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ABSTRACT

All-irans-retinoic acid (ATRA) induces complete remissions in the ma

jority of patients with acute promyelocytic leukemia. Despite continuous
p.o. ATRA administration, many patients relapse after a short remission
duration. In these patients, ATRA plasma concentrations were found to be
very low, which was related to induction of retinoic acid-binding protein
and increased drug catabolism by cytochrome P-450-mediated reactions.

An i.v. ATRA formulation, which can be achieved by encapsulating ATRA
into liposomes, may have the potential to overcome these unwanted effects.
We investigated the ability of liposomal ATRA (L-ATRA) to induce dif
ferentiation of human myeloid leukemia cell lines (111-60. KG-1, and
THP-1 ). Cellular differentiation, as assessed by morphological criteria and

by the expression of a mature myeloid cell surface antigen (CDllb on
HL-60 and KG-1 cells), was induced by culture in the presence of L-
ATRA. The ability of L-ATRA-treated HL-60 cells to reduce nitroblue

tetrazolium demonstrated that they were functionally differentiated cells.
Cell cycle analysis revealed significant growth inhibition of the cells after
L-ATRA treatment. Following culture with L-ATRA, cells from five pa

tients with acute promyelocytic leukemia were found to be morphologi
cally and immunophenotypically mature myeloid cells. L-ATRA was as

effective as free ATRA in inducing differentiation of the cell lines and of
the cells from patients with acute promyelocytic leukemia. We conclude
that L-ATRA effectively induces differentiation and may be a useful par-

enteral ATRA formulation for overcoming the pharmacological mecha
nisms that lead to "retinoid resistance."

INTRODUCTION
APL' is a well-defined subtype of AML that has specific clinical

and biological characteristics, including a promyelocytic morphology
with hyper- or hypogranularity (M3 of the French-American-British
classification), a life-threatening coagulopathy. and the specific cyto-
genetic abnormality t(15;17)(q22; ql2-21) (1, 2). The breakpoint for

this translocation occurs within the retinoic acid receptor a (RARA)
gene on chromosome 17 and the PML gene on chromosome 15 (3-7).

It has been suggested that alteration of the RARA gene is involved in
the genesis of APL and blockage of cell maturation (8).

Recently, ATRA has been used as a novel treatment for APL on the
basis of in vitro studies showing that ATRA induces differentiation of
APL promyelocytes (9). Clinically, a high rate of complete remission
was achieved using ATRA as first-line therapy for APL (10-12).

Clinical response was clearly associated with differentiation of the
leukemic cells (12). Remission duration, however, was relatively
short, and patients who relapsed were clinically resistant to further
treatment with ATRA, even though leukemic cells retained their sen-
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sitivity to the differentiating activity of ATRA in vitro (11-13). Phar

macological studies in relapsed patients revealed low plasma drug
concentrations that could not be substantially increased by adminis
tration of higher doses of ATRA given p.o. (13-15). The increased

disappearance of ATRA from plasma appeared to result from induc
tion of retinoic acid-binding protein and increased drug catabolism by
cytochrome P-450-mediated oxidative reactions (15, 16). Based on
these findings, it may be advantageous to administer ATRA parenter-

ally to overcome these unwanted effects that lead to acquired ATRA
resistance.

Lipophilic agents that are incompatible with i.v. injection can be
given parenterally when encapsulated in liposomes (17, 18). Liposo
mal drug formulations have also been shown to exhibit pharmacody-

namic and therapeutic properties distinct from the free drugs, which
may reduce toxicity and improve efficacy (19-23). We investigated
the ability of L-ATRA to induce differentiation of human myeloid

leukemia cell lines and leukemic cells from patients with APL or AML
and compared the activity of L-ATRA with that of free ATRA.

MATERIALS AND METHODS

Liposomes and L-ATRA. Empty liposomes and L-ATRA were supplied

by Argus Pharmaceuticals, Inc. (The Woodlands, TX), as a lyophilized powder
in bottles containing 5 mg of ATRA and specific phospholipids in a 1:10
drug:lipid ratio (L-ATRA) or containing lipids alone. The drug was stored in
the dark at -20Â°C. Immediately before use. L-ATRA and the empty liposomes

were reconstituted by adding 5 ml of normal saline to each bottle and agitating
the suspension on a vortex mixer for 2-3 min. The reconstituted preparation

consisted of multilamellar liposomes.
Cells. Three well-characterized human AML cell lines (HL-60, KG-1, and

THP-1) were used (24, 25). All cell lines were maintained in continuous

suspension culture in RPMI 1640 supplemented with 10% fetal calf serum
(Gibco Laboratories, Grand Island. NY), penicillin (100 units/ml), and strep
tomycin (100 ug/ml). Cells were grown in a humidified atmosphere with 5%
CO2 at 37Â°C.Experiments were performed during the logarithmic phase of cell

growth.
Bone marrow or peripheral blood samples were obtained from 5 patients

with APL and 3 patients with AML [M2 subtype of the French-American-

British classification (26)] after written informed consent following institu
tional guidelines. Mononuclear cells were separated over Ficoll-Hypaque (den

sity, 1.077; Sigma Chemical Co., St. Louis, MO) and washed twice with
phosphate-buffered saline.

For induction experiments, cells were resuspended at a concentration of 5 x
IO5 cells/ml in growth medium containing 2 UML-ATRA or 2 LJMfree ATRA.
Cells maintained in medium alone and cultured with "empty" liposomes were

used as controls. Media were changed after 3 days of culture. Results were
obtained from at least three separate experiments performed in duplicate.

Assessment of Differentiation. The morphology of the cells was evaluated
from cytospin slide preparations stained with Wright-Giemsa. Differential

counts were performed under light microscopy on a minimum of 200 cells.
The NBT reduction test was performed using standard methodology as

described previously (27). The percentage of cells containing intracellular
blue-black formazan deposits was determined from Wright-Giemsa-stained

cytospin slide preparations of at least 200 cells.
Expression of cell surface antigens was studied by staining cells with

MoAbs directed against CD33 (MY-9, PE-labeled), CD 13 (MY-7 PE). CD I Ib
(Mo-1, FITC-labeled) (all from Coulter Immunology, Hialeah, FL), CD 15
(Leu-Mi FITC), and CD 14 (Leu-M3 PE, both from Becton Dickinson, San
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Jose, CA). Following the manufacturer's recommendations, 1 x IO6cells were
incubated with saturating amounts of MoAbs for 30 min at 4Â°Cand then

washed three times with phosphate-buffered saline. Samples stained with Â¡so-

type-matched MoAbs (IgGl, IgG2b, and IgM; Coulter Immunology) were
processed in parallel. Double-color immunofluorescence analysis was per
formed on a FACScan flow cytometer (Becton Dickinson) using the FACS-

CAN Research Software. Filters used to detect fluorescent signals were 530/30

for FITC and 585/42 for PE.
Cell Cycle Analysis. Acridine-orange flow cytometry was performed as

previously described (28). Briefly, cells were mixed with 0.4 ml of a solution
containing 0.1% Triton X-100 and 0.08 N HC1 (all chemicals from Sigma).
After 30 s, 1.2 ml of acridine-orange (Polysciences, Warrington, PA) at a
concentration of 7 ug/ml in l UMEDTA, 0.15 M NaCl, and 0.1 M phosphate-

citrate buffer (pH 6.0) were added, and DNA/RNA measurements were per
formed on a FACScan flow cytometer within 10 min. Cell cycle distribution
was analyzed using CellFIT software (Becton Dickinson) after gating out all
cell doublets and debris. Cells in Gclof the cell cycle were identified by Go-G,

DNA content and low RNA content compared to that of freshly obtained
normal peripheral blood lymphocytes.

Statistical Analysis. Mean values between groups were analyzed using
Student's t test.

A Differentiated HL-60 Cells (x106)

2.5

1.5-

0.5-

RESULTS

Dose Response. We initially used different doses of L-ATRAto
determine which concentration most effectively induced differentia
tion in HL-60 cells. A dose-dependent increase in the percentage of
metamyelocytes and neutrophils occurred in the HL-60 cultures
treated with L-ATRA. The highest absolute numbers of differentiated
HL-60 cells by morphology (Fig. \A) and NBT reduction (Fig. IÃŸ)
were achieved with 2 UML-ATRA.

Efficacy of L-ATRA to Induce Differentiation of Myeloid Leu
kemia Cell Lines. Treatmentof HL-60, KG-1, andTHP-1 cells with
2 UML-ATRA for 6 days resulted in the generation of morphologically
differentiated cells (Fig. 2). Induction of differentiation rather than
persistence of spontaneously differentiated cells was evident when the
absolute numbers of differentiated cells (metamyelocytes and neutro
phils in HL-60 and KG-1 cultures, monocytes in THP-1 cultures) were
analyzed (Fig. 3). The absolute numbers of maturated cells were not
significantly different between L-ATRA- and free ATRA-treated cul
tures (P > 0.05).

The immunophenotype of HL-60 and KG-1 cells was characterized
using CD33 and GDI Ib MoAbs. The majority of untreated HL-60 and
KG-1 cells have the CD33+/CD1 Ib- phenotype (29). GDI Ib expres
sion, which is up-regulated at the myelocytic stage of differentiation
(30), was used to identify mature myeloid cells. L-ATRA-treated
HL-60 and KG-1 cultures had significantly more CD33+/CDllb+
cells after 6 days in culture (both in relative and absolute numbers)
than did control cultures treated with either "empty" liposomes or

medium alone (Table 1). Treatment of HL-60 and KG-1 cells with free
ATRA led to an increase in CD33+/CD1 lb+ cells, which in absolute
numbers was similar to that induced by L-ATRA. DMSO at a con
centration of 0.2%, which was used to dissolve free ATRA, induced no
immunophenotypic change in HL-60 cells (2.6% CD33+/CDllb+
cells after 6 days of culture).

An extremely low number of untreated HL-60 cells spontaneously
acquired the capacity to reduce NBT [0.12 Â±0.1 (SD) X IO5cells].
An increase in the absolute numbers of NBT-reducing HL-60 cells
after treatment with L-ATRA (5.45 Â±1.18 X IO5cells) indicated that
they were functionally mature myeloid cells. In HL-60 cultures treated
with free ATRA, 7.28 Â±4.83 x IO5cells reduced NBT (no difference
to L-ATRA, P > 0.05). With both free ATRA and L-ATRA, a sub
stantial number of HL-60 cells had differentiated morphology but
were negative in the NBT reduction assay. When KG-1 and THP-1
cells were exposed to L-ATRA or free ATRA for 6 days, no NBT-

B NBT-Reducing HL-60 Cells (x106)
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Fig. I. Dose-dependent effect of ATRA on HL-60 cells cultured with increasing doses
of L-ATRA (â€¢)and free ATRA ( + ). After 6 days, absolute numbers of differentiated cells
{A, metamyelocytes and neutrophils by morphology; B, NBT-reducing cells) were eval

uated.

reducing cells were observed in the ATRA-treated cultures or the
controls in three separate experiments.

Using the acridine orange flow cytometry technique, we studied
changes in cellular proliferation in response to ATRA. After L-ATRA
treatment of HL-60 and KG-1 cells for 6 days, the percentage of cells
in GO markedly increased and the fractions in G, and S + G2-M
phases decreased (Table 1). Free ATRAand L-ATRAequally inhibited
the growth of HL-60 and KG-1 cells. Treatment with 0.2% DMSO for
6 days did not change the cell cycle characteristics as compared to
untreated controls. Increased percentages of cells in G0 were also
observed in L-ATRA-treated THP-1 cells (Table 1). Treatment with
free ATRA induced similar changes in cellular proliferation. Culture
with "empty" liposomes or 0.2% DMSO did not cause changes in the

cell cycle.
Induction of Granulocytic Maturation of APL Cells by

L-ATRA. In the absenceof ATRA,only a few cells differentiatedto
metamyelocytes and granulocytes after 6 days of culture (Table 2).
L-ATRA, however, induced morphological maturation accompanied
by an increased expression of the CDllb antigen in 5 of 5 cases.
Monocytic differentiation, which could also lead to CDllb expres-
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Fig. 2. Differential counts of ATRA-treated myeloid leukemia cell lines. After 6 days
of culture, differential counts were performed on Wright-Giemsa-stained cytospin prep
arations of the cell suspensions. A, HL-60 cells; fl. KG-1 cells; C, THP-1 cells. G, control
cells grown in medium alone; â€¢¿�cells grown in 2 UML-ATRA; R cells treated with 2 UAI
free ATRA; prnmyeln. promyelocytes; myelo, myelocytes; mela, metamyelocytes; neutro,
banded and segmented neutrophils.

sion, was ruled out by the absence of the monocyte-specific CD 14

antigen. In 3 cases, CD 15 was already expressed by leukemic cells at
day 0 and at day 6 of noninduced cultures. The remaining 2 APL cases
showed an increase in CDlS-expressing cells after culture with L-

ATRA. From cell counts, it was evident that the morphological and
immunophenotypic changes reflected an absolute increase of mature
myeloid cells in culture. Comparison of L-ATRA with free ATRA in

3 cases of APL revealed equal efficacy of both ATRA formulations to
induce differentiation. Neither L-ATRA nor free ATRA induced mat
uration of cells from 3 patients with AML-M2 (Table 2).

DISCUSSION

This study demonstrates that L-ATRA is highly effective in induc
ing differentiation of myeloid leukemia cell lines (HL-60, KG-1, and

Fig. 3. Absolute numbers of differentiated cells (metamyelocytes and neutrophils in
HL-60 and KG-1 cells, monocytes in THP-1 cells) after 6 days of culture with 2 UM
L-ATRA (â€¢)or free ATRA (P). Q untreated control cultures. No significant differences
exist between L-ATRA- and free ATRA-treated cultures (P > 0.05). Bars, SD.

THP-1) and promyelocytes from patients with APL. Because drug

delivery must be considered when liposomal drug formulations are
administered, it is of note that L-ATRA was effective on nonphago-

cytic cells. This is in agreement with recent data showing that lipo
somes can effectively deliver ATRA and induce differentiation of the
innermost layer of cells in multicellular tumor spheroids (31). Thus,
mechanisms other than phagocytosis (e.g., adsorption, fusion, or di
rect lipid transfer) may play a role in drug transfer between liposomes
and target cells.

Morphological examination and study of the mature myeloid
marker CD lib revealed myeloid maturation of the tested cell lines
and APL samples. This was accompanied by marked growth inhibition
of the cell lines, as demonstrated by an increase of cells in G0 and a
reduction of cells in S phase. Although antiproliferative effects of
ATRA distinct from cellular differentiation may also occur (32), the
decrease in proliferative activity observed here together with the mor
phological and antigenic features of the cells is consistent with growth
inhibition caused by cell differentiation. In contrast to the cell lines,
cell counts did not drop in the ATRA-treated cultures from patients

with APL. This observation may indicate that inhibition of cell pro
liferation is a late event when APL cells are cultured with ATRA.
Evidence for this hypothesis is provided by results from a recent
clinical trial with ATRA, in which S phase increased prior to detect
able cytodifferentiation (12). The presence of functionally mature
myeloid cells was assessed by the NBT reduction assay. L-ATRA-
treated HL-60 cells, but not KG-1 or THP-1 cells, reduced NBT
despite their differentiated morphology. Similarly, KG-1 and THP-1

cells cultured with free ATRA were morphologically mature but did
not reduce NBT. This apparent discordance between morphological
and functional maturation, which was also reported by other investi
gators (33-35), may be explained by a deficiency in normal redox

capabilities of the differentiated leukemic cells. Lack of oxidative
reduction and failure of NBT reduction has also been described in
granulocytes of patients with chronic granulomatous diseases (36).

A comparison of L-ATRA and free ATRA revealed that cell cultures

with either ATRA preparation contained similar absolute numbers of
differentiated myeloid cells. We regard this as evidence that both
ATRA preparations were equally effective in inducing differentiation
of the myeloid cell lines and APL promyelocytes. The only difference
in the effects of the two ATRA preparations was noted in HL-60
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Table 1 Immunophenotype, NBT reduction, and cell cycle phases of myeloid leukemia cell linen treated with ATRAfar 6 days

CellsHL-60No

treatmentFree
ATRA"Empty"

lipoL-ATRAKG-INo

treatmentFree
ATRA"Empty"

lipoL-ATRATHP-INo

treatmentFree
ATRA"Empty"

lipoL-ATRA"

Results areexpressed*
NBT-r,NBT-reducingPatient1.

APL2.

APL3.

APL4.

APL5.

APL6.

AMLM27.

AMLM28.

AML M2Cell

counts(x
IO6)6.7

Â±0.82.0
Â±0.7ND4.1

Â±0.24.3

Â±2.82.2
Â±0.8ND2.9

Â±1.55.9

Â±1.63.3
Â±0.6ND4.3

Â±0.9CD33+/CDllb+1.3

Â±0.658.2
Â±4.41.5

Â±0.524.3
Â±3.815.1

Â±6.084.4
Â±12.114.8

Â±8.181.7
Â±10.9NDNDNDND%

ofcells"NBT-r*0.1

Â±0.146.3
Â±6.8ND37.9

Â±14.700N

D000ND0Gâ€ž4.5

Â±2.962.9
Â±2.84.4
Â±2.353.5

Â±0.27.9

Â±1.667.6
Â±9.18.7

Â±3.663.
1 Â±6.819.8

Â±8.354.2
Â±6.019.

1 Â±1.949.
1 Â±0.4S

+G2M46.

1 Â±5.415.8
Â±1.044.6

Â±7.122.0
Â±4.743.7

Â±2.316.2
Â±1.444.4
Â±0.418.5Â±

1.446.4

Â±5.235.8
Â±8.744.8
Â±5.339.9
Â±1.6as

mean Â±SD from at least 3 experiments performed induplicate.cells;
ND, not determined;"CultureNo

treatmentFree
ATRA"Empty"
liposomesL-ATRANo

treatment"Empty"
liposomesL-ATRANo

treatment"Empty"
liposomesL-ATRANo

treatmentFree
ATRA"Empty"
liposomesL-ATRANo

treatmentFree
ATRA"Empty"
liposomesL-ATRANo

treatmentFree
ATRA"Empty"
liposomesL-ATR'ANo

treatmentFree
ATRA"Empty"
liposomesL-ATRANo

treatmentFree
ATRA"Empty"
liposomesL-ATRAempty"

lipo. culture with "empty"liposomes.Table

2 Effect of ATRA im APL andAMLCell

counts(x
IO6)4.73.95.64.26.07.56.53.33.93.43.93.44.14.23.35.14.75.65.05.94.35.09.07.59.08.57.26.76.86.5etui6

days ofcultureMeta

+Neutro(%)0.585.83.078.55.53.055.015.014.096.015.359.016.753.91.063.08.561.0000021.025.527.026.5NDNDNDNDCDllb(%)2.996.53.197.637.336.958.511.226.090.55.772.47.674.3062.8061.03.810.04.59.454.461.459.357.23.24.42.67.9CD15(%)20.598.622.299.069.869.378.076.490.499.681.899.289.499.541.195.639.195.64.915.15.415.188.488.681.282.83.34.92.55.9

cultures in which total cell counts were considerably higher in cultures
treated with L-ATRA than in those treated with free ATRA. This may

be indicative of differences in bioavailability or toxicity between the
two ATRA preparations. In this context it is of note that L-ATRA was
found to be far less toxic than free ATRA when administered to CD-1

mice (37). Taken together, these results suggest that ATRA incorpo
rated into liposomes retained its activity but may have reduced tox
icity compared with free ATRA.

The demonstration that L-ATRA effectively induces differentiation

may have important implications for its use as a therapeutic agent.
Although ATRA induces a high remission rate in patients with APL,

many patients relapse despite continued treatment with ATRA (11-

13). Recently it was found that continuous p.o. administration of
ATRA was associated with progressively diminishing ATRA levels in
plasma (13-15). This problem could be addressed by administering

the drug i.V., which is now possible when ATRA is encapsulated into
liposomes. Recent studies in our laboratory indicated that animals
treated chronically with L-ATRA metabolized retinoic acid to a lesser
extent compared to animals treated with free ATRA.4 Increased cell

ular retinoic acid-binding protein expression has been identified as an

4 K. Mehta, manuscript in preparation.
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important mechanism for the rapid disappearance of ATRA from the
plasma of continuously ATRA-treated patients (15, 16). Administra

tion i.v. of a large bolus of ATRA may overcome this unwanted effect
and be even more efficacious if combined with P-450 enzyme inhib

itors. Administration of higher doses of ATRA should be facilitated by
liposomal encapsulation of the drug because of its attenuated toxicity
(37). Based on the in vitro data presented here (i.e., effective induction
of differentiation by L-ATRA in myeloid leukemia cell lines and in

APL cells) and the potential advantages of a parenteral ATRA formu
lation, we propose to investigate L-ATRA as an inducer of leukemia

cell differentiation in vivo.
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