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Development of liposomal polyene antibiotics: an historical perspective.
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ABSTRACT. Purpose: The purpose of this review article
is to review the development of a number of liposomal
polyene antibiotics. Background: In the past thirty years,
the increase in life-threatening pre-systemic and systemic
fungal infections within cancer, diabetic and AIDS
patients have reached alarming proportions. A number of
antifungal agents have been developed to combat this
problem. In particular, polyene antibiotics such as Ampho-
tericin B (AmB) and Nystatin (Nys) have remained the
most effective and widely used agents in the treatment of
these infections. However, their administration is limited
by dose-dependent toxicities. One such dose-limiting tox-
icity is renal toxicity. Polyene antibiotic-induced renal tox-
icity is believed to be mediated by the drug anchoring to
cholesterol within the mammalian cell membrane, result-
ing in pore formation, abnormal electrolyte flux, decrease
in adenosine triphosphate (ATP), and eventually a loss of
cell viability. Conclusion: In the 1980s and 90s a number
of promising lipid-based AmB and Nys formulations were
developed to overcome these toxicities. This article will
review the development of these liposomal polyene antibi-
otics.

INTRODUCTION

Over the last thirty years, the frequency of life-threatening
fungal infections have increased dramatically, particularly
diabetic and
patients.l‘4 Several factors have contributed to this rise:

among  cancet, immunocompromised
improved recognition and diagnosis of fungal infections;
prolonged survival of patients with defects in their host

defense mechanisms; more invasive surgical procedures;
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the use of prosthetic devices and indwelling catheters;
increased administration of parenteral nutrition; develop-
ment of resistance fungal strains to currently available
drugs; the increase in the number of patients contracting
AIDS; and the use of peritoneal dialysis and hemodialy-
sis.>” In these patients invasive fungal infections may
account for as many as 30% of deaths.®

Polyene antibiotics, Amphotericin B (AmB) (Figure 1A)
and Nystatin (Nys) (Figure 1B), derived from fermentation
by Streptomyces remain the most effective and widely used
compounds in the treatment of both pre-systemic and sys-
temic fungal infections.””!! However, their administration
is limited by dose-dependent toxicities. One such dose-
limiting toxicity is renal toxicity. Polyene antibiotic-induced
renal toxicity is believed to be mediated by the drug
anchoring to cholesterol within the mammalian cell mem-
brane, resulting in pore formation, abnormal electrolyte
flux, decrease in adenosine triphosphate (ATP), and even-
tually a loss of cell viability. Furthermore, these antibiotics
interact with ergosterol in the plasma membrane, causing
membrane disruption, increased permeability, leakage of
vital intracellular constituents, and eventual cell death.11-12
Recent evidence suggests that AmB can cause oxidative
damage, which may contribute to its fungicidal activity.13
In general, polyene antibiotics have a higher affinity for the
fungal sterol, ergosterol, than its mammalian counterpart,
cholesterol, and are thus less toxic to mammalian cells.!
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Figure 1: A Chemical Structure of Amphotericin B (AmB)
Reference: 10. http://chem.sis.nlm.nih.gov/aidsdrg4.html
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Figure 1: B Chemical Structure of Nystatin (Nys)
Reference: 10. http://chem.sis.nlm.nih.gov/aidsdrg4.html

Since the clinical use of these compounds has been limited

by their toxic effects, !>’

an important question is how to
best direct the drug specifically to the fungus and keep it
away from sites of toxicity. One strategy is to incorporate
these polyene antibiotics into lipid-based delivery systems
to enhance their therapeutic index by decreasing their rate-
limiting toxicity and by increasing target specificity. This
paper will review the development and current use of a
number of liposomal polyene antibiotics.

DEVELOPMENT OF LIPOSOMAL AMPHOTERICIN B (L-
AMB) AND AMPHOTERICIN B LIPID COMPLEX (ABLC)

Background

In the early 1980s, several research groups developed new
AmB formulations by incorporating the drug into lipo-
somes. New and coworkers initially investigated the antile-
shmanial activity of AmB and other antifungal agents
entrapped in ]iposomes.18 Six months later, Graybill and
coworkers published the first extensive paper investigating
the treatment of murine cryptococcosis with liposome-
associated AmB.!? In this study, BALB/c mice were chal-
lenged with Cryptococcus neoformans and given liposome-
associated AmB or AmB-deoxycholate intravenously. They
found mice that were treated with liposome-associated
AmB survived longer and had lower tissue counts of ¢rypzo-
cocci than mice treated with AmB-deoxycholate or
untreated control mice. They concluded that the reduced
acute toxicity of liposome-associated AmB permitted
much larger doses of AmB to be given than were possible
with AmB-deoxycholate.

In the eatly 1980s, our laboratory incorporated AmB into
liposomes consisting of dimyristoyl phosphatidylcholine
(DMPC) and dimyristoyl phosphatidylglycerol (DMPG) in
a lipid-to-drug weight ratio of 12:1 to form liposomal
Amphotericin B (L—AmB).2 0-27 We have shown, in both
experimental and clinical studies that this formulation has
less toxicity than conventional AmB, which allows
increased doses to be given.

Pre-Clinical Studies

The effectiveness of free AmB (Fungizone®, Bristol-
Myers Squibb, Nutley, NJ, USA; consisting of AmB and
sodium deoxycholate) and that of L-AmB were tested
against experimentally induced systemic candidiasis in
mice.?’ Mice were inoculated intravenously with a strain of
Candida albicans isolated from a patient with systemic can-
didiasis. Two days after the inoculation, a severe infection
was detected in the liver, spleen, and kidneys. All treat-
ments were administered intravenously starting 2 days
after the inoculation with Candida albicans. Empty lipo-
somes did not affect mouse survival. Multiple doses of
free AmB at its maximum tolerated dose enhanced sut-
vival of mice significantly; however, a similar regimen
using L-AmB was superior to one with free AmB and led
to prolonged survival (greater than 60 days) and to a 60%
cure rate (no histopathologic or microbiologic evidence of
infection). L-AmB injected as a single cumulative dose cor-
responding to the total dose of the other regimens led to a
statistically significant enhancement in survival compared
with the result obtained with free AmB. These data dem-
onstrate that L-AmB is far more active than free AmB in
this model. The findings in experimentally induced candid-
iasis were later confirmed by others.>>*" AmB incorpo-
rated into liposomes was also shown to be effective against

31 induced

experimentally induced histoplasmosis® and
leishmaniasis in hamsters and nonhuman prirnatf:s.3 2L
AmB was shown to be from 331 to 750 times more active
than meglumine antimonate and from 2 to 5 times more
active than free AmB in hamsters infected with Leishmania
donovani. In squirrel monkeys infected with Leishmania dono-
vani, L-AmB led to a 99% suppression of amastigotes in
the liver. In two murine models of cutaneous leishmaniasis,
no significant decrease in tissue parasite density was
observed when treated with liposome-intercalated AmB
seven days following inoculation with Leishmania iropz'az.s 3
However, a case of visceral leishmaniasis in mice unte-
sponsive to several courses of treatment with standard
antifungal agents, was successfully cured by a 21-day
course (50 mg/day) of L-AmB (AmBisome®, Vestar, Inc.).
M Furthermore, AmBisome® appears to be effective fol-
lowing multiple dose-therapies to mice infected with Lezsh-

mania z'ﬂfﬂﬂlum.‘%s

These experiments with L-AmB suggest that the therapeu-
tic index is increased due to the better tolerance of high
AmB dosages, but that the efficacy of a given dose is simi-
lar or even slightly decreased with L-AmB. However,
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Leishmaniasis appears to be an exception since L-AmB
efficacy is increased at low unitary dosage.

Clinical Studies

Eatly clinical trials with L-AmB within patients with sys-
temic mycoses refractory to free AmB and other antifun-
gal agents were conducted at The University of Texas M.
D. Anderson Cancer Center, Houston, Texas in the
19805.27-36:37 Though the dosage was modified according
to each patient's tolerance, the standard regimen was 2
mg/kg body weight of AmB daily for 3 days, which, when
well tolerated (no fever, chills, or changes in kidney func-
tion), was increased by 1 mg/kg every fourth dose until 5
mg/kg was reached. Then 5 mg/kg of AmB was infused
once daily for 3 days until the patient had received a total
of 75-mg AmB/kg. The maximal single dose administered
in those studies was 6 mg/kg.

All patients tolerated L-AmB well; mild fever and chills
occurred in only a few. Potassium supplements were
required in most patients, particularly in those who
received doses greater than 2-mg/kg-body weight of L-
AmB. Clinical improvement was observed in most patients
during the first week of treatment, and no long-term renal,
or central nervous toxicities were

hepatic, system

observed.

An additional study included 46 cancer patients who had
developed a variety of systemic fungal infections and were
treated with L-AmB.>” Twenty-one of these patients had
disseminated candidiasis, 19 had aspergillosis, and the rest
had a variety of other fungal infections. Forty patients
failed to respond to conventional AmB therapy, and 6
were given L-AmB because therapy with conventional
AmB drugs had caused severe side effects (e.g.,, nausea,
vomiting, and hypokalemia). Twenty-four patients had a
complete response, and 22 patients had none. No short- or
long-term toxicities were observed. Acute side effects
associated with conventional AmB therapy (e.g, fever,
chills, and potassium loss) were infrequent and milder in
patients given L-AmB than commonly observed in
patients given conventional AmB. No chronic renal, hema-
tological, or central nervous system side effects were
observed following therapy with L-AmB.

L-AmB is effective and less toxic than free AmB in the
treatment of fungal infections caused by Candida albicans
and Aspergillus niger; even in patients with neutropenia. The

administration of L.-AmB allowed for antileukemic treat-
ment despite the presence of an active fungal infection and
chemotherapy-induced neutropenia, which usually com-
promises treatment of the fungal infection. L-AmB ther-
apy is easier than AmB therapy, in part because of lower
fluid volumes and shorter intravenous infusion times that
enable patients to continue antifungal treatment as outpa-
tients.

Furthermore, it has been observed two cases of visceral
leishmaniasis within patients infected with HIV that L-
AmB has been effective in curing these patients without
toxicity.38 Fusai and coworkers have also reported L-AmB
to be an effective anti-leishmania agent resulting in com-
plete remission of polyresistant visceral leishmaniasis fol-
lowing I-AmB thempy.3 ? L-AmB has been reformulated
and marketed as Amphotericin B Lipid Complex (ABLC,
Abelcet®, The Liposome Company Inc., Princeton, NJ,
USA). Recently, a number of studies evaluating the effi-
cacy, safety, and pharmacokinetics of ABLC in different
patient populations have been published. Linden e7 al ¥
reported the efficacy and safety of ABLC administration in
solid-organ transplant recipients with invasive fungal
infections. They found that within 79 solid-organ trans-
plant recipients who were refractory to or intolerant to
conventional antifungal therapy (mainly AmB) or had pre-
existing renal disease ABLC therapy to be effective (clini-
cal response rate of 58%) and safe (renal-sparing proper-
ties). Adedoyin ef al ! reported a pharmacokinetic
evaluation of ABLC within patients with definite or proba-
ble systemic fungal infections following daily intravenous
infusions for 10 to 17 days. They observed that AmB
exhibited a multicompartment plasma concentration ver-
sus time profile with high systemic clearance, a large vol-
ume of distribution at steady state, and a long terminal
half-life. However, no evidence of AmB accumulation
within the systemic circulation after multiple daily doses
was observed. These investigators suggest that ABLC may
exist as a depot in the tissues from which free AmB is
slowly released to limit systemic exposure.

MECHANISTIC STUDIES
Phagocyte Transport of L-AmB:

Phagocytes in the circulation and in tissues avidly take up
liposomes. Others42-44 and we have shown that lipo-
somes are distributed in animals and man in organs rich in
mononuclear phagocyte system cells. We previously
observed that liposome incorporation enhanced the deliv-
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ery of AmB to Candida infected organs in mice.2* A poten-
tial exists, therefore, that monocytes and macrophages in
petipheral blood may take up the drug-laden liposomes
and transport them to the infected sites.

The in vitro uptake of AmB and L-AmB by murine perito-

neal macrophages was studied.*

Resident peritoneal mac-
rophages were incubated at several time intervals with L-
AmB or AmB in RPMI 1640 supplemented with 10% fetal
calf serum. After each time interval, the supernatants were
discarded, and the monolayer was washed three times with
warm phosphate-buffered saline. The cells were then
lysed, and radioactivity in the cell lysates was measured.
Maximal uptake of L-AmB was observed after 8 hours,
with a gradual decrease from 24 to 72 hours. The mac-
rophage’s liposome uptake capacity was maximal at 8
hours with a lipid saturation capacity of 100 ug lipid per
million macrophages. No uptake was observed for AmB.
However, recovery of the drug in organs rich in mononu-
clear phagocytes does not necessarily mean that phago-
cytes take up the drug 7 vivo.

In the setting of patients with neutropenia, phagocytic
transport is less likely to play a major role. Furthermore,
since resident macrophages are less sensitive to cytotoxic
agents than are other cell types, we believe that in the neu-
tropenic setting a different transport of AmB may exist.

Lipoprotein Transport of L-AmB and ABLC:

Serum lipoproteins have been hypothesized to influence
the pharmacokinetics, tissue distribution, and pharmaco-
logical activity of L-AmB in rats.*® In man, large volume of
distribution of AmB appears to be a result of the drug’s
high accumulation in the kidney, liver, and lung tissues.*’
Injection of drug-free liposomes (DMPC:DMPG 7:3 w/w
ratio) into the human circulation has resulted in a large vol-
ume of distribution and a long terminal half-life.*® When
AmB was injected intravenously into mice, only 15% of
the original dose could be accounted for, 10% in the lung
and 5% in the liver® Furthermore, pharmacokinetics
studies in humans have shown AmB to have a long termi-
nal half-life (t; ,,g= 15 days), and a very short distribution
half-life (t /20,).4 Intravenous injection of AmB into ani-
mals has resulted in slow or sustained release of the drug
and altered tissue kinetics and distribution.”” It has been
suggested that the unusual pharmacokinetics of AmB may
be a result of the slow release of the drug from a tissue or
organ site due to the high-affinity binding of it to choles-

terol in serum lipoproteins or cell membranes.”! >4

Brajtburg and coworkers examined the interactions of
AmB with human serum lipoproteins 7 vitro in an attempt
to understand these interactions and how they might affect
the pharmacological behavior of AmB. Their studies
showed AmB to be equally associated with high-density
lipoprotein (HDL) and low-density lipoprotein (LDL)
fractions after 1 hour of incubation at 25°C.>! Further-
more, AmB injected in LDL to rabbits was toxic: 70% of
the rabbits died from a non-toxic dose of AmB (1.0 mg/
kg), which implies that LDL association would increase
AmB toxicity.>?

The results we obtained demonstrated that changes in
temperature and association with lipid-complexes affect
the distribution of AmB in serum lipoproteins.55 Similar to
the results reported by Brajtburg ez al,> when serum lipo-
proteins were separated by affinity chromatography, an
equal distribution of AmB was found in human serum
lipoprotein fractions following one-hour incubation at
25°C. In contrast, at 37°C, over 90% of the concentration
of AmB was found in the HDL fraction following 1 hour
incubation. However, recent studies in our lab using den-
sity gradient ultracentrifugation to separate plasma lipo-
proteins suggest this is an overestimation of the
percentage of AmB recovered in the HDL fraction.”® In
this study, we found between 66-80% of the original con-
centration incubated in plasma was recovered in the lipo-
protein-deficient plasma fraction, which contains mainly
albumin and o-1-glycoprotein. This inconsistency in
results is due to the limitation of the affinity chromatogra-
phy technique in determining the lipoprotein distribution
of drugs. This technique can only separate LDL and
VLDL away from the other plasma proteins and lipopro-
teins. It cannot separate HDL from the plasma proteins
(albumin and o-1-glycoprotein). However, using density-
gradient ultracentrifugation, the different lipoproteins can
be separated away from plasma proteins.

Studies were subsequently conducted where human serum
was incubated with ABLC (DMPC:DMPG 7:3 w/w ratio
with a DMPG:AmB 4:1 M ratio) for 60 minutes at 37°C,
serum was separated into its lipoprotein fractions by affin-
ity chromatography, and DMPG and AmB was quantified
by HPLC. Ninety percent of the drug and 80% of the lipid
was found in the HDL fraction in a 3:1 M ratio (DMPG:
AmB), while in a 6:1 M ratio (DMPG:AmB) in the LDL
fraction. When these studies were repeated whereby serum
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lipoproteins were separated by density-gradient ultracen-
trifugation, 60-90% of the original concentration of AmB
(as ABLC) incubated was recovered in the HDL (Figure
2).56 Taken together, these experiments further suggested
that AmB and DMPG may co-transfer as a intact drug-
lipid complex to serum lipoproteins.

a0 1
w0
in
§ 60
£
350

0
ia
in
510

Figure 2: Distribution of Amphotericin B Lipid Complex
(ABLC) (20ug of AmB/ml of plasma) following incubation
within human plasma that has been treated with DTNB?
(15mM). ABLC was incubated in plasma pretreated with
DTNB? 18 hours prior to the experiment or in untreated
plasma (control) for 60 min at 37°C. Following incubation
the plasma was separated into its triglyceride-rich
lipoprotein (TRL), low-density lipoprotein (LDL), high-
density lipoprotein (HDL), and lipoprotein-deficient
plasma (LPDP) fractions by ultracentrifugation and
assayed for AmB by HPLC; n = 3; data are expressed as
mean tstandard deviation. * P < 0.05 vs. control.

@ DTNB (dithionitrobenzoate, 15mM, a componnd that inhibits leci-
thin:cholesterol acyltransferase conversion of HDI 3 free cholesterol to esteri-
fied cholesterol, resulting in an elevation of HDI 5 coat lipid concentrations.
This finding suggests that alterations in HDL lipid composition influence
the plasma distribution of ABLC.).

Reference: 56. A. L. Kennedy and K. M. Wasan, J. Pharm.

Sci. 88, 1149-55 (1999).

The modification of the distribution of AmB to serum
lipoproteins at 37°C following ABLC incubation may be
related to the transition temperature of lipoproteins, which
is between 27°C and 34°C.>7® At the transition tempera-
ture, cholesteryl esters within the lipoprotein core exist as
an isotropic solution, while below this temperature, they
form disordered smectic liquid crystals.57’58 The core of
HDL becomes more ordered at the higher temperature,
thus making it easier for the AmB molecule to associate
with it. This hypothesis is based on the assumption that
AmB is incorporated into the lipophilic core of these lipo-
proteins.

DMPG as an anionic exogenous phospholipid may distrib-
ute into HDL as opposed to LDL and be partially respon-
sible for the concurrent transport of AmB to HDL. Since
HDL and LDL are not found in an equimolar ratio in
human serum, but at an LDL:HDL ratio of 6:1,55 the data

suggest that some mechanism besides random collision
must drive this drug-liposome complex towards HDL
rather than LDL. When ABLC (41 molar ratio
DMPG:AmB) was incubated for 1 hour at 37°C in human
serum, AmB and DMPG seemed to co-transfer to the
serum lipoproteins.5 > These observations suggest that
phospholipids with a negative charge may be responsible
for the altered AmB-lipoprotein distribution patterns. In
addition, work by Surewicz and coworkers has suggested
the formation of thermally stable complexes between
anionic phospholipids such as DMPG and apolipoprotein
Al, one of the predominant protein components associ-
ated with HDL.>’ Furthermore, the DMPG: AmB mole
ratio found in the lipoprotein fractions is similar to the ini-
tial mole ratio of the liposomes prior to incubation, which
suggests that the drug-lipid association remains intact as it
travels to HDL.

Pharmacological implications of the AmB-lipopro-
tein complex

Preliminary investigations by others have suggested that
the renal toxicity of AmB can be influenced by liposomal-
phospholipid surface charge, phospholipid acyl chain
length, chain saturation, and the liposomal-lipid/AmB

00,61 Fop example, AmB-containing liposomes com-

ratio.
posed of phospholipids with unsaturated acyl chains are as
toxic as AmB to mammalian cells; however, those com-
posed of phospholipids with saturated acyl chains are less
toxic.9%%2 Previous studies have demonstrated a decrease
of AmB cytotoxicity when the drug is delivered in the
form of L-AmB to LLC PK1 cells (a pig kidney epithelial
cell line)®*0?

tubule cells.®* To date, the mechanisms that result in the

and to primary cultures of rabbit proximal

decreased renal cytotoxic effects of L-AmB are not fully
understood. Krause and Juliano have suggested that the
decreased toxicity of L-AmB compared with AmB is
related to a selective transfer of the drug from liposomes
63 This
selective toxicity shown towards the fungal membrane is

to fungal but not mammalian cell membranes.

probably regulated by physical characteristics of the donor
and of the target membrane.® Brajtburg and coworkers
demonstrated that AmB is highly bound to plasma
ljpoproteins5 ! and that AmB-induced cytotoxic effects on
mammalian red blood cells, but not Candida albicans cells
decreased in the presence of either HDL or LDL.® Fur-
thermore, Barwicz and coworkers have suggested that
AmB association with LDL and VLDL may be responsible
for AmB nephrotoxicity 7z vivo and that hindering this
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complex formation result in a decrease in AmB nephro-

toxicity.66

Previously, we demonstrated that HDL-associated AmB
and HDL-associated L-AmB are less toxic to LLC PK1
renal cells than are AmB or LDL-associated AmB (Figure
3).57 The reduced toxicity of HDL-associated AmB may
be explained by the low level of expression of HDL recep-
tors in LLC PK1 cells. The sustained toxicity observed
with AmB alone in trypsinized cells may be related to a
direct membrane effect. However, when AmB is associ-
ated with LDL, the toxicity is maintained, which suggests
that both direct membrane- and non-membrane-related
toxicity may occur. Furthermore, a study to determine if a
relationship existed between serum lipoprotein cholesterol
concentration and the severity of AmB-induced renal tox-
icity in patients suggested that patients with higher serum
LDL-cholesterol concentrations are more susceptible to
AmB-induced renal toxicity (Table I).66
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Figure 3: (A) Influence of serum Lipoprotein-associated
AmB and L-AmB on drug toxicity to LLC PK1 renal cells
as percent cytotoxicity of LLC PK1 cells in serum-free
medium at 37°C containing the following treatments:
AmB (20 pg/ml) (A 20), L-AmB (20 pug/ml) (LA 20), HDLs
(0.5mg of protein per ml; HDL 0.5), LDLs (0.5 mg of
protein per ml; LDL 0.5), mixtures of AmB (20 ug/ml)
with HDLs (A+HDL) or LDLs (A+LDL), and mixtures of L-
AmB (20 ug/ml) with HDLs (LA+HDL) or LDLs (LA+LDL)
(n = 3; values are means * standard deviations). * P <
0.05 versus treatment with AmB at 20 ug/ml.
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Figure 3: (B) Influence of reduced LDL receptor expres-
sion on HDL- and LDL-associated AmB toxicity of LLC
PK1 renal cells as percent cytotoxicity of LLC PK1 cells
in serum-free medium at 37°C after a trypsin wash con-
taining the same treatments as described for panel A (n
= 3; values are means * standard deviations). * P < 0.05
versus treatment with AmB at 20 yg/ml.

Reference: 67. K. M. Wasan, M. G. Rosenblum, L. Cheung

and G. Lopez-Berestein, Antimicrob. Agents Chemother.
38, 223-7 (1994).

Table 1: The serum low-density lipoprotein (LDL)
cholesterol concentration, amount of AmB associated
with plasma LDL, serum creatinine concentrations, and
cumulative AmB dose following 10 days of therapy
administered to patients with an anticipated or
confirmed fungal infection.

Cumulative AmB
Sexage ) Dose(mg)
Total AmB dose, ==
Group A

W46

Fr3

wis2

Wis4

W56

Mean + 5D

(moiLp AmBE)

Dose, patient groug,
[

LDL cholesteral ‘ LDL associated ‘ Serum creatine ‘

180mg

958 51 52
822 o w
109 5 a
Bad o E
106 5 B
22

200
435
210
20
75
280011106

28

Group B
Fi28
Wwss
Fr36
P52
Wean+ 5D

638 a1 B
658 2 B
605 B 2
610 2 3

650+36°

195
180
210
200
19632110

Tofal Am dose, <= 180mg
Fie 920 5 EE) 7
Wwe2 ED 2 0 &
) 953 5 B
Wss 1005 5 3 6
w0 108 55 B 7
954174 4652139 55288

Mean + 5D

Reference: 68. K. M. Wasan and J. S. Conklin, Clin. Infect.
Dis. 24, 78-80 (1997).

HDL and LDL associated-AmB were equally toxic to fun-
gal cells, which suggest that the presence of lipoproteins
does not alter the antifungal activity of AmB. Such effects
may be related to the liberation of monomeric AmB asso-
ciated with lipoproteins or L-AmB, by fungal or endothe-

6L.62 The low concentrations of

lial derived phospholipases.
unbound and water-soluble monomeric AmB present in
L-AmB®"! may be sufficient for fungal toxicity but not
adequate for forming AmB aggregates that are toxic to
mammalian cells.®>% AmB complexed with lipid is less
toxic than the self associated form of AmB in medium, but
the monomeric form of AmB interacts with fungal cells
membrane and is non-toxic against mammalian cells mem-

brane as shown by Bolard ez al””

Differences in the pharmacokinetics and tissue distribu-
tion of free AmB were demonstrated in healthy in compar-
ison to hyperlipidemic rats induced with diabetes. In
contrast, the pharmacokinetics and tissue distribution of
L-AmB were unchanged in diabetic rats which suggests an
independence of this delivery mechanism from the dia-
betic disease state and endogenous triglyceride and choles-
terol levels.*®  However, a limitation of this study was that
we could not determine if changes in the pharmacokinet-
ics and tissue distribution of AmB was a direct result of the
plasma hyperlipidemia or other diabetic-inflicted physio-
logic alterations (e.g. blood flow, liver metabolism, renal
metabolism). Wasan and Conklin suggest that following
administration of a single intravenous dose, AmB and L-
AmB appear to be less effective in killing Candida albicans
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isolates in hypercholesterolemic diabetic than in normoc-
holesterolemic nondiabetic rats, while they were found to
improve the renal functions of rats in both treatment

groups.72

An explanation for these findings maybe due to changes in
the pharmacokinetics and tissue distribution of AmB and
L-AmB in hypercholesterolemic blood.

To determine if the pharmacokinetics and tissue distribu-
tion of AmB and L-AmB were altered in plasma dyslipi-
demia (hypercholesterolemia) independent of other
physiologic alterations, rats were administered a continu-
ous infusion of Intralipid®. Intralipid® is a fatty acid/trig-
lyceride emulsion administered intravenously as a
nutritional supplement in debilitated patients. We found
that in rats administered a continuous infusion of
Intralipid® for 5 days resulted in an increase in total serum
cholesterol and HDL cholesterol concentrations without
altering LDL cholesterol or total serum triglyceride con-

centrations.’>

The influence of 5% Intralipid’ and 0.45% normal-saline
infusions on the concentration in serum and distribution
in tissue of AmB (Fungizone’ consisting of AmB and
sodium deoxycholate) and L-AmB in rats were com-
pared.74 In animals receiving a continuous Intralipid’ infu-
sion, concentrations of AmB in kidneys and lungs were
significantly higher, but the concentration of AmB in
serum was significantly lower in animals administered
AmB versus those given L-AmB. In animals receiving a
continuous normal-saline infusion concentrations of AmB
in kidneys and the spleen were significantly higher, but the
concentration of AmB in serum was significantly lower in
animals administered AmB versus those given L-AmB.
These results suggest that the increased total serum cho-
lesterol and high-density lipoprotein cholesterol duting the
Intralipid’ infusion decreased the clearance of AmB from
the bloodstream and decreased the L-AmB concentration
in the kidney and lung;

Wasan and coworkers have recently investigated the phar-
macokinetics, tissue and plasma distribution and renal tox-
icities of AmB following single- and multiple-dose
administration to rabbits with elevated plasma cholesterol
levels.”>70 Following 7 days of administration of a choles-
terol-entiched diet (0.5% w/v) ot regular rabbit diet, each
rabbit was administered a single intravenous bolus of AmB
or ABLC (1.0 mg/kg) daily for 7 consecutive days. Before

drug treatment, cholesterol-fed rabbits demonstrated
marked increases in total plasma LDL and triglyceride-rich
lipoprotein cholesterol levels compared with levels in rab-
bits on regular diet. No differences in total plasma triglyc-
eride levels were observed. Significant increases in plasma
creatinine (as a marker of renal toxicity) were observed fol-
lowing AmB administration to cholesterol-fed and regular-
fed rabbits (Table II). However, the magnitude of this
increase was two-fold greater in rabbits fed a regular diet
than in rabbits fed a cholesterol-enriched diet. An increase
in plasma creatinine levels was observed only in rabbits on
a cholesterol-enriched diet administered ABLC (Table II).
The pharmacokinetics of AmB was significantly altered in
rabbits on a cholesterol-enriched diet administered AmB
or ABLC compared to those rabbits on a regular diet
(Table II). An increased percentage of AmB was recovered
in the triglyceride-rich lipoprotein fraction when AmB was
administered to rabbits fed a cholesterol-enriched diet than
when it was administered to rabbits fed a regular diet (Fig-
ure 4). Furthermore, an increased percentage of AmB was
recovered in the LDL and triglyceride-rich lipoprotein
fractions when ABLC was administered to rabbits fed a
cholesterol-enriched diet than when fed a regular rabbit
diet (Figure 4). Taken together, these findings suggest that
an increase in plasma cholesterol levels modifies the phat-
macokinetics of AmB and renal toxicity following adminis-
tration of multiple intravenous doses of AmB and ABLC.

®

% of original AB concentration at § minute time
point)

Figure 4: In vivo distribution in plasma at 5 minutes
following the administration of the last intravenous dose
of Doc-AmB (A) or ABLC (B) to cholesterol-fed or regular
diet-fed rabbits. Values are means + standard deviations
(n = 5), * P < 0.05 versus rabbits fed a regular diet and
receiving Doc-AmB or ABLC. The LPDP fraction includes
albumin and o-1-glycoprotein.

Reference: 76. M. Ramaswamy, K. D. Peteherych, A. L.
Kennedy and K. M. Wasan, Antimicrob. Agents
Chemother. 45, 1184-91 (2001)
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Table 2: Biochemical Characteristics of serum and
pharmacokinetic parameters of drug after a single
intravenous dose of AmB and ABLC (1mg/kg) in control
and cholesterol-fed (0.05% w/v cholesterol) rabbits.?

Experimental
Drug Group

Serum Creatiine (uroliLiter) ith | Serum LDL cholesterol with
istration | regard to drug administration
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With regard to drug
a jon moliLiter)
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Reference: 75. K. M. Wasan, A. L. Kennedy, S. M. Cassidy,
M. Ramaswamy, L. Holtorf, J. W. Chou and P. H. Pritchard,
Antimicrob. Agents Chemother. 42, 3146-52 (1998).
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New Applications For Ampbotericin B Lipid Com-
plex (Ablc)

Recently a number of clinical and pre-clinical studies
describing new applications of ABLC have been pub-
lished. Palmer and coworkers reported the safety of aero-
solized ABLC in lung transplant recipients.”” They found
aerosolized ABLC was well tolerated within 98% of
patients (51 in total) administered the formulation. Pulmo-
nary mechanics worsened by 20% or more in less than 5%
of patients post treatment. Furthermore, there were no
significant adverse effects related to study medication in
any patient and 1-year survival for all enrolled patients
were 78%.

Others have reported the use of ABLC in pediatric and
neonatal populations. Knoppert ¢z al’® reported the eradi-
cation of severe neonatal systemic candidiasis in a preterm
female infant, born at 25 weeks’ gestational age with a
birth weight of 870 g with ABLC. At seven weeks of age,
this child developed severe disseminated candidiasis, which
failed to respond to conventional AmB and fluconazole
therapy. Her progressive deterioration was reversed only
after ABLC was substituted for conventional AmB and
she made a full recovery without any adverse effect. Her-
brecht e al” reported on the efficacy of ABLC in the
treatment of invasive fungal infections in immunosup-
pressed pediatric patients. This study included a large pro-

portion of patients who were refractory to or intolerant of
conventional antifungal therapy with a primary underlying
condition including haematopioetic stem cell transplanta-
tion, leukaemia and lung transplantation. Following daily
therapy for 38 days at a mean dose of 4 mg AmB/kg/day,
83% of the patients responded successfully to the ABLC
treatment with low incidence of adverse events. Taken
together, these studies support the use of ABLC in the
treatment of invasive fungal infections in children, includ-
ing patients who have previously failed, or are intolerant of
traditional antifungal regimens.

In addition, recent cases have been published utilizing
ABLC in unusual circumstances. Goldblum ez 2/
reported the first case of Fusarium solani keratitis that pro-
gressed to fungal endophthalmitis and was successfully
treated with ABLC. In this case, a 34-year-old immuno-
compromised woman developed a contact lens-related
Fusarium solani keratitis. Subsequently this patient devel-
oped fungal endophthalmitis, which was eventually treated
with ABLC after systemic AmB and ketoconazole in addi-
tion to topical natamycin and AmB proved ineffective.
Cook reported the first case of cerebral blastomycosis suc-
cessfully treated with ABLC in a patient previously treated
with itraconazole.%!

Development Of Otber Lipid-Based Amphotericin B
Products

Two other AmB lipid-based formulations have also been
prepared on a large scale and are available for clinical use.
AmB colloidal dispersion (ABCD; Amphocil; SEQUUS
Pharmaceuticals, Menlo Park, CA, USA) is a stable com-
plex of AmB and cholesteryl sulfate in a 1:1 molar ratio.%
ABCD has equivalent antifungal activity but decreased
toxicity than does the commercially available form of
AmB, AmB plus deoxycholate (Fungizone’, Bristol-Myers
Squibb, Nutley, NJ, USA).32 In vitro studies have shown
that the drug-lipid complex does not hemolyze erythro-
cytes and binds less to plasma lipoproteins than does the
conventional form of AmB.3>** Studies in healthy volun-
teers indicated that drug disposition of ABCD was similar
to that of Fungizone’, Acute side effects after ABCD
administration were comparable with those of AmB but
occurred at doses with 1.5 mg/kg/day compared to 0.5-
0.75 mg/kg/day with the conventional preparation. The
renal toxicity of ABCD is believed to be reduced because
the AmB is bound, as a cholesterol complex, so less "free"

drug is available to interact with renal tubules.®*
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AmBisome® (Vestar, San Dimas, CA, USA)%’S5 is sup-
plied as a lyophilized powder, which must be reconstituted
before intravenous infusion. It is the only liposomal AmB
preparation currently licensed in the United Kingdom.
This formulation consists of hydrogenated soy phosphati-
dylcholine, cholesterol, distearoyl phosphatidylglycerol, a-
tocopherol, sucrose, and disodium succinate hexahydrate.
A starting dose of 1.0 mg/kg/day has been recommended,
increasing to 3.0 mg/kg/day, although doses up to 5.0
mg/kg/day have been used in compassionate studies,
where exposure to the conventional AmB preparation led
to unacceptable toxicity.85 37 The highest concentrations
of AmBisome® are found in the liver and spleen; however,
concentrations in the lung and kidney are highly inconsis-
tent. A recent study by Fleming ez al®® compared AmBi-

some®

to ABLC in the treatment of suspected or
documented fungal infections in patients with leukemia.
They reported that ABL.C and AmBisome® were equally
effective for the treatment of suspected or documented
fungal infections. Although AmBisome® was better toler-
ated than ABLC when administered to patients in this
study, AmBisome® administration was still associated with

mild abnormalities in liver function at the end of therapy.

DEVELOPMENT OF LIPOSOMAL NYSTATIN (L-NYS)
Background

Nystatin (Nys) is a polyene antifungal antibiotic that has
been used for the treatment of cutaneous, vaginal, and oral
fungal infections since the 19505399 Topical and oral
administration of Nys are not associated with significant
toxicities because the compound is not absorbed through
the skin or from the gastrointestinal tract.”! To overcome
its limited bioavailability Nys has been administered intra-
venously. Previous attempts to administer Nys parenterally
in the clinic resulted in sclerosing of the veins accompa-
nied by severe shaking, chills, fever and malaise. This even-
tually resulted in the discontinuation of Nys therapy. To
circumvent the problems associated with parenteral
administration of free Nys, Aronex Pharmaceuticals Inc.
has recently developed Nyotran, a liposomal formulation
of Nys.

Development of Nyotran for intravenous administration
provides an additional compound with which the physi-
cian would be able to treat systemic fungal infections.
Although numerous studies demonstrate that while the
fungicidal activities of Nys and AmB overlap, they are not
identical. For example, Candida albicans strains exist that are

markedly more sensitive to Nys than to AmB.”? Nys was
found to be effective against Geotrichum, Torulopsis, Candida
krusei, and Beanvaria, whereas AmB has no activity against
these fungi. To date a number of studies investigating the
toxicity and efficacy of Nyotran’ have been published.

Pre-Clinical Studies

Our group was one of the first to investigate the i vitro
and zn vivo toxicity and therapeutic effects of liposomal
Nys.93 4 Nys incorporated into multilamellar lipid vesicles
was as active as unincorporated Nys was against a wide
variety of yeasts and fungi, including Candida albicans. In
addition, Nys incorporation into these liposomes also pro-
tected erythrocytes from the toxic effects of unincorpo-
rated Nys. Further studies were completed in mice
infected with Candida albicans. Mice injected intravenously
with various doses of free and liposomal Nys showed a
significant decrease in Nys-induced toxicity after Nys was
incorporated into the liposomes. The maximum tolerated
does of mice treated with free Nys was 4 mg/kg while
those treated with liposomal Nys had a maximum toler-
ated dose of 16 mg/kg. The maximal tolerated dose of free
Nys had no effect in the treatment of mice infected with
Candida albicans, whereas mice administered an equivalent
dose of liposomal Nys had greater survival rates. Take
together, these studies suggested that incorporation of
Nys into liposomes reduced its toxicity without compro-
mising its antifungal activity.

Over the past several years (1997-2001) the efficacy, safety
and pharmacokinetics of liposomal Nys in a variety of dif-
ferent animal models has been reported. Wallace ez al®®
reported the activity of liposomal Nys against dissemi-
nated Aspergillus fumigatus infection in neutropenic mice.
They found liposomal Nys, at doses as low as 2 mg/kg/
day protected neutropenic mice against Aspergillus-induced
death to a statistically greater extent than the no-treatment,
saline control, or the empty-liposome group. Similar pro-
tection was observed when these mice were administered
free Nys. In addition, histopathological results demon-
strated that following only 3 doses of liposomal Nys the
lungs, spleen, pancreas, kidney and liver were clear of
Aspergillus. Groll et al’%

ing the safety and efficacy of liposomal Nys in neutropenic

reported two studies investigat-

rabbits that had either pulmonary aspergillosis or subacute
disseminated candidasis. They found liposomal Nys
increased survival, reduced tissue injury, was effective in
clearing the infection and had tolerable side effects when
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administered to neutropenic rabbits with pulmonary
aspergillosis. They further found liposomal Nys less renal
toxic than AmB and had dose-dependent activity compa-
rable to that of AmB for the early treatment of subacute
Groll and
coworkers have also reported on the pharmacokinetics

disseminated candidiasis in these rabbits.

and tissue distribution of liposomal Nys following single
and multiple daily intravenous administration to rabbits.
They observed that liposomal Nys displayed nonlinear
pharmacokinetics, potentially therapeutic peak plasma

concentrations, and substantial penetration into tissues.”®

In the last several years, a number of studies have been
published evaluating the safety and effectiveness of liposo-
mal Nys compared to other antifungal agents including
AmB, liposomal AmB, itraconazole and fluconazole. Oak-
ley and coworkers compared the in vitro activity of liposo-
mal Nys with those of other antifungal agents against 60
Aspergillus isolates. Twelve isolates were resistant to itra-
conazole. They found liposomal Nys to have a lower MIC
than Nys and AmB lipid complex, but a higher MIC than
itraconazole (nonresistant strains), AmB, liposomal AmB

99 Denning ez ' com-

and AmB colloidal dispersion.
pared different doses of liposomal Nys, liposomal AmB,
ABLC with AmB alone in neutropenic mice infected with
an isolate of Aspergillus fumigatus. They found that high
doses of liposomal AmB and ABLC (25 and 50 mg/kg)
could overcome reduced susceptibility to AmB, but all
were inferior to 5- and 10-fold lower doses of liposomal

Nys. Carrillo-Munoz ef al 10!

compared the 7 vitro suscep-
tibility of 120 clinical isolates of yeasts to liposomal Nys
with that of ABLC, liposomal AmB, AmB cholesteryl sul-
phate, AmB, Nys, fluconazole and itraconazole. No signif-
icant differences in MICs were seen between the activity of
liposomal Nys and the polyene drugs or itraconazole, but
liposomal Nys was more active than fluconazole. Taken
together, these studies indicate that liposomal Nys has
good activity 7z vitro against medically important yeasts,
and compares favorably with the activities of other cur-
rently available antifungal agents, but with apparently less
systemic toxicity.

Our laboratory has recently investigated the plasma distri-
bution of free and liposomal Nys within human, dog and
rat plasma.lo2 When free and liposomal Nys were incu-
bated in human, dog or rat plasma, the majority of the
drug was recovered in the lipoprotein-deficient plasma
fraction (which primarily contains albumin and a-1-glyco-
protein) (Figure 5). However, a significantly greater per-

centage of Nys was recovered in the lipoprotein fraction
(primarily HDL) following the incubation of liposomal
Nys than following the incubation of free Nys (Figure 5).
There was a significant correlation between the lipoprotein
lipid and protein profiles in human, dog and rat plasmas
and the distribution of free Nys and liposomal Nys in
plasma. Specifically, differences in the proportion of
plasma lipoprotein cholesterol, triglyceride and apolar lip-
ids (cholesteryl esters and triglycerides) carried by HDL
influenced the distribution of free Nys and liposomal Nys
within plasmas of different species. In a further study, we
reported that as the amount of HDL protein decreased the
amounts of free Nys and liposomal Nys recovered within
this fraction decreased.'”> Taken together these finding
suggest that the distribution of Nys among plasma lipo-
proteins maybe defined by the proportion of lipid and pro-
tein carried by HDL, and may be an important
consideration when evaluating the pharmacokinetics, tox-
icities and activities of these compounds following sys-
temic administration to different animal species.

®)

Figure 5: Distribution of free Nys (A) and liposomal Nys
(B) (20ug/ml) in human, dog, and rat plasma following
incubation for 5 minutes at 37°C. The data are expressed
as percent of total Nys distributed in TRL, LDL, HDL, and
LPDP fractions. The data are reported as means =+
standard deviations (n 3). ¥ P < 0.05 compared to
human plasma; ~ P < 0.05 compared to dog plasma.
Reference: 102. M. Ramaswamy, T. L. Wallace, P. A. Cos-

sum and K. M. Wasan, Antimicrob. Agents Chemother.
43, 1424-8 (1999)

Clinical Studies

To date, few clinical studies with liposomal Nys have been
reported. In 1993, Rios ez al 104 reported on a phase I clin-
ical trial that studied the safety, tolerance and pharmacoki-
netics of a single dose of liposomal Nys (Nyotran®) in
seventeen patients with HIV infection. Four patient
groups were studied, each at one of the following dose lev-
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els: 0.25, 0.5, 0.75, and 1 mg/kg, Patients were hospitalized
during the first day of the study and then followed up as
outpatients daily for 1 week. None of the patients have
experienced any significant neurological, cardiac, pulmo-
nary or renal toxic effects at any of the dose levels studied.
Pharmacokinetic analysis (Table I1I) shows that after lipo-
somal Nys is administered, the drug appears to distribute
initially into the blood circulation and cleared with a termi-
nal half-life (t; /2yy of 5 hours. Furthermore, the kinetics of
liposomal Nys appear to be dose independent in the range
of 0.5 to 1 mg/kg body weight; however, the area under
the concentration-time curve appears to increase in direct
proportion to the dose administered for doses ranging
from 0.25 mg/kg to 0.75 mg/kg, which suggests that in
this dose range studied which suggests that in this dose
range there is no apparent saturation of drug clearance
mechanisms. However, area under the concentration-time
curve does not increase when patients are administered
0.75 mg/kg versus 1.0 mg/kg suggesting a saturation of
drug clearance once a dose of 0.75 mg/kg or above is
administered. In addition, an increase in terminal half-life
(t1/2y) as dose increases further argues for saturation in
drug clearance mechanisms. These results suggest that tis-
sue exposure to liposomal Nys increases with increasing
doses up to 0.75 mg/kg of this drug. With potentially
enhanced tissue distribution, greater intracellular concen-
trations of Nys may be achieved.

Table 3: Pharmacokinetic parameters of liposomal Nys
in patients with HIV infection.

Dose of Nys (mkg)

025 (5 078 10

a1z 12:48 102242 7313

425216

sehalf | 155262 20779 255+55 3312113

on | 37203 59:08 65205 9:06

452285 7321172 12742483 12632301

2430 2682105 338281 349202

Volume of distroution | 6.2 0.7 7B215 10208 912186
(Liten)

Clearance rate from | 06201 08202 098202 10204
blood (ugimimin)

Reference: 104. A. Rios, M. Rosenblum, G. Crofoot, R. .

Lenk, A. Hayman and G. Lopez-Berestein, . Infect. Dis.
168, 253-4 (1993).

Recently, Krupova ez al! reported the successful use of
liposomal Nys in therapy of pulmonary aspergillosis
refractory to conventional AmB therapy in cancer patients.
However, more clinical studies with liposomal Nys are
warranted.

Development Of Other Liposomal Polyene Antibiot-

ics

A number of other liposomal polyene antibiotics have
been developed. One of these compounds that have been
incorporated into a lipid carrier is Hamycin. Hamycin has
been used to treat a variety of yeast and other fungal infec-
tions through oral, topical and intraperitoneal routes.
However, its parenteral use has been associated with high
toxicity. In 1991, our group developed a multilamellar lipo-
some formulation of Hamycin. The antifungal activity of
Hamycin was maintained after liposome encapsulation and
toxicity was reduced 7z vitro and 7n vivo as the concentration
of cholesterol was increased.'%® In additional, several stud-

ies by Moonis ez al 107108

reported the effectiveness of
liposomal Hamycin in the treatment of experimental
aspetgillosis in Balb/c mice with limited side effects.

Recently, Harindran ez a1

reported the incorporation of
a new polyene oxohexaene macrolide antibiotic isolated
trom Strepromyces CDRIL-312, HA-1-92, into liposomes
containing phosphatidylcholine and cholesterol. The lipo-
somal incorporated HA-1-92 resulted in considerably
decreased toxicity when compared with free HA-1-92 in
mice. Furthermore, liposomal HA-1-92 showed improved
pharmacokinetic profiles in rats, in particular, a longer cir-
culating half-life. When administered to aspergillosis- and
cryptococcosis-infected Balb/c mice, liposomal HA-1-92
showed increased antifungal activity compared with free
HA-1-92, improved survival rate and decreased colony-
forming units in lung, liver, spleen, and kidney. Although
these findings are promising additional studies are
required.

SUMMARY

Fungal infections are on the rise worldwide, particularly as
the population of immunocompromised patients contin-
ues to grow. By themselves, polyene antibiotics (i.e. nysta-
tin and amphotericin B) are effective antifungal agents,
though they are highly toxic. The goal of these liposomal
formulations is to transport the drug through the body
without exposing it to sensitive organs and tissues, and
then to deliver it in concentrated doses to the target site.
To a certain extent, these formulations accomplish this
goal. For example, the maximum tolerable dose of AmB is
about 1 mg/kg/day. However, lipid formulations of AmB
allow physicians to go up to 5 times the dose of AmB
without increasing infusion-related toxicities. These lipid
formulations demonstrate improved efficacy, primarily
because of the higher administered dose, and reduced kid-
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ney toxicity, compared to free form of the drug, As such,
the future of liposomal polyene antibiotics is bright and it
is apparent that these lipid-based products will replace the
free form of these compounds as the mainstays in the
treatment of systemic fungal infections.
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LisT OF ABBREVIATIONS
ABCD Amphotericin B Colloidal Dispersion

ABLC Amphotericin B Lipid Complex

AIDS Acquired Immunodeficiency Syndrome
AmB Amphotericin B

ATP Adenosine Triphosphate

DMPC Dimytristoyl Phosphatidylcholine
DMPG Dimyristoyl Phosphatidylglycerol
ND Not Detectable

Doc-AmB Amphotericin B formulated as a Micelle Sus-
pension with Deoxycholate

DTNB Dithionitrobenzoate

HDL High Density Lipoproteins

HIV Human Immunodeficiency Virus

HPLC High Performance Liquid Chromatography
L-AmB Liposomal Amphotericin B

LDL Low Density Lipoproteins

LLC PK1 A pig kidney epithelial cell line

LPDP Lipoprotein Deficient Plasma

MIC Minimum Inhibitory Concentration

Nys Nystatin

RPMI 1640 A type of liquid cell culture medium
TRL Triglyceride Rich Lipoprotein

VLDL Very Low Density lipoproteins
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