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Liposomal Encapsulation of Azidothymidine Results in Decreased Hematopoietic
Toxicity and Enhanced Activity Against Murine Acquired Immunodeficiency
Syndrome

By Nigel C. Phillips and Chris Tsoukas

This study has determined the effect of liposomal encapsula-
tion on the hematopoietic toxicity and antiviral activity of
3'-azido-3'-deoxythymidine (AZT) in mice. Daily intravenous
administration in the dose range 0.4 to 10 mg/kg body
weight for 5 days significantly depressed bone marrow
cellularity with a corresponding decrease in red blood cell,
blood neutrophil, and monocyte numbers. Maximum toxicity
was seen at 2 mg/kg or greater. Liposomal encapsulation of
AZT and administration at 2 mg/kg abrogated the toxicity of
AZT. The neutrophil inflammatory response to thioglycollate
injected intraperitoneally was significantly inhibited by AZT
at all doses, whereas liposomal AZT was without effect. The
inhibitory activity of AZT against Concanavalin A (Con A)-

ZIDOTHYMIDINE (AZT) was initially reported as
being capable of inhibiting human immunodeficiency
virus (HIV) replication and its subsequent cytopathic ef-
fects': further studies demonstrated that AZT was phos-
phorylated to the 5'-triphosphate and preferentially inter-
acted with virus reverse transcriptase.” AZT significantly
inhibits mitogen-stimulated proliferation of normal human
lymphoid cells at antiviral concentrations,” as well as
inhibiting mitogen-stimulated growth and DNA repair in
human peripheral lymphocytes at therapeutic levels.’ Short-
term dose regimens of AZT (6 weeks) were effective in
restoring white blood cell (WBC) counts and eliminating
HIV from the circulation in patients with acquired immuno-
deficiency syndrome (AIDS).’ Longer study periods (=24
weeks) showed that while AZT treatment decreased mortal-
ity and the frequency of opportunistic infections, significant
bone marrow depression occurred.”® Such side effects are
dose-related.”® Similar bone marrow toxicity, necessitating
dose reduction or cessation, has been observed in children
with asymptomatic HIV infection receiving continuous
intravenous (IV) infusion of AZT.® Long-term bone mar-
row failure (> 6 months) associated with AZT therapy has
been reported," as well as agranulocytosis after short-term
(1 week) therapy with AZT.” The termination of AZT
treatment has been shown to be associated with increased
levels of viral core protein p24 and decreased CD4* cells,”
and may lead to increased viral replication."

There is little information derived from animal models
on the toxicity of AZT. AZT suppresses mouse viremia and
retroviral disease in mice,™ but significant short- and
long-term hematologic changes resulting from bone mar-
row toxicity are observed at therapeutic doses.””

Liposomes, small phospholipid vesicles within which
drugs can be entrapped,” have been shown to reduce the
systemic toxicity of a number of chemotherapeutic agents in
preclinical and clinical trials.”” The reduction in bone
marrow toxicity seen after liposomal encapsulation of a
muramyl peptide, MTP-PE,” and of doxorubicin® in animal
models, in conjunction with the tissue distribution profile of
99mTc-labeled liposomes in humans,” indicates that liposo-
mal administration results in reduced bone marrow toxicity
of chemotherapeutic agents. The localization of liposomes
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stimulated splenic lymphocyte proliferation in vitro was
reduced on liposomal encapsulation of AZT, while treatment
of mice with liposomal AZT but not free AZT resulted in a
significant reduction of Con A-stimulated proliferation. Lipo-
somal AZT was more effective than AZT in preventing the
development of plasma reverse transcriptase activity and the
depletion of Thy 1.2*-L3T4"* T cells after infection of mice with
LP-BMS retrovirus. These results indicate that AZT-induced
hematopoietic toxicity may not be a limiting factor for
antiviral therapy, and that the use of liposomes to deliver
AZT results in enhanced antiretroviral activity in mice.

© 1992 by The American Society of Hematology.

in organs rich in tissue-fixed macrophages~the liver, spleen,
lungs, and kidney—in conjunction with their poor localiza-
tion within the bone marrow may provide a mechanism for
reducing the toxicity of agents such as AZT.

In this study we have investigated the potential of
liposomal encapsulation of AZT for reducing hematopoi-
etic toxicity and for enhancing antiviral activity in a murine
model of AIDS.”? Our results indicate that liposomal
encapsulation of AZT results not only in a significant
reduction in the toxicity of AZT toward bone marrow
erythroid and myeloid precursors, but also in a significant
enhancement of antiretroviral activity.

MATERIALS AND METHODS

AZT. AZT was obtained from the Sigma Chemical Company
Ltd (St Louis, MO), and stored at —30°C. Solutions of AZT were
prepared in apyrogenic 0.85% NaCl, sterile filtered (0.2 u), and
used immediately. Endotoxin was not detected (MA Bioproducts,
Walkersville, MD; QCL 1000 endotoxin assay kit).

Liposomes. Liposomes were prepared from dipalmitoylphos-
phatidylcholine (DPPC) or distearoylphosphatidylcholine (DSPC)
and dimyristoylphosphatidylglycerol (DMPG) (molar ratio 10:1; all
phospholipids from Avanti Polar Lipids, Pelham, AL). Phospholip-
ids were dissolved in anhydrous chloroform, placed in sterile,
pyrogen-free round bottomed glass flasks, and subjected to rotary
evaporation at 65°C. Apyrogenic 0.85% NaCl or AZT (2.5 to 10
mg/mL in 0.85% NaCl) was added to the dried phospholipids,
which were then allowed to hydrate at 20°C for 30 minutes. The
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flask and contents were agitated at 65°C until liposomes had been
formed (1 to 2 minutes). Unincorporated AZT was removed by
centrifugation washing (25,000g for 10 minutes at 4°C, three
washes), the final liposome pellet being resuspended in 0.85%
NaCl (5 wmol/mL). Sterility and endotoxin determinations were
negative. Liposomal AZT was measured by placing a sample of
liposomal AZT (10 to 25 pL) in 2.0 mL methanol for 30 seconds,
followed by the addition of 1.0 ml H,O. The absorbance was
determined at 265 nm using control liposomes as blank. Standard
curves of AZT in the absence and presence of liposomes were used
to determine the amount of liposome-incorporated AZT.

Liposomal retention of AZT. Liposomes containing AZT (10
wmol phospholipid hydrated with 10 mg/ml. AZT at a final
concentration of 5 wmol phospholipid/mL) were incubated in
0.85% NaCl at 4°C or 37°C. Samples (100 to 250 pL) were removed
at intervals, diluted to 1.5 mL with 0.85% NaCl, and centrifuged at
13,000g for 10 minutes at 4°C. The supernatant was discarded, and
the pellet resuspended in 100 to 250 pL 0.85% NaCl. AZT
determination was performed as described above.

Administration of free and liposomal AZT to mice. Male CD, or
C57BL/6 mice (Charles River, St Constance, Quebec, Canada: 7 to
9 weeks old, specific pathogen-free) received AZT (0.4, 2, or 10
mg/kg), control liposomes (2.5 pmol), or liposomal AZT (0.4 to 10
mg/kg) via a lateral tail vein in a dose volume of 0.2 mL. Treatment
was performed for 5 days, and toxicity determined as described
below on day 6.

Red blood cell (RBC) and leukocyte determination. A sample of
heparinized blood (250 pL) was obtained from the retro-orbital
plexus. RBCs (1/500 dilution in 0.85% NaCl) and leukocytes (1/10
in Turk’s solution) were determined with an hematocytometer.
Differential counts were determined after staining thin-film smears
with hematoxylin/eosin.

Bone marrow cellularity. A femur was removed, and all extrane-
ous tissue removed. The condyles were cut, and the bone marrow
flushed with 3.0 mL MEM using a no. 26 gauge needle. Total cell
counts were determined as described above.

Bone marrow localization of free and liposomal AZT. AZT (2
mg/kg body weight) containing ["H-methyl] AZT (5 pCi/mouse;
Sigma, specific activity 1 mCi/mmol) or liposomal AZT/[*H-
methyl] AZT (2 mg/kg body weight AZT/S pCi ["H-methyl] AZT
mouse) was injected IV into groups of three CD, mice. Bone
marrow cells were collected 1 to 5 hours later as described above,
and the radioactivity determined by scintillation counting in a
B-counter with automatic quench and chemiluminescence correc-
tion.

Neutrophil inflammatory response.  Groups of five male C57BL/6
mice were treated with free or liposomal AZT in the dose range 0.4
to 10 mg/kg for 5 days. On the sixth day each mouse was injected
intraperitoneally (IP) with 1.0 mL Brewer’s thioglycollate broth.
The mice were killed 5 hours later, and the peritoneal cavity
injected with 10.0 mL 0.85% NaCl. After gentle massage the
peritoneal contents were removed, the volume noted, and the
number of neutrophils determined using a hematocytometer.

Spleen lymphocyte responses to Concanavalin A (Con A). Nor-
mal CD, mice (in vitro treatment) or CD, mice that had received
free or liposomal AZT for 5 consecutive days (in situ treatment)
were killed, and their spleens removed under aseptic conditions.
The spleens were disrupted by the injection of MEM containing
Earle’s salts, glutamine, nonessential amino acids, and sodium
pyruvate (all from Flow Laboratories, Mississauga, Ontario, Can-
ada) and gentamycin (Garamycin; Schering Canada, Pointe-Claire,
Canada; 50 ug/mL). After washing by centrifugation at 150g for 10
minutes at 4°C, the cells were resuspended in MEM, layered on
Lymphoprep M (Cederlane Laboratories, Hornby, Ontario, Can-
ada), and centrifuged at 500g for 20 minutes at 20°C. The pellet,
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containing RBCs, neutrophils and monocytes, was discarded. The
interface cell layer, composed of greater than 95% lymphocytes,
was removed, washed with MEM by centrifugation at 150g for 10
minutes at 4°C, and resuspended in MEM/2.5% heat-treated
bovine calf serum (Flow Laboratories). Samples (200 pL) contain-
ing 2 x 10° viable cells were placed in the wells of tissue culture
microtiter plates. For the in vitro treatment, control liposomes (100
nmol DSPC/DMPG), liposomes containing AZT, or AZT were
added to triplicate wells. Con A (Sigma) in 20 pL. MEM was
immediately added to appropriate wells of both the in vitro and in
situ AZT treatments to give a final mitogen concentration of 4.0
ng/mL. The plates were incubated at 37°C for 48 hours in a humid
atmosphere of 5% CO,, and cell proliferation determined by
counting 100-pL samples from each well in a hematocytometer (in
vitro treatment), or by adding 0.5 pCi [*H]-methylthymidine
(specific activity 1 mCi/mmol; ICN Radiochemicals, Irvine, CA) in
20 pL MEM to each well and harvesting the cells with a cell
harvester after a further 18 hours of incubation (in situ treatment).
Incorporated radioactivity was determined in a B-counter with
quench and chemiluminescence correction.

Murine AIDS. Female C57BL/6 mice (6 to 8 weeks old; Charles
River, St Constance, Quebec, Canada) were infected with LP-BM5
retrovirus by IP injection. Treatment with AZT (2 mg/kg IV) or
liposomal AZT (2.5 wmol phospholipid containing 2 mg/kg AZT
IV) was started 7 days after retroviral infection. Treatment was
continued three times weekly for up to 6 weeks.

T-cell enumeration. Single cell suspensions of spleen lympho-
cytes were obtained by gentle mechanical disruption with NH,Cl
lysis of RBCs. Total T cells and CD4* cells were determined by
incubation with fluorescein isothyocyanate-labeled anti-Thyl.2
and phycoerythrin-labeled anti-L3T4 (GK1.5) monoclonal antibod-
ies (both from Becton Dickinson, Mountain View, CA) and
analysis on a FACS 440. CD4* cells were determined as a
percentage of the total T-cell population.

Reverse transcriptase (RT). Plasma RT activity was assayed
using a modification of the procedure of Ohnota et al."” Plasma
(200 pL) was centrifuged at 13,000g for 30 minutes at 4°C. The
supernatant (180 pL) was removed, and the pellet resuspended in
25 L 0.1 mol/L TRIS-HCI, pH 7.4, containing 5 mmol/L DTT, 10
mmol/L MgCl,, 10 mmol/L KCl, and 0.5% Nonidet p40 (Sigma).
Triplicate samples (10 wL) were incubated with 50 pL 0.1 mol/L
TRIS-HC, pH 7.4, containing 1 wCi ["H]-TTP (Amersham Interna-
tional, Amersham, England; specific activity 1 mCi/mmol), 5
mmol/L DTT, 1 wmol poly (A)-poly (T,;) (Sigma), and 0.5%
Nonidet p40 in 96-well microtiter plates. Incubation was per-
formed at 37°C for 60 minutes, and the reaction terminated by the
addition of 100 pL 12.5% TCA. Incubation mixtures were col-
lected into glass-fiber filters, washed with distilled H,0, and dried.
Radioactivity was determined by liquid scintiilation B-counting
with quench and chemiluminescence correction. Purified avian
myeloblastoma RT (Sigma) was used as a positive control.

Statistical analysis.  Statistical analysis (Student’s t-test, Wilcoxon
rank sum with Mann-Whitney U-test or ANOVA) was performed
out using GB-STAT Professional (Dynamic Microsystems, Inc,
Silver Spring, MD).

Animal experimentation. All animal experimentation proce-
dures were performed according to guidelines established by the
Canadian Council for Animal Care.

RESULTS

Liposomal incorporation and retention of AZT. Liposo-
mal incorporation of AZT corresponded to inclusion within
the aqueous phase of the liposome. Using AZT at 10
mg/mL to hydrate dried films of DPPC/DMPG and DSPC/
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DMPG, liposomal incorporation was 250 + 12 and 240 +
15 pg/10 pmol phospholipid, respectively (mean = SD
from four experiments). Incubation of these liposomes at
4°C did not result in the loss of AZT from the liposomes
(Fig 1). Incubation of DPPC/DMPG liposomes at 37°C
resulted in a 96% loss of AZT over a period of 24 hours; in
contrast, DSPC/DMPG liposomes incubated at 37°C lost
64% of incorporated AZT (Fig 1). All subsequent experi-
ments were performed using liposomes formulated from
DSPC/DMPG.

Bone marrow localization of free and liposomal AZT.
AZT (as [*H]-methyl AZT) levels in the bone marrow
remained constant 1 hour after injection and were associ-
ated with the cellular fraction (0.018% =+ 0.004%/10 cells).
Liposomal AZT was not detectable ( <0.00001%/10 cells).

Hematologic toxicity of free and liposomal AZT. Treat-
ment of mice with free AZT in the dose range 0.4 to 10
mg/kg for 5 days resulted in a dose-dependent reduction of
bone marrow cellularity, RBCs, and leukocytes (Fig 2).
Significant reductions in RBCs and leukocytes were seen at
doses of 10 and 2 mg/kg (P < .01 and P < .05, respectively,
Student’s two-tailed #-test), but not at 0.4 mg/kg. The
reduction in bone marrow cellularity was significant at all
AZT doses (P < .01 to P < .05). Control liposomes or
liposomal AZT in the dose range 0.4 to 10 mg/kg had no
effect on bone marrow cellularity, RBCs, or leukocytes (Fig
2).
Peripheral blood leukocyte differentials. Free AZT at
doses of 0.4 to 10 mg/kg induced a significant (P < .05,
two-way ANOVA), dose-related reduction in the propor-
tion of mature neutrophils (40% to 25% of control), with a
corresponding increase in the proportion of immature
neutrophils (160% to 260% of control). There was a total
ablation of monocytes at the highest dose of free AZT, and
significant (P < .05) reductions at the two lower doses
(40% and 28% of control, respectively). There was no
significant change in the proportion of lymphocytes at any
dose of free AZT. The administration of control liposomes
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Fig 1. Liposomal retention of AZT. DSPC/DMPG or DPPC/DMPG
liposomes containing AZT were incubated at 4°C or 37°C. Liposomal
AZT was determined at the indicated times. (B—m), DSPC/DMPG
4°C; (0—0), DSPC/DMPG 37°C; (e—@), DPPC/DMPG 4°C; (O—O),
DPPC/DMPG 37°C. Representative experiment of four.
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Fig2. Hematopoietic toxicity of AZT and liposomal AZT. Groups of
five mice were treated with AZT, liposomes (LIP), or liposomal AZT
{LIP-AZT) for 5 days. Bone marrow cellularity, erythrocyte and leuko-
cyte numbers were determined on day 6. AZT treatment at 0.4 to 10
mg/kg resulted in a significant decrease in bone marrow cellularity
(P < .05 to P < .01, Student’s t-test) and a significant decrease in
erythrocyte and leukocyte numbers at 2 and 10 mg/kg (P < .05 and
P < .01, respectively). The difference between AZT and liposomal
AZT for all cell populations was highly significant (P < .01, three-way
ANOVA). ((J), Bone marrow cells; (Z), leukocytes; {lll), erythrocytes.
Mean = SD of three experiments.

or liposomal AZT did not change the leukocyte differential
from that seen in control, untreated mice.

Inflammatory neutrophil response. The administration of
free AZT (0.4 to 10 mg/kg body weight) resulted in a
significant and dose-related inhibition (43% to 69%, respec-
tively) of the neutrophil inflammatory response against
thioglycollate (Student’s ¢-test for individual doses, P < .01;
ANOVA between groups, P < .001). Control liposomes or
liposomal AZT up to 10 mg/kg had no significant effect on
the neutrophil inflammatory response, although a trend
toward a reduced response at 10 mg/kg body weight (11%
inhibition) was observed.

Lymphocyte mitogenic response. The administration of
AZT (0.4 to 10 mg/kg body weight) or empty liposomes for
5 days had no significant effect on the subsequent in vitro
responsiveness of spleen lymphocytes toward Con A (Fig
3). In contrast, the administration of liposomal AZT at 2
mg/kg body weight resulted in a significant reduction of
40% (P < .01, Wilcoxon-Mann-Whitney rank test) in the
stimulation index (Fig 3). Treatment of splenic lymphocytes
in vitro with AZT in the dose range 0.05 to 10 pg/mL
resulted in a significant (P < .05, ANOVA) and dose-
related reduction in their ability to respond to Con A (Fig
4). Liposomal encapsulation of AZT (0.25 to 2.5 pg/mL)
resulted in a 10-fold decrease in potency compared with
AZT (Fig 4).

Thy 1.2%/L3T4* T cells. There was a transient increase
in the proportion of Thy 1.2*/L3T4* T cells 7 days after
LP-BMS5 infection (Fig 5). Thy 1.27/L.3T4* T cells were
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Fig 3. Spleen lymphocyte mitogenic response to Con A after free
or liposomal AZT treatment in situ. Groups of five mice were treated
with free AZT, liposomes (LIP), or liposomal AZT (LIP-AZT) for 5 days.
Free AZT or liposome treatment had no effect on the stimulation
index. The decrease in stimulation indices after liposomal AZT treat-
ment was significant {P < .001, Wilcoxon rank sum with Mann-
Whitney U-test). Individual results from three experiments.

significantly reduced compared with control mice at 21 and
35 days postinfection (P < .001, Student’s t-test for un-
paired data). Treatment with AZT at 2 mg/kg body weight
did not prevent the LP-BM5-induced reduction in Thy1.2*/
L3T4* T cells (Fig 6), whereas liposomal AZT treatment at
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Fig 4. Spleen mitogenic response to Con A after free or liposomal
AZT treatment in vitro. Spleen lymphocytes from groups of five mice
were pooled, and 2.5 x 10° cells in 200 pL medium (A) plated in
triplicate in 96-well tissue culture plates. Incubation with Con A
resulted in an increase in viable cell numbers to 5.4 x 10°/well (O).
AZT (O—O) in the dose range 0.025 to 10 pg/mL inhibited cell
proliferation. Liposomal AZT (@—@) also inhibited cell proliferation
but with a relative potency of 0.12 compared with free AZT (calculated
using the least squares method). Liposomes alone {l) had no effect
on mitogenesis. *, Significantly different from liposomal AZT-treated
splenocytes (P < .01, Student’s t-test for unpaired data). Representa-
tive result from three experiments.
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Fig 5. Spleen Thy 1.2*/CD4* T cells in LP-BM5—infected mice.
Groups of five female C57BL/6 mice were infected with LP-BM5
leukemia virus. Splenic Thy 1.2*/CD4" T cells were determined at the
indicated timepoints after infection. The elevation at day 7 and the
depressed levels at days 21 and 35 were significantly different from
control values (P < .01, Student’s t-test for unpaired data). Represen-
tative result from three experiments.

2 mg/kg body weight resulted in normal Thyl.2*/L3T4*
positive T-cell levels (Fig 6).

Plasma RT activity. Plasma RT activity increased 35-
fold over background activity during the experimental
period of 35 days (Fig 7). AZT treatment at 2 mg/kg
retarded but did not inhibit RT activity (Fig 7). Liposomal
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Fig 6. Effect of AZT treatment on LP-BMS5 leukemia virus-induced
suppression of splenic Thy 1.2*/CD4" T cells. Groups of five C57BL/6
mice infected with LP-BM5 leukemia virus were treated three times
weekly with AZT {2 mg/kg) or liposomal AZT (2.5 pmol phospho-
lipid/2 mg/kg AZT) starting 7 days after infection. Splenic Thy
1.2°/CD4* T cells were determined at 3 ((]) and 5 weeks (ll) after
infection. *, Significantly different from normal, uninfected mice
(P < .01, Student’s t-test for unpaired data). Representative result
from three experiments.
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Fig7. Effect of AZT treatment on plasma RT activity. Groups of five
C57BL/6 mice infected with LP-BM5 leukemia virus were treated
three times weekly with AZT (2 mg/kg) or liposomal AZT {2.5 pmol
phospholipid/ 2 mg/kg AZT) starting 7 days after infection. Plasma RT
activity was measured at 3 {(]) and 5 weeks (l) after infection. *,
Significantly different from normal, uninfected mice (P < .01, Stu-
dent’s t-test for unpaired data). Representative result from three
experiments.

AZT at 2 mg/kg suppressed the development of RT activity
to within background levels (Fig 7).

DISCUSSION

AZT was well retained in liposomes formulated from
either DPPC/DMPG or DSPC/DMPG and stored at 4°C.
Incubation of the liposomes at 37°C showed that DSPC/
DMPG liposomes retained AZT better than DPPC/
DMPG liposomes (t}; of 13 v 4 hours, respectively). These
times are in agreement with previously published studies on
the liposomal retention of water-soluble molecules.”*

This study clearly demonstrates that AZT has profound
acute toxicity against myelopoiesis and erythropoiesis in
mice when administered systemically. The short-term dos-
ing regimen used in this study reduced the number of RBCs
and circulating monocytes and neutrophils, presumably as a
result of toxicity toward their precursor cells in the bone
marrow. The encapsulation of AZT within liposomal carri-
ers abrogated the hematopoietic toxicity of AZT, resulting
in normal RBC and circulating neutrophil and monocyte
levels. These observations are consistent with the low
targeting efficiency of liposomal AZT to the bone marrow.
Therefore, the encapsulation of AZT within liposomal
carriers is an effective way in which to reduce its toxicity
against bone marrow cells.

A number of studies have demonstrated that AZT has
significant in vitro toxicity toward bone marrow-derived
rodent and human granulocyte/monocyte and early and
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late erythroid progenitor cells.”* Our results confirm that
AZT exerts its acute in vivo toxic effect on bone marrow at
the level of RBC and neutrophil/monocyte production, and
is capable of significantly inhibiting the neutrophil inflam-
matory response. Liposomal encapsulation of AZT elimi-
nated the hematopoietic toxicity and restored a normal
neutrophil inflammatory response, providing confirmation
that the observed reduction in hematopoietic toxicity is
expressed at a functional level.

In contrast to its toxicity against neutrophil and monocyte
precursors in the bone marrow, free AZT appeared to have
little effect on mature lymphocytes in the spleen. Mitogenic
responsiveness in vitro toward Con A remained unchanged
after treatment in situ with AZT for 5 days. Liposomal AZT
treatment resulted in a significant reduction in the ability of
spleen lymphocytes to respond to Con A. The almost
exclusive localization of liposomes within splenic macro-
phages® indicates that liposomal therapy results in the
formation of a depot of AZT followed by its release within
the spleen. Liposomal encapsulation of AZT resulted in a
10-fold decrease in direct toxicity against purified spleen
lymphocytes in vitro, again indicating that phagocytic cells
are required for the expression of AZT activity after
liposomal encapsulation.

Infection of C57BL/6 mice with LP-BMS leukemia
retrovirus results in a disease (murine AIDS or MAIDS)
similar to HIV-induced AIDS.*** AZT treatment pro-
longs the survival of LP-BMS5-infected mice,”® inhibits
retrovirus-induced immunosuppression,”” and retards al-
terations in lymphoid cell populations® and erythroid
progenitors."” Viremia'® and plasma RT activity" are also
reduced but not eradicated by AZT treatment. The results
of this study show that AZT treatment only delayed the
development of plasma RT activity by 14 days, and had no
effect on retrovirus-induced depression of Thy 1.2°/L3T4*
T cells. In contrast, liposomal AZT prevented retrovirus-
induced elevation of plasma RT activity, and maintained
normal numbers of Thy 1.2*/L3T4"* T cells. RT activity is
an accepted means of determining retrovirus levels®: the
ability of liposomal AZT therapy to maintain T-helper
subset levels and to inhibit viremia strongly indicate a
fundamental difference in activity between AZT and liposo-
mal AZT.

HIV infection in humans is associated with phagocytic
cell dysfunction,”* and the macrophage has been identified
as a primary site of infection in MAIDS.* Targeting AZT 0.
other nucleoside analogues to tissue macrophages or mono-
cytes via the use of liposomes* or immunoliposomes*® may
have additional impacts on retrovirus-induced immune
suppression and viral dissemination via infection of these
migratory cells.” We are currently investigating the impact
of liposomal AZT on monocyte/macrophage defense func-
tions in MAIDS.

REFERENCES

1. Mitsuya H, Weinhold KJ, Furman PA, St Clair S, Nussinoff-
Lehrman S, Gallo RC, Bolognesi D, Barry DW, Broder S:
3'-Azido-3'-deoxythymidine (BW A509U): An antiviral agent that

inhibits the infectivity and cytopathic effect of human T-lymphotro-
pic virus type-11I/lymphadenopathy-associated virus in vitro. Proc
Natl Acad Sci USA 82:7096, 1985

€20z Jaquiadaq 0 uo 3sanb Aq ypd'2€11/6.1.81.9/L€ L 1/G/6.L/4Pd-8]0IE/POO|G/BI0"SUOKEDNGNdYSE//:d}IY WOl papeojumog



1142

2. Furman PA, Fyfe JA, St Clair MH, Weinhold K, Rideout JL,
Freeman GA, Nussinoff-Lehrman S, Bolognesi DP, Broder S,
Mitsuya H, Barry DW: Phosphorylation of 3’-azido-3’-deoxythymi-
dine and selective interaction of the 5'-triphosphate with human
immunodeficiency virus reverse transcriptase. Proc Natl Acad Sci
USA 83:8333, 1986

3. Munch-Peterson B: Azidothymidine inhibits mitogen stimu-
lated growth and DNA-repair in human peripheral blood lympho-
cytes. Biochem Biophys Res Commun 157:1369, 1988

4. Yarchoan R, Weinhold KIJ, Lyerly E, Gelmann E, Blum RM,
Shearer GM, Mitsuya H, Collins JM, Myers CE, Klecker RW,
Markham PD, Durack DT, Nussinoff-Lehrman S, Barry DW,
Fischl MA, Gallo RC, Bolognesi DP, Broder S: Administration of
3'-azido-3’-deoxythmidine, an inhibitor of HTLV-III/LAV replica-
tion, to patients with AIDS or AIDS-related complex. Lancet
1:575, 1986

5. Fischl MA, Richman DD, Grieco MH, Gottlieb MS, Volberd-
ing PA, Laskin OL, Leedom JM, Groopman JE, Mildvan D,
Schooley RT, Jackson GG, Durack DT, King D, Dickinson GM,
Patrone-Reese J, Fletcher MA, Kennedy CJ, McCutchan JA,
Spector SA, Lange M, Englard A, McKinley GF, Wolfe PR, Chafey
S, Lederman J, Beardslee D, Mess TP, Wofsy C, Kalman CM,
Kelley KM, Causey DM, Heseltine PNR, Rasheed S, Allan JD,
Hammer SM, Kinniburgh J, Poiesz BJ, Irvine BB, Hirsch MS,
Flynn T, Byington RS, Despotes J, Stein D, Creticos CM, Cairns
MR, Weinhold KJ, Bolognesi DP, Drucker JL, Nusinoff-Lehrman
S, Segreti AC, Rogers GK, Barry DW: The efficacy of azidothymi-
dine (AZT) in the treatment of patients with AIDS and AIDS-
related complex. A double-blind, placebo-controlled trial. N Engl J
Med 317:185, 1987

6. Richman DD, Fischl MA, Grieco MH, Gottleib MS, Volberd-
ing PA, Laskin OR, Leedom JM, Groopman JE, Mildvan D,
Hirsch MS, Jackson GG, Durack DT, Nussinoff-Lehrman S: The
toxicity of azidothymidine (AZT) in the treatment of patients with
AIDS and AIDS-related complex. N Engl J Med 317:192, 1987

7. Dournon E, Rozenbaum W, Michon C, Perrone C, De
Truchis P, Bouvet E, Levacher M, Matheron S, Gharakhanian S,
Girard PM, Salmon D, Leport C, Dazza MC, Regnier B: Effects of
zidovudine in 365 consecutive patients with AIDS or AIDS-related
complex. Lancet 2:1297, 1988

8. Pizzo PA, Eddy J, Falloon J, Balis FM, Murphy RF, Moss H,
Wolters P, Brouwers P, Jarosinski P, Rubin M, Broder S, Yarchoan
R, Brunetti A, Maha M, Nussinoff-Lehrman S, Poplack DG: Effect
of continuous intravenous infusion of zidovudine (AZT) in chil-
dren with symptomatic HIV infection. N Engl J Med 319:889, 1988

9. Stambuk D, Youle M, Hawkins D, Farthing C, Shanson D,
Farmer R, Lawrence A, Gazzard B: The efficacy and toxicity of
azidothymidine (AZT) in the treatment of patients with AIDS and
AIDS-related complex (ARC): An open uncontrolled treatment
study. Q J Med 70:161, 1989

10. Gelmon K, Montaner JSG, Fanning M, Smith JRM, Falutz
J, Tsoukas C, Gill J, Wells G, O’Shaughnessy M, Wainberg M,
Reudy J: Nature, time course and dose dependence of zidovudine
related side effects. Results from the Multicentre Canadian Azido-
thymidine Trial. J AIDS 3:555, 1989

11. Gill PS, Rarick M, Brynes RK, Causey D, Loureiro C,
Levine AM: Azidothymidine associated with bone marrow failure
in the acquired immunodeficiency syndrome (AIDS). Ann Intern
Med 107:502, 1987

12. Goldsmith JC, Irvine W: Reversible agranulocytosis related
to azidothymidine therapy. Am J Hematol 30:263, 1989

13. Jackson GG, Paul DA, Falf LA, Rubenis M, Despotes JC,
Mack DM, Knigge M, Emeson EE: Human immunodeficiency
virus (HIV) antigenemia (p24) in the acquired immunodeficiency

PHILLIPS AND TSOUKAS

syndrome (AIDS) and the effect of treatment with zidovudine
(AZT). Ann Intern Med 108:175, 1988

14. Wainberg MA, Falutz J, Fanning M, Gill J, Gelmon K,
Montaner JSG, O’Shaughnessy M, Tsoukas C, Ruedy J: Cessation
of zidovudine therapy may lead to increased replication of HIV-1.
JAMA 261:865, 1989

15. Ruprecht RM, O’Brien LG, Rossoni LD, Nussinoff-
Lehrman S: Suppression of mouse viremia and retroviral disease by
3'-azido-3'-deoxythymidine. Nature 323:467, 1986

16. Portnoi D, Stall AM, Schwartz D, Merigan TC, Herzenberg
LA, Basham T: Zidovudine (azido dideoxythymidine) inhibits
characteristic early alterations of lymphoid cell populations in
retrovirus-induced murine AIDS. J Immunol 144:1705, 1990

17. Ohnota H, Okada Y, Ushijima H, Kitamura T, Komuro K,
Mizuochi T: 3'-Azido-3’-deoxythymidine prevents induction of
murine acquired immunodeficiency syndrome in C57BL/10 mice
infected with LP-BMS murine leukemia viruses, a possible animal
model for antiretroviral drug screening. Antimicrob Agents
Chemother 34:605, 1990

18. Basham T, Rios CD, Holdener T, Merigan TC: Zidovudine
(AZT) reduces virus titer, retards immune dysfunction, and pro-
longs survival in the LP-BMS5 murine induced immunodeficiency
model. J Infect Dis 161:1006, 1990

19. Chow F-PR, Sutton PA, Hambuger AW: Sensitivity of
erythroid progenitor colonies to erythropoietin in azidothymidine
treated mice. Br J Haematol 77:139, 1991

20. Gregoriadis G: Drug-carrier potential of liposomes in can-
cer chemotherapy. Lancet 2:1313, 1974

21. Rahman A, White G, More N, Schein PS: Pharmacological,
toxicological and therapeutic evaluation of doxorubicin entrapped
in cardiolipin liposomes. Cancer Res 45:796, 1985

22. Herman E, Rahman A, Ferrans V, Vick J, Schein P:
Prevention of chronic doxorubicin cardiotoxicity in Beagles by
liposome entrapment. Cancer Res 43:5427, 1983

23. Treat J, Greenspan AR, Rahman A: Liposome-encapsu-
lated doxorubicin. Preliminary results of phase-l1 and phase-II
trials, in Lopez-Berestein G, Fidler 1J: (eds): Liposomes in the
Therapy of Infectious Diseases and Cancer. New York, NY, Liss,
1989, p 353

24. Mehta RT, Hopfer RL, McQueen T, Juliano RL, Lopez-
Berestein G: Toxicity and therapeutic effects in mice of liposome-
encapsulated nystatin for systemic fungal infections. Antimicrob
Agents Chemother 31:1901, 1987

25. Lopez-Berestein G, Bodey GP, Frankel LS, Mehta K:
Treatment of hepatosplenic candidiasis with liposomal amphoteri-
cin B. J Clin Oncol 5:310, 1987

26. Fidler 1J, Brown NO, Hart IR: Species variability for toxicity
of free and liposome-encapsulated muramy! peptides administered
intravenously. J Biol Response Mod 4:298, 1985

27. Lopez-Berestein G, Kasi L, Rosenblum MG, Haynie T,
Jahns T, Glenn H, Mehta R, Mavglit GM, Hersh EM: Clinical
pharmacology of *™Tc-labeled liposomes in patients with cancer.
Cancer Res 44:375, 1984

28. Mosier DE, Yetter RA, Morse HC III: Retroviral induction
of acute lymphoproliferative disease and profound immunosuppres-
sion in adult C57BL/6 mice. J Exp Med 161:766, 1985

29. Phillips NC, Moras ML, Chedid L, Lefrancier P, Bernard
JM: Activation of alveolar macrophage tumoricidal activity and
eradication of experimental metastases by freeze-dried liposomes
containing a new lipophilic muramyl dipeptide. Cancer Res 45:128,
1985

30. Phillips NC, Chedid L, Bernard JM, Level M, Lefrancier P:
Induction of macrophage tumoricidal activity and treatment of
experimental pulmonary metastases by liposomes containing li-

€20z Jaquiadaq 0 uo 3sanb Aq ypd'2€11/6.1.81.9/L€ L 1/G/6.L/4Pd-8]0IE/POO|G/BI0"SUOKEDNGNdYSE//:d}IY WOl papeojumog



LIPOSOMAL ENCAPSULATION OF AZT

pophilic muramyl dipeptide analogs. ] Biol Response Mod 6:678,
1987

31. Lutton JD, Mathew A, Levere RD, Abraham NG: Role of
heme metabolism in AZT-induced bone marrow toxicity. Am J
Hematol 35:1, 1990

32. Yoshida Y, Yoshida C: Reversal of azidothymidine-induced
bone marrow suppression by 2',3'-dideoxythymidine as studied by
hematopoietic clonal culture. AIDS Res Hum Retroviruses 6:929,
1990

33. Dornsife RE, St Clair MH, Huang AT, Panella TJ, Koszalka
GW, Burns CL, Averett DR: Anti-human immunodeficiency virus
synergism by zidovudine (3’-azidothymidine) and didanosine
(dideoxyinosine) contrasts with their additive inhibition of normal
human marrow progenitor cells. Antimicrob Agents Chemother
35:322, 1991

34. Van Rooijen N: The liposome-mediated macrophage ‘sui-
cide’ technique. J Immunol Methods 124:1, 1989

35, Buller RML, Yetter RA, Frederickson TN, Morse HC III:
Abrogation of resistance to severe smallpox in C57BL/6 mice
infected with LP-BMS5 virus. J Virol 61:383, 1987

36. Klinman DM, Morse HC III: Characteristics of B cell
proliferation and activation in murine AIDS. J Immunol 142:1144,
1989

37. Hamelin-Bourassa D, Skamene E, Gervais F: Susceptibility
to a mouse acquired immunodeficiency virus is influenced by the
H-2 complex. Immunogenetics 30:266, 1989

38. Hartley JW, Fredrickson TN, Yetter RA, Makino M, Morse
HC III: Retrovirus-induced murine acquired immunodeficiency
syndrome: Natural history of infection and differing susceptibility
of inbred mouse strains. J Virol 63:1223, 1989

39. Mizuochi T, Mizuguchi J, Uchida T, Ohnishi K, Nakanishi

1143

M, Asano Y, Kakiuchi T, Fukushima Y, Okuyama K, Morse HC
III, Komuro K: A selective signaling defect in helper T cells
induced by antigen-presenting cells from mice with murine ac-
quired immunodeficiency syndrome. J Immunol 144:313, 1990

40. Holmes KL, Morse HC III, Makino M, Hardy RR, Hay-
akawa K: A unique subset of normal murine CD4* T cells lacking
Thy-1 is expanded in a murine retrovirus-induced immunodefi-
ciency syndrome, MAIDS. Eur J Immunol 20:2783, 1990

41. Baltimore D: RNA-dependent DNA polymerase in virions
of RNA tumor viruses. Nature 226:1209, 1970

42. Falk S, Stutte HI: The spleen in HIV infection-Morphologi-
cal evidence of HIV-associated macrophage dysfunction. Res Virol
141:161, 1990

43, Baldwin GC, Fleischmann J, Chung Y, Koyanagi Y, Chen
ISY, Golde DW: Human immunodeficiency virus causes mononu-
clear phagocyte dysfunction. Proc Natl Acad Sci USA 87:3933,
1990

44, Mosier DE, Gulizia R, Spector D, Yetter RA, Morse HC 111
Contribution of helper T cells to the pathogenesis of murine AIDS.
FASEB J 2:A831, 1988 (abstr)

45. Szebeni J, Wahl SM, Betageri GV, Wahl LM, Gartner S,
Popovic M, Parker RJ, Black CDV, Weinstein JN: Inhibition of
HIV-1 in monocyte/macrophage cultures by 2',3'-dideoxycytidine-
5’'-triphosphate, free and in liposomes. AIDS Res Hum Retrovi-
ruses 6:691, 1990

46. Phillips NC, Tsoukas C: Immunoliposome targeting to
CD4+ cells in human blood. Cancer Detect Prev 14:383, 1990

47. Meltzer MS, Skillman DR, Gomatos PJ, Kalter DC, Gendel-
man HE: Role of mononuclear phagocytes in the pathogenesis of
human immunodeficiency virus infection. Annu Rev Immunol
8:169, 1990

€20z Jaquiadaq 0 uo 3sanb Aq ypd'2€11/6.1.81.9/L€ L 1/G/6.L/4Pd-8]0IE/POO|G/BI0"SUOKEDNGNdYSE//:d}IY WOl papeojumog



