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Abstract

Cells of the mononuclear phagocyte system (MPS) are important hosts for human immunodefi-
ciency virus (HIV). Lectin receptors, which act as molecular targets for sugar molecules, are found
on the surface of these cells of the MPS. Stavudine-loaded mannosylated liposomal formulations
were developed for targeting to HIV-infected cells. The mannose-binding protein concanavalin A
was employed as model system for the determination of in-vitro ligand-binding capacity.
Antiretroviral activity was determined using MT-2 cell line. Haematological changes, tissue dis-
tribution and pharmacokinetic studies of free, liposomal and mannosylated liposomal drug were
performed following a bolus intravenous injection in Sprague-Dawley rats. The entrapment effi-
ciency of mannosylated liposomes was found to be 47.2 + 1.57%. Protein-carbohydrate interaction
has been utilized for the effective delivery of mannosylated formulations. Cellular drug uptake
was maximal when mannosylated liposomes were used. MT2 cells treated continuously with
uncoated liposomal formulation had p24 levels 8-12 times lower than the level of free drug
solution. Further, the mannosylated liposomes have shown p24 levels that were 14-20 and 1.4-
2.3 times lower than the level of free drug and uncoated liposomal formulation treatment,
respectively. Similar results were observed when infected MT2 cells were treated overnight.
Stavudine, either given plain or incorporated in liposomes, led to development of anaemia and
leucocytopenia while mannosylated liposomes overcame these drawbacks. These systems main-
tained a significant level of stavudine in the liver, spleen and lungs up to 12h and had greater
systemic clearance as compared with free drug or the uncoated liposomal formulation.
Mannosylated liposomes have shown potential for the site-specific and ligand-directed delivery
systems with desired therapeutics and better pharmacological activity.

Introduction

The therapeutic efficacy of antivirals is often hampered by their poor ability to
penetrate and target infected cells. Rapid drug clearance and inherent toxicity of
parent compounds or their metabolites also constitute some of the major drawbacks,
which may slow down the development and use of many antiviral agents (Nassander
etal 1990; Lasic 1993; Bakker-Woudenberg 1995; Wasan & Lopez-Berenstein 1995).
Receptor-mediated drug targeting is a promising approach to obtain site-specific drug
delivery (Kawakami etal 2000). The use of liposomes as a drug carrier represents a
convenient strategy to improve the delivery of drugs within infected cells, thereby
increasing their efficacy and reducing their toxicity. The localization of liposomes in
organs rich in monocytic cells, such as liver, spleen, lungs and kidney, may provide a
mechanism for improving the therapeutic index of antiviral agents such as stavudine
(d4T) (Poste etal 1982; Herman et al 1983; Lopez-Berestein et al 1984, 1987; Fidler et al
1985; Mehta etal 1987; Treat etal 1989; Rahman etal 1995). One particular method
exploits the mechanism of sugar recognition that specific cell types possess. The
relatively hydrophilic glycolipids may reduce immunogenicity. However, they can be
removed from liposomes simply via interaction with plasma lipoproteins or lipids in
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tissue resulting in a reduction in cell selectivity after intra-
venous injection (Slidregt et al 1999). Therefore, it is essen-
tial to develop a superior glycosylating agent that can be
securely attached to the liposomal membrane, even under
in-vivo conditions.

Protein—carbohydrate interactions mediate critical bio-
logical recognition processes, such as those involved in cell
signalling, organogenesis, fertilization and inflammation.
Additionally, carbohydrate—protein interactions facilitate
the initial attachment of pathogens to host cells
(Weatherman etal 1996). Cells of the mononuclear phago-
cyte system (MPS) are important hosts for HIV and play a
key role in the pathogenesis of AIDS by providing long-
term reservoirs for the virus (Roy & Wainberg 1988;
Meltzer etal 1990; Levy 1993). As liposomes are preferen-
tially taken up by cells such as macrophages, monocytes
and lymphocytes (MPS), their use as carriers of antiviral
agents represents an interesting approach (Senior 1987;
Gregoriadis 1988; Lasic 1992; Desomeaux etal 1994;
Makabi-Panzu etal 1994). Lectin receptors are found on
the surface of the cells of the MPS (Auger & Ross 1992).
Coating the liposomal formulation with sugar (e.g. man-
nose, lactose, fucose and galactose) would efficiently target
the liposomes to the site of action (Muller & Schuber 1989).

Stavudine (d4T) has become a widely-prescribed
antiretroviral agent due to its tolerability and twice-
daily dosing schedule. The plasma half-life of d4T is
relatively short in man (0.9-1.2h); however, the puta-
tive active metabolite has a longer intracellular half-life
of 3.5h (Williams & Stancel 1990). Entrapment of d4T
in liposomes can positively alter the pharmacokinetic
profile of this antiviral agent by increasing its half-life
in the systemic circulation. A liposomal drug delivery
system may be an alternative in the case of stavudine
as it can alleviate toxicity associated with the drug and
can deliver the drug to the infected cells via passive
uptake mechanism. Such a reduction in toxicity has
been demonstrated with drugs like doxorubicin and
amphotericin B (Lopez-Berestein etal 1985; Szoka
etal 1987; Mayer etal 1990; Kanter etal 1993). This
could increase the time-interval between each drug
administration during therapy, consequently improving
the quality of life of patients suffering from AIDS. This
investigation was undertaken to develop a macrophage-
targeted d4T-loaded mannosylated liposomal formula-
tion. Tissue distribution and pharmacokinetic profiles
of free, liposomal and mannosylated liposomal drug
were studied in-vivo following a bolus intravenous
injection in rats.

Materials and Methods

Materials

Stavudine was received as a gift sample from M/s Hetero
Drugs (Hyderabad, India). Egg phosphatidylcholine (PC),
cholesterol (CH), stearylamine (SA), b-mannose, Sephadex
G-50, penicillin, streptomycin, gentamicin, concanavalin A
(Con A), RPMI 1640 culture medium and Triton X-100

were purchased from Sigma Chemicals Co. (USA).
Palmitoyl chloride was procured from Fluka
(Switzerland). All other chemicals used were purchased
from Merck (India).

Synthesis of O-palmitoylmannose

O-palmitoylmannose (OPM) was synthesized by esterifi-
cation of mannose by the reaction of palmitoyl chloride in
dimethylformamide (DMF) under anhydrous catalytic
conditions following the method of Sunamoto etal
(1985) and adopted with minor modification in our
laboratory.

Briefly, 2.0 g mannose was dissolved in 100mL dry
DMF at 70°C. To the resulting solution, 2mL dry pyr-
idine and 0.2 g palmitoyl chloride dissolved in 0.5 mL dry
DMF were added. The mixture was stirred using a mag-
netic stirrer (Expo India Ltd, Mumbai, India) for 3h at
60°C followed by 2h at room temperature. This mixture
was then slowly poured into 100 mL absolute ethanol with
stirring. The precipitate so formed was collected and
washed thrice with 120mL absolute ethanol and 80 mL
dry diethyl ether. The white solid material obtained was
dried in vacuum at 50°C for 2h. The FTIR spectrum was
recorded on FTIR multiscope spectrophotometer (Perkin
Elmer, Buckinghamshire, UK) equipped with spectrum
v3.02 software.

Preparation and development of liposomal
formulation

Liposomes were prepared by reverse-phase evaporation
(Szoka & Papahadjopoulos 1978). Egg PC, CH and SA
were taken in different molar ratios (Table 1) and dis-
solved in 5mL diethylether, to which 2mL of aqueous
phase (i.e. phosphate-buffered saline, PBS pH 7.4) con-
taining 2mg d4T was added. The mixture was sonicated
(Titanium probe ultrasonicator; Imeco Ultrasonics, India)
for 10 min (with an interval of 1 min after 5min). A thick
emulsion was formed, which was then vortexed (Superfit,
India) to remove any residual ether. To this emulsion,
3mL PBS (pH 7.4) was added to hydrate the vesicles.

Table 1 Composition and characterization of different liposomal
formulations

Formulation = Molar lipid ratios  Particle size % Entrapment
code (PC:CH:SA) (nm)* efficiency®

L1 9:1:0 145+2.36 32.440.02
L2 7:2:1 1204+ 1.52  49.60+1.23
L3 6:3:1 169.3+9.6 26.4+1.01
L4 5:4:1 192.3+6.5 1436 £1.22

*Values are expressed as mean+s.d., n=6. PC, egg
phosphatidylcholine; CH, cholesterol; SA, stearylamine; L1, L2, L3
and L4 are the formulation codes of liposomal formulations
prepared with different molar ratios of lipids and cholesterol.




Formulations were evaluated for their shape and mor-
phology by phase contrast microscopy (Leica DMLB,
Germany). Liposomes were then extruded through poly-
carbonate membranes (Millipore, USA) of 200 nm pore
size. Vesicle size was evaluated by dynamic light scattering
using a Coulter N4 MD Submicron Particle Size Analyzer
(Coulter Electronics, Hialeah, FL). Entrapment efficiency
was determined after separation of un-entrapped drug by
a Sephadex G-50 minicolumn using centrifugation techni-
que (Fry etal 1978; New 1990). The amount of drug
entrapped in the vesicles was then determined by disrupt-
ing the vesicles using 0.1% Triton X-100 and the liberated
drug was determined in a UV spectrophotometer
(Shimadzu 1601) at 266nm. Developed formulations
were characterized in-vitro before and after surface ligand
anchoring.

Coating of liposomes

For coating, 2mL of uncoated liposomal formulation
was incubated with OPM solution (in PBS, pH 7.4) and
was then stirred gently at room temperature. After com-
pletion of coating, the excessive unbound OPM was
removed by passing the resultant suspension through a
Sephadex G-50 column at 2000 rev min~' for 10 min. The
two process variables (total lipid to OPM weight ratio
and incubation time) were optimized by measuring the
change in zeta-potential of the dispersion using 0.1 m KCl
buffer in demineralized water at 25°C (Zetasizer 3000
HS; Malvern Instruments Co., UK). OPM (negatively
charged) becomes coated onto the positively charged
liposomes. This change in zeta-potential value can be
used to optimize the process variables. For optimization,
lipid and OPM in different ratios were taken to develop
the formulations that were incubated for 24 h at 25°C. To
optimize the incubation time the formulations with opti-
mum lipid-to-OPM ratio were incubated for different
time periods at 25°C and zeta-potential was measured.
Both uncoated and OPM-coated liposomes were
extruded four times through two stacked 0.2-pum poly-
carbonate membranes.

In-vitro ligand agglutination assay

Mannosylated liposomes were assessed for in-vitro ligand-
specific activity by mannose-binding Con A as reported by
Copland etal (2003) with slight modification. A 100-uL
sample of the original liposomal dispersion (both plain and
OPM-coated) was diluted 10 times with PBS (pH 7.4) and
1 mL of varying concentrations of Con A (100-700 ugmL ™"
in PBS containing 1 mm MnCl, and 1 mm CaCl,, pH 7.4)
was added to it at 25°C. Time-dependent increase in turbid-
ity at 550nm was monitored spectrophotometrically
(Shimadzu 1601 UV spectrophotometer; Japan) for 4h.
Every experiment was performed in triplicate.

Cellular drug uptake studies

Cultured MT2 cells were used to determine the extent of
cellular drug uptake from liposomal formulations. Cells
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were grown in RPMI 1640 medium containing 10% fetal
calf serum (FCS), penicillin (50 ITUmL™"), gentamicin
(80 ugmL™") and streptomycin (50 ugmL~"). About
100 uL of the cell suspension, corresponding to a seeding
density of 1x 10° cells/mL, was transferred to 48-well
culture plates. Ten microlitres of mannosylated liposomal
d4T, liposomal d4T and free d4T solution (1 mgmL™")
was then added to each well of I, II and III columns,
respectively. The plates were incubated in a controlled
environment at a temperature of 37 + 1°C for a period of
48 h. During incubation, the cell suspension from each
well was transferred to polycarbonate filters (pore size
0.45 um) at 0, 1, 4, 8, 20 and 48 h. The wells of the cell
culture plates were rinsed with 1 mL PBS (pH 7.4) and the
washings subsequently transferred to the polycarbonate
filters. The cells were separated from the medium in the
form of a pellet by centrifuging the filters at
4000 revmin~' for 15min. About 0.5mL of Triton X-
100 was added to the pellet to rupture the cells and the
mixture was incubated at room temperature for 5-6h
(Katragadda etal 2000). Drug uptake was determined by
HPLC method.

Cell viability study

Culture of HIV-1 developed in T lymphocyte cell line was
used for carrying out cytotoxicity (Hao etal 2005) and
antiretroviral activity studies. Cells were cultured in
RPMI 1640 supplemented with 10% FCS, penicillin (50
IUmL™"), gentamicin (80 ugmL™") and streptomycin
(50 pgmL ™). Flat-bottom tissue culture plates (Corning
Incorporated, Corning NY, USA) with 72 wells were
used. One-hundred microlitres of 10% RPMI was added
in all the 72 wells of the flat-bottom tissue culture plates.
To the first row of column II, III, IV, V and VI, 200 xL of
10mm free d4T solution, unloaded plain liposomal for-
mulation, unloaded mannose-coated liposomal formula-
tion, liposomal d4T (10mm drug) and mannosylated
liposomal d4T (10mMm drug) were added, respectively.
From the first row of each column, 100 pL of formulation
or 5mmM of d4T was transferred to the second row, then
100 uL from the second row to the third row, and likewise
serial dilutions were made until the last row (each well
contained 5000, 2500, 1250, 625, 312.5, 156.2, 78.1, 39.0,
19.5, 9.75, 4.87 and 2.43 pum of d4T). MT2 cell suspension
(100 pL; 0.01 x 10° cells/100 uL) was added in each well
and mixed thoroughly. The plate was incubated at 37°C
for 5 days in a CO, incubator. On the fifth day post-
infection, cell toxicity was determined by the [4,5-
dimethylthiazol-2-yl]-2,5-diphenyltetrazolium  bromide
(MTT) assay (Bedoya etal 2001; Salvatori etal 2001).
The cytotoxicity was expressed as the cytotoxic dose 50
(CD50) that induced a 50% reduction of absorbance at
540nm (Absorbance % = Absorbance of formulation/
Absorbance of cell control).

Anti-HIV assay

MT2 cell suspension (1 mL, 0.1 x 10° cells/mL) was taken
in 200 uL of RPMI medium in a 24-well plate. To each
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well, 100 uL of HIV-I virus (5ng p24/mL) was added
followed by incubation for 2h at 37°C in 95% air—5%
CO, atmosphere. The residual virus was then removed by
washing the cell suspension three times with 2% RPMI
medium. p24 harvested from the supernatant (200 uL) of
the last wash was considered 0 PID (post infection day). A
subtoxic concentration (determined from cytotoxicity
assay) of d4T was added to each well of 96-well plates
and maintained as a positive and negative control for
every assay. The plate was then incubated at 37°C in
95% air-5% CO, atmosphere for 12 days. On the 5™,
7" 9™ and 12'" days, supernatant was harvested for p24
antigen by ELISA determination in harvested culture
supernatants (Konopka etal 1990).

For overnight treatment, medium was removed on the
next day after infection day; the wells were washed five
times with 2% RPMI medium and replaced with fresh
medium in the wells. MT2 cells were treated overnight
with plain drug solution (f d4T), d4T-loaded mannose-
coated (ML d4T) and -uncoated liposomal formulation (L
d4T). Then the cells were cultured as usual. For contin-
uous treatment, medium was not replaced, and fresh dilu-
tions of treatments were added with each medium
replacement. With our standard curve, p24 was accurately
detected down to 0.0lngmL~'. The results were
expressed as the mean +s.d. of triplicate determinations
and were compared with untreated controls unless speci-
fied otherwise.

In-vivo study

Haematological study

Healthy male albino rats (Sprague-Dawley strain),
100 +20 g, previously untreated with drugs, were used.
The rats were allowed free access to a commercial
pellet diet (Hindustan Lever, Bangalore, India) and
water. The rats were acclimatized to laboratory hygie-
nic conditions for 10 days before starting the experi-
ment. Permission of the Institutional Animals Ethics
Committee was obtained for all animal experimentation
(Registration Number 379/01/ab/CPCSEA, India). The
rats were divided into four groups of six each. f d4T,
ML d4T and L d4T, each equivalent to 200 um of d4T,
were administered intravenously to the first, second
and third group, respectively, daily for 30 days. The
fourth group was kept as a control, which was main-
tained on the same regular diet for 7 days.
Haematological parameters (i.e. white blood corpuscles
(WBC), red blood corpuscles (RBC), haemoglobin
(Hb), haematocrit (HCT) and mean corpuscular hae-
moglobin (MCH)) were determined in an Erma Particle
Counter (Erma Inc, Tokyo, Japan) after 30 days.

Plasma and tissue distribution study

Albino rats, 100 +20g, were used to study the tissue
distribution of the drug. The rats were divided into six
groups of fifteen. To the first group, plain drug solu-
tion (0.1 mgkg ') was administered and to the second
and third group an equivalent amount of drug-loaded

uncoated liposomal formulation and mannosylated
liposomal formulation were administered, respectively,
through the caudal vein. The fourth group served as
control for the first group to which saline (0.9% NaCl)
was administered, the fifth group served as control for
the second group to which plain (without drug)
uncoated liposomal formulation was administered and
the sixth group served as control for the third group to
which plain (without drug) mannosylated liposomal
formulation was administered. After 15, 30, 60,
120min and 12h, three rats from each group were
sacrificed. The organs (lymph nodes, spleen, kidney,
liver and lungs) were excised and homogenized using
a tissue homogenizer (MAC  Micro  Tissue
Homogenizer; Delhi, India) in a minimal volume of
0.25% Triton-X100 solution. The homogenates were
de-proteinized with acetonitrile, centrifuged, filtered
and estimated for the drug contents by HPLC
(Stephen etal 1999). Reverse-phase HPLC method
without any internal standard, having a mobile phase
of 5% acetonitrile and 95% 50 um phosphate buffer
(pH 6.75) was used. The retention time for stavudine
was 6min. The flow-rate was 1.25mLmin~' by LCI0
AT pump on a 5pm-Luna C18 column (Phenomenex,
USA) with UV detection at 266 nm using photo diode
array detector (SPD-M10A).

A 1-mL blood sample was withdrawn and collected
in 0.9% normal saline at each time point (i.e. 0.25, 0.5,
1, 1.5, 2, up to 12h). The collected blood samples were
clotted and washed by vortexing with normal saline
and the washings were centrifuged at 2000 revmin ™
for 15min. Serum was de-proteinized by acetonitrile
(1mL/mL of serum). The samples were centrifuged
and supernatants were analysed by HPLC for drug
content against a similarly treated blood sample from
the control group. The pharmacokinetic parameters
were determined using non-compartmental analysis.
The elimination rate constant (K.) was estimated
from the slope of the terminal elimination phase. The
half-life in plasma of the terminal elimination phase
(t2) was calculated as 0.693/K.;. The area under the
plasma concentration—time curve (AUC) and the area
under the first moment of the concentration—time curve
(AUMC) were calculated using the trapezoidal rule.
The systemic clearance, mean residence time (MRT)
and the steady-state volume of distribution (Vdg)
were calculated as dose/AUC, 1/K,; and [dose x AUMC]/
[AUCP, respectively.

Statistical analysis

Statistical analysis was performed with GraphPad
Prism software (version 4.03, USA) using one-way ana-
lysis of variance followed by Tukey—Kramer multi-
ple comparison test. Kruskal-Wallis test followed
by Dunn’s multiple comparison test was used for the
statistical analysis of the results in cases where three
replicates were used. P < 0.05 was considered statistically
significant.



Results

Synthesis and characterization of
O-palmitoylmannose

Mannose used in this study was chemically modified by
esterification with palmitoyl chloride. OPM was charac-
terized by IR spectrum. Extremely intense O-H stretch of
carbohydrate around 3405.2cm™! was obtained. A char-
acteristic C-H stretching (strong) and bending vibration
(medium) was observed at 2832.8cm™' and 1400cm ™',
respectively. Strong peaks at 1687.1cm ™' and 1750.2cm ™"
confirmed the carbonyl group (C=0). C-O stretch was
observed at 1115.8cm ™" and 1241.3cm™ .

Preparation, characterization and coating of
liposomes

The reverse-phase evaporation method for preparation of
liposomes is reported to encapsulate large hydrophilic
molecules with high entrapment efficiency. It is clear
from Table 1 that as the lipid ratio used in the preparation
of liposomes varies, encapsulation efficiency and particle
size shows significant difference (P < 0.001). Formulation
L2 was found to have the highest entrapment efficiency
(49.6 £1.23%) and lowest particle size (120 £ 1.52nm).
Therefore, formulation L2 was chosen for mannose coat-
ing of the liposomes.

Liposomes initially had positive zeta-potential due to
the presence of stearylamine. This positive zeta-potential
decreases with addition of OPM (anionic) and it
approaches a minimum value at a 10:5 lipid-to-ligand
weight ratio (Figure 1A). For optimization of incubation
time the optimized formulation (10:5 lipid-to-ligand weight
ratio) was incubated for different time periods (0, 15, 30,
60, 120, 180, 240, 300, 360 and 420 min) and the change in
zeta-potential was recorded (Figure 1B). There was a
decrease in the initial zeta-potential value, with it reaching
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a minimum after 4h of incubation and thereafter no sig-
nificant change was observed in the zeta-potential value.
Entrapment efficiency after coating was 47.20 + 3.25%,
which was insignificantly different (P=0.1216) to the
uncoated formulation, indicating no loss of drug after
OPM coating. After extrusion through the polycarbonate
membranes significant (P < 0.0001) increase in vesicle size
was observed for OPM-coated liposomes (140 +2.25nm)
compared with uncoated liposomes (120 + 1.52 nm).

In-vitro ligand binding specificity

The development of novel multivalent carbohydrate
ligands for the modulation of biological processes con-
tinues to be an attractive target for research. Following
exposure to Con A an increase in the optical density (tur-
bidity) at 550 nm was noticed with mannosylated lipo-
somes. The extent of aggregation increased as we
increased the Con A concentration from 100 to
500 ugmL~" and the duration of exposure from 5 to
150 min. It was observed that beyond 500 ugmL~' Con A
concentration, turbidity displayed insignificant (P > 0.05)
increase. After 150 min no significant change in turbidity
was observed. The results indicated that even after chemical
modification and anchoring onto liposomal surface, man-
nose displayed binding specificity towards Con A.

Cellular drug uptake study

The liposomes were separated from the cells by centri-
fugation. The basis for using filters to estimate encap-
sulation is that liposomes that have a particle size of
approximately 0.2mm readily pass through the filter
during centrifugation, whereas the macrophages that
are bigger than the liposomes are retained on the filter
along with the stavudine they have taken up. Figure 2
shows that drug uptake by macrophages was higher

55 -
50
45 4
40
354
301
25+
20
154
10+
5
0

Zeta-potential (mV)

0 15 30 60 120 180 240 300 360 420
Incubation time (h)

Formulations with different ratios of lipid and O-palmitoylmannose (OPM) were prepared. A. Optimization of total lipid-to-OPM

weight ratio (zeta-potential values after time period of 24 h at 25°C). B. Incubation time optimization for coating of OPM at 25°C. Values are

expressed as mean +s.d., n=6.
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Figure 2 Cellular uptake of stavudine (mg/million cells) as a func-
tion of time from different formulations (free d4T (¢), uncoated
liposomal d4T (M) and mannosylated liposomal d4T (A)). Data
are expressed as mean +s.d., n=3.

when liposomes were used. A 5-fold enhancement
(maximal uptake) was observed when mannosylated
liposomes were used, whereas in the case of uncoated
liposomes the increase was 3 fold compared with the
free drug. The extent of drug uptake from liposomal
formulations is an important parameter for estimating
the dosage of the formulation. It is highly desirable
that drug uptake from liposomal formulations be max-
imal so that a smaller dosage of the formulation would
suffice to achieve an optimal therapeutic effect.
Moreover, small doses are convenient to the patient
in terms of parenteral administration.

Cell viability study

The cytotoxicity of the vesicular formulation was deter-
mined by MTT assay. No significant toxicity (P > 0.05)
was observed up to a concentration of 1250 um of d4T
entrapped within different vesicular formulations as com-
pared with control. It was observed that the encapsulation
of drug in liposomes decreased the cytotoxicity of the drug
(subtoxic concentration of d4T in free, uncoated liposo-
mal and mannosylated liposomal formulation were 312.5,
1250 and 2500 uM, respectively). To avoid any cytotoxic
effects of formulations, an anti-HIV assay was carried out
using 312.5 um of d4T.

Having determined that the subtoxic concentration of d4T
was 312.5 um of free drug solution, we examined a dose range
of 625-78.1 um. When MT?2 cells were continuously treated
with d4T or liposome-encapsulated d4T for 12 days following
infection, there was a dose-dependent inhibition of p24 pro-
duction compared with control. At day 7, the differences
between the p24 values obtained at the various doses were
all statistically significant (Figure 3A) (e.g. comparison of the
values for 312.5 and 156.25 um free d4T, and that for 625 and
312.5 um d4T yielded P < 0.05). The p24 values obtained
throughout the experiment are shown in figure 3B, C and D
for treatments with ML d4T, L d4T and f d4T, respectively.

The maximum dosing in the range 156.25-625 uM in all cases
kept virus production at a lowest level, whereas the minimum
dose (78.1 um) of f d4T solution could not prevent virus
production from increasing over time.

Treatment with ML d4T produced lower p24 levels com-
pared with L d4T and f d4T in the concentration range
studied (Figure 3). An empty mannosylated and uncoated
liposomal control, at the same concentration of lipid as that
of ML d4T and L d4T, was included in every experiment for
each type of liposome used in this study, and the results were
similar in every experiment. The p24 level in the empty
liposomes control (mannosylated and uncoated) was found
to be similar to the untreated control.

Continuous treatment versus overnight
treatment of infected MT-2 cell line with ML d4T,
L d4T and f d4T

T lymphocytes continuously treated with ML d4T and L
d4T (312.5 um d4T) reduced p24 levels to approximately
1/2000 to 1/1000 as against the controls (Figure 3E). MT2
cells treated with L d4T had p24 levels at or below
0.1ngmL™", about 8-12 times lower than the level after
f d4T treatment. In the case of ML d4T, p24 levels were
below 0.1 ngmL ™', about 14-20 times and 1.4-2.3 times
less than the level of f d4T and L d4T treatment, respec-
tively. The p24 levels of the treated MT2 cells remained
relatively steady for 14 days (P > 0.05 for ML d4T, L d4T
and f d4T treatment), while the control p24 levels
increased significantly (P < 0.05) from the 5 to the 14
day post infection. After overnight treatment of infected
MT2 cell lines (Figure 3F), the levels of p24 increased
throughout the course of experiment (14 days), although
the levels in the treated wells increased slowly as compared
with that of controls. The difference between untreated
controls and treated wells increased over time but was less
than that with continuous treatment. ML d4T was the
most effective of the three treatments, keeping p24 levels
at about less than 20% of positive control on day 14 post
infection. Significant difference was found in the level of
p24 in the case of ML d4T (P < 0.05 vs control, Ld4T and
f d4T). Formulation f d4T showed no significant effect
until day 14 (P > 0.05 vs positive control). p24 levels were
not kept as low by the single treatment as by continuous
treatment; the longer-lasting effect of mannosylated lipo-
some-encapsulated d4T compared with free d4T (to 14
days after a single treatment) suggests that mannosylated
liposomes may provide a local reservoir of the antiviral
drug in lymphocytes.

In-vivo study

Haematological study

The blood parameters undergoing major changes were
RBC counts, WBC counts, Hb content and HCT value.
Significant lowering in WBC, RBC, Hb and HCT in rats
treated with plain d4T solution and uncoated liposomal
formulation was observed (Table 2) as compared with
values in control rats. No significant difference was
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are expressed as mean +s.d., n=3.

observed in MCH values of any group of rats as compared
with the control. The observations clearly showed that
d4T either given plain or incorporated in liposomes pro-
duced anaemia and leucocytopenia. However, d4T
entrapped in mannosylated liposomes overcame these
drawbacks as they released their content (d4T) directly
to the target site.

Plasma and tissue distribution study

The tissue distribution study was undertaken to assess the
amount of drug reaching lectin-receptor-rich organs.
Figures 4A, B and C shows the concentration of drug
measured in plasma and various organs at different
times (15, 30, 60, 120min and 12h) after intravenous
injection of f d4T, L d4T and ML d4T (0.1 mgkg™"),
respectively. The incorporation of d4T in liposomal

vesicles strongly altered its distribution pattern. After L
d4T injection, plasma levels > 346.38 +12.36nmol L™
were monitored up to 2h post injection. In contrast,
plasma drug concentration following f d4T injection
decreased rapidly (7.76 & 3.65nmol L™ at 2 h post injection)
and a larger drug concentration (440.01 +20.11 nmol L")
was found in the kidney at just 15min after injection.
Administration of L d4T did not result in high renal uptake.
In the first 15 min following injection, much lower d4T levels
were observed in the kidney for the L d4T formulation than
with free drug (P < 0.05).

In the case of the ML d4T injection, the plasma con-
centration (416.7412.25nmolL™") was less at 15min
post injection, although it retained significant (P < 0.05)
concentration even after 12 h as compared with Ld4T. ML
d4T maintained a significantly higher level (P < 0.05) of
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Table 2 Haematological parameters of control and treated rats

Group WBC (x 103/,uL) RBC (x 106/;1L) Hb (g dL") HCT (%) MCH (pg)

Control 8.25+2.1 7.15+1.37 14.89 +£2.99 41.69 £5.51 20.83+£1.35

f d4T solution 476 +1.74 3.21+1.33 6.27+1.25 29.91+3.17 19.53+1.43
P=0.0106 P=0.0005 P < 0.0001 P=0.0011 P=ns

L d4T 5.11+1.23 4.11+1.45 8.20+1.58 34.18£1.25 19.95+2.17
P=0.0102 P=0.0039 P=0.0007 P =0.0086 P=ns

ML d4T 8.01 +1.54 6.51+1.02 13.43 £1.57 39.28 +£5.64 20.62+1.56
P=ns P=ns P=ns P=ns P=ns

Values are expressed as mean +s.d., n = 6. Each formulation administered intravenously was equivalent to 200 um of d4T. WBC, white blood
corpuscles; RBC, red blood corpuscles; Hb, haemoglobin; HCT, haematocrit; MCH, mean corpuscular haemoglobin.
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Figure 4 Distribution of free (A), uncoated liposome- (B) and mannosylated liposome-encapsulated d4T (C) in various tissues as a function
of time after a single intravenous dose (0.1 mgkg™") to rats. D. Concentration—time curves of free d4T (@), uncoated liposome-encapsulated
d4T (M) and mannosylated liposome-encapsulated d4T (A) in plasma following the administration of a single intravenous dose (0.1 mgkg™").

Values represent means +s.d. obtained from three rats per time point.

the drug in liver, spleen and lungs up to 12h (more than
plasma concentration) compared with f d4T and L d4T.
From the results it is very clear that coupling of mannose
residues to the liposomal surface enhances their systemic
clearance. The results indicate that delivery of anti-HIV
drugs in liposomes may present certain advantages, parti-
cularly for potent compounds that do not have either high
oral bioavailability or have a short elimination half-life.

The results correlated well with the studies of Banerjee
etal (1994) on mannosylated liposomes.

Pharmacokinetic study

The plasma level study of different formulations was car-
ried out to determine the release profile in-vivo. The
plasma concentration—time profiles for f d4T, L d4T and
ML d4T formulations are shown in Figure 4D, which



Table 3 Pharmacokinetic parameters of free, uncoated liposomal

and mannosylated liposomal d4T following the administration of a
single intravenous dose (0.1 mgkg™"), in rats, determined using non-
compartmental analysis

Pharmacokinetic f d4T L d4T ML d4T

parameter

t% (h) 0.94£0.002 2.41£0.001 3.34£0.005

AUCy 7, 216.56 £3.11  3241.1+£6.21  2669.8 £150.34
(nmol hmL™")

K (h7h) 0.73 +£0.001 0.294+0.003 0.2140.004

Vd, (Lkg™) 2.80£0.02 0.48£0.12 0.81£0.31

Cl(Lh 'kg™" 2.0540.40 0.1340.031 0.1740.50

MRT (h) 1.36 £0.05 3.47+0.21 4.824+0.36

Values are expressed as mean +s.d., n=3. t'%, half-life in plasma of
the terminal elimination phase; AUC, area under the plasma
concentration—time curve; K, elimination rate constant; Vd,
steady-state volume of distribution; Cl, systemic clearance; MRT,
mean residence time.

demonstrates a rapid clearance of free drug from the
plasma as compared with L d4T and ML d4T formula-
tions. The concentration—time profile of L d4T and ML
d4T depicted a similar sustained release pattern. With
ML d4T, the plasma concentration of d4T was initially
less, but enhanced significantly after 12h (P < 0.05) as
compared with L d4T, indicating the prolonged sus-
tained release and the retention potential of ML d4T
formulation. The pharmacokinetic parameters of f d4T,
L d4T and ML d4T estimated from the concentration—
time curves in plasma are shown in Table 3.
Encapsulation of d4T in mannosylated liposomes pro-
foundly modified its pharmacokinetics. The apparent
clearance of the free drug was 15.8 and 12 times higher
than that of d4T in uncoated liposomes and mannosy-
lated liposomes, respectively. This resulted in a marked
increase in the elimination half-life of encapsulated
drug. The AUC of ML d4T was 12.3 times higher
(P < 0.05) and 1.2 times lower (P < 0.05) than that of
f d4T and L d4T formulations, respectively. For the
ML d4T formulation, the MRT was found to be 3.5
and 1.4 times (P < 0.05) higher than that of f d4T and
L d4T, respectively. Thus, the data projects that
though ML d4T has greater systemic clearance than L
d4T, it remains in the body for a longer period of time
and is distributed to various organs of the body, as
observed from the tissue distribution curve. The results
indicate that the drug encapsulated in mannosylated
liposomes is much more potent than normal liposome-
encapsulated drug or free drug. The outcome is in good
agreement with the previous studies of Medda etal
(1993) for mannosylated liposomes.

Discussion

Macrophages are the major differentiating cells of the
mononuclear phagocyte system. Macrophages colonize
the liver (Kupffer cells), lungs (alveolar macrophages),
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spleen, lymph nodes, thymus, gut, marrow, brain, connec-
tive tissue and serous cavities (Vermon-Robert 1972).
They play a critically prominent role in host defence
against many infectious agents, including HIV. Mannose
receptors on CD4 lymphocytes and macrophage surfaces
have been exploited (Barrat etal 1986; Muller & Schuber
1989). The complement system of the body also helps in
the opsonization of vesicular carrier system. One of the
products of the complement cascade, C3b, strongly acti-
vates opsonization of vesicular carrier by macrophages.
This phenomenon could be useful for uptake of liposomes
by macrophages (one of the reservoirs for HIV). But for
uptake by other cells such as hepatocytes (HIV reservoirs),
which have mannose specific lectin receptors, mannosy-
lated liposomes could be a useful approach (Vlahakis et al
2003). Liposomes are the most widely studied carrier in
drug targeting to HIV-infected cells. Mannosylated lipo-
somes can deliver the drug more efficiently to the MPS
than the plain drug solution.

Mannose, being hydrophilic in nature, when adsorbed
on to the liposomal surface is easily removed on dilution.
Therefore it was necessary to chemically modify mannose
by conjugating it to a hydrophobic group, which allows
the mannose residue to interligitate with the liposomal
membrane (Sato & Sunamoto 1992).

The minimum encapsulation efficiency of formulation
L1 may be due to the formation of a leaky vesicle because
the cholesterol content was relatively less in this formula-
tion. In formulations L3 and L4 the cholesterol content was
high beyond its optimum concentration ratio, resulting in
closed packing with decreased fluidity. The larger vesicular
size of L1 may be due to the formation of leaky and less
rigid vesicles leading to the fusion of vesicles. Large devia-
tion from the mean particle size was observed for L3 and
L4, which may be due to the greater membrane area occu-
pied by combination of acyl chains of lipids and cholesterol
than that taken by the phosphocholine head group of lipids.
Increased cholesterol gives more rigid liposomes, which are
not easily broken down during the extrusion process.

The positive zeta-potential value is changed to a less
positive value on addition of OPM, which indicates the
masking of positive charge by stearylamine. On further
addition of OPM (beyond a 10:5 lipid-to-ligand weight
ratio) there is no change in zeta-potential. This is an
indication of complete intrinsic charge quenching on
OPM coating of liposomes. No significant change in
zeta-potential after the 2™ hour can be attributed to the
fact that the lipid bilayer gets saturated with OPM at the
end of the 2" hour.

Molecular recognition events in biological systems fre-
quently make use of multivalent ligand—receptor interac-
tions. Con A, a well-investigated lectin, is known to bind
specifically with saccharides, such as mannose, fructose
and glucose residues (Rademacher etal 1988; Polomino
1994). This lectin has multiple saccharide-binding sites
located 65-70 apart (Habash etal 2000). Cross-linking
the mannosylated vesicles can promote their agglutina-
tion. This may be the reason behind the increase in
turbidity. Insignificant increase in turbidity beyond
500 ugmL ™" may be due to saturation of the binding sites.
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The release of liposome-encapsulated drug into tissues
is based on the following mechanisms. The initial event in
liposome—cell interaction is thought to be adsorption of
intact vesicles to the cell surface followed by endocytosis
(Pagano & Weinstein 1978). Other possible mechanisms
include enzymatic degradation of the lipid bilayer and
subsequent leakage of drug into the immediate vicinity
of the cells, lipid exchange with the cells and non-facili-
tated diffusion of the drug across the lipid bilayer (Schroit
etal 1986). Mannosylated liposomes could not deliver
their content to plasma. After coming into contact with
macrophages and other cells (HIV reservoirs), due to the
presence of lectin they could release d4T in the vicinity of
the target site. Macrophages also have lectin receptors on
their surface. Because of macrophages’ role in the patho-
genesis of some diseases, targeting to macrophages could
be potentially useful in the treatment of disorders such as
AIDS (Mitra etal 1998).

The subtoxic concentration of free drug was high com-
pared with the liposomal (uncoated and coated) formula-
tions. This may be due to the sustained release potential of
liposomal formulations. The delivery of d4T in mannosy-
lated liposomes was more effective than the administra-
tion of free or uncoated liposome-encapsulated drug as
shown by antiretroviral assay. This advantage of drug
encapsulated in liposomes is most likely due to the recep-
tor-mediated targeting of the mannose-coated system,
which thereafter acts as a reservoir providing a high
local concentration of drug in lymphocytes. The enhance-
ment of the effect of d4T by encapsulation in mannosy-
lated liposomes also indicates that the inhibitor does not
merely leak out of the liposomes in the cell culture med-
ium but is transported into lymphocytes via liposomes.
The reduction in p24 production observed in our evalua-
tion of the antiviral effect of d4T is consistent with obser-
vations made with the protease inhibitor L-689,502
(Pretzer etal 1997).

The haematological study was undertaken to assess the
relative effects of the mannose-coated and uncoated lipo-
somal systems, as compared with the plain drug, on var-
ious blood parameters. Lowering in haematological
parameters was observed in the case of free or uncoated
liposome-encapsulated d4T. This may be due to haemoly-
tic toxicity and cytotoxicity of the positively charged lipo-
somal surface (Duncan etal 1996). No toxicity was seen
with mannosylated liposomal d4T. This is due to the coat-
ing of mannose, which bears a net negative charge that
presents a neutral surface having a non-haemolytic nature
(Jansen etal 1991).

The encapsulation in liposomes appears to slow down
the renal elimination of d4T. Furthermore, L d4T injected
intravenously was rapidly taken up by organs of the reti-
culoendothelial system (spleen, liver and lungs), whereas
free drug was not. Indeed, f d4T was so rapidly eliminated
from the organism that no traces of it were found in any
tissue 2h after injection. This may be due to the short
elimination half-life of free d4T. With ML d4T, a signifi-
cant (P < 0.001) amount of d4T was found in spleen, liver
and lungs because mannose-specific receptors are present
in abundance at these sites, which slowly localized the

coated system in these organs. These localized mannosy-
lated liposomes sustain the release of drug at these sites.
gpl20 glycoproteins of HIV bind to CD4 cell surface
receptors located on CD4 T lymphocytes, monocytes
and macrophages (Ho etal 1995; Perelson etal 1996).
Lymphocytes that undergo constant recirculation between
the blood, lymph, lymphoid organs and tissue spaces have
cell-surface receptors. These receptors include mannose
receptors on various tissue macrophages. The superiority
of liposome encapsulation for drug delivery to macro-
phages may actually be enhanced in-vivo, due to the loca-
lization of liposomes in the reticuloendothelial system (the
mononuclear phagocyte system) following intravenous
injection (Poste etal 1982; Alving 1983; Popescu etal
1987; Senior 1987; Szoka 1991). Studies with liposome-
encapsulated reverse-transcriptase inhibitors have shown
that the drugs localize in the reticuloendothelial system
(Desomeaux etal 1994; Makabi-Panzu etal 1994). The
plasma half-life of liposome-encapsulated 2’,3’-dideoxy-
inosine (ddI) was shown to be 46 times higher than that
of free drug (Harvie et al 1995). The systemic clearance of
foscarnet encapsulated in conventional liposomes was
found to be 77-fold lower than that of free drug
(Dussere etal 1995).

Conclusions

Conclusively, d4T encapsulation in mannosylated lipo-
somes improves cell uptake without increasing cytotoxi-
city. Mannosylated liposomal formulations deliver their
content to MPS tissues, which are the reservoir of HIV.
Encapsulation of d4T in mannosylated liposomes
increases the elimination half-life and mean residence
time of the drug. Low elimination and better distribution
profile can be achieved by mannosylated liposomes.
Encapsulation of anti-HIV drugs into mannosylated lipo-
somes generates better pharmacological activity. The toxi-
city associated with antiviral drugs can be overcome by
encapsulating them in mannosylated liposomes. The dose
of the antiviral agent can be reduced due to the site-
specific delivery from this carrier. Ligand-mediated bio-
disposition and cellular interaction of liposomes especially
at the target sites would be a focal paradigm for upcoming
research in the field of anti-HIV drug delivery.
Mannosylated liposomes have paved the way for the bio-
stable, site-specific and ligand-mediated delivery systems
with desired therapeutics. Further studies using other anti-
viral drugs are in progress.
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