed in vivo, available data suggest that AmB-SXT
is antagonistic against Aspergillus species (Afeltra et al., 42nd
ICAAC, abstr. M-849, 2002). In a recent study, the in vitro
efficacy of AmB and PN, alone or in combination, against 30
clinical isolates of S. prolificans was determined by using the
FICI and RSM methods (2). These investigators showed that
the combination of AmB-plus-PN exhibited synergy against 28
of 30 isolates (93.3%) and aditivity for 2 of 30 isolates (6.7%),
while the RSM method predicted 100% synergy (2). Although
these combinations showed promise during in vitro and in vivo
studies, their clinical utility can be determined only after fur-
ther studies.

The effect of combining antifungal agents with anticancer
drugs such as tamoxifen or 5-fluorouracil against fungal patho-
gens has been studied in vitro (8, 18). Ghannoum et al. (78)
evaluated the efficacies of combinations of two, three, and four
drugs, including antineoplastic drugs, antifungal drugs, and
combinations of both. Their data allowed predictions of the
effects of combinations that provide maximum effectiveness in
growth inhibition with minimum levels of the test drugs (78). In
a separate study, Ghannoum et al. (77) investigated the effects
of combinations of antifungal (AmB, 5FC, or MCZ) with an-
tineoplastic (methotrexate, cyclophosphamide, or 5-fluoroura-
cil) drugs on inhibition of the growth of yeasts. It was shown
that interactive effects among antineoplastic and antifungal
drugs may be very large and that drug combinations which
were effective at low levels in inhibiting one test yeast were also
generally effective against other species. However, the levels of
susceptibilities and, to a lesser extent, the best ratios of drugs
in the test combinations varied with species (77). The levels of
drugs required for inhibition in combination drug treatments
are critically dependent on the ratios as well as the absolute
concentrations of drugs tested (74). The clinical relevance of
these combinations remains undetermined.

Antifungals Combined with Immunomodulators

Since fungal infections occur mainly in immunosuppressed
patients, it is reasoned that adding an immunomodulator or
stimulator to an antifungal agent may improve the chance of a
successful outcome. Consequently, researchers have sought to
determine the effects of adding immune factors (e.g., granulo-
cyte colony-stimulating factor and granulocyte-macrophage
colony-stimulating factor) or effector cells (e.g., primarily mac-
rophages, polymorphonuclear neutrophils [PMNs], and mono-
cytes) to antifungal drug regimens in an attempt to manipulate
both innate and adaptive host defenses. Effective antifungal
agents may act in collaboration with host effector cells at var-
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ious intracellular and extracellular locations, or during differ-
ent postinfection intervals corresponding to different phases
and mechanisms of host defense response (29, 30, 213). Over-
all, various antifungals combined with immunomodulators
against candidiasis have been shown to be generally more
effective than monotherapy (30, 38, 112, 149, 232). Adjunctive
immunotherapy using antibody-based therapies has been in-
vestigated for C. neoformans and A. fumigatus infections and
generally shows enhanced activity with combination therapies
(34, 69, 152, 153, 157, 192, 231). Different studies in this field
have been summarized in previous reviews (213, 216, 217).

Some case reports have been described supporting the no-
tion that immunomodulators can influence the efficacy of an-
tifungal agents (29, 59). These studies suggested that immuno-
modulators may be acting via neutrophils (Th1 response) or
monocytes (inducing tumor necrosis factor and macrophage
inflammatory protein 1�). In separate studies, VORI, POSA,
and ITRA enhanced the antifungal functions of human PMNs
against hyphae of S. prolificans and S. apiospermium (81). Sim-
ilarly, AmB lipid complex plus PMN displayed a significant
additive effect against both Scedosporium species (22% for
S. prolificans and 81% for S. apiospermum; P � 0.04) (80).
Efficacies of LAmB plus granulocyte colony-stimulating factor
have also been demonstrated in vivo by using an immunosup-
pressed murine model of disseminated Scedosporium infection
(164). Recently, Steinbach et al. (210) used disk diffusion, mi-
crodilution checkerboard, and gross and microscopic morpho-
logical analyses to demonstrate that combination of the immu-
nosuppressants cyclosporine or tacrolimus (FK506) with CAS
exhibit a positive interaction against A. fumigatus.

Taken together, these studies show that combining an anti-
fungal agent with concomitant improvement of host immune
response through the use of an immunostimulator is a prom-
ising area that needs to be investigated through experimental
animal systems and clinical trials. A clear demonstration of the
clinical relevance of this approach is the decrease in the inci-
dence of esophageal candidiasis in the HIV/AIDS setting, re-
sulting from host immune reconstitution brought about by the
use of highly active antiretroviral therapy (73). Although com-
bining an antifungal with another therapeutic class has shown
promise, more studies are needed to determine whether these
combinations have widespread clinical relevance.

GENERALIZATIONS REGARDING ANTIFUNGAL
COMBINATIONS

Based on the reviewed studies, the following generalizations
can be drawn regarding antagonistic interactions, interpreta-
tion criteria of the FICI method, commonly used combina-
tions, and in vitro-in vivo correlation of data.

Antagonistic Interactions

A primary concern, especially in the clinic, has been whether
any antagonism exists between antifungals used in combina-
tion. Debate over combining a polyene with an azole is partic-
ularly relevant and has attracted considerable attention, with
controversial and hotly debated data. This controversy stems
from the fact that polyenes and azoles act on the same bio-
chemical targets, namely, fungal membrane sterols. While

polyenes bind to membrane sterols, the azoles inhibit the bio-
synthesis of these sterols.

Opponents of polyene-azole combinations have cited the
antagonism observed in some cases as evidence of the “deple-
tion theory.” According to this theory, preexposure of the fun-
gus to azoles depletes ergosterol, which is the prime target for
AmB action. Consequently, added AmB will not have the
cellular target necessary for its activity, resulting in antagonis-
tic interaction (105, 128, 130, 200). The “enhancement theory”
(in which the efficacy of AmB is augmented by the addition of
azoles) is based on the hypothesis that AmB, by binding to
fungal membrane sterols and creating a pore, provides greater
access to azoles into the cytoplasm, leading to increased inhi-
bition of ergosterol synthesis (70, 147, 148, 223, 234).

Proponents of the use of polyene-azole combinations have
argued that the lack of antagonism is due to subtle differences
in the molecular mechanisms among the azoles (76, 79, 204);
there is also good evidence that the action of AmB involves, in
addition to its physicochemical interactions with sterols, other
mechanisms including induction of cation permeability; inter-
actions with membrane phospholipids, especially saturated
fatty acids, which act as an important parameter for lipid per-
oxidation (23, 24, 72, 104); and the fact that azole treatment
does not completely eliminate membrane sterols, so that the
residual amount of ergosterol in the cell membrane may be
sufficient for AmB to bind and inhibit fungal growth (72).

Interestingly, recent combination studies with the newer an-
tifungal agents which have been developed (VORI and CAS)
or are under development (POSA, RAVU, MICAF, and
ANIDU) show no antagonistic interactions. More prominent
among the studies demonstrating no antagonism between poly-
enes and azoles has been the recent clinical trial by Rex et al.
(185), which compared AmB monotherapy with AmB-plus-
FLU combination therapy. These investigators showed that the
AmB-plus-FLU combination was not antagonistic in the treat-
ment of candidemia in nonneutropenic patients. This is a land-
mark study, since it is the only randomized clinical trial that
provides an insight into the lack of antagonism between AmB
and FLU, tilting the scale in favor of no antagonistic interac-
tions.

Interpretation of FICI Values

One of the main difficulties in our attempt to correlate
different studies was related to the widely varying criteria used
to interpret FICI results for drug-drug interactions (Table 1).
Using a single system of interpretation will no doubt be of
tremendous benefit to our ability to reduce the confusion that
exists in the current literature. We recommend that the re-
cently introduced interpretive criteria (synergy, FICI � 0.5;
antagonism, FICI � 4.0; no interaction, FICI � 0.5 to 4.0
[Table 2] [163]) should be followed in future studies of anti-
fungal combinations. This will facilitate a uniform interpreta-
tion of data and permit more relevant comparisons between
different studies.

Potentially Useful Combinations

In vitro, in vivo, and clinical data have identified potentially
useful combinations. The most commonly used combination
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of antifungal agents is that of 5FC with AmB or FLU, both
against cryptococcosis. Recently approved drugs such as VORI
and CAS have also been used in combination. Combinations of
the new agents that may have clinical utility for treating Can-
dida infections include VORI-plus-MICAF, 5FC-plus-CAS,
CAS-plus-AmB, or FLU-plus-TERB, while combinations that
showed potential promise for treating filamentous fungi (par-
ticularly Aspergillus) include VORI-plus-CAS, VORI-plus-
LAmB, VORI-plus-TERB, and 5FC-plus-CAS. One caveat is
that since antifungal drug-drug interactions are strain specific,
it is not possible to select one combination to suit all members
of a given species. This necessitates testing of the optimal
combination for each particular clinical strain. Obviously, this
adds enormous burden in terms of time and expense and there-
fore should not be conducted as a matter of routine. There-
fore, in the clinical setting, antifungal combination therapy
should be undertaken only in patients unresponsive to mono-
therapy and for whom the MICs of individual antifungals are
elevated.

CONCLUSIONS

The recent increase in the number of publications and pre-
sentations at scientific and medical meetings, as well as the
willingness of physicians to treat patients with more than one
antifungal agent, clearly demonstrates that antifungal combi-
nation therapy is becoming a reality in the fields of infectious
diseases and medical mycology. The discrepancies noted be-
tween different studies in vitro call for method standardization
and adoption of a common interpretive criterion. Recent clin-
ical data go a long way to addressing the controversy regarding
antagonism between azoles and polyenes. Moreover, data gen-
erated using the newly approved antifungal agents VORI and
CAS combined with other agents demonstrate that antagonism
is highly unlikely. The goal of future studies should be to de-
termine whether combination therapy with these new, prom-
ising agents improves survival and treatment outcome in the
most seriously debilitated patients who are afflicted with life-
threatening fungal infections.
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