LIPOSOMAL AMPHOTERICIN B
FOR INVASIVE FUNGAL INFECTIONS
An experimental study in the leukopenic host

Els W.M. van Etten



CIP-GEGEVENS KONINKLHKE BIBLIOTHEEK, DEN HAAG
Etten, Elisabeth Wilhelmina Maria van

Lipesomal amphotericin B for invasive fungal infections :

an experimental study in the leukopenic host / Elisabeth
Wilhelmina Maria van Etten, - [S.1. ¢ s.n] - I,

Thesis Erasmus Universiteit Rotterdam. - With bibliogr.,,

ref. - With summary in Dutch.

ISBN 90-9008773-7

NUGI 743

Subject headings: amphatericin B / liposomes / fungal infections.

©1995 EWM van Etten. No part of this publication may be reproduced, stored in a retrieval
system, or transmitted in any form or by any means without the prior permission of the
author or, where appropriate, of the publishers of the publications.



LIPOSOMAL AMPHOTERICIN B
FOR INVASIVE FUNGAL INFECTIONS
An experimental study in the leukopenic host

LIPOSOMAAL AMPHOTERICINE B
BlJ INVASIEVE MYCOSEN
Een experimentele studie in de leukopenische gastheer

PROEFSCHRIFT

TER VERKRIJGING VAN DE GRAAD VAN DOCTOR
AAN DE ERASMUS UNIVERSITEIT ROTTERDAM
OP GEZAG VAN DE RECTOR MAGNIFICUS
PROF. DR P.W.C. AKKERMANS M.A,
EN VOLGENS BESLUIT VAN HET COLLEGE VOOR PROMOTIES
DE OPENBARE VERDEDIGING ZAL PLAATSVINDEN OP
WOENSDAG 29 NOVEMBER 1995 OM 13.45 UUR

DOOR

ELISABETH WILHELMINA MARIA VAN ETTEN
GEBOREN Tt VOORBURG



PROMOTIECOMMISSIE

Promotor: Prof, dr H.A. Verbrugh
Co-promotor: Dr. {.A.J.M. Bakker-Woudenberg
Overige leden: Prof. dr B. Léwenberg

Prof, dr H.A. Bruining

Dr. G. Storm

The studies presented in this thesis were performed at the Institute of Clinical Microbiology
and Antimicrobial Therapy, Erasmus University Rotterdam, The Netherlands, and have been
in part financially supported by Pfizer Pharmaceuticals (chapters 2 and 3), and by NeXstar
Pharmaceuticals, Inc., San Dimas, CA, USA (chaplers 4 and 6).

Cover photo: ©1995 Ffizer, Inc.; kindly provided by Pfizer B.V,, The Netherlands.
Electron micrograph showing a macrophage engulfing Candida albicans.

Printing: COPYNOMIE®, Multicopy Facility Management B.V., Rotterdam

Printing of this thesis was financially supported by NeXstar Pharmaceuticals, Inc., Boulder,
CO, USA,

The finacial support from Pfizer B.V., The Netherlands, and from Vestar Benelux B.V. is
gratefully acknowledged.



Aan mijn ouders

Voor Renald



Abbreviations

ABCD
ABLC
AlDS
ALAT
AMB
AMB-DOC
ASAT
BUN
CFU
Chol
CREAT
DF

Dit
DMEM
DMPC
DMPG
DMSO
DOC
DSPG
EPC
FBS
FITC
FLU

h
HPLC
HSPC
ip

iv

LIp
MIC
min
MFC
MLV
MPS
MTD
PEG
PEG-DSPE
PBS
PHS
sb
SDA

SiCr
67Ga
"yn

amphaotericin B colleidal dispersion
amphotericin B lipid complex
acquired immunodeficiency syndrome
alanine aminotransferase
amphotericin B

amphotericin B-desoxycholate
aspartate aminotransferase

blood urea nitrogen

colony forming units

cholesterol

serum creatinine

deferoxamine mesylate
1,1-dioctadecyl-3,3,3,3-tetramethylindocarbocyanineperchlorate
Dulbecco madified Eagle medium
dimyristoylphosphatidylcholine
dimyristoylphosphatidylglycerol
dimethylsulfoxide

desoxycholate
distearoylphosphatidylglycerol

egg phosphatidylcholine

fetal bovine serum
fluoresceinisothiocyanate

fluconazole

hours
high-performance-liquid-chromatography
hydrogenated soybean phosphatidylcholine
intraperitoneally

intravenously

liposomes

minimal inhibitory concentration
minules

minimal fungicidal concentration
multilamellar vesicle

mononuclear phagocyte system
maximum tolerated dosage

containing PEG-DSPE

polyethylene glycol{1900} derivatized distearoylphosphatidylethanclamine
phosphate-buffered saline

pooled human serum

standard deviation

sabouraud dextrose agar

S*Chromium
“Gallium
"ndium



Contents

Chapter 1
Chapter 2

Chapter 3

Chapter 4

Chapter 5
Chapter 6

Chapter 7

Chapter 8

Chapter 9

Chapter 10

General Introduction

Effects of amphotericin  B-desoxycholate (Fungizone®)
versus fluconazole on the extracellular and intracetlular
growth of Candida albicans

Efficacies of amphotericin B-desoxycholate (Fungizone®),
liposomal amphotericin B (AmBisome®) and fluconazole in
the treatment of systemic candidiasis in immunocompetent
and leukopenic mice

Biodistribution of liposomal amphotericin B (AmBisome®)
versus amphotericin  B-desoxycholate {Fungizone® in
immunocompetent uninfected mice as well as in
leukopenic mice infected with Candida afbicans

Interactions of AmBisome® with extracellular and
intracellular Candida albicans

Sterically stabilized pegylated amphotericin B-liposomes:
toxicity and biodistribution in mice

Pegylated long-circulating amphotericin B-liposomes versus
AmBisome®: in vitro antifungal activity, toxicity, and
efficacy in the treatment of systemic candidiasis in
leukopenic mice

Efficacy of pegylated long-circulating amphotericin B-
liposomes versus AmBisome® in the treatment of systemic
candidiasis in leukopenic mice in relation to the severity of
infection

First evidence of efficacy of pegylated long-circulating
amphotericin B-liposomes in the treatment of pulmonary
aspergillosis in leukopenic rats

General Discussion

Summary
Samenvatting
Dankwoord
Publications
Curriculum vitae

39

55

77

91

109

121

135

145

153

165
169
173
174
176






Chapter 1

General Introduction



Chapter !
THE EMERGING FUNGAL THREAT

Advances in medical treatment have improved the prognosis for patients with
cancer. While significant progression has been made in eradicating certain
malignant diseases, a growing concern for patients who receive cytotoxic
chemotherapy is the development of fungal infections [14,135,156,183,186,202].
Candidiasis is the most common nosocomial mycosis. There are several
predisposing factors for hematogenously disseminated candidal infections in patients
with cancer, These factors include granulocytopenia, the use of extended-spectrum
antibiotics, and the breakdown of anatomic barriers against infection caused by
catheterization or the use of cytotoxic chemotherapy. Invasive aspergillosis is now
the second most common mycosis encountered in patients with cancer, particularly
in those with hematological malignancies. Patients are at high risk when their
absolute neutrophil count is <500/mL and the duration of neutropenia exceeds 1
week. The diagnosis during life of both invasive candidiasis as well as invasive
aspergillosis still remains a significant problem [204].

Invasive fungal infections are also a serious threat in non-granulocytopenic
patients, Cryptococcasis, that is caused by Cryptococeus neoformans, is a life
threatening infection in patients with acquired immunadeficiency syndrome (AIDS).
Histoplasmosis, blastomycosis, or coccidioidomycosis are serious infections in AIDS
patients who have resided in, or travelled through endemic regions for Histoplasma
capsufatum, Blastomyces dermatitidis, and Coccidioides immitis, respectively.

Candidiasis.

Candidiasis is a spectrum of infections that can be classified as cutaneous,
mucosal, or deeply invasive {204]. Deeply invasive infection may be further
classified as fungemia, tissue-proven disseminated candidiasis and single organ
candidiasis. Disseminated candidiasis may be further classified as acute and
chronic disseminated candidiasis, which constitute two ends of a clinical and
pathologic spectrum. Among the conditions of mucosal candidiasis commonly
encountered in granulocytopenic patients are oropharyngeal, esophageal, and
urinary candidiasis. Candida albicans among the Candida species is the
predominant cause of candidiasis. The gastrointestinal tract is the principal source
of infection.

Aspergillosis,

Invasive pulmonary aspergillosis in granulocytopenic patients carries a mortality
as high as 95% [204]. In its most serious form there is widespread growth of the
fungus (mould) in the lungs and dissemination to other organs often foliows. This
condition occurs in immunocompromised individuals and is fatal if left untreated.
In granulocytopenic patients this condition is often fatal, even if diagnosed during
life and treated. Aspergillus fumigatus is widespread in the environment (soil, dust,
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Chapter 1

decomposing organic matter). Most infections follow inhalation by susceptible hosts
of aspergitlus spores that have been released into the air e.g. at sites of construction
work or building sites [204].

TREATMENT OF INVASIVE FUNGAL INFECTIONS WITH AMPHOTERICIN B
The treatment of choice for most invasive fungal infections still is parenteral

administration of the fungicidal agent amphotericin B (AMB) [204]. AMB is a
macrolide polyene antibiotic derived from Streptomyces nodosus.,

Figure 1. Chemical structure of amphotericin B.

AMB binds to ergosterol, the principal sterol in the membrane of susceptible
fungal cells, causing impairment of membrane barrier function, loss of cell
constituents, metabolic disruption and cell death. In addition to its membrane
permeabilizing effects, the drug can cause oxidative damage to fungal cells possibly
by formation of reactive forms of oxygen (free radicals) after auto-oxidation of AMB
bound to membrane components [29]. AMB has a broad antifungal spectrum
including Candida albicans, Aspergillus fumigatus, Cryptococcus neoformans,

AMB is administered as AMB-desoxycholate (AMB-DOC or Fungizone®. The
clinical use of AMB-DOC is limited by toxic side effecis {62,81,128]. This toxicity
includes acute side effects during administration (chills, fever, myalgia),
thrombaophlebitis, nephrotoxicity, hypokalaemia, hypomagnesaemia, anaemia and
more rarely thrombocytopenia. Although AMB-DOC is known to be highly
fungicidal {62], clinical efficacy is often insufficient because toxicity limits the dose
{maximum tolerated dose in patients is 0.7-1.5 mghkg). High failure rates in
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Chapter 1

treatment of invasive fungal infections with AMB-DOC occur, especially in
persistently granulocytopenic patients, Treatment failure attributable to the
development of AMB resistance is rare, although resistant strains of Candida spp.,
with alterations in the cell membrane including reduced amounts of ergosterol,
have been isolated during treatment [212],

SEARCH FOR NEW ANTIFUNGAL AGENTS

Ideally, new antifungal agents should possess the following characteristics:
A rapid fungicidal action, a lack of clinically retevant toxicity, and a broad spectrum
of activity including the major species of fungi pathogenic to man. Furthermore, it
is important that both oral and parenteral formulations are available and that its
pharmacokinetic profile allows il to reach extra- and intracellular sites of infection.

To improve attifungal chemotherapy two major lines of development have been
initiated. On the one hand new antifungal agents [128] have heen and are being
produced, on the other hand lipid formulations of AMB [63,126] have been
developed. The role of these agents in the treatment of invasive fungal infections
in the granulocytopenic host is not yet fully defined nor well understood.

New (investigational) antifungal agents

Many new agents from different classes, with different mechanisms of action
have been synthesized and studied,

Triazoles. The triazoles are fungistatic agents that inhibit fungal cytochrome
P450-dependent biosynthesis of ergosterol, the principal sterol in the membrane of
fungal cells. The consequent depletion of ergosterol and accumulation of
methylated sterols teads to disturbances in a number of membrane-associated cell
functions.

The triazole fluconazole has a broad antifungal spectrum including Candida
albicans and Cryptococcus neoformans. It appears to be ineffective against
Aspergillus fumigatus. Both oral and parenteral formulations of fluconazole are
available. Fluconazole is well tolerated [71]. Acquired resistance is rare, but
isogenic resistant strains of Candida albicans have been recovered from AIDS
patients receiving long-term treatment with fluconazole for oropharyngeal or
oesophageal candidiasis {28].

The antifungal efficacy of the triazole agents fluconazole, itraconazole,
saperconazole, genaconazole (SCH 39304), 1CH 95739 or DOB70, and BAY-R-3783
have been studied in experimental models of invasive candidiasis and aspergillosis
(Table 1). In a number of studies immunosuppressed animals were used. From these
animal studies it was concluded that these triazoles are more active when used for
preventive and early treament than for treatment of fully established fungal disease.
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Unfortunately, the carcinogenic potential of genaconazole has precluded its further
development.

NN
S,
HO—CI)F
b,
v

Figure 2. Chemical structure of fluconazole.

Echinocandins, pneumocandins, and papulacandins. These agents are fungicidal

agents that inhibit 1,3-B-glucan synthetase and consequently disturb fungal cell wall
biosynthesis. Studies with cilofungin (LY-121019 or L-646,991) and the derivatives
£-671,329, L-687,901, and L-687,781 in experimental models of invasive
candidiasis (fable 1) are encouraging. Unfortunately, citofungin (LY-121019) has
been withdrawn from clinical trials because of related toxicities. Polyethylene
glycol, which is used as carrier for cilofungin, has been shown to cause metabolic
acidosis.
Nikkomycins. Nikkomycins are another group of fungicidal cell wall active agents;
they are very specific inhibitors of chitin synthetase and consequently disturb fungal
cell wall biosynthesis. Preliminary data in a mouse model of candidiasis (Table 1)
showed only modest efficacy that may he due to their very short elimination half-
tives (minutes) in plasma.

Lipid formulations of AMB

Amphiphilic molecules including detergents, such as desoxycholate, and
phopholipids become arranged in various three-dimensional complexes when added
to aqueous solutions.
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Table 1. Animal studies on antifungal efficacy of triazoles, and other investigational
agents in models of invasive candidiasis or aspergillosis.

antifungal agent fungal references
infection
Triazoles:
itraconazole candidiasis 112°,152,196%,1982 203"
aspergillosis ~ 111%,137°,151%196°
fluconazole candidiasis 15,19%,33%57,58,59,
107%,152,164,195%,198%,
1997,200%,201%213,214
aspergillosis 167
saperconazole aspergillosis ~ 16% 150°, 197°
genaconazole (SCH 39304) candidiasis 33%153,188,201%,203
aspergillosis ~ 16%,51%,149°,188
1CH95739 / DOB70 candidiasis 217
aspergillosis 217
BAY-R-3783 candidiasis 78
aspergillosis 78
Echino- Pneumo- Papulacandins:
cilofungin (LY-121019) candidiasis 19" 141,144,180
cilofungin (L-646,991) 21
1-671,329 21
L-687,901 21
L-687,781 21
Nikkomycins candidiasis 22

fimmunosuppressed animals
Pantifungal agent entrapped in liposomes

Detergents with a hydrophilic polar headgroup and a single hydrophobic
hydrocarbon tail are arranged into spherical structures, called micelles, in which the
hydrophobic tails are arranged in the center of the structure. Phospholipids,
containing a polar headgroup and twa hydrophobic hydrocarbon tails, are
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assembled into [ipid-bilayers. The lipid bilayer can either enciose an internal
aqueous compartment {liposomes) or can be arranged in a ribbon-like (Jipid-ribbon)
structure. Lipids other than phospholipids, such as cholesteryl sulphate, can he
arranged in a disk-like structure (lipid-disks).

are
obo LLULL

micelle bilayer

O = hydrophilic headgroup

= hydrophobic hydrocarbon tail

Figure 3. Association patterns of amphiphilic molecules in aqueous solutions.

Liposomes are vesicles consisting of one or more phospholipid bilayers
surrounding agueous compartments. Hydrophobic agents can be embedded in the
lipid bilayer, whereas hydrophilic agents are entrapped in the internal aqueous
spaces of the liposomes.

The charge, rigidity, size, and surface characteristics of liposomes can be
controlled 1o a high degree by the choice of lipids and the method of preparation.
The fate of liposomes in the body is primarily dependent on these parameters,
Therefore, liposomes are considered to be versatile delivery systems [20,73]. The
clinical applicability of liposomes, as opposed to other parenteral drug delivery
systems, is based on the fact that the lipids mostly used for liposome preparation
are those commoniy found in cell membranes; in addition, liposomes are
biodegradable, relatively nontoxic, and nonantigenic or weakly antigenic {184].
After intravenous administration liposomes circulate in blood and can either
disintegrate in blood or can be taken up in intact form largely by cells of the
monomiclear phagocyte system {MPS), such as macrophages in the liver (Kupffer
cells) and spleen.
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Figure 4, Schematic representation of a multilamellar fiposome, according to
Cregoriadis [74].

Recent progress in liposome design has yielded a new generation of liposomes
characterized by long blood circulation half-lives and reduced hepatosplenic uptake,
The development of these MPS avoiding liposomes opens new therapeutic ways to
achieve improved delivery of antimicrobial agents lo infected tissues including
infections outside the MPS [17,18,26]. It was shown already many years ago that
factors contributing to prolonged liposome circulation times include small iposome
size and increased rigidity of the bilayer. Such liposomes show prolonged
circulation but only at relatively high lipid doses. Further advances in liposome
engineering have led to the formulation of sterically stabilized liposomes, with the
polymer polyethyleneglycol (PEG) conjugated to phosphatidylethanolamine (PE) in
the bilayer.
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It was shown in many reports that PEG-PE incorporation into liposomes can
effectively prolong their blood circulation time without the constraint of high lipid
dose, small particle size, or rigid nature of the bilayer [8,9,10,11,18,61,104,105,
146,215,216].

Figure 5. Schematic representation of a PEG-PE containing MPS avoiding liposome,
according to Lasic [110].

Four lipid-based intravenous formulations of AMB are currently available for
clinical use (Table 2). One is AMB-DOC prepared in a parenteral fat emulsion
{intralipid®}, while the other three are industrially prepared AMB-lipid formulations.
It is evident that these four AMB-lipid formulations have quite different structures
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Table 2. Intravenous formulations of amphotericin B.

formulation manufacturer carrier colloidal type
Fungizone® Bristol Myers-Squibb sodium-DCOC micelle

Fungizone® in 20% Intralipid® Kabi Pharmacia triglycerides/EPC/glycerol undefined
AmBisome® Vestar, Inc. HSPC/DSPG/Chol unilamellar liposome
Amphaocil® (ABCD) Liposome Technology, Inc. cholesteryl sulphate lipid disk

AMB Lipid Complex (ABLC) The Liposome Company DMPC/DMPG lipid ribbon
DOC Desoxycholate
EPC Egg Phosphatidylcholine

HSPC
DSPG
Chol
DMPC
DMPG
ABCD

Hydrogenated Soy Phosphatidylcholine
Distearoylphosphatidylgiycerol
Cholesterol
Dimyristoylphophatidylcholine
Dimyristoylphophatidylglycerol

AMB Colloidal Dispersion
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and pharmaceutical characteristics. AmBisome® is a small unilamellar vesical {(SUV)
of about 80 nm in diameter with a lipid composition of hydrogenated soy
phosphatidylcholine (HSPC) / distearoylphosphatidylglycerol (DSPG) / cholesterol
(Chol) (10:5:4) containing 10 mol% AMB [158]. Amphocil® (Amphotericin B
Colloidal Dispersion or ABCD) is a stable complex of AMB and cholesteryl sulphate
in a 1:1 molar ratic. The particles have a disk-like structure with a diameter of 122
nm and a thickness of only 4 nm [75]. ABLC {AMB Lipid Complex) was derived
from a liposomal formulation of AMB, developed by Lopez-Berestein et al. [118).
In the [atter formulation AMB was entrapped into multilamellar vesicles (MLVs)
consisting of dimyristoyl phosphatidylcholine {(DMPC) and  dimyristoyl
phosphatidylglycerot {DMPG) in a 7:3 molar ratio, containing 5 mol% AMB. The
diameter of the MLVs ranged from 1.8 um. ABLC is developed from a fraction of
these original MLVs. The lipid compasition of ABLC is similar to that of the MLVs,
but this formulation consists of large ribbons (1-11 gm}, not vesicles, containing 35
mol% AMB [90,91],

Toxicity was studied for a large number of different AMB-lipid formulations,
including the formulations mentioned above. In vitro cellular toxicity was
determined for a variety of target cells {Table 3). Various parameters for toxicity
were used, indicative either for specific cell functions, for membrane permeability,
or for viability of the cells. It is clear that when AMB is entrapped into liposomes
or bound to other lipid carriers, its toxicity is greatly reduced. The in vitro
antifungal activity of the various AMB-1ipid formulations (Table 4) was shown to be
similar to that of AMB-DOC after long term exposure of a great number of fungal
pathogens. However, when determined after short term exposure the activity of the
AMB-lipid formulations was less than than that of AMB-DOC, The reduction of
toxicity and preserved antifungal activity of the AMB-lipid formulations was thought
to result from differences in affinity of AMB to cholesterol in the human cell
membrane (lowest affinity) as opposed to the lipids of the {iposomal carrier
{intermediate affinity) and to the ergosierol in the fungus membrane (highest affinity)
[96,97].

The first animal studies were performed with AMB entrapped in MLVs and
published in 1983 by Lopez-Berestein et al. [118]. From this moment, an increasing
number of in vivo sludies with a multitude of AMB-lipid formulations have been
performed (Table 5 and Table 6). Toxicity was monitored in terms of impaired
kidney and fiver functioning or acute or subacute lethality in various animal species
(Table 5), and was greatly reduced after administration of AMB entrapped in the
various lipid formulations. With respect to the in vivo antifungal efficacy (Table 6),
various animal models of fungal infections have been used. Studies have been
performed in immunocompetent as well as in immunosuppressed animals. From
these studies it can be concluded that, depending on the model of fungal infection,
the immune status of the host, and the parameter for efficacy used, the antifungal
activity of these AMB-lipid formulations is either somewhat less or equal to that of
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Table 3. Experimental studies on in vitro cellular toxicity of AMB-lipid formulations.

target cell AMB-lipid formulation references
arythrocyte AmBisome® 159
ABLC 90,155
AMB-MLY 96,97,130
AMB-MLV-lgC 83
AMB-IL 103
other 1,30,32,98,99,157°182
renal cell AmBisome® 3
AMB-MLY 106,206,207
AMB-IL 95
other 93,94
fibroblast other 30,32,187
macrophage AmBisome® 3
AMB-MLV 131
other 187
blood neutrophil AmBisome® 147
ABLC 185
spleen lymphocyte AmBisome® 173
AMB-MLY 131

IAMB administered after incubation of target cells with empty liposomes

AmBisome®: HSPC/DSPG/Cholesterol 10:5:4, 10 mol% AMB

Amphacil®, Amphotericin B Colloidal Dispersion (ABCD): AMB/Cholesteryl sulphate 1:1
ABLC, Amphotericin B Lipid Complex: DMPC/DMPG 7:3, 35 mol% AMB

AMB-MLY: DMPC/DMPG 7:3, 5 mol% AMB

AMB-MLV-1gG: immuncliposome DMPC/DMPG 7:3, 5 mol% AMB, a-C.alhicans 1gG
AMB-H.: AMB-desoxycholate (Fungizone®) in Intralipid®

other: other AMB-lipid formulations

AMB-DOC at equivalent dosages. However, using liposomal or lipid-complexed
AMB much higher dosages are tolerated, and these high doses result in improved
antifungal efficacy, even in severe infection in immunocompromised animals,
The promising results of the animal studies along with technical advances in
liposomal preparation techniques have led to their clinical application, Clinical
studies with various AMB-lipid formulations have been in progress for several years
[52,89]. The first studies were pubfished in 1985 and 1889 by Lopez-Berestein et
al [124, 127]. They treated patients with microbiologically or histologically proven
invasive fungal infections and a variety of underlying diseases. The majority of the
patients had received prior AMB in the form of AMB-DOC, and either had evidence
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in vitro antifungal activity of AMB-lipid

formulations,
fungal pathogen AMB-lipid references
formuiation
Candida albicans AmBisome?® 13,147¢
Amphocil® 77
ABLC 155
AMB-MLV 82,96,97,
130,160,206
AMB-MLV-IgG 83
other 30,32,80,94,
98,99,182
non-albicans Candida spp. AmBisome® i3
Amphocil® 77
AMB-MLV 82,160
other 187
Cryptococcus neoformans AmBisome® 13
Amphocil® 77
AMB-MLV 82,160
other 30,32,98
Aspergillus fumigatus AmBisome® 13
Amphocil® 77
non-fumigatus Aspergillus spp. AmBisome® 13
Amphocil® 77
Histoplasma capsulatum Amphocil® 77
Blastomyces dermatitidis Amphocil® 77
Coccidioides immitis Amphocil® 77
Paracoccidioides brasiliensis Amphocil® 77
Rhizopus spp. Amphocil® 77
Sporothrix schenkii Amphocil® 77
Fusarium spp, AmBisome® 13
Saccharomyces cerevisiae ABLC 155
AMB-MLY 160
other 187

“antifungal activity against intracellufar C.albicans in blocd neutrophils

Description of the various AMB-lipid formulations: see Table 3
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Table 5. Animal studies on in vivo toxicity and/or pharmacokinetics of AMB-lipid
formulations.

AMB-lipid formulation animal species references
AmBisome® mouse 70,158,181
rat 158
rabbit 60,113
Amphocil® rat 55,76
rabbit 12
dog 56
ABLC mouse 90,143
rat 143
AMB-MLV mouse 120
diabetic rat 205
AMB-IL mouse 95
rai 103
other mouse 65,92,117,157°182,
. 187,189
rat 208

2AMB administered shortly after administration of empty liposomes
Description of the various AMB-lipid formulations: see Table 3

of disease progression, or showed intolerance for AMB-DOC. The efficacy of
liposomal AMB was good in patients with hepatosplenic candidiasis, a very
protracted and difficult to treat multiorgan infection, and encauraging in patients
with other fungal infections. The therapeutic efficacy of liposomal AMB in these and
other ‘compassionate treatment’ studies is very impressive, as one should take into
account the obvious selection bias towards more serious cases, as many patients
had previously failed on AMB-DOC treatment. These studies were followed by
many other publications (Table 7). Most published clinical data on efficacy are
available for AmBisome®, showing encouraging results in a variety of fungal
infections in immunocompromised patients.

it is evident that AmBisome® Amphocil® and ABLC have quite different
structures and pharmaceutical characteristics, Their pharmacokinetics depend to a
large extent on the composition and particle size of the liposomes or the lipid
complexes (Table 5). Relatively large structures such as ABLC are rapidly taken up
by the MPS. Due to uptake by the MPS, relatively high concentrations are obtained
in the liver and the spleen without signs of major toxicity in these organs. The
serum concentrationsare also highly variable between the formulations. The area
under the serum concentration-time curve after a standardized dose is highest for
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Table 6. Animal studies on in vivo antifungal efficacy of AMB-lipid formulations.

fungal pathogen AMB-lipid animal  references
formulation species
Candida albicans AmBisome® mouse 2,70
mouse® 145
ABLC mouse 40,90
mouse” 40
rabbit 154
AMB-MLY motse 118,119,123,132
mouse® 121,122
AMB-MLV-1gG  mouse  84"85"
mouse®  23°,24P
AMB-IL mouse 103
other mouse  6,31,116,138,139,
194
non-albicans Candida spp. AmBisome® mouse® 101
ABLC mouse 40
Cryptococcus neoformans AmBisome® rmouse 2
Amphocil® mouse 86
ABLC mouse 40
rabbit? 154
AMB-IL. mouse 95
other mouse  31,53%64,72,157¢
Aspergillus fumigatus AmBisome® rabbit® 60
mouse® 7
Amphocil® rabbit® 12,148
ABLC mouse® 40
other mouse 5,65
Histoplasma capsulatum ABLC mouse 40
mouse® 40
other mouse® 189
Blastomyces dermatitidis AmBisome® mouse 45
ABLC mouse 42
Coccidioides immitis Amphocil® mouse 41
ABLC mouse 43
Paracoccidioides brasiliensis ~ AmBisome® mouse 44

“immunosuppressed animals
%mmunoliposome

“AMB administered shortly after administration of empty liposomes

Description of the various AMB-lipid formulations: see Table 3
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Table 7. Studies with AMB-lipid formulations in man.

AMB-lipid extent of study references
formulation
AmBisome®  case report 4,46,47,48,87,88,102,108,109,142,
163,174,177,178,218
clinical study 25,38,39,49,54,79,134,136,165,
166,167,168,169,190,191,192,193
Amphocil® healthy volunteers 172
ABLC healthy volunteers 100
AMB-MLY case report 114,161
clinical study 124,125,127,162,179,210
AMB-IL case report 129,209
clinical study 34,35,36,37,140
other case report 27,67,69,176
clinical study 50,68,133,175

Description of the variaus AMB-lipid formulations: see Table 3

AmBisome®, and lowest for ABLC, The clinical pharmacokinetics and safety of
AmBisome®, ABLC and Amphocil® have been reviewed [89]. It is not clear whether
the differences in structure and pharmacokinetics may be of importance to tolerance
and efficacy. Clinical trials comparing such data for the various liposomal and lipid-
complexed AMB preparations are needed to assess the clinical value of these
preparations and to determine the {ull spectrum of indications. Studies comparing
two AMB-lipid formulations are still lacking.
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Chapter 1

AIM OF THE PRESENT STUDY

The primary aim of the work presented in this thesis was to gain further insight
into the therapeutic value of existing and newly developed liposomal formulations
of amphotericin B in the treatment of invasive fungal infections.

To this end, different animal madels of invasive fungal infections were
developed, Clinically relevant issues including persistent leukopenia and
dissemination of infection, are addressed, One model was an invasive Candida
albicans infection with dissemination to the kidney, liver, spleen, and lung in mice
which were rendered persistently leukopenic. In addition, a model of invasive
candidiasis restricted to the kidney in immunocompetent mice was used. Finally,
a model of Aspergillus fumigatus one-sided pulmonary infection in persistently
leukopenic rats was developed, in which the fungus disseminated to the right lung
and fiver during the course of the infection.

In this thesis the following issues were addressed:

» fungistatic agent {fluconazole) versus fungicidal agent (AMB-DOC)
- in vitro antifungal activity against extracellular and intracellular C.albicans
{Chapter 2)
- in vivo antifungal efficacy in invasive candidiasis in immunocompetent mice
versus persistently leukopenic mice (Chapter 3)
» industriafly prepared AMB-liposome formulation (AmBisome®) versus AMB-
DOC
- in vitro antifungal activity, loxicity, in vivo antifungal efficacy in invasive
candidiasis in immunocompetent mice versus persistently feukopenic mice
(Chapter 3)

- biodistribution in immunocompetent mice versus persistently leukopenic mice
infected with C.albicans (Chapter 4)

- interactions with extracellular and intracellular C.albicans (Chapter 5)

» in-house prepared pegylated long-circulating AMB-liposome versus industrially
prepared AmBisome®
- preparation, toxicity and biodistribution of pegylated long-circulating AMB-
fiposomes (Chapter 6)

- in vitro antifungal activity, toxicity, in vivo antifungal efficacy in invasive
candidiasis in persistently leukopenic mice {Chapter 7 and Chapter 8)

- in vivo antifungal efficacy in pulmonary aspergillosis in persistently
leukopenic rats {Chapter 9)
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Chapter 2

ABSTRACT

The effects of amphotericin B-desoxycholate (AMB-DOC) and fluconazole (FLU)
on the extracelluiar and intracellular growth of Candida albicans were studied. With
respect to the extraceilular growth of C.albicans, antifungal activity was measured
in terms of MICs and minimal fungicidal concentrations as well as by determination
of the concentration that effectively killed {>99.9%} C.albicans in the absence or
presence (AMB-DOC only) of serum. AMB-DOC was highly active in terms of
killing, even at an increased inoculum size. In the presence of serum, AMB-DOC
activity was substantially reduced. For FLU, activity was restricted to inhibition of
fungal growth, even after the inoculum size was reduced. With respect to the
intracellular growth of C.albicans, antifungal activity was measured by using
monolayers of murine peritoneal macrophages infected with C.albicans and was
measured in terms of inhibition of germ tube formation as well as effective killing
(>99%) of C.albicans. AMB-DOC was highly active against C.albicans. At an
increased ratio of infection, AMB-DOC activity was slightly reduced. FLU had no
antifungal activity, Neither a reduction in the ratio of infection nor exposure of
C.albicans to FLU prior to macrophage ingestion resulted in activity against
intraceltular C.albicans by FLU. Previous expesure of C.albicans to AMB-DOC
resulted in increased intracellular activity of AMB-DOC. The intraceliular antifungal
activity of the combination of FLU with AMB-DOC was less than that of AMB-DOC
alone. AMB-DOC showed fungicidal activity against C.albicans growing both
extracellutarly and intracellularly, whereas FLU inhibited growth only of
extracellular C.albicans. A slight antagonistic effect between FLU and AMB-DOC
was found with respect to intracellular as well as extracellular C.albicans.
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INTRODUCTION

Deep-seated candidal infections are an important cause of morbidity and
mortatity in immunocompromised patfents [15,21,22]. The current drug of choice
for most systemic mycoses is stifl amphotericin B-desoxycholate (AMB-DOC), but
its use is restricted by a variety of toxic side effects [6,13,15,21,22]. Cansequently,
there is a need for effective and less toxic drugs for the treatment of patients with
these infections. One of these antifungal agents is the triazole fluconazole (FLU)
[4,10,14,33,34,41). In vivo experimental studies suggested that FLU is active against
disseminated candidiasis [8,9,29,31,32,35,37]. Recently, the antifungal efficacy of
FLU was demonstrated in persistently granulocytopenic rabbits when i was used
for prevention or early treatment [39,40]. Little is still known, however, on the role
of FLU in the treatment of systemic candidiasis in immunocompromised patients,
Since the host defense mechanisms in these patients are severely impaired, the
intrinsic antifungal activity of the antifungal agent is of great importance for effective
treatment. Unfortunately, standardized in vitro methods for assessment of the
intrinsic activity of antifungal agents are not avaitable. in addition, most of the in
vitro methods that are used are criticized because of the poor correlation with in
vivo antifungal activity [5,6,11,12,18,27,28,36].

To gain more insight into the intrinsic antifungal activity of AMB-DOC and FLU,
the activities of both agents against extracellular Candida albicans in relation to
inoculum size were investigated in this study. Known antagonizing factors for the
assessment of jn vitro antifungal activity were excluded by choosing the
recommended optimal test conditions for each agent.

The in vivo efficacy of an antifungal agent is determined not only by its intrinsic
antifungal activity but also by factors that influence the bioavailability of the agent,
such as protein binding and intracellular penetrating capacity. Therefore, the effect
of serum on the antifungal activity against extracellular C.albicans was investigated,
Next, the antifungal activities of AMB-DOC and FLU against intracellular C.albicans
were studied, Activity was determined in relation to the ratio of infection. In
addition, the effect of exposure of C.albicans to one of the antifungal agents prior
to macrophage ingestion as well as the effect of a combination of both antifungal
agents on intracellular C.albicans were investigated.

MATERIALS AND METHODS

Candida strains. C.albicans ATCC 44858 was used in the experimental studies.
C.albicans ATCC 28516 and C.kefyr (formerly C.pseudotropicalis, Carshalton strain;
Pfizer Code Y0&01; kindly provided by Pfizer Central Research, Sandwich, England)
were used as reference strains in the MIC and minimal fungicidal concentration
{MFC) determinations with AMB-DOC and FLU, respectively. The yeasts were
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maintained at -80°C in Todd-Hewitt broth (Difco Laboratories, Detroit, Mich.)
containing 10% (v/v) glycerol,

Antifungal agents, AMB-DOC (Fungizone® for intravenous infusion; Bristol
Myers-Squibb, Woerden, The Netherlands) was reconstituted with 10 mi of distilled
water to give a standard solution of 5 g/L. Further dilutions were made in distilled
water. FLU was kindly provided by Pfizer Nederland B.V. as a standard solution of
2 g/l in saline (FLU for intravenous infusion; Pfizer France). Further dilutions were
made in phosphate-buffered saline (PBS),

Antifungal activity of AMB-DOC versus that of FLU against extracellular
C.albicans. (I) MIC and MFC, Stationary-growth-phase cuftures were obtained after
incubation of the yeasts in Sabouraud maltose broth (Difco Laboratories) for 24 h
at 37°C. Yeasts were washed in PBS, counted in a hemacytometer, and adjusted to
the desired inoculum in assay medium. For experiments with AMB-DOC, the assay
medium was Antibiotic Medium no. 3 {Penassay broth; Difco Laboratories), whereas
for FLU the assay medium was high-resolution medium (kindly provided by Pfizer
Central Research), At twofold increasing inocula ranging from 1.3x107 to 1x710°
CFU/L, the MICs and MFCs of AMB-DOC and FLU at twofold increasing
concentrations ranging from 0.025 to 102 mg/L were determined. In order to ensure
accurate determination of the 99.9% endpoint, the MFC was determined after a
total volume of 1.0 ml was subcultured onto Sabouraud dextrose agar (Oxoid,
Basingstoke, England). Before plating, the concentrations of AMB and FLU in these
specimens were reduced to an inactive level by washing the samples three times
with PBS.

(1) Short-term growth, Logarithmic-growth-phase cultures were prepared by
reincubation of a stationary-phase inoculum in assay medium for 5 h under
continuous agitation at 37°C. The desired inoculum was obtained after dilution of
this C.albicans suspension in assay medium at 37°C. The extracellular activity of
the drug in terms of effective killing (>99.9%) of C.albicans during 6 h of
incubation was determined. At eightfold increasing inocula, ranging from 1.3x1¢7
to 8.0x10®* CFU/L for AMB-DOC and from 2.0x10° to 1.3x10° CFU/L for FLU, the
extracellufar activity of AMB-DOC versus that of FLU was assessed at various
concentrations ranging from 0.05 to 12.8 mg/L for AMB-DOC and 0.4 to 102 mg/L
for FLU. The controls contained only the solvent of the antifungal agent in the
appropriate difution. During incubation, under continuous rotation at 8 rpm at 37°C
and protected from light, the numbers of viable organisms were determined at 2-h
intervals by making plate counts of 10-fold serial dilutions of the washed specimen
on Sabouraud dextrose agar. Additionally, at the concentrations that effected
> 99.9% killing of C.albicans, the effect of serum on the activity of the antifungal
agent was measured. At an inoculum of 1.3x107 CFU/L, C.albicans was exposed
during 6 h of incubation to antifungal agent in assay medium supplemented with
various amounts (5, 50, and 90% [v/v]) of pooled human serum (PHS; from a pool
of 350 serum samples from healthy volunteer donors). Because the presence of
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serum induces the formation of germ tubes by C.albicans, the antifungal activity
was expressed not only in terms of effective killing (> 99.9%) of C.albicans but also
in terms of inhibition of germ tube formation, which was determined
microscopically in a hemacytometer,

Antifungal activity of AMB-DOC versus that of FLU against intracellular
C.albicans. (1) Activity in relation to ratio of infection. Macrophages were obtained
from peritoneal cavities of 10- to 13-week-old specified-pathogen-free BALB/c mice
(Iffa Credo, L’Arbresle, France), The macrophages were washed twice in Dulbecco
modified Eagle medium (Flow Laboratories, Irvine, Scotland) supplemented with 1%
glutamine. Monolayers of peritoneal macrophages were cultured at 37°C on
chamber slides {Lab-Tek, Bayer, The Netherlands) under a humidified atmosphere
of 7.5% CQO, in air in culture medium containing Dulbecco modified Eagle medium
supplemented with 1% glutamine and 15% fetal bovine serum (FBS; Hy-Clone,
Logan, Utah). After the first 2 h of incubation, fresh culture medium was added to
the monolayer, and the macrophages were incubated for 24 h. After this incubation
period, various inocufa of opsonized C.albicans were added to the monolayers,
resulting in increasing C.albicans-to-macrophage ratios ranging from 1:40 to 5:8.
C.albicans was opsonized by incubation of a washed stationary-growth-phase
suspension with 10% normal mouse serum (BALB/c) under continuous rotation at
8 rpm for 15 min at 37°C, and then the yeasts were washed twice in PBS. After a
30-min uptake period, the noningested yeasts were removed by washing the
monolayer three times with Dulbecco modified Eagle medium supplemented with
1% glutamine and 5% FBS at 37°C {time zero}. The macrophages were reincubated
for 24 h in the presence of twofold increasing concentrations of the antifungal agent
in culture medium supplemented with 5% FBS; the concentrations ranged from
0.05 to 1.6 mg/L for AMB-DOC and 0.4 to 102 mg/L for FLU. Control monolayers
were incubated with the solvent of the antifungal agent in the appropriate dilution.
Parameters for intracellular antifungal activity were inhibition of germ tube
formation as well as killing of intracellular C.albicans (> 99% of the number of
viable intracellular yeasts at time zero). Inhibition of germ tube formation was
determined microscopically, At 6 and 24 h of incubation, after the monolayer was
washed three times with PBS, the monolayers were fixed in methanol and stained
with May-Grinwald-Giemsa, after removal of the plastic chamber from the slide.
At the concentrations that inhibited germ tube formation, intracellutar killing was
determined by washing the monolayers three times with ice-coid (0°C) PBS; this
was followed by disruption of the macrophages by quickly freezing and thawing
them in the presence of distilled water containing 0.1% bovine serum albumin
{Sigma Chemical Co,, St. Louis, Mo.). Suspensions were mixed vigorously. Freezing
and thawing dit not affect the viability of C.albicans. The number of viable
intracellular yeasts was determined by making plate counts of 10-fold serial
dilutions of the specimen,.
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The toxicities of AMB-DOC up to 1.6 mg/L and FLU up to 102 mg/t to the
macrophages were assessed by determining the effects of the agents on the
phagocytic capacity and the membrane integrity of the macrophages. The effects of
the antifungal agents on the phagocytic capacity of the macrophages were
determined after 24 h of exposure of uninfected macrophage monolayers to the
antifungal agents. Control monolayers were incubated with the solvent of the
antifungal agent in the appropriate dilution. After the monolayer was washed three
times, opsonized Escherichia coli 128K was added to the monolayers. After a 30-
min uptake period, the uningested bacteria were removed by washing the
monolayer and the number of viable intracellular bacteria was determined. The
effects of the antifungal agents on the membrane integrity of the macrophages was
determined by *'Cr release. Uninfected macrophage monolayers were {abeled
during 1 h with Na,”'CrO, (Amersham International plc., Buckinghamshire,
England). After labeling, the monolayer was washed to remove non-cell-associated
31Cr; this was followed by 6 h of exposure to the antifungal agents. Control
monolayers were incubated with the solvent of the antifungal agent in the
appropriate dilution. By this method, exposure to antifungal agent for 24 h could
not be tested because of the high spontaneous *'Cr release, because of passive
fabeling, from the control monolayers after 24 h, After incubation, *'Cr release was
determined by measuring the radioactivity in the supernatants as well as in the
disrupted monolayers in a gamma counter {Minaxy 5530; Packard Instrument Co.
Inc,, Downers Grove, IlL).

(1) Effect of previous exposure of C.albicans to antifungal agent, Monolayers
of peritoneal macrophages were cultured as described above. After 24 h of
incubation, opsonized C.afbicans was added to the monolayers, resulting in a
C.albicans-to-macrophage ratio of 1:8, together with twofold increasing
concentrations of the antifungal agent in culture medium supplemented with 5%
FBS; antifungal agent concentrations ranged from 0.05 to 1.6 mg/L for AMB-DOC
and 0.4 to 102 mg/L for FLU. After a 30-min uptake period, the monolayer was
washed to remove uningested yeasts and antifungal agent and was reincubated for
24 h in the presence of antifungal agent, Control monolayers were reincubated with
the solvent of the antifungal activity in the appropriate dilution. Intracellutar
antifungal activity was determined at 6 and 24 h of incubation, as described above.

(1} Antifungal activity of a combination of AMB-DOC and FLU against
intracellular C.albicans. Monolayers of peritoneal macrophages were cultured as
described above. After 24 h of incubation, opsonized C.albicans was added to the
monolayers, resulting in a C.albicans-ta-macrophage ratio of 1:8. After a 3G-min
uplake period, the uningested yeasts were removed by washing the monolayer, The
macrophages were reincubated for 24 h in the presence of combinations of the
antifungal agents in culture medium supplemented with 5% FBS; antifungal agent
concentrations ranged from 0.1 to 1.6 mg/L for AMB-DOC and 0.4 to 102 mg/t. for
FLU. Control monolayers were reincubated with the solvent of the agent in the
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appropriate dilution. Intracellular antifungal activity was determined at 6 and 24 h
of incubation, as described above. The effect of combinations of AMB-DQC and
FLU on the extracelluiar growth of C.albicans during 24 h of incubation was tested,
after the addition of fourfold increasing FLU concentrations ranging from 0.4 to 102
mg/l to AMB-DOC at 0.2 mg/L by the method described above.

RESULTS

Antifungal activity of AMB-DOC versus that of FLU against extracellular
C.albicans in relation to inoculum size, (1) MIC and MFC, At a C.albicans inoculum
of 1.3x107 CFU/L, the MIC and MFC of AMB-DOC were 0.1 and 3.2 mg/t,
respectively, and did not change at an inoculum size increased to 1.0x10%, The MIC
and FLU was 0.8 mg/L and could be assessed only by using the lowest inoculum
{1.3%107 CFU/L). FLU did not show fungicidal activity when it was tested up to 102
mg/L,

(Ih) Short-term growth. The survival of C.albicans at various concentrations of
AMB or FLU during 6 h of incubation at 37°C is shown in Figure 1.
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Figure 1, Antifungal activity of AMB-DOC and FLU at the indicated concentrations
{mg/l) against extracellular C.albicans during short-term growth at an inoculum size
of 1.3x107 CFU/L in the logarithmic phase of growth. The control contained only
the solvent of the antifungal agent at the appropriate dilution. Each symbol
represents the mean of three experiments,
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Because the MIC of FLU could be assessed only at 1.3x107 CFU/L, the antifungal
effect on the short-term growth of C.albicans was initially determined at this
inoculum size. With AMB-DOC, killing of C.albicans (> 99.9%) was obtained at 0.2
mg/L. Killing was not affected by an increase in the inoculum by 8- or 64-fold,
respectively (data not shown). FLU tested up to a concentration of 102 mg/L did not
result in the killing of C.albicans but only inhibited fungal growth. A reduction in
the inoculum size by 8- or 64-fald, respectively, did not result in the killing of
C.albicans (data not shown).

The effect of serum on the antifungal activity of AMB-DOC against extracellular
C.albicans is presented in Table 1. The minimal AMB-DOC concenltration required
for the inhibition of germ tube formation as well as for effective killing (>99.9%)
of C.albicans in the presence of serum are given. FLU was not tested, since it is
known that protein binding is low for FLU. In the presence of 5% PHS, inhibition
of germ tube formation as well as effective killing were observed at an AMB-DOC
concentration of 0.2 mg/L. An increase in the amount of serum did result in an
increase in the concentration of AMB required to obtain the effects. Eventually,
compared with the effect of 5% PHS, the presence of 90% PHS resulted in a 4-fold
increase in the concentrations required to inhibit germ tube formation, whereas a
16-fold increase in concentration was needed to abtain effective killing.

Table 1. Effect of serum on the antifungal activity of AMB-DOC against extracellular
C.albicans during 6 h of incubation.*

Minimal AMB concn (mg/L) required for:

Medium Inhibition of germ tube formation Effective killing
(>99.9%)
Serum-free 0.2
PHS 5% 0.2 0.2
50% 0.4 1.6
90% 0.8 3.2

C.albicans was used at an incculum size of 1.3x107 CFU/L
®Percentages of PHS are by volume

Antifungal activity of AMB-DOC versus that of FLU against intracellular
C.albicans. (I) Activity in relation to ratio of infection. The minimal concentrations
of AMB-DOC and FLU required for the inhibition of germ tube formation as well
as for effective killing (>99.9%) of C.albicans at 6 and 24 h of incubation at
various ratios of infection are given in Table 2. In the absence of antifungal agent,
C.albicans grows intracellularly by the formation of germ tubes, and within 24 h
mycelium is formed, At a C.albicans-to-macrophage ratio of 1:8, inhibition of germ
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tube formation and killing were observed within the first 6 h of incubation at AMB
concentrations of 0.2 and 0.4 mg/L, respectively. After prolonged incubation (24 h),
this activity was not changed. At a fivefold increased ratio of infection, twofold
increased AMB concentrations were required to obtain both effects. FLU tested up
to 102 mg/L was not effective intracellutarly during 6 h of incubation. After
prolonged incubation (24 h), germ tubes and hyphae were still observed when FLU
was lested up to 102 mg/L. However, the formation of mycelium was inhibited. A
fivefold reduction in the ratio of infection also did not result in intraceifular activity
of FLU. These data were derived from three separate experiments, in which each
concentration was tested in triplicate.

Celtular toxicities of the antifungal agents measured in terms of inhibition of the
phagocytic capacity of the macrophages or a decrease in membrane integrity were
not observed with AMB-DOC or FLU when they were tested at concentrations up
to 1.6 and 102 mg/L, respectively (data not shown),

Table 2. Antifungal activity of AMB-DOC versus that of FLU alter 6 and 24 h of
incubation against intracellular C.albicans in relation to ratio of infection.?

Minimal concn (mg/l) required for:

Antifungal agent

and Inhibition of germ Effective killing
C.albicans : macrophage ratio tube formation (>99%)
6 h 24 h 6 h 24 h
AMB-DOC
1:8 0.2 0.2 0.4 0.4
5:8 0.4 0.4 0.8 0.8
FLU
1:8 >102 =102 ND ND
1:40 >102 >102 ND ND

Antifungal agent was present in the incubation medium after C.albicans ingestion
ND = not done

(1) Effect of previous exposure of C.albicans to antifungal agent. The minimal
concentrations of AMB-DOC and FLU required for the inhibition of germ tube
formation as well as for effective killing (>99%) of C.albicans and C.albicans-to-
macrophage ratio of 1:8 after 6 and 24 h of incubation are given in Table 3.
Exposure of C.albicans for 30 min to one of the antifungal agents at the
concentrations used during macrophage ingestion did not reduce the number of
viable intracellular yeasts after 30 min of ingestion. With AMB-DOC, inhibition of
germ tube formation and killing were observed within 6 h of incubation at
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concentrations of 0.1 and 0.2 mg/L, respectively. FLU tested up to 102 mg/L was
not effective intracellularly. These data were derived from three separate
experiments, in which each concentration was tested in triplicate.

Table 3. Antifungal activity of AMB-DOC versus that of FLU after 6 and 24 h of
incubation against intracellular C.albicans: effect of previous exposure to antifungal
agent.

Minimal concn (mg/l) required for:

Antifungal agent

and Inhibition of germ Effective killing
C.albicans : macrophage ratio tube formation (>99%)
6h 24 h 6 h 24 h
AMB-DOC
1.8° 0.2 0.2 0.4 G.4
1:8° 0.1 0.1 0.2 0.2
FLU
1:8° >102 > 102 ND ND
1:8"° >102 > 102 ND ND

2Antifungal agent was present in the incubation medium after C.albicans ingestion
PAntifungal agent was present in the incubation medium during and after C.alhicans
ingestion

ND = not done

(I Antifungal activity of a combination of AMB-DOC and FLU against
intracellular C.albicans. The antifungal activity of combinations of AMB-DOC and
FLU against intracellular C.albicans at a C.albicans-to-macrophage ratio of 1:8 after
24 h of incubation in terms of inhibition of germ tube formation as well as effective
killing (>99%) are shown in Tables 4 and 5, respectively. In the absence of FLJ,
inhibition of germ tube formation and effective killing were observed at AMB-DOC
concentrations of 0.2 and 0.4 mg/L, respectively. The addition of FLU up to 102
mg/t to AMB-DOC did not result in a reduction of the AMB-DOC concentrations
required for inhibition of germ tube formation and effective killing. In contrast, at
combinations of AMB-DOC at 0.2 mg/L plus FL.U at 1.6 mg/L and of AMB-DOC at
0.4 mg/L plus FLU at 1.6 mg/L, inhibition of germ tube formation and effective
killing, respectively, were no longer observed. In the presence of FLU at
concentrations from 1.6 mg/L, an increase in the AMB-DOC concentration up to 0.8
mg/L was required to obtain both effects, After 6 h of incubation, this antagonistic
effect of FLU was not observed (data not shown). These data were derived from
three separate experiments, in which each concentration was tested in triplicate.
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Regarding the effect of combinations of AMB-DOC with FLU on the extracellular
growth of C.albicans, we did observe a slight antagonistic effect of FLU during 24
h of incubation after the addition of fourfold increasing FLU concentrations, ranging
from 0.4 to 102 mg/L, to AMB-DOC at 0.2 mg/L (data not shown),

Table 4. Antifungal activity of combinations of AMB-DOC and FLU at various
concentrations against intracellular C.albicans® after 24 h of incubation: inhibition
of germ tube formation,

Antifungal activity with FLU concn (mg/L) of:

AMB

conen 102 512 256 128 64 32 16 08 04 0

(mg/L)
1.6 + + + + + + +
0.8 + + + + + + o+
0.4 — — — — + + +
0.2 — — — — + + o+
0.1 — — w— —_ = = =
0 — — — - - - = = = =

*The C.albicans-to-macrophage ratio was 1:8
+, inhibition of germ tube formation; —, no inhibition of germ tube formation

Table 5. Antifungal activity of combinations of AMB-DOC and FLU at various
concentrations against intracellular C.albicans® after 24 h of incubation: effective
killing (> 99%).

Antifungal activity with FLU concn {mg/L) of:

AMB

conen 102 51.2 256 128 6.4 32 1.6 08 04 O

{mg/L)
1.6 + + + + + +
0.8 + + + + + + o+
0.4 — - — — + + +
0.2 - — — —_ = = =
0.1 — - — - - - =
0 — — e s — — — — - —

*The C.albicans-to-macrophage ratio was 1:8
+, effective killing; —, no effective killing
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DISCUSSION

The observations of the activity of AMB-DOC against extracellular C.albicans
after an incubation period of 24 h showed that, in the absence of serum, AMB-DOC
is highly active in terms of growth inhibition and killing of C.albicans. This
antifungal activity was maintained when the inoculum was increased. The presence
of serum greatly influenced the activity of AMB-DOC against extracellular
C.albicans. This is in agreement with observations of others [23], who found a
twofold increase in the MIC and MFC of AMB-DOC when C.albicans was exposed
to AMB-DOC in the presence of 25% PHS. This reduction of antifungal activity in
the presence of serum may be explained by the high protein binding of AMB-DOC,
resulting in reduced biocavailability.

FLU was not active in terms of killing of extracellutar C.albicans. Only an
inhibitory effect by FLU was observed at a low inoculum. This is in agreement with
the chservations of other investigators [16,28,32,37,38]. Since protein binding is
reported to be low for FLU [1,14,17], the effect of serum on its antifungal activity
was not tested.

The antifungal effect against intracellular C.albicans was studied by using
monolayers of murine peritoneal macrophages infected with C.albicans. The
experimental design varied with respect to different ratios of infection, exposure of
C.albicans to one of the antifungal agents prior to macrophage ingestion, and
exposure to the antifungal agents alone or in combination. It is known that resident
peritoneal macrophages are unable to kill C.albicans during incubation in vitro and
are even unable to prevent intracellular germ tube formation [2,3,7,24,38]. As a
consequence, the antifungal effect on intracellufar C.albicans could be investigated
without interference from the direct fungistatic or fungicidal effects of the
macrophages themselves. The intracetlular efficacies of the antifungal agents were
determined in terms of inhibition of germ tube formation as well as effective killing
of C.albicans intracellularly. With AMB-DOC, inhibition of the development of
germ tubes was found at concentrations lower than those required for killing of
intracellutar C.alhicans, which has also heen reported by others [25,26,38]. After
an increase in the ratio of infection, slightly increased AMB concentrations were
required to obtain both effects, The cellular toxicity of AMB-DOC in terms of a
decrease in membrane integrity (*'Cr release) or a reduction in the phagocytic
capacity of the macrophages (E.coli phagocytosis) was not observed when
macrophages were exposed to AMB-DOC for 6 and 24 h, respectively. Other
investigators [20} reported, however, that AMB-DOC is highly suppressive to
macrophage differentiation, as measured by transglutaminase induction, and to
effector functions, as measured by superoxide anion release after 16 h of
incubation. Immunostimufatory effects of AMB-DOC after in vitro exposure of
peritoneal macrophages have also been reported. Increased phagocytosis of
polystyrene beads in macrophages after in vitro exposure to AMB-DOC was
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observed [19]. In our study, however, an increase in the phagocytosis of £.coli was
not found. The discrepancies in these observations cannot readily be explained.

Exposure of C.albicans to AMB-DOC prior to macrophage ingestion slightly
influenced the antifungal activity of AMB-DOC in terms of a decrease in the AMB
concentrations required for inhibition of germ tube formation as well as for the
effective killing of intracellular C.albicans.

The antifungal activity of AMB-DOC was observed within 6 h. Prolonged
incubation {24 h} did not change this effect, provided that AMB-DOC was present
in the incubation medium. It seemed that the continuous presence of AMB-DOC
extracellularly was necessary to maintain intracellular antifungal activity.

FLU was not effective intracellufarly when macrophages were exposed to FLU
for 6 h, not even at a reduced C.albicans-to-macrophage ratio, nor after exposure
of C.albicans to FLU prior to macrophage ingestion. Although the formation of
mycelium was inhibited after prolonged incubation (24 h}, germ tubes and hyphae
were still observed with FLU, and therefore, FLU was not effective intracellularly.
The results of the activity of FLU against intracellular C.albicans are in agreement
with the results of activity against extracellular C.albicans, in which no complete
growth inhibition was observed. It has been reported by others [42] that FLU,
despite its observed good intraceliular penetrating capacity, did not have a
significant effect on the killing of intracellular C.albicans or on the formation of
germ tubes within 4 h of incubation of C.albicans-infected macrophage monolayers
derived from human blood monocytes, which is in agreement with the results of
our study. Those investigators {42] also mentioned the prevention of the formation
of mycelium by FLU after 24 h of incubation and reported a significant growth
inhibition of C.albicans, as measured by CFU counts of viable intraceilular
C.albicans. CFU counts of intracellular C.albicans can only be determined
accurately when germ tube formation is completely inhibited, In the presence of
germ tubes, the CFU count may be an overestimation of viable C.albicans because
of fragmentation of the germ tubes during disruption of the monolayer, giving rise
to an increase in CFU., On the other hand, the CFU count can be an
underestimation of viable C.albicans, since viable C.albicans may be washed away
after destruction of the macrophages by germ tubes. Other investigators {38}
described that FLU had only a minimal effect on the number of viable intracelfuiar
C.albicans in murine macrophage monolayers, but that it significantly inhibited
germ tube formation within 4 h of incubation. The number of yeasts that produced
germ tubes as well as the length of the germ tubes appeared to be significantly
reduced, as measured microscopically. The intracellular activities of antifungal
agents can only be defined as complete inhibition of germ tube formation, at the
least.

To investigate whether the AMB concentrations required for intracellular activity
could be reduced further, combinations of AMB-DOC and FLU were tested.
However, the potentiation of intraceflular activity was not observed after
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coincubation of AMB-DOC with FLU. In contrast, antagonism between FLU and
AMB-DQC was found with respect to intracellular C.afbicans. This antagonism was
observed only after 24 h of incubation but was not observed after 6 h of incubation.
With respect to extracellular C.afbicans, a slight antagonistic effect between FLU
and AMB-DOC measured during 24 h of incubation was observed, as was also
recently described by others [30]. They speculated that competition for binding sites
on C.albicans could be responsible for this antagonism. Intracellular activity could
also be reduced by competition during intracellular penetration. However, these
explanations for the observed antagonism are speculative, and further study is
needed for elucidation.

In summary, it was observed that although the activity of AMB-DOC against
extracellular C.albicans was high, the antifungal activity was influenced by factors
relevant to its efficacy in the treatment of infection. The antifungal activity of AMB-
DOC was substantially reduced by the presence of serum; however, it was only
slightly hindered by the intracellular localization of the yeasts, At an increased ratio
of infection of intracellular C.albicans, the antifungal activity of AMB-DOC was
slightly reduced, For FLL}, antifungal activity against extracellular C.albicans was
restricted lo inhibition of fungal growth, despite the use of optimal test conditions,
such as the recommended assay medium and the use of low C.albicans inocula,
whereas FLU was not effective against intracellular C.albicans. Therefore, it is
questionable whether FLU effectively contributes to the eradication of C.albicans
when host defense mechanisms are severely impaired. A slight antagonistic effect
between FLU and AMB-DOC was found with respect to intracetiular as well as
extracellufar C.albicans.
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ABSTRACT

The in vitro activities of amphotericin B-desoxycholate {AMB-DOC), liposomal
amphotericin B {AmBisome® and fluconazole {FLU) were determined against a
single strain of Candida albicans, In addition, the efficacies of these agents in the
treatment of systemic candidiasis in both immunocompetent and leukopenic mice
were compared. The minimum inhibitory concentrations (MICs} and minimum
fungicidal concentrations (MFCs) of AMB-DOC and AmBisome® were similar, but
on the basis of time-kill studies, the fungicidal activity of AmBisome® was
significantly less than that of AMB-DOC.

In immunocompetent mice, the dosage of AMB-DOC was limited by toxicity,
resulting in a maximum tolerated dosage (MTD) of 0.4 mg AMB/kg/day during
treatment for 5 days; AmBisome® was less loxic, the MTD being 7 mg AMB/kg/day
following a treatment period of the same duration, Both AMB-DOC and AmBisome®
led to significant reductions in the numbers of C.albicans in the kidneys of these
mice and prevented relapse of infection after completion of treatment, FLU in
dosages of 0.4 and 64 mg FLU/kg/day resulted in initial reductions in the numbers
of CFU but failed to prevent relapse.

in leukopenic mice, treatment for 5 days with AMB-DOC in a dosage of 0.3 mg
AMB/kg/day resulted in survival of the animals and a significant reduction in the
numbers of CFU in the liver, spleen and lungs. FHowever, there was no reduction
in the number of CFU in the kidneys and this led to relapse of infection once
therapy was terminated. FLU in a dosage of 64 mg FLU/g/day produced effects
which were similar to those of AMB-DOC; prolonged treatment with FLU for 18
days did not improve the efficacy of this agent, Only treatment with high-dosage (7
mg AMB/kg/day) AmBisome® was effective in significantly reducing the numbers of
CFU of C.albicans in the kidneys and other organs of leukopenic mice, as well as
preventing relapse, even in severely infected animals.
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INTRODUCTION

Deep-seated fungal infection is an impottant cause of morbidity and mortality in
immunocompromised patients [22,23]. Currently, the treatment of choice for most
systemic mycoses is amphotericin B-desoxycholate (AMB-DQC), although the
amount of this drug which can be administered is limited by a number of side-
effects, some of which may be serious [6,10,23,41]. There is, therefore, a need to
identify effective and less toxic alternatives for the treatment of patients with life-
threatening fungal infections. One such agent is the triazole, fluconazole {FLU)
[6,12,41]. Both experimental studies and data in humans have shown that FLU is
effective therapy for disseminated candidiasis [2,7-9,18,26,30,32,36,38,43]. The
efficacy of FLU as prophylaxis or early treatment has also been demonstrated in
persistently granulocytopenic rabbits [39,40], but there is a paucity of evidence to
support the efficacy of this drug as treatment for immunocompromised hosts with
systemic candidiasis.

Another promising approach in the treatment of invasive fungal infections is
amphotericin B {AMB) which has been incorporated into lipasomes or other lipid
carriers [25,42]. In both experimental [1,5,11,14-16,20,21,27,35]and human studies
{4,17,19,34,24,28,31,33} a reduction in the incidence of side-effects and an
improvement in the therapeutic index have been reported for various lipid-
associated formulations of AMB. One such preparation is AmBisome® which has
been shown to be effective in the treatment of immunocompetent mice with
candidiasis [1,11]. However, its efficacy in leukopenic mice with severe
disseminated candidiasis has not yet been determined. In the present study, we
have compared the efficacies of FLU, liposomal amphotericin B {AmBisome®} and
AMB-DOC as therapy for both immunocompetent and leukopenic mice with
invasive candidiasis.

MATERIALS AND METHODS

Candida strains, Candida albicans ATCC 44858 was used in all of the
experiments and was stored at -80°C in Todd-Hewitt broth (Difco Laboratories,
Detroit, Mi, USA) containing 10% (v/v) glycerol,

Antifungal agents. AMB-DOC (Fungizone®, Bristol Myers-Squibb, Woerden, The
Netherlands) was reconstituted with distilled water to obtain a stock solution of 5
g/L. AmBisome®, AMB encapsulated in small unilamellar vesicles consisting of
hydrogenated soybean phosphatidylcholing, cholesterol and distearoylphosphatidyl-
glycerol in a molar ratio of 2:1:0.8, was kindly provided by Vestar Inc. (San Dimas,
CA, USA} as a lyophilized preparation. The powder was reconstituted according to
the manufacturer's instructions with distilled water at 65°C to give a liposomal
suspension containing 4 g AMB/L and 35 g lipid/L. FLU was provided by Pfizer
Nederland B.V. as a stock solution containing 2g/L.
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Animals. Specified pathogen-free, 10- to 13-week-old, female BALB/c mice were
obtained from Iffa Credo (L’Arbresle, France).

Minimum inhibitory concentrations {MICs) and minimum fungicidal
concentrations (MFCs). MICs and MFCs were determined by a broth dilution
methad as described previously [371. Two-fold serial dilutions of the antifungal
agents in concentrations ranging from 0.025-102 mg/L were prepared in Antiblotic
Medium No. 3 (Difco Laboratories). Stationary growth phase cultures of the Candida
albicans strain were obtained after incubation in Sabouraud maktose broth (Difco
Laboratories) for 24 h at 37°C. The organisms were washed in phosphate-buffered
saline (PBS), counted in an hemocytometer and adjusted to the desired inoculum
in Antibiotic Mediuim No. 3; the suspension contained 1.3x107 CFU/L. The MIC
was defined as the lowest concentration of each antifungal agent which inhibited
visible growth after 24h of incubation at 37°C, Samples from clear tubes were
washed in PBS and inoculated on to solid medium. The MFC was defined as the
lowest concentration which killed > 99,9% of the original inoculum after overnight
incubation at 37°C.

In vitro activities of AMB-DOC and AmBisome® during short-term exposure.
The fungicidal activities of AMB-DOC and AmBisome® were determined by a
killing curve method as described previously [37]. Briefly, two-fold serial dilutions
of each agent in concentrations ranging from 0.05-25.6 mg/l. were prepared in
Antibiotic Medium No. 3. A logarithmic growth phase culture of C.albicans was
diluted and added to each tube to give an initial suspension of 1.3x10” CFU/L. The
tubes were incubated for 6 h at 37°C. Samples were withdrawn at 2-h intervals and
the numbers of viable organisms were determined.

Determination of maximum tolerated dosage (MTD). The MTDs of AMB-DOC
and AmBisome® were determined in uninfected mice and expressed in terms of
death of the animals during the course of treatment or a significant change in renal
and/or hepatic function in the survivors. Twenty mice (two groups of ten} received
the targeted dosage of either AMB-DOC (ranging from 0.1 to 1.5 mg AMB/kg/day)
or AmBisome® (ranging from 1 to 32 mg AMB/kg/day) by the iv route for 5
consecutive days, Dosages of AMB-DOC of 0.1-1.0 mg AMB/kg/day were reached
by increments of 0.1 mg AMB/kg/day and a dosage of 1.5 mg AMB/kglday was
reached by a single increment of 0.5 mg AMB/kg/day; dosages of AmBisome® were
reached by increments of = 1 mg AMB/kg/day. Time until death was monitored
from administration of the antifungal agent. Abnormatities of renal function in
surviving mice were detected by measuring the serum urea and creatinine
concentrations; abnormalities of hepatic function were detected by measuring the
serum aspartate aminotransferase and alanine aminotransferase concentrations. All
biochemical parameters were determined by established methods (Merck
Diagnostica, Darmstadt, Germany) from samples of blood obtained from the
surviving mice in one cohort which were kitled 24 h after termination of treatment
and from those in a second cohortkilled 14 days aiter termination of treatment, The
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MTD was defined as the maximum dosage which did not lead to death during
treatmenl or to a statistically significant increase in the concentrations of the
biochemical parameters used to monitor renal and hepatic functions compared with
the concentrations of these indices in untreated mice (two groups of ten which were
killed at the same time intervals as the treated mice).

Efficacies of AMB-DOC, AmBisome® and FLU in infected immunocompetent
mice, Mice were infected by the iv inoculation of 5x10° CFU of C.afbicans into the
tail vein. AMB-DOC and AmBisome® were each administered once daily by the iv
route to three groups of ten mice. The dosages of the two agents corresponded to
their MTDs which bhad been determined previously in immunocompetent mice
infected with C.albicans according to the method and criterion (i.e. death) described
above for uninfected mice; for comparison, AmBisome® was also administered to
separate cohorts in a dosage which was equivalent to the MTD of AMB-DOC, FLU,
in a range of dosages up to 64 mg FLU/kg/day, was administered twice daily by the
ip route to three groups of ten mice. Additional cohorts of ten mice received one
of the following placebos: desoxycholate {DOC; Sigma Chemical Co., St Louis, MO,
USA) administered iv once daily, liposomes without AMB (placebo liposomes,
PLACEBO-LIP} administered iv once daily, or PBS administered ip twice daily,
Treatment with the antifungal agents and placebos was started 48 h after infection
was initiated, and continued for 5 consecutive days. Just after the start of treatment
and at 24 h and 14 days after treatment had heen completed, surviving animals in
separate groups of ten mice receiving each of the regimens were kitled. The kidneys
were removed and homogenized in 20 mb of PBS for 30 sec at 10,000 rpm in
VirTis homogenizer (The VirTis Co. Inc., Gardiner, NY, USA). The antifungal agents
were eliminated from the homogenates by washing three times with PBS, Serial ten-
fold dilutions of the homogenates were prepared in PBS and 0.2 mi samples of
each dilution, as well as 2 mL samples of the undiluted homogenates, were spread
on to Sabouraud dextrose agar (SDA, Oxoid, Basingstoke, UK); large (20 cm)
diameter plates were used for the 2 mL samples. The remainder of each
homogenate, together with an equal volume of double-concentrated SDA, were
poured into plastic plates. Following incubation at 37°C for 48 h, the numbers of
C.albicans CFU in the kidneys were calculated and expressed as the geometric
means. The following criteria were used to assess the efficacy of treatment: a
statistically significant reduction in the numbers of CFU in the kidneys 24 h after
termination of treatment compared with those at the start of treatment; a statistically
significant reduction in the numbers of CFU in the kidneys of antifungai-treated
mice compared with those in the kidneys of mice receiving the placebos; and
prevention of a significant increase in the numbers of CFU in the kidneys 14 days
after termination of treatment compared with the numbers 24 h after termination of
treatment {equating to relapse of infection).

In order to determine if treatment prevented hyphal growth, separate cohorts of
mice (each consisting of ten animals) were killed at 24 h or 14 days after
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termination of treatment. The kidneys were removed and fixed in 10% buffered
formalin. Following sectioning and staining by the periodic acid-Schiff method, the
tissues were examined microscopically.

Efficacies of AMB-DOC, AmBisome® and FLU in infected leukopenic mice.
Leukopenia was induced by the ip administration of cyclophosphamide (Sigma
Chemical Co.); a dosage of 100 mg/kg was administered 4 days before initiation of
infection followed by additional doses of 75 mg/kg on the day of inoculation and
at 3-day intervals thereafter whilst the mice were still alive. This resulted in
persistent granulocytopenia (<0.1x10%0) from the onset of infection. The mice
were infected by the iv inoculation of 10% CFU of the C.albicans strain into the tail
vein, AMB-DOC and AmBisome® were each administered iv once daily to groups
of ten mice in dosages which corresponded to their MTDs (determined previously
in infected leukopenic mice according to the method and criterion i.e. death during
treatment described above for uninfected mice); for comparison, AmBisome® was
also given to separate cohorls in a dosage which was equivalent to the MTD of
AMB-DOC. FLU, in a range of dosages up to 64 mg FLU/kg/day, was administered
twice daily by the ip route. The placebos were the same as those used in the
experiment with immunocompetent mice. The efficacy of treatment in relation to
severity of infection was investigated by commencing therapy with AMB-DOC,
AmBisome®, FLU or one of the three placebos at 6 h, 16 h or 24 h after inoculation
and continuing for 5 consecutive days. In a separate experiment, the efficacies of
prolanged treatment with FLU and as maintenance therapy following initial
treatment with AmBisome® were evaluated. The treatment regimens were
commenced 6 h after initiation of infection and consisted of the administration of
FLU for 18 days, AmBisome® for 5 days or AmBisome? for 5 days followed by FLU
for a further 13 days. Just after the start of treatment and at 24h and 14 days after
completing treatment, the surviving animals in separate groups which initially
comprised ten mice were killed, The kidneys, liver, spleen and lungs were removed
and processed for the determination of viable counts and histological examination
as described above for the immunocompetent animals. The efficacies of the various
treatment regimens were also assessed according to the criteria described above for
immunocompetent mice and, additionally, in terms of percentage survival.

AMB concentrations in the blood and tissues of leukapenic mice following
treatment with AMB-DOC and AmBisome®, In a separate experiment with different
cohorts of leukopenic mice infected with C.albicans, treatment with AMB-DOC or
AmBisome® in dosages which corresponded to their MTDs was initiated 6 h after
inoculation and continued for 5 days as described previously. At 24 h and 14 days
after completion of treatment, the mice were killed, samples of blood were
collected in heparinized tubes and the kidneys, liver, spleen and lungs were
removed, weighed, homogenized in distilled water and prepared for analysis by
high-performance liquid chromatography (HPLC). The blood and tissue
homogenates from five mice were pooled. AMB standards were prepared by adding
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AMB-DOC in concentrations ranging from 0.1-5 mg/l to blood or tissue
homogenate obtained from untreated mice, followed by incubation at 37°C for 90
min to allow binding of the artifungal agent to blood and tissue components, Both
samples and standards were stored at -80°C until just before extraction. The AMB
was extracted from the blood and homogenized tissues with ethanol in a mixture
of sample and ethanol in a 4:6 (v/v} ratio. The extracts were centrifuged for 5 min
at 13,000xg and the concentrations of AMB in the supernatants were determined
by HPLC; a C,; column (Chromspher, 100x3 mm; Perking-Elmer, Norwalk, CT,
USA) with a Guard precolumn {Chromguard, 10x3 mm; Chrompack, Middelburg,
The Netherlands) was used for this purpose. The mobile phase, which consisted of
a 0.1 M sodium acetate solution {pH 7.2} containing 0.2% (v/v) triethylamine and
60% (v/v) acetonitrile, was run at a flow rate of 0.3 mL/min. AMB was detected at
382 nm (LC 95 detector; Perking-Elmer). The sensitivity of the assay was 0.1 mg/L.

Statistical analysis. Results were expressed as the geometric means + 5.D.
Differences between the various treatment groups and times at which the mice were
killed, in terms of the numbers of CFU, were analyzed by the Mann-Whitney test.

RESULTS

In vitro susceptibilities. The MICs of AMB-DOC and AmBisome® were 0.1 and
0.05 mg/L, respectively; the corresponding MFCs were 3.2 and 6.4 mg/L. The MIC
of FLU was 0.8 mg/L; fungicidal activity could not be demonstrated with FLU at
concentrations up to 102 mg/L.

In vitro activities during time-kill studies, The survival of C.albicans in the
presence of varying concentrations of AMB-DOC and AmBisome® during 6 h of
incubation at 37°C is shown in Figure 1. In the presence of 0.2 mg/L, AMB-DOC
kilted > 99.9% of the initial inoculum within 2 h. With AmBisome®, on the other
hand, a concentration of 25.6 mg/L was required to produce the same fungicidal
activity and this was only achieved after 6 h of incubation.

MTDs of AMB-DOC and AmBisome®. The MTDs of AMB-DOC and AmBisome®
in terms of death or significant abnormalities in the renal andfor hepatic functions
of survivors 24 h after termination of treatment are presented in Table 1; similar
result were observed 14 days after termination of treatment {data not shown). For
AMB-DOC, the MTD which resulted in death was 0.8 mg AMB/kg/day. In conirast,
neither death nor a significant increase in the parameters used to detect
abnormalities in renal function was observed with dosages of AmBisome® of up to
32 mg AMB/kg/day. However, the MTD of AmBisome® in terms of significant
abnormalities in hepatic function was 7 mg AMB/kg/day; from a dosage of 8 mg
AMB/kg/day, the concentrations of both hepatic enzymes were increased by up to
four-fold.
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Figure 1, [n vitro fungicidal activities of AMB-DOC and AmBisome® in varying
concentrations (mgfl) against C.albicans. Each symbol represents the mean of three
experiments.

Table 1. Maximum tolerated dosages (MTDs) of AMB-DOC and AmBisome® in
uninfected mice.

Criterion MTD (mg AMB/kg/day)
AMB-DOC AmBisome®
Death 0.8 =32
Renal function BUNP >0.8 >32
CREAT® >0.8 >32
Hepatic function ASATY >0.8 7
ALAT® >0.8 7

*Expressed in terms of death during treatment or significant increase in the parameters used
to monitor renal and hepatic functions 24 h after termination of treatment

*8lood wrea nitrogen: “Serum creatinine

dAspartate aminotransferase, ‘Alanine aminotransferase
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Efficacies of AMB-DOC, AmBisome® and FLU in infected immunocompetent
mice, In immunocompetent mice infected with C.alhicans, infection is confined to
the kidney (Van Etten et al., unpublished data). The MTD of AMB-DOC for these
animals in terms of death during treatment was 0.4 mg AMB/kg/day; for
AmBisome®, dosages of up lo 7 mg AMB/kg/day did not lead to death. The effects
of the various treatments on the growth of C.albicans in the kidneys are shown in
Table 2. During the study period, both an increase in the numbers of CFU and
hyphal growth were observed following administration of the placebos. Therapy
with AMB-DOC in a dosage of 0.4 mg AMB/kg/day (corresponding to the MTD)
resufted in a significantly lower number of CFU in the kidneys 24 h after
termination of treatment than did the placebos (P <0.001) and compared with the
number of CFU at the start of treatment (P = 0.001); AMB-DOC also prevented the
number of CFU from increasing significantly at 14 days after termination of
treatment i.e. relapse of infection, AmBisome®, in the same dosage (0.4 mg AMB/
kg/day), was equally effective in respect of these outcome measures. Increasing of
the dosage of AmBisome® to 7 mg AMB/kg/day (the MTD) resulted in an even
lower number of CFU 24 h after termination of treatment than AmBisome® at 0.4
mg AMB/kg/day (P<0.01); the numher of CFU was reduced still further 14 days
after termination of treatment (P=0.001). FLU in a dosage of 0.4 mg FL.U/kg/day
produced a significant reduction in the number of CFU 24 h after completion of
treatment compared with the number of CFU at the start of treatment {(F<0,025),
but the number was not significantly fower than that observed following
administration of a placebo. Although there were significantly fewer CFU in the
kidneys at the 14-day post-treatment assessment with FLU than with the placebos
{P=0.01}, relapse of infection, in terms of both an increase in the number of CFU
compared with the number 24 h after termination of treatment and hyphal growth,
was not prevented. Nor did increasing the dosage of FLU to 64 mg FLU/kg/day
improve the efficacy of this agent.

Efficacies of AMB-DOC, AmBisome® and FLU in infected leukopenic mice. In
leukopenic mice infected with C.afbicans, infection is disseminated to the kidneys,
liver, spleen and lungs, and untreated mice die between 24 h and 7 days after
inocutation (Van Ftten et al., unpublished data), The MTD of AMB-DOC in terms
of death during treatment was 0.3 mg AMB/kg/day; for AmBisome®, dosages of up
to 7 mg AMB/kg/day did not cause death. The effects of treatment on the survival
of leukopenic mice and growth of candida in the kidneys of survivors are shown
in Tables 3 and 4, respectively. In commaon with immunocompetent mice, treatment
with a placebo was associated with both an increase in the number of CFU and
hyphal growth in the kidneys. Furthermore death of the animals was observed.
Since almost all placebo-treated mice died, the numbers of CFU in the organs of the
animals receiving a placebo were not compared with those in the organs of the
animals receiving one of the antifungal agents. AMB-DOC, in a dosage equivalent
to the MTD of this agent in leukopenic mice (0.3 mg AMB/kg/day), resulted in
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Table 2. Effect of reatment on growth of C.albicans in the kidneys of immunocompetent mice.

trearment’ dosage start of treatment 24 h after termination 14 days after termination of treatment
(mg/kg/day) of treatment

Log,, CFU/kidney® hyphal Log,, CFU/kidney® | hyphal  Log,, CFU/kidney® no. of mice with

growth in surviving mice | growth  in surviving mice sterile kidneys/no.

of surviving mice

untreated 4,58 + 0.29

AMB-DOC 0.4 — 2.44 + 0.32° — 2.15 £ 0.88 0/10
AmBisome® 0.4 — 3.06 + 0.62° — 2.81 + 1.18 0/10
AmBisome® 7 — 2.20 + 0.87° — 0.40 + 0.25 1/10
FLU 0.4 — 3.57 + 1.10° + 4.90 + 1.32¢ 0/10
FLU 64 - 2.97 + 0.58° + 4.41 + 1.39° 0/10
PLACEBO-DOC - + 4.19 + 0.62 + 6.08 + 0.85° 0/10
PLACEBO-LIP - + 4.78 + 0.79 + 6.67 + 0.80° 0/10
PLACEBO-PBS - + 4.40 + 0.76 + 6.56 + 0.65° /10

*Srarted 48 h after inoculation and continued for 5 days

bGeometric mean + 5.D.

*P=0.025 compared with number of CFU at start of treatment
'P=<0,025 compared with number of CFLJ 24 h after termination of treatment
~ = no hyphal growth; + = hyphal growth
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100% survival, as well as significant reductions in the numbers of CFU in the liver,
spleen and lungs (P<0.001) (data not shown). However, al this dosage, growth of
Candida in the kidneys was only inhibited during treatment i.e. the number of CFLJ
24 h after termination of treatment was not significantly different from the number
at the start of treatment. Consequently, at the 14-day post-treatment assessment
there was relapse of infection, manifested by hyphal growth and a significant
increase in the number of CFU compared with the number at the 24 h post-
treatment assessment. AmBisome?®, at the equivalent dosage of 0.3 mg AMB/kg/day,
was completely ineffective and did not even inhibit growth in the kidneys; at 24 h
following completion of treatment, the number of CFU was greater than that at the
start of treatment. Al a dosage of 7 mg AMB/kg/day (the MTD), however, the
number of CFU 24 h after treatment was discontinued was significantly reduced
compared with the number at the start of treatment (P<0.001). In addition, relapse
at the 14-days post-treatment assessment was prevented and the number of CFU
was further reduced compared with that at 24 h (P<0.001). In a dosage of 0.3 mg
FLU/kg/day, FLU was not effective. But at the higher dosage of 64 mg FLU/kg/day,
its activity was similar to that of AMB-DOC, except that 24h after termination of
treatment, the number of CFU in the kidneys was significantly lower than that at the
start of treatment (P =0.001); despite this initial reduction, relapse of infection was
not prevented.

Table 3. Effects of treatment on survival of leukopenic mice infected with
C.albicans.

survival (%)

treatment’ dosage
{mg/kg/day) 24 h after 14 days after
termination termination
of treatment of treatment
AMB-DOC 0.3 100 100
AmBisome® 0.3 90 50
AmBisome® 7 100 100
FLU 0.3 60 0
FLU 64 100 100
PLACEBO-DOC - 80 0
PLACEBQ-LIP - 80 10
PLACEBO-PBS - 40 0

*Started 6 h after incculation and continued for 5 days

The effects of prolonged therapy (18 days) with FLU in a dosage of 64 mg
FLU/kg/day and maintenance therapy {13 days} at the same dosage following an
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Tahle 4. Effects of treatment on growth of C.albicans in the kidneys of leukopenic mice.

treatment’ dosage start of treatrment 24 h after termination 14 days after termination of treatment
(mg'kg/day) of treatment

Log,, CFU/kidney® | hyphal  Log, CFU/kidney’ | hyphal  Log,, CFU/kidney*  no. of mice with

growth in surviving mice | growth in surviving mice sterile kidneys/no.

of surviving mice

untreated 2.65 = 0.22

AMB-DOC 0.3 — 2.81 + 0.49 + 5.28 + 1.14¢ 0/10
AmBisome® 0.3 ND 4.20 = 0.67 ND 3.96 + 1.86 /5
AmBisome® 7 — 121 4 0.30° ~ 0.39 + 0.52 6/10
FLU 0.3 N 5.83 + 0.61 D ND ND
FLU 64 - 1.9% + 0.47° + 5.20 + 1.28¢ 0/10
PLACEBO-DOC - ND 5.67 + 1.10 ND ND ND
PLACEBO-LIP - ND 5.60 + 0.93 ND 5.56 0/1
PLACEBO-PBS - ND 6.70 + 0.48 ND ND ND

*Started 6 h after inoculation and continued for 5 days
bGeometric mean + 5.D.
“P=0.025 compared with number of CFU at start of treatment
4P<0.025 compared with number of CFU 24 h after termination of treatment
— = no hyphal growth; + = hyphal growth

ND = Not done
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initial 5 days of treatment with AmBisome® (7 mg AMB/kg/day) are shown in Table
5. Extending the duration of FLU treatment did not result in a significantly lower
number of CFU in the kidneys 19 days after starting treatment compared with the
number of CFU after only 5 days of treatment. Similarly, the effects of treatment
with AmBisome® followed by FLU were not significantly different in terms of the
number of CFU in the kidneys compared with the effects of treatment with
AmBisome® alane.

Table 5. Effects of prolonged or maintenance treatment with FLU on growth of
C.albicans in the kidneys of leukopenic mice.

treatment” dosage Log,, CFU/kidney” no. of mice with
(mg/kg/day)  in surviving mice®  sterile kidneys/no. of
surviving mice®

FLUA 64 2.28 + 0.36 0/10
AmBisome®® 7 0.39 + 0.52 6/10
AmBisome®/FLU' 7/64 0.25 + 0.41 7/10

*Started 6 h after inoculation

®Geometric mean + S.D.

“Effects of treatment were assessed 19 days after starting
dAdministered for 18 days

*Administered for 5 days

fAmBisome® for 5 days followed by FLU for 13 days

The results of the experiment to assess the effects of treatment in relation to the
severity of infection are presented in Table 6. Infection of varying degrees of
severity was produces by increasing the delay between inoculation and the
initiation of therapy. This was reflected in the number of CFU in the kidneys at the
start of treatment (2.6540.22 log,, when treatment was commenced 6 h after
inoculation compared with 3,97 1:0.38 log,, when treatment was delayed until 24
h after inoculation). The greater severity of infection resulting from 16- or 24 h
delays in starting treatment was also reflected in the fower MTDs of AmB-DOC
(both 0.1 mg AMB/kg/day) compared with the MTD (0.3 mg AMB/kg/day} when the
delay was only 6 h. The ultimate effect of withholding treatment until 16 h after
inoculation was that the efficacy of AMB-DOC was reduced. On the other hand,
despile a 16 h delay, AmBisome®, in a dosage of 7 mg AMB/kg/day, retained its
efficacy and still produced 100% survival and a significant reduction in the number
of CFU in the kidneys. The effects of prolonging the delay to 16 h before
administering FLU at a dosage of 64 mg FLU/kg/day were similar to those of AMB-
DOC. Even when the initiation of treatment with the higher dosage (7 mg AMB/kg/

67



89

Table 6. Effects of treatment in relation to severity of infection, assessed in terms of survival and growth of C.albicans in the kidneys
of leukopenic mice. :

start of treatment treatment® dosage survival®  hyphal Log,, CFU/kidney® in no. of mice with
{after inoculation) {mg/kg/day) (%) growth® surviving mice® sterile kidneys/no.
of surviving mice®

6 h AMB-DOC 0.3 100 + 5.28 + 1.14 010

AmBisome® 7 100 — 0.39 + 0.52 6/10

FLU 64 100 + 5.20 + 1.28 0/10

16 h AMB-DOC 0.1 40 ND 6.20 + 0.97 0/4

AmBisome® 7 100 — 1.90 + 0.66 0/10

FLU 64 70 ND 6.17 £ 0.61 0/7

24 h AMB-DOC 0.1 ND ND ND ND

AmBisome® 7 20 ND 1.29 £ 0.82 0/9

FLU 64 ND ND ND ND

*Continued for 5 days

*Geometric mean + S.D.

“Determined 14 days after termination of treatment
— = no hyphal growth; + = hyphal growth

ND = Not done



69

Table 7. AMB concentrations in blood and tissues after treatment of infected leukopenic mice with AMB-DOC or AmBisome®

treatment” dosage AMB concentration® AMB concentration®
(mg/kg/day) 24h after termination of treatment 14 days after termination of treatment
blood liver spleen kidney lung blood liver spleen kidney lung
mglt  wgls  wglg ugls w8 mg/l  wgfe  pgs  pgls  pgls
AMB-DOC 0.3 0.2 < 3.3 < 0.6 < < 23 < <
AmBisome® 7 1.7 356 700 14.5 5.9 < 170 243 7.8 <

*Started 6 h after inoculation and continued for 5 days
®Blood samples and tissue homogenates from five mice were pooled
< = not detectable
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day) of AmBisome® was delayed for 24 h, it remained partially effective, with 90%
of animals surviving.

Concentrations of AMB in the blood and tissues of leukopenic mice treated
with AMB-DOC and AmBisome®. The concentrations of AMB in the blood and
tissues of leukopenic mice following treatment with AMB-DOC and AmBisome®
in dosages which corresponded to their respective MTDs are shown in Table 7. At
24 h after completing treatment with AMB-DOC (0.3 mg AMB/kg/day), only low
concentrations of AMB were detected in the bload, spleen and lungs; 14 days after
completion of treatment, AMB was detectable only in the spleen. In contrast, the
administration of AmBisome® at 7 mg AMB/kg/day led to the detection of much
higher concentrations of AMB in the blood, liver, spleen, kidneys and lungs 24 h
after completing treatment. AMB was still detectable in the liver, spleen and kidneys
14 days after completing treatment,

DISCUSSION

It has previously heen demonstrated in vitro [37] that AMB-DOC, following
short-term exposure, is fungicidal against C.albicans, whilst FLU only inhibits
growth. Other investigators have reported that the activity of AmBisome® against
C.albicans, based on the MICs and MFCs was similar to that of free AMB [3]. The
present study has confirmed that the activities of AMB-DOC and AmBisome®, in
terms of the MICs and MFCs, are similar, but with short-term exposure (time-kill
studies), the activity of AmBisome® is significantly less than that of AMB-DOC.
Moreover, the in vitro activity of another liposomal formulation of AMB, prepared
from dimyristoylphosphatidylcholine and dimyristoylphosphatidylglycerol, has also
been shown with time-kill studies to be less than that of either AMB-DOC or free
AMB but to have comparable MICs and MFCs [13,29]. In the present study, the
effective killing of C.albicans by AmBisome® within a 6-h period of incubation was
observed only at high concentrations, suggesting that the cidal activity of this agent
during long-term exposure might be attributed to the release of AMB from the
liposomes into the medium. It is not clear whether the antifungal activity of
AmBisome® is the result of a direct interaction between AmBisome® and C.albicans
or the release of AMB from liposomes during prolonged incubation or both,

Treatment with AMB in the form of AMB-DOC was limited to toxicity. When
AMB was incorporated into liposomes (AmBisome®), much higher dosages of this
agent were tolerated, although, from dosages of 8 mg AMB/kg/day, disturbances of
hepatic function were detected, However, as the increase in hepatic enzymes in
plasma was at most fourfold, according to criteria from hospital practice, the
disturbances of hepatic function were only mild. it is paradoxical that the mice were
kitled by lower dosages of AMB-DOC than were required to produce abnormalities
of renal and hepatic function. it may be that the death of animals observed with
AMB-DOC was related to the way in which the drug was administered. As AMB-
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DOC cannot be administered by slow infusion, it is given as a bolus, and this may
produce acute adverse reactions, including death. If these reactions could be
suppressed, it is possible that the dosages of AMB-DOC required to produce
abnormalities of renal or hepatic function would then be lower than those causing
death.

In the immunocompetent mice, treatment was started when infection was well
established in the kidneys. With this model, both AMB-DOC and AmBisome® were
shown to be effective in reducing the numbers of CFU in the kidneys and in
preventing relapse after treatment had been stopped. Other investigators have used
a lethal model of Candida infection to show that high dosages of AmBisome® are
able to increase the median survival time and to bring about significant reductions
in the numbers of CFU in the kidneys of infected immunocompetent mice [1,11].
tn common with others [8,9,38], we have shown that even high dosages of FLU
only reduce the numbers of CFU in the kidneys during {reatment.

Treatment was inititiated in leukopenic mice at various intervals after inoculation
in order to investigate the influence of the severity of infection on the efficacy of
therapy. When treatment with AMB-DOC was commenced shortly after inoculation,
the animatls survived but relapse of infection was not prevented. The administration
of high dosages of FLU led to reductions in the numbers of CFU in the kidneys
soon after termination of treatment; this has also been reported by other
investigators  [39,40] who found Jow numbers of CFU in the kidneys of
granudocytopenic rabbits when treatment was started shortly after initiation of
infection, However, FLU failed to prevent eventual relapse. Nor did prolonged
treatment with FLU improve the efficacy of this agent in terms of reducing further
the number of CFU in the kidneys. The use of AmBisome® enabled higher dosages
of AMB to be administered and treatment with this drug led to the isolation of a
low number of organisms from the kidney, even at two weeks after termination of
therapy. Moreover, only with AmBisome® was it possible to slerilize the tissues of
some of the animals. Maintenance therapy with FLU following initial treatment with
AmBisome® did not enhance the efficacy of the latter drug. In severe infections
resulting from a prolonged delay in initiating treatment, the dosage of AMB-DOC
was limited by its toxicity and this led to a reduction in efficacy, Treatment with
high dosages of FLU was also relatively ineffective under these circumstances. The
efficacy of AmBisome®, however, was preserved in the presence of severe infection;
at 14 days after completion of treatment, the number of CFU in the kidney
remained low,

Following treatment with AmBisome® in dosages corresponding to its MTD, high
concentrations of AMB were detected in the tissues, an observation which is in
agreement with the results of other studies in which multiple doses of AmBisome®
were administered [1,27]. No toxic effects were observed with these high AMB
concentrations and 14 days after treatment had been discontinued, the drug was still
detectable in the liver, spleen and kidneys. Other investigators have also reported
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the presence of AMB in the kidneys 8 days after a 5-day course of AmBisome® [1].
it has not been determined whether these high AMB concentrations represent the
liposome formuiation or the free drug.

The initial reduction in the number of CFU in the kidneys of immunocompetent
mice shortly after completing treatment with FLU, which has no fungicidal activity
in vitro, can be accounted for by the contribution of host defence mechanisms to
the eradication of the Candida. In leukopenic animals, however, the role of host
defence factors is markedly diminished. None the less, killing of candida following
the administration of FLU to immunocompromised animals was noted in the present
study and has also heen reported by others [39,40] there is no obvious explanation
for this observation.

The efficacies of AMB-DOC and FLU in immunocompetent and leukopenic mice
demonstrated here have also been described by others [38] who reported that
AMB-DOC was superior to FLU in the treatment of immunocompetent mice but that
both agents were equally effective in leukopenic mice.

In summary, treatment with AMB-DOC was effective in immunocompetent mice
but could not prevent relapse of infection in leukopenic mice once therapy had
been stopped. With AmBisome®, much higher dosages of AMB were tolerated,
thereby leading to effective treatment in both immunocompetent and severely
infected leukopenic mice. Treatment with high dosages of FLU failed to prevent
relapse in both groups of mice. The results of the present study should provide the
fmpetus for clinical trials to evaluate the efficacy of AmBisome® in the treatment of
invasive candidiasis in neutropenic patients.
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ABSTRACT

The biedistribution of liposomal amphotericin B (AmBisome®) and amphotericin
B-desoxycholate (AMB-DOC) were compared after a single injection of drug in
uninfected immunocompetent mice and in leukopenic mice 6 h after inoculation
with Candida albicans, AMB-DOC was administered at the maximum tolerated dose
(MTD) of 0.3 mg AMB/kg whereas AmBisome® was given at either 0.3 mg AMB/kg
or the MTD of 7 mg AMB/kg, Amphotericin B (AMB) concentrations in the blood,
liver, spleen, lungs and kidneys were determined by HPLC analysis at various
intervals during the 48 h after administration. The biodistribution of both
preparations of AMB followed simifar patterns in both uninfected immuno-
competent mice as well as those that were leukopenic and infected with C.albicans.
Administration of AmBisome® resulted in increased concentrations of drug in the
blood, liver and spleen but decreased concentrations in the kidney and lung.
Hepatosplenic uptake of AmBisome® was highly dose dependent with 7 mg
AMB/kg resulting in a relatively prolonged blood circulation. Blood and tissues
retained high AMB concentrations after administration of AmBisome? at the MTD.
By using radiclabeled AmBisome®, it was found that the high AMB concentrations
in blood represented liposome-associated AMB and that during circulation in blood
slow release of AMB occurred,
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INTRODUCTION

Parenteral administration of amphotericin B (AMB) remains the treatment of
choice for most invasive fungal infections but its clinical utility is limited by the
toxic side effects resulting from treatment with the desoxycholate preparation
[11,17]. Recently, AMB has been incorporated into liposomes or ather lipid-carriers
leading to a reduction in toxicity thereby improving the therapeutic index
[6,12,17,21} One of these formulations, AmBisome®, has been shown to result in
improved efficacy in the treatment of various experimental fungal infections in both
immunocompetent and imunocompromised animals [2,4,5,9,13,23] although little
is known about the way in which AmBisome® exerts its antifungal activity in vivo,
There are some data on the biodistribution of AmBisome® in uninfected
immunocompetent mice {2,13], rats [20], and rabbits {9] but there are no published
data for infected leukopenic animals, Moreover, the published data do not allow a
distinction to be made between liposome-encapsulated AMB and non-encapsulated
AMB because only data on the total concentrations of AMB in serum and tissues are
available. We therefore undertook a study to compare the biodistribution of
AmBisome® with that of amphotericin B-desoxycholate (AMB-DOC) in teukopenic
mice infected with Candida albicans and in uninfected immunocompetent mice by
radiolabeling AmBisome® with a radioactive marker that represents intact liposomaes.

MATERIALS AND METHODS

Candida strain. Candida albicans ATCC 44858 was used in all of the
experiments and was stored at -80°C in Todd-Hewitt broth (Difco laborataries,
Detroit, MI, USA) containing 10% (v/v) glycerol,

Animals, Specified pathogen-free, 14- to 20-weeks-old female BALB/c mice were
obtained from Hfa Credo {l.'Arbresle, France).

Amphotericin B preparations. Amphotericin B-desoxycholate (AMB-DOC;
Fungizone®, Bristol Myers-Squibb, Waerden, The Netherlands} was reconstituted
with distilled water to obtain a stock solution of 5 g AMB/L, Liposomal AMB,
AmBisome®, AMB encapsulated in small unilamellar vesicles consisting of
hydrogenated soybean phosphatidylcholine, cholesterol and distearoyiphospha-
tidylglycerol in a molar ratio of 2:1:0.8, was kindly provided by Vestar Inc. {San
Dimas, CA, USA} as a lyophilized preparation. The powder was reconstituted in
distilled water at 65°C according to the manufacturer’s instructions to give a
liposomal suspension containing 4 g AmB/L and 35 g lipid/tL.

Induction of leukopenia and infection with C.albicans. Leukopenia was induced
by injecting 100 mg/kg cyclophosphamide (Sigma Chemical Co., St.Louis, MO) ip
4 days before inoculation with C.albicans. A further dose of 75 mg/kg was given
on the day of infection. Infection was induced by inoculating 10* CFU of C.albicans
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into the tail vein. This treatment resulted in persistent granulocytopenia of
<0.1x10%L granulocytes from the time of inoculation up to the end of the study.

Radiolabeling of AmBisome®, Lyophilized AmBisome® powder was reconstituted
with distitled water containing 5 mM deferoxamine mesylate {DF; Ciba Geigy,
Basel, Switzerland). AmBisome® was radiolabeled with *Ga-DF as described by
Woodle [24] using ¥Ga-citrate from Nordian (Montreal, Canada) which formed a
¥Ga-DF complex in the aqueous interior of the liposomes, This complex is
appropriate for lracing of intact liposomes in vivo because there is minimal
translocation of radioactive label to plasma proteins and renal clearance is rapid
once the label is released from the liposomes [10]. Liposomes were separated from
free DF and radiolabel by gel filtration on a Sephadex G-50 column (Pharmacia,
Uppsala, Sweden) etuted with a buffer soltution containing 10 mM sodium-succinate
and 5% (w/v} glucose (pH 5.5) and concentrated using 300 kDa Microsep filters
(Filtron, Breda, The Netherlands). The concentration of AMB was determined
spectrofotometrically at 405 nm, after destruction of the liposomes in DMSO-
methanol (1:1, v/v),

Determining the biodistribution of AMB following administration of both
preparations. The biodistribution of AMB was determined in groups of mice after
iv administration of AMB-DOC or AmBisome® at 0.3 mg AMB/kg, which was the
maximum tolerated dosage (MTD) of AMB-DOC after five consecutive days of
treatment of infection due to C.albicans in leukopenic mice [23]. AmBisome® was
also given at the MTD of 7 mg AMB/kg, which had been determined previously
[23]. Each preparation of the drug was administered to leukopenic mice 6 h after
inoculation with C.alhicans.

Determining the concentrations of AMB, AMB concentrations were determined
in two separate sets of experiments in the blood, liver, spleen, lungs and kidneys
of five mice at each of the various time points during the first 48 h after
administration. Blood was collected in heparinized tubes immediately before the
mice were killed. After removal, the spleen, kidneys, lungs, and liver were weighed
and homogenized separately in distilled water. The blood samples and tissue
homogenates from each group of five mice were pooled and stored at -80°C until
required for assay using high-performance liquid chromatography (HPLC) analysis
[23]. ""In-labeled syngeneic red blood cells were employed to determine the total
blood volume and the correction factors for the blood in each organ [14].

Blood levels of AMB and ¥Ga-DF following administration of radiolabeled
AmBisome®, Radiolabeled AmBisome® was administered to uninfected mice as a
single iv dose of 7 mg AMB/kg in two separate experiments. The concentrations of
Ga-DF were determined in heparinized blood of each of the five mice at each of
various time points during the first 24 h after administration. Counts of ¥Ga-DF
were determined in 200 L samples of blood as well as in the liposomes contained
in the original dose using a gamma counter {Minaxy 5530, Packard Instruments,

80



Chapter 4

Downers Grove, USA). Blood samples from each of five mice were then pooled and
stored at -80°C until required for HPLC analysis for AMB concentrations.

RESULTS

Biodistribution of AMB foHowing administration of AmB-DOC or AmBisome®
at an equivalent dosage. In both infected leukopenic mice and uninfected
immunocompetent mice, liposomal encapsulation of AMB resulted in increased
concentrations of AMB in the blood, liver, and spleen but lower concentrations in
the kidney and lungs (Figure 1). Five minutes after injection, 41% of the dose of
AmBisome® was recovered from the blood of uninfected mice and 4% of the
original dose was retrieved 4 h after administration whereas 61% AMB was
recovered from liver and 10% from spleen 1 h after administration and there was
no decrease in drug recovery during the first 12 h after injection, In contrast, 13%
of AMB-DXOC was recovered in blood 5 min after injection and 4% was retrieved
2 h after administration whereas 26% of the drug was recovered from the liver and
only 3% was recovered from the spleen after 15 min. At 12 h after administration
16% was retrieved from the liver. Up to 6% of AMB was detected in the kidneys
15 min after administration of AMB-DOC and up to 5% in the lungs 4 h after
injection whereas none of the AmBisome® was retrieved in these organs., The
biodistribution of AMB in both infected and uninfected mice followed a similar
patterr,

Biodistribution of AMB following administration of AmBisome® in relation to
dosage. The biodistribution of AmBisome® in both infected and uninfected mice
was similar and hepatosplenic uptake of AmBisome® was highly dosage dependent
{Figure 2). Five minutes after injecting 0.3 mg AMB/kg, 54% of the drug was
recovered from the liver and spleen of uninfected mice and increased to 81%
within 12 h after administration whereas 41% of the drug was recovered from
blood 5 min after injection and less than 3% 12 h later. In contrast, the
hepatosplenic uptake was less than 3% 5 min after injection of 7 mg AMB/kg
whereas 99% of the dose was retrieved in blood. Twelve hours after administration,
upltake by the fiver and spleen had increased to 64% while the amount recovered
from blood decreased to 15%.

Blood and tissue levels of AMB following administration of AMB-DOC or
AmBisome® both at their MTDs. Within 48 h after administration of AmBisome®,
blood concentrations of AMB in uninfected mice decreased from 104 mg/L to 0.2
mg/L (Table 1) Peak concentrations occurred in the liver 12 h after injection, in the
kidneys and lungs 12 h later and in the spleen 48 h after administering the drug,
and there was no decrease in drug recovery during the first 24 h after injection.
Blood concentrations of AMB decreased from 0.6 to 0.2 mg/L within 2 h after
injecting AMB-DOC. Peak concentrations occurred in the liver, and spleen 5 min
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Figure 1, AMB levels in blood and tissues after a single dose iv of AMB-DOC or
AmBisome® at an equivalent dosage of 0.3 mg AMB/kg in uninfected immuno-
competent mice as well as in leukopenic mice infected with C.albicans.
® AMB-DOC in uninfected mice; B AMB-DOC in infected leukopenic mice;
AmBisome® in uninfected mice; [ AmBisome® in infected leukopenic mice. Each
symbol represents the mean of two experiments. Blood and tissue samples from five
mice were pooled.
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Figure 2. Blood levels and hepatosplenic uptake of AMB after a single dose iv of
AmBisome® in relation to dosage in uninfected immunocompetent mice as well as
in leukopenic mice infected with C.albicans, ® AmBisome® at 0.3 mg AMB/kg in
uninfected mice; O AmBisome® at 0.3 mg AMB/kg in infected leukopenic mice;
B AmBisome® at 7 mg AMB/kg in uninfected mice; O AmBisome® at 7 mg
AMB/kg in infected leukopenic mice. Each symbol represents the mean of two
experiments. Blood and tissue samples from five mice were pooled.

after injection and 10 min later in the kidney and lung. Concentrations of drug
gradually decreased in liver, spleen and kidney during the first 12 h after
administration. The biodistribution of AMB in both infected (Table 2) and
uninfected mice followed a similar pattern.

Blood levels of AMB and “Ga-DF following administration of radiolabeled
AmBisome®, Following injection of 7 mg AMB/kg radiolabeled AmBisome®, a
relatively prolonged circulation of intact liposomes indicated by the detection of
¥Ga-DF was observed, while the concentration of AMB declined more rapidly
(Figure 3). Incubating AmBisome® in 90% (v/v) serum at 37°C in vitro for 6 h did
not lead to any detectable loss of drug from the liposomes {data not shown).
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Table 1. AMB concentrations in blood and tissues after a single dose iv of AMB-DOC or AmBisome® in uninfected immuno-
competent mice.

AMB conen?® (mg/L) AMB concn® (pg/g)

Time

after BLOOD LIVER SPLEEN KIDNEY LUNG
e

Tecion - spock LA A-DOCt  L-A® ADOC®  [-AP ADOCt  L-Ab ADOC  [-AP
5 min 0.6 1044 1.8 57 2.0 29.4 0.9 3.0 0.8 <
15 min 03 95.4 14 194 2.0 37.0 1.2 3.0 1.3 <
1 h 02 53.8 12 387 < 51.1 0.9 43 0.8 <
2 h 02 465 1.1 491 < 64.2 0.9 5.2 0.8 <
4 h 0.1 30.3 11 504 < 773 0.6 7.3 1.3 <
12 h < 15.1 08  76.1 < 69.6 0.6 3.9 0.8 8.3
24 h < 0.7 < 70.9 < 88.1 < 9.1 < 15.6
48 h < 0.2 < 62.7 < 106.6 < 6.1 < 15.0

*Blood samples and tissue homogenates from five mice were pooled
A dosage of 0.3 mg AMB/kg AmB-DOC (A-DOC) or 7 mg AMB/kg AmBisome® (L-A) was administered iv
< = not detectable
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Table 2. AMB concentrations in blood and tissues after a single dose iv of AMB-DOC or AmBisome® in infected leukopenic mice.

AMB concn® {mg/L) AMB concn® (ug/g)

Time

after BLOOD LIVER SPLEEN KIDNEY LUNG
injection

) ADOCP  [.A® A-DOCE  L-Ab A-DOCE  L-Ab ADOC®  L-AP ADOCt  L-A
5 min 05 102.0 19 177 < 28.0 1.3 6.3 1.1 <
15 min 04 967 21 25.9 49 38,0 1.0 40 1.1 <
1 h 0.3 76.8 22 436 33 92.0 1.0 1.3 1.1 <
2 h 0.2 53.9 18  57.9 33 90.0 0.7 13 11 <
4 h 0.2 39.7 14 646 < 122.0 < 27 < <
12 h < 13.1 1.0 85.2 < 118.0 < 3.0 < 1.4
24 h < 1.5 0.8 97.8 < 140.0 < 4.0 < 7.
18 h < 03 < 82.3 < 134.0 < 4.0 < 6.2

*Blood and tissue samples from five mice were pooled
PA dosage of 0.3 mg AMB/kg AmB-DOC (A-DOC) or 7 mg AMB/kg AmBisome® (L-A) was administered iv at 6 h after C.albicans inoculation
< = not detectable
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Figure 3, Blood levels of AMB ([0} as well as ¥Ga-DF (B) after a single dose iv of
radiolabeled AmBisome® at a dosage of 7 mg AMB/kg in uninfected immuno-
competent mice, Fach symbol represents the mean of two experiments.

DISCUSSION

The blood, liver and spleen concentrations of AMB were consistently higher after
administration of AmBisome® than were those of the desoxycholate preparation.
The biodistribution of both preparations of AMB exhibited a similar pattern in
uninfected immunocompetent mice as well as in leukopenic mice infected with
C.albicans which suggests that infection does not influence the disposition of the
drug. Lopez-Berestein et al. [16] demonsirated the same phenomenon when
comparing a different liposomal preparation of AMB (dimyristoyl phosphatidyl-
choline and dimyristoyl phosphatidylglycerol in a 7:3 molar ratio) with AMB-DOC
in immunocompetent mice, The immune status of the mice also had little influence
on the biodistribution of the drug. The higher AMB concentrations found in the
tissues of leukopenic mice, especially in the spleen, was probably due to the
decrease in organ weight as a result either of infection or the aplasia induced by
cyclophosphamide to inhibit hematopotesis.

Hepatosplenic uptake of AmBisome® was highly dose dependent and the higher
dose of AmBisome® produced a relatively long AMB circulation time as also shown
by others [9,13,20]. When AmBisome® was given at the MTD, blood and tissue
retained relatively high drug concentrations without evidence of toxicity as also has
been noted by others {13,20].

When an equivalent dose of the liposomal preparation and AMB-DOC was given
to immunocompetent uninfected mice, encapsulation of AMB resulted in increased
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drug concentrations i blood, liver and spleen as has also been reported by Gondal
et al. [13] and Francis et al. [9]. Gondal et al, [13] reported increased AMB levels
in the liver and spleen and found equal drug concentrations in the kidneys and
slightly elevated concentrations in the lungs during the first hour after
administration, In contrast, concentrations in the kidneys and lungs were decreased
in our study which we believe explains the lower efficacy of AmBisome® to an
equivalent dosage of the desoxycholate preparation when treating systemic
candidiasis in neutropenic mice [23]. The discrepancies might be the result of
restduai bloed in the organs which will inflate the concentration unless a correction
factor, such as the one we used, is employed.,

Different patterns of biodistribution in animals were chserved for the other
industrially produced AMB lipid preparations, AmB-Lipid-Complex (ABLC) and
AmB-Colloidal-Dispersion (ABCD, Amphocit®). Tissue concentrations of AMB in the
fiver and spleen were higher after administering ABLC than were those of AMB-
DOC. Lung concentrations were similar to those after AMB-DOC whereas those in
the kidney were slightly higher after the desoxycholate preparation {3,18}]. Due to
its large size (1.6-11 um) ABLC is rapidly entrapped by the mononuclear phagocyte
system resulting in blood levels that are considerably lower than those achieved
with AMB-DOC. Animals receiving ABCD showed reduced peak concentrations of
AMB in plasma and decreased concentrations in the spleen, kidney and tung but
increased concentrations in the liver compared to the concentrations after treatment
with AMB-DOC [7,8].

It is still thought that AMB is pharmacologically inactive when bound to
liposomes. It was recently shown by Adler-Moore [1] and Proffitt et al. [19] that
AMB remains tightly associated with the liposomal strucuture of AmBisome® in vitro
and in vivo and that AmBisome® can interact directly with both phagocytized and
non phagocytized fungal cells, resulting in death of the fungi. The extent to which
release of AMB is important to the antifungal activity of AmBisome® is at present
under investigation. However, a distiction should be made between liposome-
encapsulated AMB and non-encapsutated AMB in bload and tissues in order to gain
more insight into the antifungal activity of AmBisome® in vivo [6,15]. None of the
assays originally used to measure AMB concentrations allowed this distinction to
be made until Sculier et al. [22} developed a method for estimating the ratio of non-
encapsulated and encapsulated liposomal AMB concentrations in serum by
determining the total AMB concentrations by HPLC and the concentration of
Hiposomes by the amount of inorganic phosphorus. Accurate assay of blood
concentrations of liposomal AMB is further complicated if liposomal drug sediments
together with erythrocytes during centrifugation to prepare plasma or serum. To
obviate this, we measured AMB concentrations in whole blood and also
investigated whether AMB concentrations in blood represented liposome-associated
AMB by measuring the residence time of both AMB as well as intact liposomes in
blood.
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The data from this study suggest that the largest proportion of the total AMB
concentration in blood represented liposome-encapsulated AMB. We tested various
methods for separating AMB bound to lipoproteins and other plasma components
from liposome-encapsulated AMB. Gel filtration on Sephacryl S500 or $1000,
Sepharose 4B, Biogel A.15 columns were inappropriate for this purpose as was
filtration/centrifugation through 300kDa Microsep filters. In the present study we
opted to investigate whether AMB concentrations in blood represented liposome-
associated AMB by labeling AmBisome® with the radioactive marker Ga-DF which
is a representative for intact liposomes. A relatively prolonged residence time of
intact liposomes was shown after administration of AmBisome® at 7 mg AMB/kg.
AMB levels in blood were equal or lower than the levels of intact liposomes
suggesting that total AMB levels represent liposome-associated AMB, with slow
release of AMB from the liposomes during circulation. As no AMB was released
from AmBisome® in 90 % (vw/v) serum at 37°C (unpublished data), the AMB
refeased in whole blood was thought to be due, at least partly, to the interaction of
AmBisome® with blood cells,

In summary, the biodistribution of neither preparation of AMB in mice was
influenced by immunocompetence nor by infection with C.albicans. Encapsulation
of AMB in AmBisome? yielded increased concentrations of drug in the blood, liver
and spleen whereas levels in kidney and lung were decreased. Hepatosplenic
uptake of AmBisome® was highly dosage dependent resulting in a relatively
prolonged blood circulation time at the higher doses of 7 mg AMB/kg. After
administration of AmBisome® at the MTD, blood and tissues retained high AMB
concentrations which represented liposome-encapsulated AMB and the drug was
released slowly during circulation in the blood. The extent to which the release of
AMB is imporiant for effective antifungal activity is presently under investigation.
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Chapter 5
ABSTRACT

The in vitro activities of liposomal amphotericin B (AmBisome® and
amphotericin B-desoxycholate (AMB-DOC) against exiracellular C.albicans during
6 h of incubation in the presence of human serum were determined. With AMB-
DOC inhibition of germ tube formation and effective killing were observed at AMB-
concentrations of 0.8 mg/l. and 3.2 mg/L, respectively. With AmBisome® for both
parameters tested, 32-fold increased AMB concentrations were needed.
Preincubation of AmBisome® in human serum during & h did not influence the rate
of killing of C.albicans.

Antifungal activity against intracellular C.albicans was assessed at 4 h and 24 h
after incubation of C.albicans-infected monolayers of peritoneal macrophages with
antifungal agent. In the absence of antifungal agent C.afbicans grows intracellularly
by formation of germ tubes, and within 24 h mycelium is formed. Antifungal
activity was evaluated in terms of both stabilization of the state of C.afbicans
infection, as well as eradication of C.albicans from infected macrophages. For
AmBisome® only stabilization was observed at a concentration of 102 mg/L. after 24
h of incubation, For AMB-DOC stabilization and eradication were chserved only
after 24 h of incubation at 0.8 mg/l. and 1.6 mg/L, respectively. After previous
exposure of macrophages to AmBisome® during 6 h before infection, increased
antifungal activity of AmBisome® was observed: stabilization was observed at 4 h
of incubation at 102 mg/L; at 24 h of incubation stabilization and eradication were
observed at 25.6 mg/L and 102 mg/L, respectively. Prolongation of the exposure
time before C.albicans infection from 6 h up to 24 h resulted in a further increase
in antifungal activity of AmBisome®, Localization studies of AmBisome® and
C.albicans in macrophages were performed using fluorescent-labeled C.albicans and
fluorescent-labeled AmBisome®, 1t was observed that the presence of AmBisome®
within a macrophage does not influence uptake of C.albicans by the same
macrophage, or the other way around.
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INTRODUCTION

Systemic candidiasis is seen with increasing frequency in the immuno-
compromised patient. Although restricted by a variety of toxic side effects,
parenteral amphotericin B (AMB) is still the drug of choice for most invasive fungal
infections [6,12]. AMB is administered as amphotericin B-desoxycholate (AMB-DOC
or Fungizone®). It has been shown that incorporation of AMB in liposomes or other
lipid-carriers results in a reduction of toxic effects, and thereby in improvement of
therapeutic index [5,7]. For one of the industrially prepared AMB-lipid preparations,
AmBisome®, little is still known about the way in which this formulation exerts its
antifungal activity in vivo. It is still thought by many investigators that AMB is
biclogically inactive when associated with liposomes. 5till, it has been shown in
two short reports [2,18) that AMB remains tightly associated with the liposomal
structure of AmBisome® in vitro and in vivo and that AmBisome® can act on both
phagocytized and nen-phagocytized fungal cells, resulting in death of the fungi. In
a study from our laboratory {24] it was previously shown that during circulation of
AmBisome® in bload slow release of AMB occurred. As it is still not clear to what
extent release of AMB is of importance for antifungal activity, in the present study
the interactions of AmBisome® versus AMB-DOC with Candida albicans in the
presence of serum were investigated.

Another issue on which only very limited data are available [16], is the antifungal
activity of AmBisome® against intracellularly growing C.albicans. C.albicans can be
considered as a facultative intracellular pathogen, as it is able to survive within
unactivated macrophages and to grow out of these cells by forming germ tubes
[22,25]. AMB-DOC is higly active against intracellular C.albicans, as was previously
shown [13,22,25]. Therefore, it is questionable whether encapsulation of AMB in
AmBisome® will be an advantage with respect to antifungal activity against
intracellular C.albicans. Numerous studies have demonstrated that liposomes are
phagacytized effectively by macrophages both in vitro and in vivo [20]. It is
expected ihat high concentrations of AMB can be obtained intracellularly after
exposure of macrophages to AmBisome® M was also demonstrated in studies
investigating liposomal ampicillin {3], that the liposomal lipid composition greatly
influenced the rate of intracellular liposomal degradation and hence the rate at
which liposome encapsulated agent was released intracellularly and became
available to exert its antibacterial effect. As AmBisome® is a solid liposome type,
containing saturated phospholipids with high transition temperatures (above 37°Cj,
slow intracellular degradation and thereby delayed intraceliular antifungal activity
might be expected.

Furthermore, as the mononuclear phagocyte system (MPS) plays an important
role in the host defence against C.albicans [10,11}], it is important to know whether
the uptake and degradation of AmBisome® by uninfected macrophages has effects
on subsequent C.albicans infection,
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In the present study several aspects on the interactions of AmBisome® with
intracellular C.albicans were investigated: antifungal activity of AmBisome® against
intracellular C.albicans, the effect of previous exposure of uninfected macrophages
to AmBisome® on C.albicans ingestion and intracellular antifungal activity, and the
localization of both C.albicans and AmBisome® in macrophages.

MATERIALS AND METHODS

Materials. Antibiotic Medium no. 3 (Penassay broth) and Todd-Hewitt broth were
from Difco Laboratories (Detroit, MI). Sabouraud dextrose agar was from Oxoid
(Basingstoke, England). Amphotericin B-desoxycholate (AMB-DOC or Fungizone®
for intravenous infusion) was kindly provided by Bristol Myers-Squibb, Waerden,
The Netherlands, AMB-DOC was reconstituted with distilled water to obtain a stock
solution of 5 g/l. AmBisome®, AMB encapsulated in small unilamellar vesicles
consisting of hydrogenated soyhean phosphatidylchaoline, cholesterol and distearoyl-
phosphatidylglycerol in a molar ratio of 2:1:0.8, was kindly provided by Vestar Inc.
{San Dimas, CA) as a lyophilized preparation. The powder was reconstituted
according to the manufacturer’s instructions with distilled water at 65°C to give a
liposomal suspension containing 4 g AMB/L and 35 g lipid/L. Fluorescein isothio-
cyanate (FITC) was obtained from Sigma {St. Louis, MO). Pooled human serum
(PHS) was oblained from a pool of 350 serum samples from healthy volunteer
donors. Dulbecco modified Eagle medium (DMEM) and Trypan Blue (0.4% v/v in
saline) were from Flow Laboratories, Irvine, Scotland. Lab Tek® chamber slides were
from Nunc Inc{Naperville, IL). Fetal bovine sertm (FBS) was from Hy-Clone (Logan,
Utah). Fluorescent marker 1,1'-dioctadecyl-3,3,3’,3"-tetramethylindocarbocyanine
perchlorate D282 (Dil} was kindly provided by fric Claassen from the Dept. of
Immunclogy and Medical Microbiology, TNO Medical Biological Laboratory,
Rijswijk, The Netherlands. Glycerol was from Merck (Darmstadt, Germany).
Glutamine was from Flow (Amstelstad, The Netherlands).

Candida strain, Candida albicans ATCC 44858 was used in all experiments and
was stored at -80°C in Todd-Hewitt broth containing 10% {v/v) glycerol. Of AMB-
DOC and AmBisome® the MIC values were 0.1 mg/L and 0.05 mg/L, respectively,
and MFC values were 3.2 mg/L and 6.4 mg/L, respectively, as described previously
[23].

Fluorescent labeling of C.albicans. A stationary-growth-phase suspension of
C.albicans was washed three times with a buffer solution containing 0.1 M
NaHCO,/Na,CO, (pH 9.5). Then the pellet of C.albicans was resuspended and
incubated with 1 g FITC/L buffer solution for 72 h at 4°C, after which the
nonbinding FITC moiecules were removed by washing three times with buffer
sofution.

Opsonization of C.albicans. C.albicans was opsonized by incubation of a
washed stationary-growth-phase suspension with 10% normal mouse serum
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(BALB/c) under continuous rotation at 8 rpm for 15 min at 37°C, after which the
yeasts were washed twice in PBS,

Fluorescent labeling of AmBisome® AmBisome® was labeled with the
fluorescent marker Dil. As shown by Claassen [4} this label is appropriate for
determining the localization of liposomes in vitro and in vive. Furthermore, this
label can be used for labelling of preformed liposomes [4], such as AmBisome®, Dil
was dissolved in 100% ethanol (2.5 mg/mi) and the stock solution was kept at 4°C,
Dil was added to AmBisome® at an amount of 4-5 mg/g liposomal lipid. To obtain
homogeneously labeled material, the addition of Dil was always performed under
rigorous vortexing. Nan-incorporated Dil was removed by filtration of the labeled
AmBisome® suspension through 0.2 ym membranes.

Antifungal activity of AmBisome® versus AMB-DOC in the presence of serum
against extracellular C.albicans during short-term growth, The in vitro activities of
AmBisome® and AMB-DOC against C.albicans at an inocufum of 1.3x107 CFU/L
during 6 b of incubation in the presence of serum were determined as decribed
previously [22]. Briefly, a logarithmic-growth-phase culture of C.alhicans was
prepared. C.albicans was exposed during 6 h of incubation under continuous
rotation to twofold increasing concentrations of each agent in Antibiotic Medium
no. 3 supplemented with 90% (v/v) PHS ranging from 0.05-102 mg/L. During
incubation the numbers of viable C.albicans were determined at 2 h intervals by
making plate counts of fen-fold serfal dilutions of the washed specimen on
Sabouraud dextrose agar. Because the presence of serum induces the formation of
germ tubes by C.albicans, the antifungal activity was expressed not only in terms
of effective killing (> 99.9%) of C.albicans, but also in terms of inhibition of germ
tube formation, which was determined microscopically in a hemacytometer.

Effect of previous incubation of AmBisome® or AMB-DOC in serum on
antifungal activity against extracellular C.albicans during short-term growth, The
in vitro activities of AmBisome® at 102 mg/L and AMB-DOC at 3.2 mg/L against
C.albicans at an inoculum of 1.3x107 CFU/L during 6 b of incubation in the
presence of 90% (v/v) PHS were also determined after previous incubation of
AmBisome® and AMB-DOC during 6 h in PHS in the absence of C.albicans.

Antifungal activity of AmBisome® versus AMB-DOC against intracellufar
C.albicans. Macrophages were obtained from peritoneal cavities of 12- to 14-weeks-
old specified pathogen-free female BALB/c mice (Iffa Credo, L'arbresle, France). The
macrophages were washed twice in DMEM supplemented with 1% glutamine.
Monolayers of peritoneal macrophages were cultured at 37°C on chamber slides
under a humidified atmosphere of 7.5% CO, in air in culture medium containing
DMEM supplemented with 1% glutamine and 15% FBS. After the first 2 h of
incubation, fresh culture medium was added to the monolayer, and the
macrophages were incubated for 24 h. After this incubation period, an inocuium
of 2x10° CFU of opsonized C.albicans were added to the monolayer, resulting in
a C.albicans-to-macrophage ratio of 5:8. After a 30-min uptake period, the
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noningested veasts were removed by washing the monolayer three times with
DMEM supplemented with 1% glutamine and 5% FBS at 37°C (time zero). The
macrophages were reincubated for 24 h in the presence of twofold increasing
concentrations AmBisome® (3.2 up to 102 mg/L, equivalent to 28 up to 836 mg
fipid/L) or AMB-DOC (0.1 up to 1.6 mg/L) in culture medium supplemented with
t% glutamine and 5% FBS. Control monolayers were incubated with the sofvent
of the antifungal agent in the appropriate dilution. The proportion of viable
macrophages following incubation for 24 h with the antifungal agents was assessed
by means of a trypan blue exclusion method {0.2% v/v). At time zero and at 4 h
and 24 h of incubation, the monolayers were washed three times with PBS, fixed
in methanol, stained with May-Griinwald-Giemsa, and examined under a
microscope. Three experiments were petrformed in which in each individual
experiment for each incubation condition a total number of 150 macrophages were
scanned. The treatment status pertaining to individual slides was not known to the
observer. The results were expressed as percentages of total macrophages in which
the macrophages were divided into four categories: (1) uninfected macrophages, (2)
macrophages infected with C.afbicans blastospores, {3) macrophages infected with
both C.albicans blastospores as well as germ-tubes or hyphae, and (4) macrophages
infected with C.albicans germ-tubes, hyphae or even mycelium.

Using the method of microscopic examination, no discrimination was made
between C.albicans attached to the macrophages or C.albicans interiorized by the
macrophages. As endocytosis does not occur at 4°C [26), attachment of C.albicans
to the macrophages was studied by incubation of the macrophages and opsonized
C.albicans at a C.albicans-to-macrophage ratio of 5:8 during 30 min at 4°C instead
of 37°C, followed by washing of the monolayer.

Effect of previous exposure of macrophages to AmBisome® on antifungal
activity against intracellular C.albicans. Monolayers of peritoneal macrophages
were cultured as described above. After 24 h of incubation, macrophages were
reincubated for 6 h or 24 h in the presence of twofold increasing concentrations
AmBisome® (3.2 up to 102 mg/l) in culture medium supplemented with 1%
gfutamine and 5% FBS. Control monolayers were incubated with the solvent of the
antifungal agent in the appropriate dilution. After this incubation period, the
monolayer was washed three times with culture medium at 37°C. Opsonized
C.albicans was added to the monolayer, and ingested as described above.
MNoningested yeasts were removed by washing the monolayer three times with
culture medium at 37°C (time zero). The macrophages were reincubated for 24 h
in the presence of AmBisome® just as before C.albicans ingestion. Intracellular
antifungal activity was determined at time zero and at 4 h and 24 h of incubation,
as described above.

Localization of AmBisome® in macrophages infected with Calbicans.
Monolayers of peritoneal macrophages were cultured as described above. After 24
h of incubation, FITC-labeled C.albicans was added to the monolayer, and ingested
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as described above. Noningested veasts were removed by washing with culture
medium at 37°C. Macrophages were reincubated for 4 h in the presence of twofold
increasing concentrations of Dil-labeled AmBisome® (3.2 up to 102 mg/L) in culture
medium, as described above, After this incubation period, the monolayer was
washed three times with ice-cold PBS and observed directly by fluorescence
microscopy after mounting with PBS with 10% (v/v) glycerol.

Localization of C.albicans in macrophages previously exposed to AmBisome®,
Monolayers of peritoneal macrophages were cultured as described above. After 24
h of incubation, macrophages were reincubated for 4 h in the presence of twofold
increasing concentrations of Dil-labeled AmBisome® (3.2 up to 102 mg/L) in culture
medium, as described above. After this incubation period, the monolayer was
washed three times with culture medium at 37°C, FITC-labeled C.albicans was
added to the monolayer, and ingested as described above. Noningested yeasts were
removed by washing with ice-cold PBS and the monolayer was observed directly
by fluorescence microscopy after mounting with PBS with 10% (v/v) glycerol.

RESULTS

Antifungal activity of AmBisome® versus AMB-DOC in the presence of serum
against extracellular C.albicans during short-term growth. The in vitro activities of
AmBisome® and AMB-DOC against C.albicans at an inoculum of 1.3x10° CFU/L
during 6 h of incubation in the presence of PHS are presented in Table 1. With
AMB-DOC inhibition of germ tube formation and effective killing were observed
at AMB-concentrations of 0.8 mg/L and 3.2 mg/L, respectively. With AmBisome®
for both parameters tested, 32-fold increased AMB concentrations were needed.

Table 1. Antifungal activity of AmBisome® versus AMB-DOC in the presence of
90% {vlv) PHS against C.albicans (inoculum 1.3x10° CFU/L} during 6 h incubation.

Minimal AMB conen (mg/l) required for:

Inhibition of germ tube formation Effective killing
(>99.9%)
AMB-DOC 0.8 3.2
AmBisome® 25.6 102

Effect of previous incubation of AmBisome® or AMB-DOC in serum on
antifungal activity against extracellular C.albicans during short-term growth.
Antifungal activities of AMB-DOC at 3.2 mg/t or AmBisome?® at 102 mg/L against
C.albicans at an inoculum 1.3x107 CFU/L during 6 h of incubation in PHS, without
preincubation or after preincubation during 6 h in PHS is shown in Figure 1. For
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both AMB-DOC as well as for AmBisome®, preincubation in PHS did not influence
the rate of killing of C.albicans.
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Figure 1, Fffect of preincubation of AMB-DOC and AmBisome® in PHS on
antifungal activity against C.albicans, Antifungal activity of AMB-DOC at 3.2 mg/L
or AmBisome® at 102 mg/L against C.albicans (inoculum 1.3x107 CFU/L) during 6
h of incubation in 90 % (viv) PHS, without preincubation (B) or after preincubation
during 6 h in PHS (00). Each symbol represents the mean of three experiments.

Antifungal activity of AmBisome® versus AMB-DOC against intracellular
C.albicans. Intraceliular growth of C.albicans in monolayers of peritoneal
macrophages in the absence of antifungal agent is shown in Figure 2. Immediately
after the 30-min C.albicans ingestion period (time zero) 65% of total macrophages
were infected with C.albicans blastospores. Attachment of C.albicans to the
macrophages after 30 min of incubation at 4°C was shown to be very low:
C.albicans association was observed for only 3% of macrophages (data not shown).
After 4 h of incubation all intracellular C.albicans had formed germ-tubes or
hyphae, After 24 h of incubation massive hyphal or mycelial growth of C.albicans
was observed within a heavily disrupted monolayer. Antifungal activities of
AmBisome® or AMB-DOC after 4 h and 24 h of incubation against intracellutar
C.albicans is shown in Figure 3. Cellufar toxicity of AmBisome® or AMB-DOC at
the concentrations used was not observed as measured by trypan blue exclusion.
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Furthermore, total numbers of macrophages in the monolayers were not decreased
following antifungal treatment.
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Figure 2. State of C.albicans infection in macrophage monolayers. (1) uninfected
macrophages ; (2) macrophages with intracellular C.albicans blastospores B; (3)
macrophages with intracellufar C.albicans blastospores and germtubes or hyphae
or mycelium B; (4) macrophages with intracelfular C.albicans germtubes or hyphae
or mycelium B.

Antifungal activity was evaluated in terms of both stabilization of the state of
C.albicans infection, as well as eradication of Calbicans from infected
macrophages. As about 65% of total macrophages were infected with C.albicans
blastospores immediately after the C.albicans ingestion period, stabilization of this
state of C.albicans infection was considered when percentage of C.albicans-infected
macrophages did not exceed 65%, with percentage of macrophages infected with
C.albicans was considered when percentage of C.albicans-infected macrophages
was reduced from 65% to less than 10%. For AmBisome® eradication of C.albicans
was not obhserved up to a concentration of 102 mg/L within 4 h or even 24 h of
incubation of the monolayer infecled with C.afbicans. Stabilization was observed
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only after 24 h of incubation at 102 mg/l. For AMB-DOC stabilization and
eradication of C.albicans were observed only after 24 h of incubation at 0.8 mg/L
and 1.6 mg/L, respectively.

Effect of previous exposure of macrophages to AmBisome® on antifungal
activity against intraceliular C.albicans. The effect of exposure to AmBisome® of
uninfected macrophages during 6 h or 24 h before C.albicans infection on
antifungal activity of AmBisome® after 4 h and 24 h of incubation against
intracellular C.albicans is shown in Figure 4. Previous exposure of the macrophages
to AmBisome® up to a concentration of 102 mg/L during 6 h or 24 h did not have
any effect on the total numbers of macrophages in the monolayers or on the
numbers of macrophages infected with C.afbicans at time zero (data not shown).
Increased antifungal activity was observed after previous exposure to AmBisome®
during 6 h: stabilization was observed after 4 h of incubation at 102 mg/t; after 24
h of incubation stabilization and eradication of C.albicans were observed at 25.6
mg/L and 102 mg/L, respectively. Prolongation of the exposure time before
C.albicans infection from 6 h up to 24 h increased antifungal activity even further.
After 4 h of incubation stabilization was observed at 12.8 mg/L; after 24 h of
incubation stabilization and eradication of C.albicans were observed at 6.4 mg/L
and 12.8 mg/L, respectively.

Localization of AmBisome® in macrophages infected with C.albicans.
Macrophages infected with FITC-labeled C.albicans were thereafter incubated for
4 h in the presence of various concentrations of Dil-labeled AmBisome® ranging
from 3.2 up to 102 mg/L. As significant autofluorescence was observed with air-
dried and fixed slides, it should be stressed that the slides were observed directly
after incubation and subsequent rinsing, without drying and fixation. Another reason
for leaving out fixation of the slides with organic solvent was to prevent possible
dissolution and thereby removal of the liposomal phospholipid bilayers together
with fluorescent label, subsequent to the fixation procedure.

It was observed that AmBisome® was tocalized in all macrophages infected with
C.albicans as well as in part of the uninfected macrophages, with increased intensity
of fluorescence at increased AmBisome® concentrations.

Localization of C.albicans in macrophages previously exposed to AmBisome®.
Uninfected macrophages were incubated for 4 h in the presence of various
concentrations of Dil-labeled AmBisome® ranging from 3.2 up to 102 mgl,
followed by infection with FITC-labeled C.afbicans. it was observed that all of the
macrophages in which C.albicans was localized already contained AmBisome®,
with increased intensity of fluorescence at increased AmBisome® concentrations.

DISCUSSION

For two different liposomal formulations of AMB, AmBisome® and AMB in di-
myristoylphosphatidylcholine / dimyristoylphosphatidylglyceral (DMPC / DMPG
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7:3, 5 mol% AMB), the in vitro antifungal activities against C.albicans in the
absence of serum have been investigated previously [1,8,15,19,23]. It was shown
for both liposomal formulations that the in vitro activity of liposomal AMB was less
than that of AMB-DOC after short term exposure of C.albicans [19,23}, whereas
after long-term exposure {(MIC, MFC) liposomal AMB was either less active than
AMB-DOC [15,19] or equally active as AMB-DOC [1,8,19,23], It is still thought by
many investigators that AMB is biologically inactive when associated to liposomes,
AMB should be released from the liposomes to exert antifungal activity. The
antifungal activity of liposomal AMB during short term incubation is low as a
consequence of marginal release of AMB in medium without serum. After long term
incubation release of AMB may be substantial, resulting in antifungal activity similar
to that of AMB-DOC. However, for AmBisome?® it was reported {18] that AMB
remains tightly associated with the liposomal structure for up to 24 h in vitro, either
in the absence or in the presence of 50% (v/v) human plasma, as well as in vivo
during circulation after intravenous administration of AmBisome® in mice. The
investigators also reported a direct interaction between AmBisome® and fungal cells.
For a lipid formulation of AMB at 50 mol% in DMPC/DMPG (7:3), it was reported
that AMB can be released from the lipid-complex by fungal lipases [17], Whether
fungal lipases play a role in the release of AMB from AmBisome® in the close
vicinity of the fungus, and whether this is necessary for antifungal activity has to be
investigated. We have previously shown for AmBisome® [24] that slow release of
AMB occurred during circulation in blood. Until now it remained unctear to what
extent release of AMB is of importance for antifungal activity. In the present study
the interactions of AmBisome® with C.albicans in the presence of serum were
examined. During short-term incubation in the presence of 90 % (v/v) human serum
still 32-fold increased AMB concentrations are required for effective killing of
C.albicans as compared to AMB-DOC. This indicates that even in 90% (v/v) serum
AMB remains tightly associated to the liposome in AmBisome®, as effective killing
is expected at only 3% release of AMB from AmBisome®. Furthermore, it was
investigated for AmBisome® whether killing of C.albicans was due to serum-induced
AMB release. As killing of C.albicans with AMB-DOC was much faster than with
AmBisome®, release of AMB from AmBisome® during preincubation in serum
would result in an increased killing rate of C.albicans. We found that the rate of
killing of C.albicans by AmBisome® was not influenced by preincubation of
AmBisome® in serum, indicating that serunt-induced AMB release is not necessary
for antifungal activity against extraceliular C.albicans.

With respect to the interactions of AmBisome® versus AMB-DOC with
intracellular C.albicans, in the present study the parameters for intraceliular
antifungal activity used, were different from those used in a previous study from our
laboratory [22]. In that previous study {22] the parameters for intracellular antifungal
activity were inhibition of germ tube formation and effective killing (> 99%) of
intracellular C.albicans. Effective killing was measured by CFU counts of viable
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intracetlutar C.albicans. As discussed previously [22], CFU counts of intracellular
C.albicans can only be determined accurately in case only C.albicans blastospores
are present and germ tube formation is completely inhibited. In the present study,
it became clear for two reasons that use of these parameters could lead to
misinterpretation of the results. First, under conditions in which the total number
of C.albicans-infected macrophages was reduced substantially, intracellular
C.albicans germ tubes or hyphae were still observed. Secondly, intracellular
C.albicans germ tubes or hyphae were sometimes eradicated from infected
macrophages between 4 h and 24 h of incubation, indicating that C.albicans germ
tubes or hyphae are still susceptible for the antifungal activity of AMB. It is also
reported by other investigators [14] that C.albicans germ tubes or hyphae are
susceptible for AMB, even more susceptible than C.albicans blastospores, We
decided that for determining antifungal activity against intracellular C.albicans it is
more refevant to investigate what is actually changing in the state of infection of
macrophages, instead of just focussing on aspects of the intraceliular C.albicans
{germ tube formation and viability) alone. Therefore, microscopic observation of the
infected monolayers was used in the present study.

The data clearly show that, in parallel with the antifungal activities against
extracellular C.afbicans, the intracellular antifungal activity of AMB-DOC is much
higher than that of AmBisome®, Of course, it should also be noted that blood and
tissue levels of AMB that can be achieved in vivo with AmBisome® are much higher
than with AMB-DOC. We have previously reported [24] that after administration of
a single dose of AMB-DOC at the MTD of 0.3 mg AMB/kg, a maximum
concentration of 0.6 mg/L in blood, and tissue concentrations up to 2.2 ug/g in liver
and 4.9 pg/z in spleen were achieved. With AmBisome®, at the MTD of 7 mg
AMB/kg, concentrations up to 104 mg/L in blood, 98 ug/g in liver and 140 ug/g in
spleen were obtained. In human patients {9} peak levels of 1.5-2 mg/L in serum
were observed with AMB-DOC at 1 mg AMB/kg , whereas with AmBisome® at 2.5
mg AMB/kg plasma concentrations were measured up to 20.3 mg/L. It is clear that
although for intracellular antifungal activity much higher dosages of AmBisome?®
than AMB-DOC are required, much higher extracellular concentrations can be
achieved with AmBisome® than with AMB-DOC. Still, extrapolation of the data
derived from the in vitro experiments in Lhe present study to the clinically relevant
situation in vivo remains speculative,

Although numerous studies have demonstrated that liposomes are phagocytosed
effectively by macrophages both in vitro and in vivo [20], an explanation for the
fow intracellular activity of AmBisome® might be low uptake of AmBisome® by
macrophages infected with C.albicans. However, from our localization experiments
with flourescent-labeled AmBisome® it is clear that AmBisome® is avidly taken up
by macrophages, both by uninfected macrophages as well as by macrophages
infected with C.albicans. Another more reasonable explanation for the low
intraceltular activity is slow intracellular degradation of AmBisome®. AmBisome®
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is a solid liposome type, composed of saturated phosphotipids with high transition
temperatures and cholesterol, which is expected to be slowly degraded
intracellularly. For ampicillin encapsulated in two types of liposomes, differing in
the rigidity of the lipid bilayer, it was clearly demonstrated [3], that the liposomal
lipid composition greatly influenced the rate of intracelfular liposomal degradation,
Relatively slow intracellular degradation was demonstrated for the solid liposome
type, This relatively slow degradation resulled in a delayed intracellular release of
the encapsulated ampicillin, as reflected in absent or delayed intracellular killing
of intracellular Listeria monocytogenes.

As macrophages seem to be occupied with the intracellular degradation of
AmBisome® for a substantial period of time, an important question is whether
uptake and degradation of AmBisome® in uninfected macrophages has unfavourable
effects on subseqguent C.albicans infection. Other investigators [16] reporled that
after previous exposure of human polymorphonuclear neutrophils {(PMNs) to
AmBisome® at a concentration of 20 mg/L subsequent uptake of C.albicans was not
influenced, whereas intracellular killing of C.albicans during subsequent incubation
for 60 min with AmBisome® was increased. The rapid effect of AmBisome® reported
in this study may result from a rapid degradation of AmBisome® in human PMNs,
Another explanation is related to the fact that the PMNs used in this study had
already candidacidal activity of their own. This candidacidal activity is possibly
easily enhanced after only minimal damage of intracellular C.albicans by
AmBisome®, In the present study i was shown that exposure to AmBisome® of
uninfected macrophages does not influence the state of C.albicans infection in
macrophage monolayers. From our localization experiments it is clear that the
presence of AmBisome® within a macrophage does not influence uptake of
C.albicans in the same macrophage. It is ctearly shown that previous exposure of
uninfected macrophages to AmBisome® is advantageous for antifungal activity of
AmBisome® against intracellular C.albicans. These results indicate once more that
for intracellular degradation of AmBisome® time is neaded.
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ABSTRACT

In this study it was investigated whether long-circulating amphotericin 8 (AMB)
containing liposomes could be prepared by incorporation of polyethyleneglycol
(1900) derivatized distearoylphosphatidylethanolamine (PEG-DSPE), and whether
the incorporation of PEG-DSPE affected toxicity and biodistribution of the
preparation in mice, Toxicity of two formulations of liposomes containing both PEG-
DSPE and AMB (PEG-AMB-LIP, types 1 and 2) was compared with that of AMB-
liposomes without PEG-DSPE (AMB-LIP) as well as that of AMB-desoxycholate
(AMB-DOC). The maximum tolerated dosage (MTD) of AMB-DOC, expressed in
terms of death during treatment for 5 consecutive days or significant increases in
the paramelers used to monitor renal and hepatic functions, was 0.8 mg AMB/kg/
day. AMB-LIP were the least toxic, the MTD being 11 mg AMB/kg/day. The
formulation with AMB complexed to DSPG (PEG-AMB-LIP type 1) was as toxic as
AMB-DQOC, This PEG-AMB-LIP formulation was omitted from further studies on
biodistribution. With AMB complexed to PEG-DSPE (PEG-AMB-LIP type 2) toxicity
was substantially reduced, resulting in a MTD of 3 mg AMB/kg/day. Biodistribution
of radiolabeled PEG-AMB-LIP type 2 was compared with that of AMB-LIP. Blood
residence time of PEG-AMB-LIP type 2 was prolonged as compared to AMB-LIP; For
PEG-AMB-LIP type 2 at 24 h after administration 30% of the injected dosage of
AMB in intact liposomes was circulating versus 6% for AMB-LIP.
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INTRODUCTION

The therapy of choice for most invasive fungal infections remains amphotericin
B {AMB), administered as amphotericin-desoxycholate (AMB-DOC or Fungizone®),
However, its clinical use is limited by toxic side effects [17]. A promising approach
in the treatment of deep systemic fungal infections is AMB incorporated in
liposomes or other lipid-carriers [11,17,19], With respect to the industrially
produced preparations AmBisome®, ABLC (AMB Lipid Complex) and Amphocil@ it
is evident that these have quite different structural and pharmacokinetic
characteristics [13]). The relatively large structures of ABLC as well as the small
discoidal particles of Amphocil® are rapidly taken up by the mononuclear
phagocyte system (MPS), whereas small liposomes as in AmBisome® remain in the
circulation for relatively prolonged periods. Until now it is not known whether
bloed residence time is an important variable influencing the therapeutic index of
AMB-liposomes,

The ability to achieve a significantly longer blood residence time of liposomes
creates new opportunities for improving the delivery of antimicrobial agents to
infected tissues [6,7]. Recently, many reports have shown that hydrophilic
phosphatidylethanolamine derivatives of monomethoxy polyethyleneglycols (PEG-
PE} attached to the fiposomes enhance blood circulation time without the
limitations of lipid dose or rigid composition [1-4,7-9,14-16,18,20,22,23]. Such
long-circulating liposomes have been named sterically stabilized liposomes.

As the effects of inclusion of PEG-DSPE on the therapeutic index of AMB-
liposomes are not yet reported, we have investigated whether long-circulating AMB
containing liposomes can be prepared by incorporation of PEG-DSPE, and whether
the incorporation of PEG-DSPE affects the toxicity and biodistribution of the
preparation.

Successful liposomal encapsulation of AMB requires that AmB is complexed e.g.
to DSPG, as in the current AmBisome® formulation. We have demonstrated that
complexation of AMB to PEG-DSPE can also be achieved (manuscript in
preparation). in this study the preparation of two different formulations of liposomes
containing both PEG-DSPE and AMB is described. PEG-AMB-LIP type 1, in which
PEG-DSPE was added to AMB-liposomes with AMB complexed to DSPG, as well
as PEG-AMB-LIP type 2, in which AMB was complexed to PEG-DSPE and DSPG
was omitted from the preparation, were prepared. These pegylated formulations
were compared with non-pegylated AMB-liposomes (referred to as AMB-LIP)
regarding toxicity and biodistribution.

MATERIALS AND METHODS

Materfals. AMB and AMB-DOC (Fungizone® for intravenous infusion) were
kindly provided by Bristol Myers-Squibb, The Netherlands. AMB-DOC was
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reconstituted according to the manufacturer’s instructions with distilled water to
give a standard solution of 5 g AMB/L. Lipid powder consisting of HSPC:Chol:
DSPG:AMB in a molar ratio of 2:1:0.8:0.4 in which AMB is complexed to DSPG
was kindly provided by Vestar Inc. {San Dimas, CA). Hydrogenated soybean
phosphatidylcholine (HSPC), cholesterol (Chol), monomethoxy polyethyleneglycol
(1900} succinimidyl succinate {activated PEG), distearoylphosphatidylethanolamine
(DSPE), were all kindly provided by Vestar inc. Dimethylsulphoxid (DMSO) was
from Janssen Chimica (Tilburg, The Netherlands). Deferoxamine mesylate (DF) was
from Ciba-Geigy (Basel, Switzerland}, “Ga-citrate was from Nordian (Montreal,
Canada), '"'In-chloride from Frosst (Quebec, Canada). Hydroxyquinoline sulfate
{oxine) was from Sigma (St. Louis, MO}, PEG(1900) derivative of DSPE (PEG-DSPE)
was synthesized as described by Blume and Cevc [8].

Liposome preparation. Liposome preparations consisted of HSPC:Chol:DSPG:
AMB in a molar ratio of 2:1:0.8:0.4 (AMB-LIP), HSPC:Chol:DSPG in a molar ratio
of 2:1:0.8 (PLACEBO-LIP), PEG-DSPE:HSPC:Chol:DSPG:AMB in a molar ratio of
0.29:2:1:0.8:0.4 (PEG-AMB-LIP type 1), PEG-DSPE:HSPC:Chol:AMB in a molar ratio
of 0,21:1.79:1:0.32 (PEG-AMB-LIP type 2), and PEG-DSPE:HSPC:Chol in a molar
ratio of 0.21:1.79:1 (PEG-PLACEBO-LIP type 2). AMB is very poorly soluble in
chloroform-methanol (1:1, v/V), and therefore as a first step in the preparation of
AMB containing liposomes AMB was complexed to either DSPG (AMB-LIP and
PEG-AMB-LIP type 1} or to PEG-DSPE {PEG-AMB-LIP type 2). For AMB-LIP,
PLACEBQ-LIP, PEG-AMB-LIP type 1, and PEG-PLACEBO-LIP type 2 a chloroform-
methanol {1:1, v/v) solution of lipid powder or lipid mixture was evaporated to
dryness in a round-bottom flask at 65 °C. For PEG-AMB-LIP type 2, AMB was
complexed to PEG-DSPE by adding small volumes (20-50 pl) of 1N HCl to a
suspension of AMB and PEG-DSPE in 2 mi chloroform-methanol {1:1, vV},
followed by heating at 65 °C and Vortex mixing untit the solution cleared. Small
volumes (10-15 ul) of 1N NaOH were added, fallowed by addition of HSPC and
Chol. When precipitation of AMB was observed, again small volumes of 1N HCI
were added untif the solution cleared. This lipid mixture was evaporated {o dryness
in a round-hottom flask at 65 °C. The lipid film was hydrated by Voriex mixing in
a buffer sofution containing 10 mM sodium-succinate and 10% (w/v) sucrose {pHl
5.5} at 65 °C. For biodistribution experiments 5 mM DF was added to this huffer,
Liposomes were sonicated resulting in an average particle size of 100 nm (range 95-
105 nm), as measured by dynamic light scattering (Malvern 4700 system, Malvern,
U.K.). Biodistribution of intact liposomes was performed using liposomes radio-
labeled with *Ga-DF as described by Woodle [24}. The labeling resuifted in
formation of a ¥Ga-DF complex in the aqueous interior of liposomes. As shown by
Gabizon et al. [10], this complex is appropriate for in vivo tracing of intact
liposomes because of the advantages of minimal translocation of radioactive label
to plasma proteins and the rapid renal clearance rate when the label is released
from the liposomes extracellularly. Liposomes were separated from non-entrapped
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AMB, DF, or radiolabel by gel filtration on a Sephadex G-50 column (Pharmacia,
Uppsala, Sweden), and concentraled by using 300 kDa Microsep filters (Filtron,
Breda, The Netherlands). Phospholipid concentration was determined by a
phosphate assay [5]. AMB concentration was determined spectrophotometrically at
405 nm, after destruction of the liposomes in DMSO-methanol (1:1, v/v).

Determination of Maximum Tolerated Dosage (MTD). Toxicity of AMB-DOC,
AMB-LIP, PEG-AMB-LIP type 1, and PEG-AMB-LIP type 2 was measured in
uninfected specified pathogen free femaie BALB/c mice (14 to 20-week-old, 22-27
g Iffa Credo, l'arbresle, France). Mice (6 per group) were treated iv for five
consecutive days with each of the preparations once daily (¢24h} with AMB dosages
ranging from 0.1-25 mg AMB/kg/day. Acute mortality was assessed directly
following injection of the preparation. Blood urea nitrogen {BUN) and serum
creatinine (CREAT}, as parameters for renal toxicity, and aspartate aminotransferase
(ASAT) and alanine aminotransferase (ALAT), as parameters for liver toxicity, were
determined by established methods in serum samples of mice sacrificed at 24h after
termination of treatment. The MTD was defined as the maximum dosage that did
not result in death during treatment or more than threefold increase in the indices
for renal and liver function, as compared to untreated mice.

Biodistribution studies. Biodistribution of AMB-LIP, PLACEBO-LIP, PEG-AMB-LIP
type 2 and PEG-PLACEBO-LIP type 2 was investigated. Radiofabeled liposomes
were administered iv at 85 gymol lipid/kg {equivalent to 9 mg AMB/kg) as a single
dose in uninfected mice. In two separate experiments of three mice for each
different time interval after injection, 200 # blood was collected from the mice in
heparinized tubes. Mice were sacrificed, and whole organs (liver, spleen, lungs, and
kidneys) were excised, Biood and organs, as well as the injected dosage of
liposomes were counted for “Ga-DF in a gamma counter {Minaxy 5530, Packard
Instruments, Downers Grove, U.S.A.). For the AMB containing preparations blood
or organs from three mice were pooled and organs were homogenized in distilled
water, Blood and tissue samples were stored at -80 °C until just before HPLC
analysis, as decribed before [21]. in a separate experiment using '''In-labeled red
blood cells [12} blood volume was determined to be 7.5% of body weight and
biood correction factors were determined for each organ.

RESULTS AND DISCUSSION

The MTDs in uninfected mice of AMB-DOC, AMB-LIP, PEG-AMB-LIP type 1, and
PEG-AMB-LIP type 2 are presented in Table 1. The MTD of AMB-DOC in terms of
death during treatment was 0.8 mg AMB/kg/day. At this dosage renal or liver
toxicity was not seen. With AMB-LIP {a formulation with a lipid composition as in
AmBisome®) the MTD with no death during treatment was 19 mg AMB/kg/day. At
this dosage renal toxicity was not yet observed, whereas the MTD with respect to
liver toxicity was 11 mg AMB/kg/day. Incorporation of PEG-DSPE resulting in PEG-
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AMB-LIP type 1 led to a preparation that was as toxic as AMB-DOC, For PEG-AMB-
LIP type 2 death during treatment was shown at dosages higher than 13 mg AMB/
kg/day. At this dosage renal toxicily was not seen. For liver toxicity the MTD was
9 mg AMB/kg/day.

Table 1. Maximum Tolerated Dosage (MTD) of AMB-DOC, AMB-LIP, PEG-AMB-LIP
type 1, and PEG-AMB-LIP type 2 in uninfected mice®.

MTD" {mg AMB/kg/day)
parameter of toxicity AMB-DOC  AMB-LIP  PEG-AMB-LIP  PEG-AMB-LIP

type 1 type 2
death during treatment 0.8 19 0.8 13
impaired renal function >0.8 >19 >0.8 >13
impaired liver function >0.8 11 >0.8 9

*Mice were treated iv for five consecutive days once daily {q24h} with AMB-DOC or with
sonicated liposomes with an average diameter of 100 nm; AMB-LIP {HSPC/Chol/DSPG/
AMB), PEG-AMB-LIP type 1 (PEG-DSPE/HSPC/Chol/DSPG/AMB), or PEG-AMB-LIP type 2
{PEG-DSPE/HSPC/Chol/AMB). AMB dosages ranged from 0.1-1,0 mg AMB/ kg/day in steps
of 0.1 mg AMB/kg/day, and above 1.0 mg AMB/kg/day in steps of 2.0 mg AMB/kg/day.
Two experiments of three mice each (n =6} for each dosage were performed,

*Toxicity was determined in terms of death during treatment, or more than threefold
increase in the indices for renal function (BUN and CREAT) and liver function (ASAT,
ALAT) as compared to placebo-treated mice, determined at 24h after termination of
treatment

The high toxicity of the PEG-AMB-LIP type 1 preparation is probably due to a very
toxic subpopulation of small particles containing AMB. A heterogeneity in particle
size was observed after ultracentrifugation of the PEG-AMB-LIP type 1 preparation
at 260,000xg. It was shown by dynamic light scattering measurements that particles
of approximately 100 nm containing AMB were sedimented at this speed, whereas
small particles of approximately 40 nm containing AMB remained in the
supernatant. There was a marked difference with respect to toxicity in terms of
acute death in mice between the particles of 40 nm and 100 nm. Acute death was
observed after iv administration of the 40 nm AMB-particles at a dosage of 0.6 mg
AMB/kg, whereas no toxicity was observed with the 100 nm AMB-particles at a
dosage of 6 mg AMB/kg. As a first step in the preparation of PEG-AMB-LIP type 1,
AMB is complexed to DSPG. This lipophilic AMB-DSPG complex is inserted in the
phospholipid bilayer during spray-drying and thus helps to retain AMB in the
tiposome. PEG-DSPE Is added to this formulation in which AMB is already
complexed to DSPG. It is conceivable that competition between PEG-DSPE and
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DSPG for complexation of AMB occurred, resulting in the formation of highly toxic
AMB-containing lipid particles of 40 nm beside fess toxic 100 nm AMB-liposomes.
In PEG-AMB-LIP type 2 in which DSPG was omitted from the preparation, AMB
was complexed to PEG-DSPE. PEG-AMB-LIP type 2 did not show the heterogeneity
in particle size, and this was also not ohserved faor AMB-LIP. As the PEG-AMB-LIP
type 1 preparation was very loxic, these liposomes were omitted from further
studies on biodistribution that were performed with AMB-LIP and PEG-AMB-LIP
type 2,

Biodistribution studies were performed with *’Ga-DF labeled liposomes. ¥Ga-DF
was used as marker for intact liposomes. In studies with AMB-containing fiposomes
both ¥Ga-DF levels as well as AMB concentrations were determined, For both
AMB-LIP as well as PEG-AMB-LIP type 2, AMB levels as percentage of injectled
dosage in blood and liver+spleen were equivalent to levels of intact liposomes
(Figures 1 and 2), suggesting that AMB levels primarily represent lposome-
associated AMB. For hoth AMB-LIP and PEG-AMB-LIP type 2 levels in kidney and
lung never exceeded 3% and 1% of injected liposome dose, respectively (data not
shown). Comparison of the blood residence of AMB-LIP versus PLACEBO-LIP shows
that the presence of AMB in the liposome preparation induced a dramatic drop in
blood level of intact liposomes within five minutes after administration (Figure 1).
As this initial drop is seen in both the ¥Ga-DF marker as well as in AMB
concentration (Figure 1} it is unlikely that this initial decrease is due to feakage of
“Ga-DF or AMB. Although the initial hepatosplenic uptake of AMB-LIP within five
minutes after administration is high (29% of injected dosage), this can still not
account for the low blood level (47% of injected dosage) at this time point. As the
exact localization of the distributed liposomes in other organs, such as bone
marrow, brain, muscle, and skin at 5 min after administration was not determined,
the rapid elimination of AMB-LIP is unexplained. After this initial drop in blood
level of liposomal AMB a relatively prolonged blood residence time was observed
with 6% of injected dosage circulating at 24h after administration. In line with
expectations, it was shown that inclusion of PEG-DSPE into PEG-AMB-LIP type 2
resulted in a prolonged blood residence time of liposomal AMB as compared to
AMB-LIP. Unfortunately, due to problems with repect to aggregation of liposomes
during preparation, it was not possible to compare PEG-AMB-LIP type 2 with its
appropriate control, i.e. non-pegylated AMB-liposomes with omission of not only
PEG-DSPE but also DSPG. Successful liposomal encapsulation of AMB requires that
AMB is complexed to either DSPG, as in AMB-LIP, or to PEG-DSPE, as in PEG-
AMB-LIP type 2. An effect of AMB on blood residence time of the pegylated
liposomes was not observed with PEG-AMB-LIP type 2 (Figure 2), Both PEG-
PLACEBO-LIP type 2 as well as PEG-AMB-LIP type 2 showed a long blood
residence time with 20-30% of the injected dosage of fiposomes still circulating at
24h after administration. These results are in good agreement with those reported
efsewhere for PEG-liposomes with similar particle size [1,2,7,22]. However, in the
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Figure 1. Biodistribution of ¥Ga-DF labeled liposomes at various intervals after iv
injection. Sonicated liposomes with an average diameter of 100 nm were injected
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Where no error-bars are seen the range is smaller than the data points.
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Figure 2. Biodistribution of *Ga-DF labeled liposomes at various intervals after iv
injection. Sonicated liposomes with an average diameter of 100 nm were injected
intravenously in mice at a dosage of 85 umol lipidikg.
(C)) PEG-PLACEBO-LIP type 2: PEG-DSPEIMHSPCIChol: (B) PEG-AMB-LIP type 2:
PEG-DSPEIHSPCIChol/AMB. Data are expressed as percentage of injected dosage
cpm ¥Ga-DF (solid line) as mean + S.D. for two separate experiments of three
mice each {n=6), or as percentage of injected dosage AMB (broken line) as mean
+ range for two separate experiments with in each experiment blood or tissue from
three mice pooled. Where no error-bars are seen the range is smaller than the data

poinis.
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present study a relatively high hepatosplenic uptake of the liposomes of 34-43%
was observed at 24h after aministration, as compared to the other studies [1,2,7,22]
in which the hepatosplenic uptake ranged from 7-28% at 24h after iv
administration, This might be related to differences in size distribution of the
liposome dispersion, as different methods for liposome sizing were used (sonication
in the present study versus extrusion in the other studies). it is possible that
sonication, as compared to the extrusion method, vields a preparation with
relatively increased numbers of liposomes smatler than 100 nm. Extravascular
localization of these small liposomes after passage through the fenestrated vascular
endothelial lining of the liver sinusoids may occtrr,

In conclusion, incorporation of PEG-DSPE in AMB-LIP with AMB complexed to
DSPG (PEG-AMB-LIP type 1) results in an extremely toxic preparation. When AMB
is complexed to PEG-DSPE and DSPG is omitted from the preparation {(PEG-AMB-
LiP type 2} toxicity is substantially reduced. In comparison with AMB-LIP this PEG-
AMB-LIP type 2 preparation shows a stightly increased toxicity. Blood residence
time of liposomal AMB is prolonged with PEG-AMB-LIP type 2 as compared to
AMB-LIP. To what extent the increased toxicity as well as prolonged blood
residence time of liposomal AMB with PEG-AMB-LIP type 2 are determining factors
with respect to improved efficacy as compared to AMB-LIP in the treatment of
fungal infections is now under investigation.
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Chapter 7
ABSTRACT

Pegylated AMB-liposomes (PEG-AMB-LIP) were compared with laboratory
prepared non-pegylated AMB-liposomes (AMB-LIP}, a formulation with a lipid
composition as in AmBisome®, as well as with industrially prepared AmBisome®,
regarding in vitro antifungal activity, toxicity, blood residence time, and therapeutic
efficacy. Killing of C.albicans (>99.9%) during short-term (6 h) incubation was
observed at 0.2 mg/l. for amphotericin B desoxycholate (AMB-DOC), 0.4 mg/L for
PEG-AMB-LIP, 0.8 mg/L for AMB-LIP and 12.8 mg/L for AmBisome®. The maximum
tolerated dosages (MTDs) of PEG-AMB-LIP, AMB-LIP, and AmBisome® were 15 mg
AMB/kg, 19 mg AMB/kg and > 31 mg AMB/kg, respectively. In contrast to AMB-
LIP, blood residence time of PEG-AMB-LIP was prolonged and dosage independent.
In a modet of systentic candidiasis in feukopenic mice at a dosage of 5 mg AMB/kg,
PEG-AMB-LIP was completely effective, AMB-LIP was partially effective, whereas
AmBisome® was not effective. AMB-LIP at 11 mg AMB/kg was partially effective.
AmBisome® at 29 mg AMB/kg was completely effective. In conclusion, therapeutic
efficacy of AMB-liposames can be improved by preparing AMB-liposomes in which
a substantial reduction of toxicity is achieved, while antifungal activity is retained.
In addition, therapeutic efficacy is favored by a prolonged residence time of AMB-
liposomes in blood.
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INTRODUCTION

There has been a steady increase in the incidence of invasive fungal infections
in immunocompromised patients. Presently, these infections are among the most
important causes of morbidily and mortality among patients with cancer and among
other severely immunocompromised hosts. As the overall prognosis for patients
with invasive fungal infections remains poor, there is a critical need to improve
methods for treating these infections.

Parenteral administration of amphotericin B (AMB) remains the therapy of choice
for most invasive fungal infections. AMB is administered as amphotericin B-
desoxycholate (AMB-DOC, Fungizone®), but its clinical use is limited by toxic side
effects [15,23]. A promising approach in the treatment of deep systemic fungal
infections is AMB incorporated in liposomes or other lipid-carriers [12,16,27]. With
respect to the industrially produced preparations AmBisome®, ABLC (AMB Lipid
Complex) and Amphocil® it is evident that these have quite different structural and
pharmacokinetic characteristics {20,271, The relatively large struciures of ABLC as
well as the smalf discoidal particles of Amphocil® are rapidly taken up by the
mononuclear phagocyte system (MPS), whereas small liposomes as in AmBisome®
remain in the circulation for relatively prolonged periods. Until now it is not kirown
whether long blood residence time is of importance for improved efficacy of AMB-
liposomes.

The ability to achieve a significantly longer blood residence time of liposomes
opens new ways to achieving improved delivery of antimicrobial agents to infected
tissues including infections in non-MPS tissues {8]. Recently, many reports have
shown that hydrophilic phosphatidylethanolamine derivatives of monomethoxy
polyethyleneglycols (PEG-PE) attached to the liposomes can effectively prolong their
blood circulation time without the limitations of lipid dose, small particle size, or
rigid lipid composition [2-5,8,9,21,22,25,31,32]. Such liposomes have been named
sterically stabilized liposomes, The distinctive properties of sterically stabilized
liposomes makes them excelfent candidates for many therapeutic applications.

In our laboratory it was recently shown [30] that long-circulating AMB containing
liposomes can be prepared by incorporation of PEG-DSPE. in the present study the
effects of incorporation of PEG-DSPE in AMB-liposomes on jn vitro antifungal
activity, toxicity, and efficacy in systemic candidiasis in leukopenic mice is reported.
The pegylated AMB-liposome formulation was compared with laboratory prepared
non-pegylated AMB-liposomes, a formulation with a lipid composition as in
AmBisome®, as well as with industriatly prepared AmBisome®,

MATERIALS AND METHODS

Materials. Antibiotic Medium No.3 was from Difco Laboratories (Detroit, M),
Sabouraud dextrose agar was from Oxoid (Basingstoke, £ngland). Amphotericin B
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and amphotericin B-desoxycholate (AMB-DOC, Fungizone® for iv infusion) were
kindly provided by Bristol Myers-Squibb, The Netherlands. AMB-DOC was
reconstituted with distilled water to give a standard solution of 5 g/l. AmBisome®,
consisting of HSPC:Chol:DSPG:AMB in a molar ratio of 2:1:0.8:0.4, and lipid
powder, consisting of HSPC:Chol:DSPG:AMB in a molar ratic of 2:1:0.8:0.4 in
which AMB is complexed to DSPG were both kindly provided by Vestar, inc. (San
Dimas, CA). Hydrogenated soybean phosphatidylcholine{HSPC}, cholesterol (Chol),
monomethoxy polyethyleneglycol (1900} succinimidy! succinate (activated PEG),
distearoylphosphatidylethanolamine{DSPE}, were all kindly provided by Vestar Inc.
Dimethylsulphoxid (DMSQO) was from Janssen Chimica (Tilburg, The Netherlands).
Deferoxamine mesylate (DF) was from Ciba-Geigy (Basel, Switzerland), “Ga-citrate
was from Nordian (Montreal, Canada), "'In-chioride from Frosst (Quebec, Canada).
Hydroxyquinoline sulfate (oxine), and cyclophosphamide were from Sigma (St.
Louis, MO). PEG(1900) derivative of DSPE (PEG-DSPE) was synthesized as
described by Blume and Cevc [9].

Candida strain, Candida albicans ATCC 44858 was used in all of the
experiments and was stored at -80°C in Todd-Hewitt broth {Difco laboratories,
Detroit, M, USA) containing 10% (v/v} glycerol.

Animals. Specified pathogen-free, 12- to 20-weeks-old female BALB/c mice were
obtained from Iffa Credo {L’Arbresle, France).

Liposome preparation. Liposome preparations consisted of PEG-DSPE:HSPC:
Chol:AMB in a molar ratio of 0.21:1.79:1:0.32 {(PEG-AMB-LIP}, PEG-DSPE:HSPC:
Chol in 2 molar ratio of 0.21:1,7%:1 (PEG-PLACEBO-LIP), HSPC:Chol:DSPG:AMB
in a molar ratio of 2:1:0.8:0.4 (AMB-LIP}, and HSPC:Chol:DSPG in a molar ratio of
2:1:0.8 (PLACEBO-LIP). AMB is very poorly soluble in chloroform-methanol {1:7,
v/v), and therefore as a first step in the preparation of AMB containing liposomes
AMB was complexed to either PEG-DSPE (PEG-AMB-LIP) or to DSPG (AMB-LIP). For
PEG-AMB-LIP, AMB was complexed to PEG-DSPE by adding small volumes (20-50
1) of TN HCl to a suspension of AMB and PLG-DSPE in 2 mL chloroform-methanol
(1:1, viv}, followed by heating at 65 °C and Vortex mixing untill the solution
cleared. Small volumes (10-15 ul) of *N NaOH were added, followed by addition
of HSPC and Chol, When precipitation of AMB was observed, again small volumes
of 1 N HCl were added untill the solution cleared. This lipid mixture was
evaporated to dryness in a round-boliom flask at 65 °C. For PEG-PLACEBO-LIP,
AMB-LIP, and PLACEBO-LIP a chioroform-methanol (1:1, v/v) solution of lipid
mixture or lipid powder was evaporated to dryness in a round-bottom flask at 65°C.
The lipid film was hydrated by Vortex mixing in a buffer solution containing 10 m
sodium-succinate and 10% (w/v} sucrose (pH 5.5) at 65 °C. For bicdistribution
experiments 5 mM DF was added to this buffer. Liposomes were sonicated resulting
in an average particle size of 100 nm (range 95-105 nmy}, as measured by dynamic
light scattering (Malvern 4700 system, Malvern, U.K.}. Biodistribution of intact
liposomes was performed using liposomes radiolabeled with #Ga-DF as described
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by Woodle {33]. The labeling resulted in formation of a ¥Ga-DF complex in the
aqueous interior of liposomes. As shown by Gabizon et al. [14], this complex is
appropriate for in vivo tracing of intact liposomes because of the advantages of
minimal translocation of radioactive label to plasma proteins and the rapid renal
clearance rate when the label is released from the fiposomes. Liposomes were
separated from non-entrapped AMB, DF, or radiolabel by gel filtration on a
Sephadex G-50 column (Pharmacia, Uppsala, Sweden), and concentrated by using
300 kDa Microsep filters (Filtron, Breda, The Netherlands). Phospholipid
concentration was determined by a phosphate assay [61. AMB concentration was
determined spectrofotometrically at 405 nm, after destruction of the liposomes in
DMSO-methanol (1:1, viv).

AmBisome®, consisting of HSPC:Chol:DSPG:AMB in a molar ratic of 2:1:0.8:0.4
was provided as a lyophilized preparation. The powder was reconstituted according
to the manufacturer’s instructions with distilled water at 65 °C to give a liposomal
suspension containing 4 g AMB/L. and 35 g lipidfi, with an average liposome
particle size of 90 nm (range 88-92 nm).

in vitro antifungal activities of AMB-DOC, PEG-AMB-LIP, AMB-LIP, and
AmBisome®, The in vitro activities of AMB-DOC, PEG-AMB-LIP, AMB-LIP, and
AmBisome® in terms of effective killing (> 99.9%) of C.albicans at an inoculum of
1.3x707 CFU/L during 6 h of incubation were determined as described previously
[28]. Briefly, a logarithmic-growth-phase culture of C.albicans was prepared.
C.albicans was exposed during 6 h of incubation to twofold increasing
concentrations of each agent in Antibiotic Medium No.3, ranging from 0.05-25.6
mg/L. During incubation the numbers of viable C.albicans were determined at 2 h
intervals by making plate counts of ten-fold seriaf dilutions of the washed specimen
on Sabouraud dextrose agar.

Determination of Maximum Tolerated Dosage (MTD). Toxicity of PEG-AMB-LIP,
AMB-LIP and AmBisome® was measured in uninfected mice. Mice {6 per group)
were treated iv with a single dose. AMB dosages ranged from 1 to 31 mg AMB/kg
in steps of 2 mg AMB/kg. Acute mortality was assessed directly following injection
of the preparation. Blood urea nitrogen (BUN) and serum creatinine {CREAT)}, as
parameters for renal toxicity, and aspartate aminotransferase (ASAT) and alanine
aminotransferase (ALAT), as parameters for liver toxicity, were determined by
established methods in serum samples of mice sacrificed at 48h after termination
of treatment. The MTD was defined as the maximum dosage that did not result in
death or more than threefold increase in the indices for renal and liver function, as
compared to untreated mice.

Bfood residence time of PEG-AMB-LIP versus AMB-LIP in uninfected mice at
various dosages. ¥Ga-DF labeled liposomes were administered iv at 0.5 mg AMB/
kg or 5 mg AMB/kg (equivalent to 4.7 ymol fiposomal lipid/kg or 47 gmol lipsomal
lipid/kg, respectively) as a single dose in uninfected mice, In two separate
experiments levels of “Ga-DF as well as AMB in blood were determined at various
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time points during 24 h after administration, using three mice for each time point
in each experiment. Blood was colltected in heparinized tubes. Blood samples (200
1), as well as the dosage of injected liposomes were counted for ¥Ga-DF in a
gamma counter (Minaxy 5530, Packard Instruments, Downers Grove, USA).
Additionally, at 5 mg AMB/kg, AMB concentrations were determined in these blood
samples, For determination of AMB in blood, samples from three mice were pooled
and stored at -80 °C until just before high-performance-liquid-chromatography
(HPLC) analysis, as described before {28]. In a separate experiment using '"'In-
labeled syngeneic red blood cells {18} total blood volume in the mice was
determined.,

Efficacies of PEG-AMB-LIP, AMB-LIP, and AmBisome® in leukopenic mice
infected with C.albicans. Leukopenia was induced by ip administration of cyclo-
phosphamide at 100 mg/kg 4 days before C.albicans inoculation followed by an
additional dose of 75 mg/kg on the day of inoculation, and at 3-day intervals
thereafter, This treatment resulted in persistent granulocytopenia (<0.1 x 10%1)
from the time of C.albicans inoculation up to termination of the study. Leukopenic
mice were infected by inoculation of 3x10* CFU C.albicans into the tail vein. PEG-
AMB-LIP, AMB-LIP, AmBisome® and placebo’s were each administered iv as a
single dose at 20 h after C.albicans inoculation at dosages corresponding to their
MTDs. AMB-LIP and AmBisome® were also administered at a dosage which was
equivalent to the MTD of PEG-AMB-LIP. Just before treatment and at 48 h as well
as 6 days after treatment, the surviving mice were sacrificed. The kidneys, liver,
spleen and lungs were removed and processed for the determination of viable
counts, as described previously {28]. The following criteria were used to assess the
efficacy of treatment; survival of mice up to 6 days after treatment; a statistically
significant reduction in the numbers of CFU C.albicans in the kidneys at 48 h after
treatment as compared to the numbers at the time of treatment, as well as
prevention of a significant increase in the numbers of CFU C.albicans in the kidneys
at 6 days after treatment as compared to the numbers at 48 h after treatment
{equating to relapse of infection),

Statistical analysis, Results were expressed as the geometric means + S.D.
Differences in C.albicans CFU between the various treatment groups were analyzed
by the Mann-Whitney test.

RESULTS

In vitro antifungal activities of AMB-DOC, PEG-AMB-LIP, AMB-LIP, and
AmBisome®. For AMB-DOC, PEG-AMB-LIP, AMB-LIP, and AmBisome® the minimal
AMB concentrations required for killing >99.9% of the initial C.albicans inoculum
within 6 h of incubation were determined. With AMB-DOC, PEG-AMB-LIP and
AMB-LIP effective killing was obtained at 0.2 mg/L, 0.4 mg/L and (0.8 mg/L,
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respectively. With AmBisome®, on the other hand, a concentration of 12,8 mg/L
was required to produce the same fungicidal activity.

MTDs of PEG-AMB-LIP, AMB-LIP and AmBisome® in uninfected mice. The
MTDs of PEG-AMB-LIP, AMB-LIP, an AmBisome® are presented in Table 1. With
PEG-AMB-LIP the MTD with no death after freatment was 15 mg AMB/kg, At this
dosage renal or liver loxicity were not yet observed, For AMB-LIP (a formulation
with a lipid composition as in AmBisome®) death during treatment was shown at
dosages higher than 19 mg AMB/kg. At this dosage no renal or fiver toxicity was
seen. With AmBisome® no toxicity was observed in terms of death, or impairments
in renal or liver function up to a dosage of 31 mg AMB/kg.

Table 1. Maximum Tolerated Dosage (MTD) of PEG-AMB-LIP, AMB-LIP and
AmBisome® in uninfected mice’.

MTD" {mg AMB/kg)

parameter of toxicity PEG-AMB-LIP AMB-LIP AmBisome®

death after treatment 15 19 >3
impaired renal function >15 >19 >31
impaired liver function >15 >19 >31

Mice were treated iv with a single dose. AMB dosages ranged from 1 to 31 mg AMB/kg
in steps of 2 mg AMB/kg

Toxicity was determined in terms of death after treatment, or more than threefold increase
in the indices for renal function {blood urea nitrogen and serum creatinine) and liver
function {aspartate amino transferase and alanine amino transferase) as compared to
placebo-treated mice, determined at 48h after termination of treatment

Bfoad residence time of PEG-AMB-LIP versus AMB-LIP in uninfected mice at
various dosages. Blood levels of Ca-DF following administration of radiolabeled
PEG-AMB-LIP and AMB-LIP at dosages of 0.5 mg AMB/kg (4.7 umol lipid/kg) and
5 mg AMB/kg (47 umol lipidfkg) are shown in Figure 1. ¥Ga-DF was used as
marker for intact liposomes, With PEG-AMB-LIP independent of dosage a prolonged
blood residence time of intact liposomes was observed, with 20% of the injected
dosage of liposomes still circulating at 24h after administration. For AMB-LIP it was
shown that levels of intact liposomes dropped within five minutes after
administration to 26% and 35% of the injected dosage of liposomes at the dosages
of 0.5 mg AMB/kg and 5 mg AMB/kg, respectively. After this initial drop only at the
highest dosage of 5 mg AMB/kg a prolonged blood residence time was observed,
with 6% of injected dosage circulating at 12 h after administration. At the lower
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dosage of 0.5 mg AMB/kg biood levels of liposomes declined to 6% of injected

dosage within 4 h after administration,
Blood levels of both ¥ Ga-DF and AMB following administration of radiolabeled

PEG-AMB-LIP and AMB-LIP at 5 mg AMB/kg were determined. For both types of
liposomes AMB [evels declined more rapidly than levels of intact [iposomes during
circulation (data not shown).

100
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80

60
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Figure 1. Blood fevels of ¥ Ga-DF after administration of radiolabeled PEG-AMB-LIP
and AMB-LIP in uninfected mice at various dosages. A single dose was
administered iv at O 0.5 mg AMB/kg (4.7 umol liposomal lipidikg), or B 5 mg
AMB/kg (47 umol liposomal lipidikg). Data are expressed as percentage of injected
dosage ¥Ga-DF as mean + S.D. for two separate experiments of three mice each
(n=6). Where no error-bars are seen the range is smaller than the data points.
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Efficacies of PEG-AMB-LIP, AMB-LIP, and AmBisome® in leukopenic mice
infected with C.albicans. In leukopenic mice infected with C.albicans the infection
is disseminated to the kidney, liver, spleen and lung, and untreated mice die
between 24 h and eight days after C.albicans inoculation. The MTDs in these
infected mice of PEG-AMB-LIP, AMB-LIP, and AmBisome® in terms of acute death
were 5 mg AMB/kg, 11 mg AMB/kg, and 29 mg AMB/kg, respectively. The effect
of treatment on survival of the animals and growth of C.albicans in the kidney is
presented in Table 2. Increase of C.albicans CFU and death of the animals was
observed after placebo treatment. As the placebo-treated animals died, numbers of
C.albicans in the kidney of these mice could not be compared to those of AMB-
treated mice, Treatment with PEG-AMB-LIP at the MTD (5 mg AMB/kg) was
completely effective: 100% survival of mice was observed, as well as a significant
reduction of C.albicans in liver {P=<0.01), spleen (P=<0.001), and lung (P<0.025)
(data not shown). In the kidney numbers of C.alhicans were significantly reduced
at 48 h after treatment (P=0.001), relapse of infection was prevented; numbers of
C.alhicans were even furiher significantly reduced at & days after treatment (P <
0.01}. Treatment with AMB-LIP at an equivalent dosage (5 mg AMB/kg) was
partially effective; survival of all animals was observed, as well as a significant
reduction of C.albicans in liver (P=0,025), spleen (P<0.001), and lung (P <0.001)
(data not shown); however, in the kidney growth of C.albicans was only inhibited,
and numbers of C.albicans were not significantly reduced. Although increase of the
dosage of AMB-LIP up to the MTD (11 mg AMB/kg) resulted in a slight
improvement of efficacy compared to 5 mg AMB/kg, it did not result in complete
efficacy of treatment as seen with PEG-AMB-LIP at 5 mg AMB/kg; at 11 mg AMB/kg
numbers of C.albicans in the kidney were significantly reduced as compared to the
time of treatment only at 6 days after treatment. AmBisome® at a dosage of 5 mg
AMB/kg was not effective, as animals died after treatment. AmBisome® at the MTD
(29 mg AMB/kg) was as effective as PEG-AMB-LIP at 5 mg AMB/kg.

DISCUSSICON

With respect to the in vitro antifungal activity of the AMB-liposome formulations
against C.albicans, il is derived from the present study that after encapsulation of
AMB in PEG-AMB-LIP or in AMB-LIP the high antifungal activity as is seen with
AMB-DOC is almost fully retained, whereas entrapment of AMB in AmBisome® is
accompanied with substantial loss of antifungal activity. Although it was previously
shown that AMB-DOC and AmBisome® were equally active after long-term
exposure (MIC, MFC) [7, 28] the activity of AmBisame® during short term expasure
was significantly less than that of AMB-DOC [28]. Recently, it is reported [24] that
even after long-term exposure (24 h) AmBisome® was four to eight times less active
than AMB-DOC against C.albicans.
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Table 2. Effect of treatment on survival of mice and growth of C.albicans in the kidney in leukopenic mice’.

treatment® dosage | start of treatment® 48 h after treatment® & days after treatment®
(mg/ke) Log,, CFU/Kidney? | survival Log,, CFU/kidney” | survival  Log,, CFU/kidney? no. mice with
% in surviving mice % in surviving mice  sterile kidney/no.
surviving mice
untreated 4.16 + 0.23
PEG-AMB-LIP 5 100 3.05 + 0.76° 10C 1.99 4+ 0.42° 0/10
AMB-LIP 5 100 4.48 + (.83 106G 4.04 + 0.9 0/10
AMB-LIP 11 100 4.27 + 0.20 100 2.54 3 0.30' 0/10
AmBisome® 5 70 5.26 + 0.57 40 3.92 + 0.51 0/4
AmBisome® 29 100 2.60 £ 0.32° 100 1.01 + 1.72' 2/10
PEG-PLACEBO-LIP - 40 6.38 + 0.22 30 6.12 + 0.39 03
PLACEBO-LIP - 50 6.56 + 0.21 10 7.39 0/1

3| eukopenic mice were inoculated iv at zero time with 3x10* CFU of C.albicans
*PEG-AMB-LIP, AMB-LIP, AmBisome®, PEG-PLACEBO-LIP, and PLACEBQO-LIP were administered iv 20 h after inoculation

“Effect of treatment was determined at 48 h (n=10) as well as 6 days (n=10) after treatment

4£ach value represents the geometric mean = SD
°P<0.01 compared with the number of CFU at 20 h after inoculation (time of treatment)
‘P=0.01 compared with the number of CFU at 48 h after treatment
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Comparison of the MTD of the industrially prepared AmBisome® in normal mice
{>31 mg AMB/kg) and the MTD of a laboratory prepared AMB-liposome
formulation (AMB-LIP) having the same lipid composition {19 mg AMB/kg) revealed
that the method of preparation greatly influences the toxicity of the AMB-liposome
formulation. As the MTD of AMB-DOC in terms of acute death after a single dose
treament is 0.8 mg AMB/kg (unpublished data), encapsulation of AMB in AMB-LIP
still substantially reduced the toxicity of AMB. To the same extent this also applied
to PEG-AMB-LIP (MTD of 15 mg AMB/kg).

The prolonged residence time of PEG-AMB-LIP as compared to AMB-LIP was
previously demonstrated at a dosage of 9 mg AMB/kg (corresponding to 85 gmol
lipidfkg) [30]. A valuable asset of the PEG-PE-containing liposomes is that they show
dosage-independent pharmacokinetics [2,3,25,31]. Taking together the data from
our present and our previous [30] study, it is concluded that for PEG-AMB-LIP
prolonged blood residence time is not depending on lipid dosage for a dosage
range of 4.7-85 pmol lipid/kg. These results are in good agreement with those
reported elsewhere for PEG-PE-liposomes with similar particle size [2,3,25,31],
demonstrating dosage independent blood circulation times for dosage ranges of 0.5-
500 gmolfkg in mice [3,25,31], and 3-100 gmolfkg [2,31] in rats. On the contrary,
as reported previously by Allen et al. [3], blood residence times of small liposomes
of approximately 100 nm in diameter, with a rigid liposomal bilayer and without
surface modifications are dependent on the lipid dose given. In the present study
it is shown that AMB-LIP blood residence time is depending on lipid dosage, which
is in accordance with these previous observations [3]. For AmBisome® dosage
dependent blood circulation of AMB was already reported previously [13,17,26,29].

The extent to which a prolonged residence time of liposomal AMB is of
importance for improved therapeutic efficacy was studied in a model of systemic
candidiasis in feukopenic mice after a single dose treatment, Efficacy of PEG-AMB-
LiP, AMB-LIP, and AmBisome® were compared at an equivalent dosage of 5 mg
AMB/kg (being the MTD of PEG-AMB-LIP in leukopenic infected mice). At this
dosage treatment with PEG-AMB-LIP was completely effective, treatment with AMB-
LiP was only partially effective. We conclude that therapeutic efficacy in this model
of deep systemic candidiasis is favored by a prolonged residence time of AMB-
liposomes in the blood compartment. Whether this is due to sustained release of
AMB during blood circulation or increased localization of AMB liposomes at the
sites of infection, as was described by others for localized site of infection [81 or
solid tumor {25,19), is not yet clear. AmBisome® at 5 mg AMB/kg was not effective
at all. Additionally, AMB-LIP and AmBisome® were both studied at their own MTD,
Complete efficacy of treatment could not be achieved with AMB-LIP, not even after
increase of the dosage up to 11 mg AMB/kg (MTD). AmBisome® at 29 mg AMB/kg
(MTD)} was as effective as treatment with PEG-AMB-LIP at the almost six-fold lower
dosage of 5 mg AMB/kg. Until now, efficacy of AmBisome® is compared with that
of AMB-DOC in several models of fungal infections [1,10,11,13,17,28]. From these
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studies it can be concluded that, depending on the model of fungal infection,
immune status of the host, and parameter for efficacy used, the antifungal activity
of AmBisome® is either somewhat less or equal to that of AMB-DOC at equivalent
dosages. However, treatment with AMB-DOC is restricted by acute toxicity. Using
AmBisome® much higher dosages are tolerated resulting in improved antifugal
efficacy, even in severe infection in immunocompromised animais. Only recently
[24], the interpretation of the data from these experimental studies on AmBisome®
has been critically discussed. The authors rightly note that a difference in toxicity,
and thereby in therapeutic index, between AmBisome® and AMB-DOC has always
been claimed on the basis of acute toxicity of rapidly injected AMB-DOC in small
taboratory animals. As in patients AMB-DOC is not administered as an iv bolus, but
by slow infusion, the authors studied therapeutic efficacy of both AMB-DOC and
AmBisome® in localized and systemic murine candidiasis, with AMB-DOC
administered at high dosages in multiple fractions. The observation that AmBisome®
was less active than high dosages of AMB-DOC indicate that by entrapment of AMB
in liposomes therapeutic efficacy might be reduced, From the present study it is also
clear that in AmBisome® reduction of toxicity is concomitant with reduction in
antifungal activity, and thereby in antifungal efficacy in vivo, At an equivalent
dosage, AMB-LIP, a formulation in which somewhat less reduction in toxicity goes
together with retainment of antifungal activity, shows better antifungal efficacy in
vivo.

By combining the data on toxicity, antifungal activity, blood residence time and
efficacy of treatment, two important conclusions can be drawn: First, from a
comparison between laboratory prepared AMB-LIP with industrially prepared
AmBisome®, it is clear that the method of preparation of an AMB-liposome
formulation greatly influences the toxicity, antifungal activity, and thereby the
antifungal efficacy in vivo. It should be stressed that maximal reduction of AMB
toxicity results in concomitant loss of antifungal activity and efficacy. Therefore for
optimization of the preparation of AMB-liposomes it is important to focus on both
reduction in AMB toxicity, while retaining antifugal activity. in both AMB-LIP and
PEG-AMB-LIP this is achieved. The second conclusion derived by comparing PEG-
AMB-LIP and AMB-LIP, is that therapeutic efficacy is favored by a prolonged
residence time of AMB-liposomes in the blood compartment.
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Efficacy of pegylated long-circulating amphotericin B-
liposomes versus AmBisome® in the treatment of systemic
candidiasis in leukopenic mice in relation to the severity

of infection
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ABSTRACY

The therapeutic efficacy of pegylated fong-circulating amphotericin B-liposomes
{PEG-AMB-LIP} was compared with that of commercially prepared AmBisome® in
a model of systemic candidiasis in feukopenic mice in relation to the severity of
infection. AmBisome® administered as a single dose (5 mg AMB/kg) 6 h after
Candida albicans inoculation was only partially effective: all mice survived up to
7 days after C.albicans inoculation, However, the number of C.albicans CFU in the
kidrey had neither increased nor decreased as compared to the start of treatment.
PEG-AMB-LIP at the same dosage was much more effective: all mice survived, and
the number of C.albicans CFU in the kidney was significantly reduced 3 to 7 days
after inoculation. If treatment was delayed to 20 h after inoculation, AmBisome®
was not effective anymore (60% mortality). In contrast, PEG-AMB-LIP retained its
efficacy. When multidose AmBisome® treatment was started 6 h after inoculation,
5 daily doses were needed to significantly reduce C.albicans CFU. When treatment
was delayed to 16 h after inoculation, even 5 daily doses of AmBisome® were not
effective anymore, and some of animals died. Further delay in treatment to 20 h
after inoculation resulted in increase in mortality to 70%. In sharp contrast, a single
dose of PEG-AMB-LIP was efficacious (zero mortality) even if treatment was delayed
to 20 h after inoculation. Since the efficacy of PEG-AMB-LIP could not be matched
by AmBisome®, even when sustained blood levels of AmBisome® were assessed by
a multidose regimen, it is concluded that prolonged blood residence time of AMB-
liposomes is not the only factor contributing to superior antifungal efficacy of PEG-
AMB-LIP observed in vivo, The high intrinsic antifungal activity of PEG-AMB-LIP
may be of great clinical significance in the treatment of severe invasive fungal
infection,
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INTRODUCTION

The ability to achieve a significantly longer blood residence time of fiposomes
opens new ways for improved delivery of antimicrobial agents to infected tissue
sites outside those that are included in the mononuclear phagocyte system (MPS)
[5}. Many reports have shown that hydrophilic phosphatidylethanolamine
derivatives of monomethoxy polyethyleneglycols (PEG-PE) attached to the liposomes
can effectively prolong their blood circulation time without the limitations of a high
lipid dose, small particle size, or rigid lipid bilayer [1,3,7,12,13]. Such pegylated
liposomes have been named sterically stabilized liposomes. The distinctive
properties of sterically stabilized liposomes makes them excellent candidates for
many therapeutic applications [4,5,81.

We recently showed [10] that long-circulating amphotericin B (AMB) containing
liposomes can be prepared by incorporation of PEG-DSPE. With the pegylated
AMB-liposome formulation developed at our laboratory (PEG-AMB-LIP) {10],
prolonged blood residence time, as well as substantial reduction of AMB toxicity
without loss of antifungal activity were achieved. Furthermore, from a study on the
effects of incorporation of PEG-DSPE in AMB-lipasomes on in vitro antifungal
activity, toxicity, and efficacy in systemic candidiasis in leukopenic mice [11] two
important conclusions were drawn: First, from a comparison between laboratory
prepared AMB-liposomes with commercially prepared AmBisome®, it became clear
that the method of preparation of an AMB-liposome formulation greatly influences
the toxicity, as well as antifungal activity, and thereby the antifungal efficacy in
vivo. For AmBisome® it was found that reduction of toxicity of AMB is associated
with a reduction of its antifungal activity. Therefore, for optimization of the
formulation of AMB-liposomes it is important to focus on reduction of AMB toxicity,
without reducing its antifungal activity, The second conclusion, derived by
comparing PEG-AMB-LIP and laboratory prepared AMB-liposomes, was that
therapeutic efficacy is favoured by a prolonged residence time of AMB-liposomes
in the blood compartment. In the present study, the significance of the
characteristics of prolonged blood residence time and high intrinsic activity of PEG-
AMB-LIP in the treatment of systemic candidiasis were studied by comparing the
antifungal efficacy of single dose PEG-AMB-LIP treatment to single- or multidose
AmBisome® treatment in relation to the severity of infection.

MATERIALS AND METHODS

Materials, Sabouraud dextrose agar was from Oxoid (Basingstoke, England).
Amphotericin B was kindly provided by Bristol Myers-Squibb, The Netherlands.
AmBisome®, consisting of HSPC:Chol:DSPG:AMB in a motlar ratio of 2:1:0.8:0.4,
was kindly provided by Vestar, Inc. (San Dimas, CA). Hydrogenated soybean
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phosphatidylcholine (HSPC), cholesterol (Chol), monomethoxy polyethyleneglycol
(1900 succinimidyl succinate (activated PEG), distearoylphosphatidylethanclamine
(DSPE), were all kindly provided by Vestar, inc, Dimethylsulphoxid (DMSQ} was
from Janssen Chimica (Tilburg, The Netherlands). Cyclophosphamide was from
Sigma (St, Louis, MO). PEG(1900) derivative of DSPFE (PEG-DSPE) was synthesized
as described by Blume and Cevc [6).

Candida strain, Candida albicans ATCC 44858 was used in all of the
experiments and was stored at -80°C in Todd-Hewitt broth {Difco laboratories,
Detroit, Mi, USA} containing 10% (v/v) glycerol.

Animals. Specified pathogen-free, 12-to 20-weeks-old female BALB/c mice were
obtained from lffa Credo {L'Arbresle, France),

Liposeme preparation, PEG-DSPE:HSPC:Chol:AMB in a molar ratio of 0.21:1.79:
1:0.32 (PEG-AMB-LIP) was prepared as described previously [10]. Briefly, AMB was
complexed to PEG-DSPE in chioroform-methanol (1:1, v/v) at 65°C, followed by
addition of HSPC and Chol. This lipid mixture was evaporated to dryness, and
subsequently hydrated by Vortex mixing in a buffer solution containing 10 mM
sodiumsuccinate and 10% (w/v} sucrose (pH 5.5) at 65°C. Phospholipid
concentration was determined by a phosphate assay [2]. AMB concentration was
determined spectrophotometrically at 405 nm, after destruction of the liposomes in
DMSO-methanaol (1:1, viv).

AmBisome®, consisting of HSPC:Chol:DSPG:AMB in a molar ratio of 2:1:0.8:0.4
was provided as a lyophilized preparation, The powder was reconstituted according
to the manufacturer’s instructions with distilled water at 65 °C to give a liposomal
suspension containing 4 g AMB/L and 35 g lipid/L, with an average liposome
particle size of 90 nm (range 88-92 nm}.

Efficacies of PEG-AMB-LIP and AmBisome? in leukopenic mice infected with
C.albicans. Leukopenia was induced by ip administration of cyclo-phosphamide at
100 mg/kg 4 days before C.albicans inoculation followed by an additional dose of
75 mg/kg on the day of inoculation, and at 3-day intervals thereafler. This treatment
resulted in persistent granulocytopenia {<0.1x10%1} from the time of C.albicans
inoculation up to termination of the study. Leukopenic mice were infected by
inoculation of 3x107 C.albicans CFU into the taif vein. Various treatment regimens
were studied;

Single dose PEG-AMB-LIP versus single dose AmBisome®, in relation to severity
of infection. PEG-AMB-LIP and AmBisome® were each administered iv as a single
dose of 5 mg AMB/kg at 6 h, or 20 h after C.albicans inoculation. This dosage is
the maximum tolerated dosage (MTD) of PEG-AMB-LIP in leukopenic mice
administered as a single dose at 20 h after inoculation with C.albicans, as
determined previously [11].

Single- versus multidose AmBisome® AmBisome® was administered iv at 5 mg
AMB/kg as a single dose, or daily for three, or five consecutive days at 5 mg AMB/
kg/day. Treatment was started 6 h after C.albicans inocuiation.
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Single dose PEG-AMB-LIP versus multidose AmBisome® in relation to severity
of infection. PEG-AMB-LIP was administered iv as a single dose, whereas
AmBisome® was administered iv daily for five consecutive days. Treatment was
started 6 h, 16 h, or 20 h after C.albicans inoculation,

Just prior to the start treatment and at three days as well as seven days after
C.albicans inoculation, surviving mice were sacrificed. The kidneys were removed
and processed for the determination of viable C.albicans, as described previously
{9]. The following criteria were used to assess the efficacy of treatment: survival of
mice up to seven days after Calbicans inoculation; a statistically significant
reduction of the numbers of C.albicans CFU in the kidneys at three days as well as
seven days after C.afbicans inoculation as compared to the CFU at the start of
antifungal treatment.

Statistical analysis, Results were expressed as the geometric means + S.D.
Differences in C.albicans CFU between the various treatment groups were analyzed
by the Mann-Whitney test.

RESULTS AND DISCUSSION

In leukopenic mice infected with C.albicans the infection is disseminated to the
kidney, liver, spleen and lung, and untreated as well as placeho-treated mice die
between 24 h and eight days after C.albicans inoculation [11]. As it was previously
shown [9,11] that both PEG-AMB-LIP as well as AmBisome® treatment resulted in
significantly reduced numbers of C.albicans CFU in liver, spleen and fung, in the
present study only the numbers of C.albicans CFU in the kidney were determined.

By increasing the delay between C.albicans inoculation and the start of
treatment, the efficacy of treatment in relation to the severity of infection could be
investigated. This was reflected in the number of C.albicans CFU in the kidney at
the start of treatment (Tables 1 and 3). The effect of single dose PEG-AMB-LIP versus
AmBisome®, in refation to severity of infection, is presented in Table 1. AmBisome?®
administered 6 h after C.alhicans inoculation was only partially effective: all mice
survived up to 7 days; however, the number of C.albicans CFU in the kidney had
neither increased nor decreased as compared to the start of treatment. PEG-AMB-LIP
at the same dosage was much more effective as all mice survived, and the number
of C.albicans CFU decreased significantly up to seven days after inoculation. if
treatment was delayed to 20 h after inoculation, AmBisome® was not effective
anymore, as 60% of animals died; in contrast PEG-AMB-LIP retained its efficacy
(zero mortality).

To investigate whether prolongation of the blood residence of AmBisome®,
obtained by repeated administration, would result in improved efficacy, the effect
of single- versus multidose treatment of AmBisome® was investigated (Table 2).
AmBisome® treatment started 6 h after C.albicans inoculation, and administered
datly for three or for five consecutive days, did not result in a significant reduction
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Table 1. Effect of single dose PEG-AMB-LIP versus single dose AmBisome® on survival of mice and growth of C.albicans in the
kidney in leukopenic mice®, in relation to severity of infection.

start of treatment® number start of treatment day 3 after inoculation® day 7 after inoculation®
treatment of
doses | Log,, CFU/Kidney® | survival Log, CFU/idney? | survival Log,, CFU/kidney! no. mice with
. % in surviving mice %o in surviving mice sterile
kidney/no.
surviving mice
6h untreated 3.20 + 0.16
PEG-AMB-LIP 1 100 1.04 + 0.39° 106 1.16 + 0.70° 0/10
AmBisome® 1 100 3.28 £ 0.20 100 3.47 + 0.41 0/10
20 h untreated 4.16 + 0.23
PEG-AMB-LIP 1 100 3.05 + 0.76° 100 1.99 = 0.42° 0/10
AmBisome® 1 70 5.26 + 0.57 40 3.92 = 0.57 0/4

days after C.albicans inoculation

*Leukopenic mice were inoculated iv at zero time with 3x10* C.albicans CFU; untreated as well as placebo-treated mice died between 24 h and eight

PPEG-AMB-LIP or AmBisome® was administered iv as a single dose at 5 mg AMB/kg

“Effect of treatment was determined at day 3 (n=10) as well as day 7 {n=10) after inoculation
“Fach value represents the geometric mean + SD

*P=0.01 compared with number of CFU at the start of treatment
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Table 2. Effect of single- versus multidose AmBisome® on survival and growth of C.albicans in the kidney in leukopenic mice’.

start of treatment® number start of treatment day 3 after inoculation® day 7 after inoculation®
d
treatment of doses Log,, CFU/kidney® | survival Log,, CFU/idney? | survival Log,, CFU/kidney® no. mice with
% in surviving mice % in surviving mice sterile kidney /
ng. surviving
mice
6 h untreated 3.20 + 0.16
AmBisome® 1 100 3.28 £ 0.20 100 347 + 0.41 0/10
AmBisome® 3 100 3.08 + 0.26 100 3.46 + 0.57 0/10
AmBisome® 5 100 2.90 + 0.44 100 2.63 + 0.46° 0/10

*Leukopenic mice were inoculated iv at zero time with 3x10* C.albicans CFU; untreated as well as placebo-treated mice died between 24 h and eight
days after C.albicans inoculation

®AmBisome® was administered iv as a single dose, or daily for three, or five consecutive days at 5 mg AMB/kg/day. Treatment was started at 6 h after
inoculation

Effect of treatment was determined at day 3 (n=10) as well as day 7 (n=10) after inoculation

9Each value represents the geometric mean + 5D

*P=0.01 compared with number of CFU at the start of treatment
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Table 3. Effect of single dose PEG-AMB-LIP versus multidose AmBisome® on survival of mice and growth of C.albicans in the kidney
in leukopenic mice®, in relation to severity of infection.

start of treatment® humber start of treatment day 3 after inoculation® day 7 after inoculation®
treatment of .
doses Log,, CFU/kidney* | survival lLog,, CFU/kidney? | survival Log, CFU/Kidney?  no. mice
% in surviving mice % in surviving mice  with sterile
kidney / no.
surviving
mice
6h untreated 3.20 + 0.16
PEG-AMB-LIP 1 100 1.04 = 0.39° 100 1.16 = 0.70° /10
AmBisome® 5 100 2.90 + 0.44 100 2.63 + 0.46° 0/10
16 h untreated 4.01 + 0.22
PEG-AMB-LIP 1 100 2.29 + 0.42° 100 1.35 + 0.51° 0/10
AmBisome® 5 90 4.79 + 0.40 oG 3.43 + 0.38 0/9
20h untreated 4.16 + 0.23
PEG-AMB-LIP 1 100 3.05 + 0.76° 100 1.99 + 0.42° oo
AmBisome® 5 60 5.39 + 0.45 30 4.57 + 1.11 0/3

3] eukopenic mice were inoculated iv at zero time with 3x10* C.albicans CFU; untreated as well as placebo-treated mice died between 24 h and eight
days after C.albicans inoculation

"PEG-AMB-LIP was administered iv as a single dose at 3 mg AMB/kg. AmBisome® was administered iv daily for five cansecutive days at 5 mg AMB/kg/
day

“Effect of treatment was determined at day 3 {n=10) as well as day 7 (n= 10} after inoculation

®Each value represents the geometric mean + SD

*P<0.01 compared with number of CFU at the start of treatment
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of C.albicans CFU at three days after inoculation. Only after five-day treatment the
number of C.albicans CFU was significantly lowered shortly after treatment {as
determined seven days after inocutation), Although antifungal efficacy was improved
after the five-day treatment with AmBisome®, the response to this therapy was, thus,
relatively slow,

It this model of systemic candidiasis, in which untreated animals start to die 24h
after C.albicans inoculation, it was questioned what would be the efficacy of five-
day treatment with AmBisome@ if the start of treatment was detayed. The effect of
single dose PEG-AMB-LIP versus multidose AmBisome® for five consecutive days,
in such delayed treatment protocol, is presented in Table 3. As was already shown
in the previous experiments both PEG-AMB-LIP as well as AmBisome® administered
6 h after C.albicans inoculation were both effective. When treatment was delayed
to 16 h after inoculation, AmBisome® was not effective anymore, as a small
percentage of animals died. Further delay of treatment to 20 h after inoculation
reswlted in a further increase in mortality. In contrast, a single dose of PEG-AMB-LIP
retained its efficacy even if it was only given 20 h after inoculation.

It is, thus, clear that single dose treatment with PEG-AMB-LIP is superior to five-
day treatment with AmBisome® in this model of systemic candidiasis in the
leukopenic host. We have previously shown [11], by comparing PEG-AMB-LIP and
laboratory prepared AMB-liposomes, that therapeutic efficacy is favoured by a
prolonged residence time of AMB-liposomes in the blood compartment. The present
study shows that the high efficacy as observed for PEG-AMB-LIP could not be
matched by AmBisome® even if, by a multidose regimen, its presence in blood was
prolonged. It is concluded that prolonged blood residence time of AMB-liposomes
is not the only factor contributing to the antifungal efficacy of such formulations in
vivo. OQur previous studies [11] showed that in AmBisome® reduction of toxicity of
AMB is associated with a reduction of its antifungal activity, in vitro as well as in
vivo. In PEG-AMB-LIP a substantial reduction of AMB toxicity was achieved,
without such a loss in antifungal activity. The present study clearly demonstrates the
high intrinsic activity of PEG-AMB-LIP: Only treatment with PEG-AMB-LIP and not
with AmBisome® resulted in decreasing numbers of C.albicans CFU in the kidney
within short periad of time after C.alhicans inoculation. The high intrinsic antifungal
activity of PEG-AMB-LIP may be of great clinical significance in the treatment of
severe invasive fungal infection, especially in the immunocompromised host,

REFERENCES

1. Allen TM. The use of glycolipids and hydrophilic polymers in avoiding rapid uptake
of liposomes by the mononuclear phagocyle system. Adv Drug Deliv Rev 1994;13:285-

309,
2. Ames B.N., Dubin D.T. The role of polyamines in the neutralization of bacteriophage

deoxyribonucleic acid. } Biol Chem 1960;235:769-75.

143



Chapter 8

3

10.

1.

12

144

Bakker-Woudenberg IAJM, Lokerse AF, Ten Kate MT, Mouton JW, Woodle MC, Storm
G. Liposomes with prolonged blood circuiation and selective localization in Klebsiella
pneumoniae-infected lung tissue. | Infect Dis 1993;168:164-71.

Bakker-Woudenberg IAJM, Ten Kate MT, Stearne-Culfen LET, Woadle MC. Efficacy of
gentamycin or ceftazidime entrapped in liposomes with prolonged blood circulation
and enhanced localization in Klebsiella pneumoniae infected hung tissue, | Infect Dis
1995;171:938-47.

Bergers JJ, Ten Hagen TLM, Van Etten EWM, Bakker-Woudenberg IAJM. Liposomes as
delivery systems in the prevention and treatment of infectious diseases, Pharmacy
World & Science 1995;17:1-11,

Blume G, Cevc G. Liposomes for the sustained drug release in vivo. Blochim Biophys
Acta 1990;1029:91-7.

Klibanov AL, Huang L. Long circulating liposomes: development and perspectives. J.
Liposome Res. 1992;2:321-34,

Papahadjopoulos D, Allen T, Gabizon A, Mayhew £, Matthay X, Huang SK, Lee KD,
Woodle MC, Lasic DD, Redemann C, Martin Fi. Sterically stabilized liposomes:
improvements in pharmacokinetics and antitumor therapeutic efficacy. Proc Natl Acad
Scl USA 1991;88:11460-4.

Van Etten EWM, Van den Heuvel-De Groot C, Bakker-Woudenberg JAJM. Efficacies of
amphotericin B-desoxycholate (Fungizone), liposomal amphotericin B (AmBisome) and
fluconazole in the treatment of systemic candidosis in immunocompetent and
leucopenic mice. J Antimicrob Chemotherapy 1993;32:723-39.

Van Etten EWM, Van Vianen W, Tijhuis R, Storm G, Bakker-Woudenberg |AJM.
Sterically stabilized amphotericin B-liposomes: toxicity and bicdistribution in mice. J.
Control. Release. 1995;in press.

Van Etten EWM, Ten Kate MT, Stearne LET, Bakker-Woudenberg IAJM. Amphotericin
B liposomes with prolonged circulation in bload: in vitro antifungal activity, toxicity,
and efficacy in systemic candidiasis in leukopenic mice. Antimicreb Agents Chemother
1995;39:1954-8,

Woaodle MC, Lasic DD, Sterically stabilized liposomes. Bicchim Biophys Acta
1992;1113:171-99,

. Woodle MC, Matthay KK, Newman MS, Hidayat JE, Coolins LR, Redemann C, Martin

FJ, Papahadjopoulos D. Versatility in lipid compositions showing prolonged circulation
with sterically stabilized liposomes. Biochim Biophys Acta 1992;1105:193-200.



Chapter 9

First evidence of efficacy of pegylated long-circulating
amphotericin B-liposomes in the treatment of pulmonary
aspergillosis in leukopenic rats

Fls WM van Etten, Lorna ET Stearne-Cullen,
Henri A Verbrugh, and Irma AJM Bakker-Woudenberg

145



Chapter 9

ABSTRACT

In the present study, first evidence of the antifungal efficacy of pegylated long-
circulating amphotericin B-liposomes (PEG-AMB-LIP} in a model of pulmonary
aspergillosis in persistently leukopenic rats is presented. Treatment started 30 h after
Aspergillus fumigatus inoculation with a single dose of 10 mg AMB/kg PEG-AMB-
LIP was evaluated in terms of survival of rats as well as in numbers of viable
Aspergillus fumigatus in post-mortem cultures of left and right lung, and liver. At
the start of treatment the Aspergiflus fumigatus conidia had germinated to hyphae.
Survival was significantly prolonged by PEG-AMB-LIP treatment. Post-mortem
cultures in treated rats were not different from those in untreated rats. These data
are encouraging and warrant further exploration of the therapeutic efficacy of PEG-
AMB-LIP in invasive pulmonary aspergillosis.
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INTRODUCTION

As in granulocytopenic patients the mortality from pulmonary aspergillosis
remains high despile aggressive antifungal therapy, there is an urgent need for
therapeutic advances [10]. Although experimental studies on the efficacy of various
antifungal agents and amphotericin B (AMB)-lipid formulations have been performed
{1,2,3,5,9,10,11,12,13,14], in only two models of pulmonary aspergiliosis, one in
rabbits [3,11] and ancther in rats [13], the respiratory route of infection as well as
profound and persistent granulacytopenia were part of the experimental design. In
these two models of invasive pulmonary aspergillosis, improved survival of animals
after multidose treatment with Amphocil® [3]1 or AmBisome® [11,13] has been
reported. 1t is evident that Amphocil® and AmBisome® have quite different structural
and pharmacokinetic characteristics [3,11]. The small discoidal particles of
Amphocit® are rapidly taken up by the mononuclear phagocyte system, whereas
small liposomes as in AmBisome® remain in the circulation for relatively prolonged
periods. Untii now it is not known whether prolonged residence of AMB-liposomes
in the blood compartment is relevant for the efficacy of such formulations in
invasive pulmonary aspergillosis. A pegylated long-circulating amphotericin B
(AMB)-liposome formulation {PEG-AMB-LIP} was developed in our faboratory [16],
PEG-AMB-LIP has recently been shown to greatly improve the antifungal efficacy
of AMB in severe invasive candidiasis after only single dose treatment [17]. With
respect to the treatment of pulmonary infection, it has been shown in our laboratory
that pegylated liposomes selectively localize at the site of Klebsiella pneumoniae-
infected lung tissue [7], resulting in improved efficacy of gentamicin or ceftazidime
entrapped in such long-circulating liposomes [8]. In the present study it was
investigated whether a single-dose of long-circulating PEG-AMB-LIP was effective
in the treatment of invasive pulmonary aspergillosis in persistently leukopenic rats.

MATERIALS AND METHODS

Materials. Sabouraud dextrose agar (SDA) was from Oxeid (Basingstoke,
England). Amphotericin B was kindly provided by Bristol Myers-Squibb, The
Netherlands. Hydrogenated soybean phosphatidylcholine{HSPC}), cholesterol (Chol),
and polyethylene glycol (1900) derivatized distearoylphosphatidylethanolamine
(PEG-DSPE}, were all kindly provided by LTI, Inc. (Menlo Park, CA).
Dimethylsulphoxid (DMSQ) was from Janssen Chimica (Tilburg, The Netherlands).
Cyclophosphamide was from Sigma (St. Louis, MO},

Aspergillus strain, A clinical isolate of Aspergillus fumigatus from an immuno-
compromised patient with invasive pulmonary aspergitlosis was used. This strain
was stored under oil on SDA. For inoculation a suspension of conidia of
A.fumigatus in sterile saline was prepared.
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Animals. Specified pathogen-free, 18- to 25-weeks-old (weight 185-225 g} female
R strain albino rats were obtained from Harlan CPB, Rijswijk, The Netherlands.

Immunosuppression and supportive care. Leukopenia was induced by ip
administration of cyclophosphamide at 90 mg/kg 5 days before A.fumigatus
inoculation followed by an additional dose of 60 mgfkg on the day before
tnoculation, and at 4-day intervals thereafter, This treatment resulted in persistent
granulocytopenia (<0.5x10%L) from the time of A.fumigatus inoculation up to
termination of the study. To prevent bacterial superinfection strict hygienic care was
applied, and rats received ciproftoxacin {660 mg/L) and polymyxin E (100 mg/L} in
their drinking water during the whole experiment. From the day before inoculation
daily amoxicillin (40 mg/kg/dose), administered intramusculary, was added to this
regime for the remainder of the experiment. Shortly before and after inoculation
gentamicin (40 mg/kg/dose) was administered intramusculary.

Liposome preparation, PEG-DSPE:HSPC:Chol:AMB in a molar ratio of 0.21:1.79;
1:01.32 (PEG-AMB-LIP) was prepared as described previously [16]. Briefly, AMB was
complexed to PEG-DSPE in chloroform-methanot (1:1, v/v) at 65°C, followed by
addition of HSPC and Chol. This lipid mixture was evaporated to dryness, and
subsequently hydrated by Vortex mixing in a buffer solution containing 10 mM
sodium-succinate and 10% (w/v) sucrose {pH 5.5) at 65°C, Phospholipid
concentration was determined by a phosphate assay [4]. AMB concentration was
determined speclrophotometrically at 405 nm, after destruction of the liposomes in
DMSO-methanol {1:1, viv),

Experimental lung infection, Experimental pulmonary aspergillosis was obtained
according to the method used in the experimental pneumonia model (left fung) with
Klebsiella pneumoniae as described by Bakker-Woudenberg [6]. Briefly, rats were
anaesthetized after which the left main bronchus was intubated and the left fung
was inoculated with 0.02 m| of conidial suspension.

Efficacy of PEG-AMB-LIP in leukopenic rats infected with A.fumigatus.
Leukopenic rats were inoculated with 10° conidia A.fumigaius. PEG-AMB-LIP {10
mg AMB/kg) was administered iv as a single dose at 30 h after A.fumigatus
inoculation. Survival (days after inoculation) was recorded for each rat. Post-mortem
the left and right lung, and the liver were removed and processed for the
determination of viable A.fumigatus, as described previously for C.albicans [15]).
The following criteria were used to assess the efficacy of treatment: survival of rats
up to twelve days after A.fumigatus inoculation and reduction in the numbers of
A.fumigatus CFU in the various organs at time of death as compared to the numbers
found in rats feft untreated.

Statistical analysis. Statistical evaluation of differences in the survival curves
between PEG-AMB-LIP-treated and untreated groups of rats was performed by the
fog rank test. This test examines the decrease in survival with time as well as the
final percentage of survival. Results of post-mortem cultures were expressed as the
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geometric means + S.D. Differences in A.fumigatus CFU between the two groups
were analyzed by the Mann-Whitney test.

RESULTS AND DISCUSSION

In this model of pulmonary aspergillosis untreated rats died between 5 to 8 days
after inoculation. Post-mortem cultures in these untreated rats (Table 1) revealed that
at the time of death the infection had disseminated to the right fung in all rats and
to the liver in the majority of the rats (11 out of 15). Whether mortality is directly
refated to the dissemination of the infection remained unclear. The effect of
treatment started 30 h after inoculation with a single dose of PEG-AMB-LIP {10 mg
AMB/kg) on survival of the rats is presented in Figure 1. At the start of treatment the
conidia had already germinated to hyphae. Treatment resulted in significantly (P<
0.001) prolonged survival. However, post-mortem cultures in the treated rats (Table
1) were not different from those in untreated rats.
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Figure 1. Effect of single dose administration of PEG-AMB-LIP on survival of
leukopenic rats with pulmonary aspergillosis (Kaplan-Meier plot}. Leukopenic rats
were inoculated in the left lobe of the lung with 10° conidia A.fumigatus at zero
time. Rats were treated with PEG-AMB-LIP { - - - - ) adminstered at 30 h after
inoculation, ar left untreated({ —— ). *P=0.007 versus untreated rats,
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Table 1. Effect of single dose PEG-AMB-LIP on Jung infection with A.fumigatus and dissemination to other organs in leukopenic
rats®.

start of treatment® dosage Log,, CEU/organ® in deceased rats® no. culture positive organs? /
treatment (mg/kg) total no. rats
left fung right lung liver left lung  right lung liver
untreated 3.4 + 0.4 1.8 £ 0.9 1.4 £ 1.0 16/16 15/15 11/15
30h PEG-AMB-LIP 10 3.1 + 0.8 1.4 + 0.9 0.7 + 1.0 15/15 14/16 6/16

3Leukopenic rats were inoculated in the left lung at zero time with 10° conidia A.fumigatus
PPEG-AMB-LIP was administered iv as a single dose

“Fach value represents the geometric mean + SD

“Effect of treatment was determined by post-mortem cultures
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With respect to other AMB-lipid formulations only limited data on efficacy in
animal models of invasive aspergiliosis are available [1,3,9,11,12,13,14]. The
clinical relevance of some of the animal models is questionable, as A.fumigatus was
mostly inoculated iv instead of via the respiratory route [1,9,12,14}. In addition,
some of the studies were in animals that were not persistently granulocytopenic
{1,9,12]. In immunocompetent animals or in animals treated with corticosteroids for
suppresion of macrophage antifungal actvity, high doses of various AMB-lipid
formulations proved to be efficacious in terms of survival of animals and/or
clearance of A.fumnigatus from infected organs. A recent study reported on the effect
of prophylaxis of pulmonary aspergillosis with aerosolized AmBisome® [2}, which
was found to be highly protective against the development of pulmonary
aspergillosis after intranasal challenge with A.fumigatus conidia.

In the two clinically relevant models of pulmonary aspergillosis in
granulocytopenic animals, one in rabbits [3,11] and another in rats [13] improved
survival of animals after multidose treatment with Amphocil® [3] or AmBisome®
[11,13] has been reported. The data from the present study indicate increased
survival of rats after only a single dose of long-circulating PEG-AMB-LIP, and are
encouraging for further exploring the therapeutic efficacy of PEG-AMB-LIP in
invasive pulmonary aspergillosis.
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There has been a steady increase in the incidence of invasive fungal infections.
Presently, these infections are among the most important causes of morbidity and
mortality among patients with cancer and among other severely
immunocompromised hosts [5,39,42]. As the overall prognosis for patients with
invasive fungal infections remains poor, there is a critical need to improve the
treatment of these infections, Parenteral administration of amphotericin B {AMB}
remains the therapy of choice for most invasive fungal infections, AMB is
administered as AMB-desoxycholate (AMB-DOC or Fungizone®), but its use is
significantly limited by its toxic side effects [17]. New antifungal agents, such as the
triazole fluconazole (FLU) and liposomal AMB have bheen developed for the
management of invasive fungal infections [9,13,18,20,21,29,42]. The role of these
new agents in the treatment of invasive fungal infections in the leukopenic host is
not clearly defined nor well understood.

The primary aim of the wark presented in this thesis was to gain further insight
into the therapeutic value of existing and newly developed liposomal formulations
of AMB in the treatment of invasive fungal infections.

To this end, different animal models of invasive fungal infections were
developed. Clinically relevant issues including persistent leukopenia and
dissemination of infection, are addressed. One medel was an invasive Candida
albicans infection with dissemination to the kidney, fiver, spteen, and lung in mice
which were rendered persistently leukopenic. In addition, a model of invasive
candidiasis restricted to the kidney in immunocompetent mice was used. Finally,
a model of Aspergillus fumigatus one-sided pulmonary infection in persistently
leukopenic rats was developed, in which the fungus disseminated to the right lung
and to the liver during the course of the infection [28].

The question of the impact of a fungistatic agent, FLU, versus that of the
fungicidal agent, AMB-DOC, on treatment of invasive candidiasis was covered in
the first two studies (chapters 2 and 3). Although the in vitro activity of AMB-DOC
against C.albicans was high, the antifungal activily was influenced by factors
relevant to its efficacy in the treatment of infection: activity of AMB-DOC was
substantially reduced by the presence of serum. AMB-DOC activity was only slightly
hindered by an intracellular localization of the yeast (in peritoneal macrophages).
For FLU, even at high concentrations, antifungal activity against extracelfular
C.albicans was restricted to inhibition of fungal growth. Furthermore, FLU was not
effective against intracellular C.albicans. Therefore, it was guestioned whether FLU
could effectively eradicate C.albicans in vive, in particular when host defense
mechanisms are severely impaired. In immunocompetent mice FLU was effective
as long as treatment was given, whereas in leukopenic mice efficacy was only
obtained if treatment was started in the early phase of the disease. In well
established C.albicans infection in leukopenic mice FLU was definitely not
efficacious when treatment was delayed. Other investigators [40,41] came to a
similar conclusion regarding FLU efficacy in their models of invasive candidiasis in
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persistently granulocytopenic rabbits, It is now generally accepted that treatment
with FLU in established invasive candidiasis in granulocytopenic patients is not
recommended, although limited studies in such patients have shown some
encouraging results [9,20,29]. Another issue that became clear once more in the
present study, was that in contrast with the potent antifungal activity of AMB-DOC
in vitro, the in vivo therapeutic efficacy of AMB-DOC is very limited, especially in
leukopenic animals, due to the low maximum tolerated dosage (MTD}.

The rationale for the use of AmBisome®, ane of the industrially prepared AMB-
tipid formulations, was to make use of the potent fungicidal effect of AMB while,
at the same time, reducing its toxicity by liposomal encapsulation. The antifungal
efficacy of AMB was far improved with AmBisome®, being highly effective in
multidose treatment regimens. High dosages reduced C.albicans in the kidney and
other organs as well as prevented relapse of infection, even in severe infection
{(chapter 3}. It should be noted, however, that at equivalent dosages, AmBisome®
was less effective than AMB-DQOC. On the other hand, much higher dosages were
tolerated for AmBisome® in these mice, resulting in improved therapeutic efficacy.
Studies of AmBisome® in other models of fungal infection showed either equivalent
or reduced antifungal efficacy at equal dosages when compared to AMB-DOC [i,
11,12,14,19,31].

With respect to the biodistribution of AMB after administration of AMB-DOC or
AmBisome® (chapter 4}, it was shown for both formulations that the condition of
the animals {immunccompetent uninfected mice versus leukopenic mice infected
wilh C.albicans ) did not influence on the biodistribution patterns, Comparing the
biodistribution of AMB-DOC and AmBisome?® at equivalent dosages revealed that
encapsulation of AMB resulted in increased AMB levels in blood. In addition
increased AMB concentrations were present in the mononuclear phagocyte system
{MPS), particularly the liver and spleen, whereas concentrations in kidney and lung
were lower, The low AMB levels in the kidney after AmBisome® treatment may
explain the decreased antifungal efficacy in invasive candidiasis when compared
with AMB-DOC at equivalent dosages. Uptake of AmBisome® by MPS-tissues was
highly dosage dependent and saturable. As a result, at high lipid dosages a
prolonged circulation of AmBisome® in blood could be obtained. After
administration of AmBisome® at the MTD, biood and tissues retained high AMB
concentrations, it should be emphasized that these high concentrations of AMB did
not lead to toxicity. Recently, simitar results were published with respect to the
biodistribution of AmBisome® in rabbits {27].

In studies from other investigators on biodistribution of AmBisome® and other
AMB-lipid formulations only data on total AMB concentrations in serum and tissues
have been reported [14,19,23,27,34]. No distinction could be made between lipid-
associated AMB and nonipid-associated AMB. Radiolabeling of AmBisome® using
a radioactive marker which is a representative of intact liposomes [15], allowed us
to determine whether AMB concentrations measured in blood represented liposome
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associated AMB or not. The high AMB concentrations in blood represented
liposome entrapped AMB. During circulation slow release of AMB occurred
{chapter 4).

It is suggested by many investigators that AMB is biologically inactive when
associated with liposomes. Even today it remains unclear whether release of AMB
is of importance for antifungal activity, In vitro AMB remains tightly associated to
the liposomes in AmBisome® in the presence of serum, and AMB has not
necessarily to be released from AmBisome® in order to express antifungal activity
against C.albicans (chapter 5). Similar results have recently been reported by others.
These authors even showed that AmBisome® can act on both phagocytized and
non-phagocytized fungal cells, resulting in death of the fungi [2,35]. For a lipid
formulation of AMB in DMPC/DMPG (7:3), it was reported that AMB can be
released from the lipid-complex by fungal lipases [33]. Whether fungal lipases play
a role in the release of AMB from AmBisome® in the close vicinity of the fungus,
and whether this is necessary for antifungal activity is not yet clear.

An important issue on which only very limited data were available, is the
antifungat activity of AmBisome® against intraceliularly growing C.albicans.
C.albicans can be considered as a facultative intracellular pathogen, as it is able to
survive inside unactivated macrophages and to grow out of these cells by forming
germ tubes (chapter 2). AMB-DOC is higly active against intracellular C.albicans
(chapter 2). Therefore, it was guestioned whether encapsulation of AMB in
AmBisome® would be an advantage with respect to antifungal activity against
intracellular C.albicans in peritoneal macrophages (chapter 5). In parallel with the
antifungal activities against extracellular C.albicans (chapter 3), the intracellufar
antifungal activity of AMB-DOC was much higher than that of AmBisome®
Although numerous studies have demonstrated that liposomes are phagocytized
effectively by macrophages both in vitro and in vivo [37], an explanation for the
low intraceltular activity of AmBisome® might be low uptake of AmBisome® by
macrophages infected with C.albicans. However, in the present study locatization
experiments with fluorescens-labefed AmBisome® clearly showed that AmBisome®
is taken up by macrophages, both by uninfected macrophages and macrophages
infected with C.albicans. A more likely explanation for the relatively low
intracellular activity Is slow intracellular degradation of AmBisome®. AmBisome?®
is a solid type liposome, composed of saturated phospholipids with high transition
temperatures and cholesterol, which is expected to be slowly degraded
intracellufarly. In another study using ampicitlin entrapped in a solid {iposome type,
relatively stow intracellular degradation in macrophages was demonstrated [6],
resulting in a delayed intracelluiar release of the entrapped ampicillin, and hence
absent or delayed killing of intracellular Listeria monocytogenes.

As macrophages seemed to be occupied with the intracellufar degradation of
AmBisome® for a substantial period of time, an important question was whether
uptake and degradation of AmBisome® in uninfected macrophages had effects on
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subsequent C.albicans ingestion and on intracellular growth of C.albicans (chapter
5). The presence of AmBisome?® inside uninfected macrophages did not influence
uptake of C.albicans by the same macrophages. Furthermore, previous exposure of
uninfected macrophages to AmBisome® was advantageous for antifungal activity of
AmBisome® against intracellular C.albicans. It was recently reported that phagocytic
cells may even play a role in transport and accumulation of liposomal AMB into
inflammatory sites in vivo [30]. Whether leukocytes play an important role in
transport or degradation of AmBisome@ at inflammatory sites should be investigated.

We hypothesize that AmBisome® exerts its antifungal activity in the leukopenic
host at sites of infection outside the MPS via tweo different routes, as illustrated in

Figure 1.

MPS Blood

Compartment

Site of infection
outside MPS

macrophages

ROUTE 1

Figure 1. Schematic representation of the routes via which AmBisome® exerts its
antifungal activity,

After intravenous administration of AmBisome®, intact liposomes circulate in
blood with onty negligible release of AMB from the liposomes during circulation,
One route is that following uptake and processing of AmBisome® by macrophages
of the MPS, AMB is released inside the macrophages. In this way the cells of the
MPS serve as a ‘depot’ from which AMB is sfowly released without reaching toxic
levels in blood. The second route is that intact AmBisome® reaches the site of
infection: at the site of infection direct interaction between AmBisome® and the
fungal cell may occur or AMB may be released from AmBisome® in the close

vicinity of the fungus,
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In case direct interaction between AmBisome® and the fungal cells is crucial for
the in vivo antifungal efficacy, it is important that intact AMB-liposomes localize at
the site of infection. Prolonged blood residence probably allows the localization of
more intact liposomes at sites of infection outside MPS-tissues. For liposome types
such as AmBisome®, that have a small particle size and a rigid bilayer without
surface modifications, blood residence time is primarily dependent on the lipid dose
administered. Only at high lipid dosages blood circulation times are prolonged due
to decrease in hepatosplenic uptake of liposomes, indicative of saturation of the
MPS (chapter 4). Advances in liposome technology, especially the incorporation of
hydrophilic phosphatidylethanotamine derivatives of monomethoxy polyethylene-
glycols (PEG-PE) inte liposomes, have resulted in the ability to achieve longer blood
residence time of liposomes without the constraints of high lipid dose, small particle
size, or rigid nature of the bilayer [4,25,32,43,44]. Such pegylated long-circulating
liposomes have been named sterically stabilized liposomes or MPS avoiding
liposomes,

Can pegylated iong-circulating AMB-liposomes be prepared? Successful liposomal
encapsulation of AMB requires that AMB is complexed, e.g. to the negatively
charged phospholipid distearoylphosphatidyiglycerol{DSPG), as in AmBisome®. We
reasoned that the net negative charge of PEG-DSPE could also be used for
complexation of AMB. Two different formulations of PEG-DSPE containing
liposomes with AMB were prepared (chapter 6). PEG-AMB-LIP type 1, in which
AMB was complexed to DSPG, as well as PEG-AMB-LIP type 2, in which AMB was
complexed to PEG-DSPE and DSPG was omitted from the preparation. PEG-AMB-
LIP type 1 was as toxic as AMB-DOC, and was omitted from further studies on
biodistribution. With PEG-AMB-LIP type 2 a relatively non-toxic preparation with
a prolonged blood residence time was obtained. Now that a pegylated long-
circulating AMB-liposome formulation was available, an urgent question was that
of the efficacy of this PEG-AMB-LIP type 2 (further referred to as PEG-AMB-LIP) in
the treatment of fungal infections in the leukopenic host.

In our modef of invasive candidiasis in leukopenic mice PEG-AMB-LIP was
compared with industrially prepared AmBisome® and with AMB-liposomes (AMB-
LiP), that had the lipid compaosition as in AmBisome®, but were prepared at our
laboratory {chapter 7). PEG-AMB-LIP and AMB-LIP were almost equal in in vivo
toxicity and in vitro antifungal activity, however they differed in blood residence
time. Blood residence time of PEG-AMB-LIP was mare profonged, even at a low
lipid dosage. Industrially prepared AmBisome® and faboratory prepared AMB-LIP
differed in in vivo toxicity and in vitro antifungal activity. AmBisome® was less toxic
than AMB-LIP, however antifungal activity in vitro was substantially reduced as
compared to AMB-LIP. In our medel of invasive candidiasis in leukopenic mice
PEG-AMB-LIP was completely effective after a single dose of its MTD, whereas at
this AMB dosage AMB-LIP was partially effective and AmBisome® was not effective.
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At its own MTD, which was almost six-fold higher than the MTD of PEG-AMB-LIP,
AmBisome® was also completely effective.

Evaluating the data from these three different AMB-liposome formulations on in
vivo toxicity, in vitro antifungal activity, blood residence time and efficacy of
treatment in vivo allow two important conclusions to be drawn: First, from a
comparison between laboratory prepared AMB-LIP and industrially prepared
AmBisome®, it became clear that the method of preparation of an AMB-liposome
formulation greatly influences the toxicity, in vitro antifungal activity, and thereby
the antifungal efficacy in vivo. A substantial reduction of AMB toxicity is clearly
associated with considerable loss of antifungal activity in vitro and efficacy in vivo.
ldeally, for optimization of an AMB-liposome formulation it is important to focus
on reduction in AMB toxicity, without reducing its potent antifungal activity. The
secand conclusion, derived by comparing PEG-AMB-LIP and AMB-LIP, was that
therapeutic efficacy is favored by a prolonged residence time of AMB-liposomes in
the blood compartment. Whether this was due to sustained release of AMB during
blood circulation or to an increased localization of AMB liposomes at the sites of
infection, as was described by others for localized infection [7,8] or solid tumor
{16,221, has to be further investigated. Apart from the prolonged blood circulation
time of PEG-AMB-LIP its high intrinsic antifungal activity may be of great clinical
significance in the treatment of severe invasive fungal infection. Only treatment with
PEG-AMB-LIP, and not with AmBisome®, even if administered repeatedly, resulted
in decreasing numbers of C.afbicans in the kidney within short period of time after
C.albicans inoculation {chapter 8). It has been reported recently that, even at high
doses, AmBisome® treatment was not effective in an experimental model of
hematogenous infection with two non-albicans Candida strains, showing moderate
susceptibility for AMB [24). For the treatment of such infections the high intrinsic
antifungal activity of PEG-AMB-LIP and the reduced frequency of administration of
these pegylated fong-circulating AMB-liposomes open new therapeutic options,

The final challenge was to investigate whether the improved antifungal efficacy
of PEG-AMB-LIP, as observed in our candidiasis model, could be extrapolated to
another very difficult to treat fungal infection: putmeonary invasive aspergitlosis in
the leukopenic host {chapter 9). In granulocytopenic patients the mortality from
pulmonary aspergitlosis remains high despite aggressive antifungal therapy; thus,
there is an urgent need for therapeutic advances. Our first data from a model of
invasive pulmonary aspergillosis in persistently leukopenic rats showed that survival
was significantly prolonged after only a single dose of PEG-AMB-LIP. These data are
very encouraging and warrant further exploration of the therapeutic advantages of
PEG-AMB-LIP in this model of pulmonary aspergitlosis in rats. Whereas the present
study focused on systemic intravenous administration of AMB-liposomes in the
treatment of pulmonary aspergillosis, local administration of aerosolized
AmBisome® in the prophylaxis of pulmonary aspergillosis has been recently
described as an alternative modality for achieving high concentrations of antifungal

159



Chapter 10

agent at the site of infection [3,38]. Whether the approaches of systemic
administration of pegylated long-circulating AMB-liposomes, or local administration
of AMB-liposomes, or combinations thereof will be successful in the prophylaxis
and/or treatment of an established pulmonary fungal infection in man should be
further evaluated.

In addition to antifungal chemotherapy, it is important to remember the critical
role played by host defense mechanisms. A functional nonspecific and specific
immune system is the best defense against opportunistic fungi. Thus, biological
response modifiers, such as interferons, interleukins and colony-stimulating factors
may in the fulure prove to he important adjuncts to antifungal chemotherapy
[10,26,36].

Coming back to the aim of the present study, stated on the first page of this
chapter, a number of clear answers were obtained. For treatment of established
invasive fungal infections in the leukopenic host, it is absolutely necessary to use
a fungicidal agent, such as AMB-DOC, even though it is highly toxic. With
AmBisome® it is possible to virtually eliminate the toxicity of AMB. However, the
reduction of intrinsic antifungal activity associated with the reduction of AMB's
toxicity is not well recognized. It should be emphasized that high dosages of
AmBisome® are needed for treatment to be effective. However, the present study
shows that it is now possible to abolish the toxicity of AMB by liposomal
encapsulation without reducing its intrinsic antifungal activity, Pegylated long-
circulating  AMB-lipasomes (PEG-AMB-LIP} meet these requirements. Results
observed with PEG-AMB-LIP in two models of difficult to treat fungal infections are
very encouraging. The development of pegylated AMB-liposomes opens new ways
to improve the treatment of invasive fungal infections in the immunocompromised
host. Further development of AMB-liposome-technology, thus, remains highly
relevant,
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Summary

As the overall prognosis for patients with invasive fungal infections remains poor,
there is a critical need to improve the treatment of these infections. Parenteral
administration of amphotericin B (AMB) remains the therapy of choice for most invasive
fungal infections. AMB is administered as AMB-desoxycholate (AMB-DOC or
Fungizone®), hut its use is significantly limited by its toxic side effects. New antifungal
agents, such as the triazole fluconazole (FLU) and liposomal AMB have been developed
for the management of invasive fungal infections. The role of these new agents in the
treatment of invasive fungal infections in the leukopenic host is not clearly defined nor
well understood.

The primary aim of the work presented in this thesis was to gain further insight into
the therapeutic value of existing and newly developed liposomal formulations of AMB
in the treatment of invasive fungal infections.

First of all, the question of the impact of a fungistatic agent, FLU, versus that of the
fungicidal agent, AMB-DOC, on treatment of invasive candidiasis was addressed
{chapters 2 and 3). Although the in vitro activity of AMB-DOC against C.albicans was
high, the antifungal activity was influenced by factors relevant to its efficacy in the
treatment of infection: activity of AMB-DOC was substantially reduced by the presence
of serum. AMB-DOC activity was only slightly hindered by an intracellular localization
of the yeast (in peritoneal macrophages). For FLU, even at high concentrations,
antifungal activity against extracellular C.albicans was restricted to inhibition of fungal
growth. Furthermore, FLU was not effective against intracellular C.albicans, Therefore,
it was questioned whether FLU could effectively eradicate C.albicans in vivo, in
particular when host defense mechanisms are severely impaired. In immunocompetent
mice FLU was effective as long as treatment was given, whereas in leukopenic mice
efficacy was only obtained if treatment was started in the early phase of the disease. In
well established C.albicans infection in leukopenic mice FLU was definitely not
efficacious when treatment was delayed. In contrast with the potent antifungal activity
of AMB-DOC in vitro, the in vivo therapeutic efficacy of AMB-DOC in invasive
candidiasis was very limited, especially in leukopenic animals, due to the low
maximum tolerated dosage (MTD).

The rationale for the use of AmBisome®, one of the industrially prepared AMB-lipid
formulations, was to make use of the potent fungicidal effect of AMB while, at the same
time, reducing its toxicity by Hposomal encapsulation. The antifungal efficacy of AMB
was far improved with AmBisome®, being highly effective in multidose treatment
regimens. Migh dosages reduced C.albicans in the kidney and other organs as well as
prevented relapse of infection, even in severe infection {chapter 3). It should be noted,
however, that at equivalent dosages AmBisome® was less effective than AMB-DOC. On
the other hand, much higher dosages were tolerated for AmBisome?® in these mice,
resulting in improved therapeutic efficacy.

With respect to the biodistribution of AMB after administration of AMB-DOC or
AmBisome® (chapter 4}, it was shown for both formulatians that the condition of the
animals (immunocompetent uninfected mice versus leukopenic mice infected with
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C.albicans) did not influence the biodistribution patterns. Comparing the biodistribution
of AMB-DOC and AmBisome® at equivalent dosages revealed that encapsulation of
AMB resulted in increased AMB levels in blood. In addition increased AMB
concentrations were present in the mononuclear phagocyte systern (MPS), particularly
the liver and spleen, whereas concentrations in kidney and lung were lower. Uptake
of AmBisome® by MPS-tissues was highly dosage dependent and saturable. As a result,
at high lipid dosages a prolonged circulation of AmBisome® in blood could be
obtained. After administration of AmBisome® at the MTD, blood and tissues retained
high AMB concentrations. It should be emphasized that these high concentrations of
AMB did not lead to toxicity. By using radicactively labeled AmBisome® it was found
that the high AMB concentrations in blood represented liposome entrapped AMB.
During circulation slow release of AMB occurred {chapter 4), Even today it remains
unclear whether release of AMB is of importance for antifungal activity. In vitro AMB
remains tightly associated to the liposomes in AmBisome® in the presence of serum,
and AMB has not necessaiily to be released from AmBisome® in order to express
antifungal activity against C.albicans (chapter 5).

The antifungal activity of AmBisome® against intracelularly growing C.albicans (in
peritoneal macrophages) is described in chapter 5. In parallel with the antifungal
activities against extracellular C.albicans (chapter 3), the intracellular antifungal activity
of AMB-DOC was much higher than that of AmBisome®. Localization experiments with
fluorescens-labefed AmBisome® clearly showed that AmBisome® is taken up by
macrophages, both by uninfected macrophages and macrophages infected with
C.albicans. The presence of AmBisome® inside uninfected macrophages did not
influence uptake of C.albicans by the same macrophages. Furthermore, previous
exposure of uninfected macrophages to AmBisome® was advantageous for antifungal
activity of AmBisome® against intracellular C.albicans.

Prolonged residence of lipasomes in blood probably allows the localization of intact
liposomes at sites of infection outside MPS-tissues, For liposome types such as
AmBisome® blood residence time is primarily dependent on the lipid dose
administered: only at high lipid dosages blood circulation times are prolonged (chapter
4). Advances in liposome technology, especially the incorporation of hydrophilic
phosphatidylethanolamine derivatives of monomethoxy polyethyleneglycols (PEG-PE)
into liposomes, have resuited in the ability to achieve fonger blood residence time of
liposomes without the constraints of high lipid dose, small particle size, or rigid nature
of the bilayer. Such pegylated long-circulating liposomes have been named sterically
stabilized liposomes or MPS avoiding liposomes.

It was investigated whether pegylated long-circulating AMB-liposomes could be
prepared {chapter 6). Successful liposomal encapsulation of AMB requires that AMB is
complexed, e.g. to the negatively charged phospholipid distearoylphosphatidylglycerol
(DSPG), as in AmBisome®, We reasoned that the net negative charge of PEG-DSPE
could also be used for complexation of AMB. Two different formulations of PEG-DSPE
containing liposomes with AMB were prepared (chapter 6). PEG-AMB-LIP type 1, in
which AMB was complexed to DSPG, as well as PEG-AMB-LIP type 2, in which AMB
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was complexed to PEG-DSPE and DSPG was omitted from the preparation. PEG-AMB-
LIP type 1 was as toxic as AMB-DOC, and was omitted from further studies on
biodistribution. With PEG-AMB-LIP type 2 a relatively non-toxic preparation with a
prolonged blood residence time was obtained, The efficacy of this PEG-AMB-LIP type
2 (further referred to as PEG-AMB-LIP) in the treatment of invasive candidiasis in
feukopenic mice was investigated (chapter 7). PFG-AMB-LIP was compared with
industrially prepared AmBisome® and with AMB-liposomes (AMB-LIP), that had the lipid
composition as in AmBisome®, but were prepared in our laboratory, PEG-AMB-LIP and
AMB-LIP were almost equal in in vivo toxicity and in vitro antifungal activity, however
they differed in blood residence time. 8lood residence time of PEG-AMB-LIP was mare
prolonged, even at a low lipid dosage. Industrially prepared AmBisome® and laboratory
prepared AMB-LIP differed in in vivo loxicity and in vitro antifungal activity.
AmBisome® was less toxic than AMB-LIP, however antifungal activity in vitro was
substantially reduced as compared to AMB-LIP. In our model of invasive candidiasis in
leukopenic mice PEG-AMB-LIP was completely effective at its MTD, whereas at this
AMB dosage AMB-LIP was partially effective and AmBisome® was not effective. At its
own MTD, which was almost sixfold higher than the MTD of PEG-AMB-LIP,
AmBisome® was afso completely effective.

Evaluating the data from these three different AMB-liposome formulations on in vivo
toxicity, in vitro antifungal activity, blood residence time and efficacy of treatment in
vivo allow two important conclusions to be drawn: First, from a comparison between
laboratory prepared AMB-LIP and industrially prepared AmBisome@, it became clear that
the method of preparation of an AMB-liposome formulation greally influences the
toxicity, in vitro antifungal activity, and thereby the antifungal efficacy in vivo. A
substantial reduction of AMB toxicity is clearly associated with considerable loss of
potent antifungal activity in vitro and efficacy in vivo. ideally, for optimization of an
AMB-liposome formulation it is important to focus on reduction in AMB toxicity,
without reducing its antifungal activity. The second conclusion, derived by comparing
PEG-AMB-LIP and AMB-LIP, was thal therapeutic efficacy is favored by a profonged
residence time of AMB-liposomes in the blood compartment. Apart from the prolonged
blood circulation time of PEG-AMB-LIP its high intrinsic antifungal activity may be of
great clinjcal significance in the treatment of severe invasive fungal infection. Only
treatment with PFG-AMB-LIP, and not with AmBisome® even if administered
repeatedly, resulted in decreasing numbers of C.albicans in the kidney within short
period of time after C.albicans inoculation (chapter 8),

The final challenge was to investigate whether the improved antifungal efficacy of
PEG-AMB-LIP, as observed in our candidiasis model, could be extrapolated to another
very difficult to treat fungal infection: pulmonary invasive aspergillosis in the leukopenic
host (chapter 9). Our first data from a model of invasive pulmonary aspergillosis in
persistently leukopenic rats showed that survival was significantly prolonged after only
a single dose of PEG-AMB-LIP. These data are very encouraging and warrant further
exploration of the therapeutic advantages of PEG-AMB-LIP in this model of pulmonary
aspergillosis in rats,
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Coming back to the aim of the present study, stated on the first page of this
summary, a number of clear answers were obtained. For treatment of established
invasive fungal infections in the leukopenic host, it is absolutely necessary to use a
fungicidal agent, such as AMB-DOC, even though it is highly toxic. With AmBisome®
it is possible to virtually eliminate the toxicity of AMB, However, the reduction of
intrinsic antifungal activity associated with the reduction of AMB’s toxicity is not well
recognized. It should be emphasized that high dosages of AmBisome® are needed for
treatment to be effective. However, the present study shows that it is now possible to
abolish the toxicity of AMB by liposomal encapsulation without reducing its intrinsic
antifungal activity. Pegytated long-circulating AMB-liposomes (PEG-AMB-LIP) meet these
requirements. Results observed with PEG-AMB-LIP in two models of difficult to treat
fungal infections are very encouraging. The development of pegylated AMB-liposomes
opens new ways to improve the treatment of invasive fungal infections in the
immunocomprontised host. Further development of AMB-liposome-technology, thus,
remains highly relevant,
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De prognose van patiénten met invasieve mycosen {gist- en schimmel-infecties) is
nog altijd heel slecht. Fr bestaat er grote behoefte aan verbetering van de behandeling
van deze infecties. Het meest gebruikte middel voor de behandeling van invasieve
mycosen is amphotericine B (AMB), parenteraal toegediend in de vorm van
amphotericine B-desoxycholate {AMB-DOC of Fungizone®, Het gebruik hiervan is
echter beperkt vanwege de ernstige bijwerkingen, Ter verbetering van de behandeling
van invasieve mycosen zijn nieuwe antifungale middefen, zoals het triazole fluconazole
(FLU) en nieuwe formuleringen van AMB, zoals liposomaal AMB, ontwikkeld. De
waarde van deze middelen/ formuteringen voor de behandeling van invasieve mycosen
in de leukopenische gastheer is echter nog onvoldoende duidelijk.

Het belangrijkste doel van de studies zoals beschreven in dit proefschrift was het
verwerven van meer inzicht in de therapeutische waarde van zowel bestaande als ook
nieuw-onfwikkelde liposomale formuleringen van AMB in de behandeling van
invasieve mycosen.

in de eerste studies (hoofstukken 2 en 3) werd de bruikbaarheid van een
fungistatisch middel, FLU, in de behandeling van invasieve candidiasis vergeleken met
die van het fungicide middel AMB-DQOC. in vitro wordt Candida albicans snel gedood
bij lage concentraties AMB-DOC, Factoren die belangrijk zijn voor de antifungale
effectiviteit in vivo bleken van invlced op de actviteit van AMB-DOC. In aanwezigheid
van serum was de activiteit van AMB-DOC aanzienlifk verminderd. Ten opzichte van
intracellufair gelocaliseerde C.albicans tin peritoneaal macrofagen) bleek de antifungale
activiteit slechts iets verminderd in vergelijking tot de activiteit t.o.v. extracellulair
groeiende C.albicans. In aanwezigheid van FLU werd C.albicans ook bij hoge
concentraties niet gedood, maar slechts geremd in de groei, FLU vertoonde geen
antifungale activiteit t.o.v. intracellulair groeiende C.albicans. Op grond van deze
resultaten werd de vraag gesteld of behandeling met FLU effectief zou zijn in geval van
invasieve C.albicans infecties in vivo, met name in de situatie waarin de
afweermechanismen van de gastheer ernstig zijn aangetast. In ons proediermode] van
invasieve candidiasis in immuuncompetente muizen bleek FLU slechts effectief
gedurende de behandelingsperiode. In het model van invasieve candidiasis in
leukopenische muizen bleek FLU slechts effectief te zijn indien heel vroeg (empirisch)
gestart werd met behandeling; bij een late start van behandeling, op een moment dat
de ernst van de C.albicans infectie aanzienlijk was toegenomen, was FLU niet effectief
meer. In tegenstelling tot de krachtige antifungale activiteit van AMB-DOC in vitro,
bleek in vivo de therapeutische effectiviteit in genoemde modellen beperkt, in verband
met de lage maximaal toelaatbare dosis {MTD} van AMB-DOC.

De pedachte om de krachtige fungicide activiteit van AMB te benutten, en
tegelijkertijd de toxiciteit van AMB te verminderen door liposomale inkapseling,
vormde de basis voor het gebruik van AmBisome®, een van de industrieel bereide
AMB-lipid preparaten. De antifungale effectiviteit van AMB in vive was sterk verbeterd
als gevolg van inkapseling in de vorm van AmBisome®, Bij invasieve candidiasis in
zowel immuuncompetente als leukopenische muizen bleek AmBisome® zeer effectief
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{hoofdstuk 3). Herhaalde toediening van hoge doses AmBisome® deed, zelfs in geval
van ernstige C.albicans infectie, het aantal C.albicans in de nier en andere organen
sterk afnemen, zodanitg dat terugkeer van de infectie kon worden voorkémen.
Weliswaar bleek AmBisome® minder effectief te zijn dan AMB-DOC bij een gelijke
dosering. Vanwege de lage toxiciteit van AmBisome® kon echter hoog gedoseerd
worden, hetgeen alsnog resulteerde in een sterk verbeterde effectiviteit van AMB.

De verspreiding van AMB via het bloed naar verschiliende organen (biodistributie)
na toediening van AMB-DOC of AmBisome® in muizen werd bestudeerd en beschreven
in hoofdstuk 4. Allereerst bleek de conditie van de dieren (immuuncompetente niet-
geinfectearde muizen versus leukopenische muizen geinfecteerd met C.albicans) niet
van invloed op de biodistributie van beide preparaten, Vergelijking van de biodistibutie
van AMB-DOC met AmBisome® bij een gelijke dosering laat zien dat bij liposomale
inkapseling hogere AMB concentraties in het bloed worden verkregen; ook zijn hogere
AMB concentraties aanwezig in het mononucleaire fagocyten systeem (MPS), met name
in de lever en milt, terwijl AMB concentraties in de nier en long lager zijn, De opname
van AmBisome?® in de MPS-organen (lever en milt) is sterk dosis afhankelijk en
verzadigbaar. Na toediening van de MTD van AmBisome®, worden gedurende
aanzienlijke tijd hoge concentraties AMB in bloed en organen verkregen, welke niet
leiden tot toxiciteit. Door gebruik te maken van radioactief gemerkt AmBisome® kon
worden vastgesteld dat de hoge AMB concentraties in het bloed voornamelijk liposoom-
geassocieerd AMB representeren. Gedurende de circulatie van AmBisome®komt slechts
een gering deel van AMB vrij. Tot voor kort bestond enduidelijkheid over het belang
van vrijkomen van AMB voor de antifungale activiteit van AmBisome®, In hoofdstuk 5
wordt getoond dat in vitro AMB sterk geassocieerd blijft aan de liposomen in
AmBisome®, en dat voor antifungale activiteit van AmBisome® t.o.v, C.albicans AMB
niet hoeft vrij te komen.

De antifungale activiteit van AmBisome® to.v. intracellulair gelocaliseerde
C.albicans {in peritoneaal macrofagen) werd in hoofdstuk 5 beschreven, Naar analogie
met de antifungale activiteit van AMB-DOC en AmBisome® to.v. extracellulair
groeiende C.albicans thoofdstuk 3), was de intracellufaire activiteit van AMB-DOC vele
malen groter dan die van AmBisome®. Lokalisatie experimenten met fluoresceine-
gemerkt AmBisome® {hoofdstuk 5} lieten een goede opname van AmBisome® in
macrofagen zien, zowel in niet-geinfecteerde macrofagen als in macrofagen die al
C.albicans hadden opgenomen. De aanwezigheid van AmBisome® in macrofagen
beinvloedde de opname van C.albicans door diezelfde macrofagen niet. Bovendien
bleek voorafgaande blootstelling van niet-geinfecteerde macrofagen aan AmBisome®
een positief effect te hebben op de intracellulaire effectiviteit van AmBisome® indien
de macrofagen vervolgens werden geinfecteerd met C.albicans.

Een lange circulatietijd van liposomen in het bloed maakt de lokalisatie van intacte
liposomen op plaatsen van infectie buiten het MPS mogelijk. Voor liposoomtypen zoals
AmBisome? is de circulatietijd in bloed sterk afhankelijk van de lipid-dosis: een hoge
lipid-dosis is nodig voor een lange circulatietijd (hoofdstuk 4). Lipasoom-technologische
ontwikkelingen van de laatste jaren, met name de inbouw van hydrofiele fosfatidyl-
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ethanolamine derivaten van monomethoxy polyethyleenglycol (PEG-PE) in liposomen,
hebben het mogelijk gemaakt de circulatietijd van liposomen aanzienlijk te verfengen
zonder dat hiervoor een hoge lipid dosis, een kleine deeltjesgrootte van het liposcom,
of een rigide karakter van de fosfolipide-bilaag nodig zijn. Deze gepegyleerde lang-
circulerende liposomen worden sterisch gestabiliseerde of MPS ontwijkende liposomen
genoemd. Onderzocht werd of er gepegyleerde lang-circulerende AMB-liposomen
kunnen worden bereid (hoofdstuk 6}, Voor een goede liposomale inkapseling van AMB
is het nodig dat AMB wordt gecomplexeerd b.v, aan het negatief geladen fosfolipid
distearoyHosfatidylglycerol (DSPG) dat voorkomt in AmBisome®. De netto negatieve
fading van PEG-DSPE zou mogelijk ook gebruikt kunnen worden voor complexering
van AMB. Twee verschillende PEG-DSPE bevattende liposoom-preparaten met AMB
werden bereid (hoofdstuk 6): PEG-AMB-LIP type 1, waarin AMB werd gecomplexeerd
aan DSPCG, en PEG-AMB-LIP type 2 waarin AMB werd gecomplexeerd aan PEG-DSPE
en het DSPG was weggelaten uit de formulering. PEG-AMB-LIP type 1 bleek even
toxisch als AMB-DOC, zodat verdere studies hiermee m.b.t. biodistributie achterwege
werden gelaten. Het PEG-AMB-LIP type 2 preparaat was relatiefl weinig toxisch, en
vertaonde een lange cirulatietijd in bloed, Onderzoek naar de antifungale activiteit van
PEG-AMB-LIP type 2 {verder PEG-AMB-LIP genoemd) werd verricht in het model van
invasieve candidiasis in leukopenische muizan, PEG-AMB-LIP werd vergeleken met
industrieel bereid AmBisome® en met AMB-liposomen (AMB-LIP), die de lipid-
samenstelling hadden als in AmBisome®, echter in het laboratorium waren bereid
{hoofdstuk 7). PEG-AMB-LIP en AMB-LIP vertoonden een grote overeenkomst in
toxiciteit (geringe toxiciteit in vivo), en in antifungale activiteit t.o.v. C.albicans in vitro
(vrijwel gelijk aan die van AMB-DOC), maar verschilden van elkaar in circulatietijd in
de bloedbaan. De circulatietijd van PEG-AMB-LIP was langer dan die van AMB-LIP, en
dit bleef gehandhaafd als de dosis werd verlaagd. industrieel bereid AmBisome® en in
het laboratorium bereid AMB-LIP verschilden van elkaar in in vivo toxiciteit en in vitro
antifungale activiteit, AmBisome® was nog minder toxisch dan AMB-LIP, maar let
tevens een sterk gereduceerde antifungale activiteit in vitro zien. In het model van
invasieve candidiasis in leukopenische muizen bleek PEG-AMB-LIP zeer effectief na een
enkelvoudige toediening van de MTD, terwijl bij een gelijke dosis AMB-LIP slechts
partieel effectief was, en AmBisome® niet effectief was. Bij de MTD van AmBisome®,
bijna zes maal hoger dan de MTD van PEG-AMB-LIP, was AmBisome® ook zeer
effectief,

Evalueren van de gegevens van deze drie verschillende AMB-liposoom preparaten
m.b.t de in vivo toxiciteit, in vitro antifungale activiteit, circulatietijd in bloed, en
therapeutische effectiviteit in vivo leidt tot twee belangrijke conclusies. Ten eerste, de
vergelijking van in het laboratorium bereid AMB-LIP en industrieel bereid AmBisome®
laat duidelijk zien dat de bereidingswijze van het liposoom de in vivo toxiciteit, de in
vitro antifungale activiteit, en daarmee de therapeutische effectiviteit in vivo in grote
mate kan beinvloeden. Een substantigle vermindering van toxiciteit gaat blijkbaar samen
met een aanzienlijk verlies aan in vitro antifungale activiteit, en daarmee aan de in vivo
effectiviteit. fdealiter zou bij een optimaal AMB-liposoom preparaat de toxiciteit van
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AMB verminderd moeten worden, zonder dat de krachtige antifungale activiteit van
AMB verloren gaat. Ten tweede, uit de vergelijking tussen PEG-AMB-LIP en AMB-LIP
kan worden geconcludeerd dat een lange circulatietijd van AMB-liposemen in bloed
gunstig is voor de therapeutische effectiviteit. Naast de lange circuiatietijd van PEG-
AMB-LIP in bloed zou ook de krachtige ‘intrinsieke’ antifungale activiteit van PEG-AMB-
LIP van grote klinische betekenis kunnen zijn bij de behandeling van ernstige invasieve
mycosen. In het model van invasieve candidiasis in leukopenische muizen deed
behandeling met PEG-AMB-LIP het aantal C.albicans in de nier sterk afnemen kort na
start van de behandeling, zelfs indien de ernst van de C.albicans infectie aanzienlijk
was toegenomen, AmBisome®, zelfs herhaald toegediend, bleek niet meer effectief te
zijn bij deze zeer ernstige vorm van C.albicans infectie (hoofdstuk 8).

" De laatste vraag was of de goede antifungale effectiviteit van PEG-AMB-LIP, zoals
waargenomen in het candidiasis model, ook gevonden zou worden in een ander model
van een hijzonder moeilijk te behandelen schimmelinfectie: pulmonale invasieve
aspergillosis in de leukopenische gastheer (hoofdstuk 9). De eerste gegevens van
behandeling met een enkelvoudige dosis PEG-AMB-LIP in een model van invasieve
pulmonale aspergillosis in leukopenische ratten laten zien dat de overlevingsduur van
de behandelde dieren significant langer is dan die van onbehandelde dieren. Deze
resultaten zijn zeer bemoedigend en rechivaardigen verder onderzoek naar de
therapeutische mogelijkheden van PEG-AMB-LIP in dit model van pulmonale
aspergiflosis,

Terugkomend op het doel van deze studie, zoals vermeld op de eerste pagina van deze
samenvatting, zijn een aantal duidelijke antwoorden verkregen. Voor de behandeling
van bewezen ernstige invasieve mycosen in de leukopenische gastheer, is het absoluut
noodzakelijk om een fungicide middel te gebruiken, zoals AMB-DOC, ofschoon dit
middel erg toxisch is. In AmBisome® is de toxiciteit van AMB zeer sterk verminderd.
De daarmee samenhangende vermindering van ‘intrinsieke’ antifungale activiteit van
AMB is echter een direct gevolg. Dit wordt als zodanig te weinig onderkend. Immers
stechts bij hoge doseringen van AmBisome® wordt een effectieve behandeling bereikt.
Het in dit proefschrift beschreven onderzoek laat zien dat het wel mogelijk is de
toxiciteit van AMB door liposomale inkapseling aanzienlijk te verminderen, zonder dat
er verlies van ‘intrinsieke’ antifungale activiteit optreedt. Gepegyleerde lang-circulerende
AMB liposomen voldoen aan bovengenocemde vereisten, De resultaten die werden
verkregen met PEG-AMB-LIP in twee modellen van moeilijk te behandelen mycosen in
muizen en ratten zijn zeer bemoedigend. De ontwikkeling van gepegyleerde AMB-
liposomen opent een nieuwe richting in de verbetering van de behandeling van
invasieve mycosen in de immuun-gecompromitieerde gastheer. Aldus blijft de verdere
ontwikkeling van liposoom-technologie uiterst refevant voor de behandeling van
invasieve mycosen hij de mens.
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