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ABSTRACT

Various chemical compounds have been described to induce photosen-

sitization of tumor cells resulting in cell death. We studied the effect of
merocyanine-540 (MC-540) on both leukemic and normal bone marrow
(BM) cells. Acute promyelocytic leukemia (HL-60) and common acute
lymphoblastic leukemia antigen-positive nun-1, non-B acute lymphoblas-
tic leukemia (Reh) cell lines were incubated with MC-540 and simulta

neously exposed to white light. Normal human BM and mixtures of
leukemic cells with BM cells were treated under similar conditions. At
constant illumination rates of 50,000 Ix, significant (at least 4 to 5 logs)
tumor cell destruction was obtained with MC-540 concentrations of 20
Â«ig/mlor more for HL-60, and 10 MÃ•/nilor more for Reh cells. Incubation
of BM under equivalent conditions preserved 18.0% of granulocyte-
macrophage colony-forming units and 14.2% of erythroid burst-forming

units. Similar results were obtained when tumor cells were mixed with
irradiated BM and then treated with MC-540. In summary, cell photo-

sensitization with MC-540 has a selective cytotoxic effect towards leu

kemic cells and therefore may be useful for purging tumor cells from

autologous BM.

INTRODUCTION

It has frequently been suggested that proliferation of tumor
cells may be accompanied by various cell membrane alterations
affecting their transport mechanisms, enzymatic activities, an
tigen expression, and bioelectric membrane potentials (1, 2).
With regard to the bioelectric properties of cell membranes,
probes have been developed which are capable of indicating
small changes in electrical potentials as they may occur, e.g., in
the course of tumor cell development and proliferation (3, 4).
Merocyanine dyes, such as the fluorescent compound MC-540,3

have been used as bioelectric membrane probes and are exten
sively studied for their staining properties (3-6). It has been
found that MC-540 is a fluorescent probe for membranes which
selectively stains leukemic cells and some immature hemato-
poietic cells (7). Normal BM cells and leukemic cells bind MC-
540 to the outer part of their membrane (5, 7, 8); however, dye
uptake depends on cell membrane polarization and is different
in normal hematopoietic cells and leukemic cells (9-11). In
creased uptake of membrane-bound MC-540 occurs upon light
exposure, which causes photodynamic dye excitation that even
tually results in cell damage and cell kill (7). The mechanism
of this MC-540-mediated cytotoxicity is not totally understood;
however, various models have been developed to compare the
cytotoxicity of MC-540 against leukemic cells and normal
hematopoietic progenitors (9, 12).

The experiments reported here were designed to test the in
vitro dose-dependent photodynamic effect of MC-540 on acute
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promyelocytic and acute lymphoblastic leukemic cells in estab
lished cell lines. Similar experiments were performed to assess
the in vitro sensitivity of normal BM CFU-GMs and BFU-Es
towards MC-540.

MATERIALS AND METHODS

Reagents. Merocyanine-540 was obtained from Eastman Kodak
(Rochester, NY). Stock solutions of the dye were prepared in 50%
ethanol-water at 1 mg/ml and stored in the dark at 4V. For each
experiment, proper concentrations of the reagent were obtained by
diluting the stock with phosphate-buffered saline.

Light Source. A 75-W GE filament light bulb (luminous flux of
approximately 1170 lumen) was used as the source of white light. At a
radial distance of 15 cm, clear polystyrene test tubes (15 mm diameter)
containing 2 ml of cell suspension were placed in a circular array
around the light bulb. As measured through polystyrene tubes, using a
Gossen Luna-Pro photometer, illumination from the light source was
constant at 50,000 Ix. Temperature of light-exposed cell suspensions
was measured inside all the test tubes and found to be 37.0 Â±0.2 (S.D.)â€¢c.

Cells. The acute promyelocytic leukemia (HL-60) cell line (13, 14)
and the common acute lymphoblastic leukemia antigen-positive nun
T, non-B acute lymphoblastic leukemia (Reh) cell line (15) were chosen
for the experiments. Cell lines were maintained in RPMI1640, supple
mented with 10% PCS (Hy Clone, Logan, UT)-1% penicillin si repto -
mycin-neomycin (Gibco, Chagrin Falls, OH)-1% L-glutamine, and kept
at 37V in a humidified atmosphere of 5% CO; in air. Cells were
maintained under exponential growth conditions, with viability ranging
from 95 to 99%. Both HL-60 and Reh cell lines were found to be free
of mycoplasma contamination.

Bone marrow specimens were obtained from normal healthy volun
teers after written, informed consent. The aspirations were done under
local anesthesia from the posterior iliac crest using plastic syringes with
preservative-free heparin. All specimens were processed immediately
after aspiration.

Photodynamic Drug Effect Assays. HL-60 cells, Reh cells, and Ficoll-
Hypaque separated mononuclear cells from normal BM were incubated
with different concentrations of MC-540 at 37Â°Cand simultaneously

exposed to white light at 50,000 Ix for 1 h. A total of ten million cells
were treated at a final concentration of 5 x 10" cells/ml in phosphate-

buffered saline containing 0.25% albumin. In mixing experiments,
tumor cells were incubated together with equal numbers of irradiated
(4500 rads) BM cells. During the incubation period of 1 h, cells were
kept in suspension by vortexing the test tubes gently every 5 min. After
incubation, the cells were washed twice with RPMI 1640 before use in
the assays described below.

For all tumor cell assays, the liquid culture system was chosen to
evaluate MC-540-mediated cytotoxicity at multiple regular postincu-
bation intervals, since exact data on posttreatment growth kinetics
could not be obtained from clonal assays. In tumor cell assays and
mixed tumor cell-BM assays, cells, after incubation, were resuspended
in 15 ml of fresh media (RPMI 1640 supplemented with 10% FCS-1%
penicillin-strepi omycin-ncomycin-1', L-glutamine) and kept for long-

term culture in a humidified atmosphere of 5% CO2 in air. Daily cell
counts and viability analyses (trypan blue exclusion) were performed.
Cells were considered to be undetectable when a 10-fold concentrate
showed no viable cells in 0.8 mm (i.e., both four-square areas) of the
0.1 mm improved Neubauer hemacytometer. Medium in each flask was
changed every 4 days.

Bone marrow cells after incubation and two washes were resuspended
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in fetal calf serum and cultured in 35- x 10-mm Lux Petri dishes (Miles
Laboratories, Naperville, IL). The CFU-GM assay was performed as
previously described in detail (16). Each cell culture plate consisted of
100,000 cells in 1.0 ml of McCoy's 5A medium containing 20% PCS,

10% Mo cell line-conditioned medium (kindly provided by Dr. David
Golde, UCLA), and methylcellulose (Methocel, A4M; Dow Chemical
Co., Midland, MI) at a final concentration of 1.1%. Quadruplicate
cultures were incubated in a humidified atmosphere of 5% CO, in air,
and cellular aggregates of more than 40 cells were counted on day 10.
For the BFU-E assay, each cell culture plate consisted of 150,000 cells
in 1.5 ml of Iscove's modified Dulbecco's medium (Grand Island
Biological Co., Grand Island, NY) containing 30% PCS, 10% phyto-
hemagglutinin-leukocyte conditioned medium (Wellcome, Beckenham,
England), 1.5 units of partially purified human urinary erythropoietin
(Toyobo, New York, NY), IO"4M 2-mercaptoethanol (Sigma, St. Louis,

Missouri), and methylcellulose at a final concentration of 1.32%. Tri
plicate cultures were incubated in a humidified atmosphere of 5% CO2
in air; cellular aggregates of more than 200 cells were counted on day
14.

In all experiments reported here, control cells were incubated with
1.25% ethanol (17) since this was the maximum concentration of
ethanol attained in cell culture assays; thus, all cytotoxic effects ob
served in the experiments were clearly attributable to MC-540-mediated

photosensitization of cells.
Data Analysis. All experiments were performed at least three separate

times, and the mean results from each experiment are presented. For
liquid culture assays, the lower limit of accurate cell detection by
hemacytometer count was found to be 3750 cells. This number corre
sponds to one viable cell detected in 0.8 mm3 volume of the 0.1-mm
improved Neubauer hemacytometer, when a 10-fold concentrate of the
15-ml cell suspenson is used and diluted with an equal volume of trypan
blue.

To assess tumor cell reduction beyond the limits of accurate detection
by hemacytometer, all liquid culture experiments were followed over a
period of 20 days. Growth curves were obtained from both treated and
untreated specimens (Fig. 1). For HL-60 cells, the mean doubling time
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Fig. 1. Dose response of leukemic cell lines to MC-540. Ten million cells were
incubated with diHerein doses of MC-S40 (O, 0; A, 5; A, 10; D, 15; â€¢,20 and 25
fig/ml) at 37Â°Cand simultaneously exposed to white light at 50,000 Ix for 1 h,
then washed twice with RPMI 1640 and kept in long-term culture for up to 20
days. Bars, SE; REH, Reh.

was 29.3 h for untreated and 26.6 to 34.3 h for treated cells. Mean
doubling times obtained from Reh cells varied between 26.3 h for
untreated and 27.7 h for MC-540-treated cells. In cell dilution experi
ments using either HL-60 or Reh cells, it was found that over a 20-day
period, as few as 10 surviving cells would regrow to an easily detectable
number (i.e., at least 3750 cells). When compared to the original number
of 10 x 10*cells as used in drug effect assays, this cell number suggested
a 6-log tumor cell reduction; however, data analysis for both HL-60
and Reh cells was solely based on hemacytometer counts, thus providing
a more conservative assessment of MC-540-mediated cytotoxicity.

RESULTS

The experiments described above allowed us to evaluate the
in vitro differential sensitivity of HL-60 cells, Reh cells, and
normal hematopoietic progenitors towards MC-540-mediated
photosensitization.

Photodynamic Cytotoxicity of MC-540 against HL-60 and
Reh. Both HL-60 and Reh cells (10 x IO6) were incubated with
up to MC-540, 25 Â¿ig/mland exposed to light (50,000 Ix) for 1
h. Both cell lines could be reduced to an undetectable number
with MC-540 doses ranging from 10 to 25 ng/ml. MC-540
concentrations of 20 ÃŸg/m\or more for HL-60 and 10 ng/ml
or more for Reh resulted in a tumor cell reduction of 4 to 5
logs at 72 h (Fig. 1). Following simultaneous exposure to MC-
540 and white light, no regrowth of cells from either line was
observed within 20 days, while control cells grew exponentially
(see below). At lower MC-540 dosages (i.e., less than 20 /Â¿g/ml
for HL-60 and below 10 /Â¿g/mlfor Reh), cell numbers were still
found to be markedly reduced following drug exposure; how
ever, the remaining cells were able to regrow and reach numbers
comparable to untreated control cells. In all experiments re
ported here, the maximum in vitro cytotoxic effect of MC-540-
mediated photosensitization ws observed within 1 to 24 h after
exposure of cells. Cytotoxic effects from illumination-related
hyperthemia could be ruled out. No significant difference in
cell growth of controls was found when cells that had been
exposed to light only in the absence of MC-540 were compared
to cells that were incubated with MC-540 in the dark at 37 Â°C
and to cells that had been incubated at 37Â°Cwithout dye and

light exposure (Table 1).
Cytotoxic Effects of MC-540 on HL-60 and Reh Cells in

Presence of Normal Bone Marrow. Similar cytotoxicity towards
HL-60 or Reh cells was observed when incubation with MC-
540 was carried out in the presence of irradiated BM cells (5 x
IO6). Under the same conditions of light exposure as before, a
MC-540 concentration of 25 Â¿ig/mlwas found to reduce cell
numbers below the limit of accurate detection, while control
cells (which were not exposed to the photosensitizing drug)
were able to grow in logarithmic patterns (Fig. 2). To assess
the extent to which the observed cell reduction could be attrib
uted to a decrease in the number of viable BM cells following
irradiation, BM cells (5 x IO6) were treated alone with MC-

540, and their cell counts were followed simultaneously with
drug-treated mixtures of tumor cells and normal irradiated BM.
Maximum reduction in both irradiated marrow cells and mix
tures of irradiated BMs and tumor cells was observed within
92 h after drug exposure of cells. In all cell counts performed,
no significant difference was found between cell mixtures (5 X
IO6leukemic and 5 x IO6irradiated marrow cells) and 5x10*

BM cells alone, indicating that any detectable cell population
in the mixing studies reported must be attributed to the re
maining number of normal marrow cells in the assay. In all
mixing experiments performed with MC-540 concentrations of
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Table 1 Effect of different doses of MC-540 and!or light on tumor cells (HL-60 and Reh)
Cells (10 x l()'r)were incubated with different doses of MC-540 and either simultaneously exposed to white light (50,000 Ix) or kept in the dark (0 Ix) at 37'C for

l h and washed twice with RPMI-1640 prior to long-term culture.

HL-60RehMC-540(eg/ml)0010202000102020Illumination

Ox)50,00000050,00050,00000050,000Viable

cells x 10* at different intervals afterexposure1

h10.73"9.639.9010.270.010.3110.059.8010.250.024h19.5517.4818.8019.350.018.5818.7017.3318.220.048h37.9036.4536.535.900.037.6037.8036.8839.750.072h61.2059.6058.9058.020.070.0568.6864.0570.800.096h57.8542.5850.2046.380.074.4070.3073.8877.450.0Day852.5848.7947.0053.920.053.8550.5845.8052.340.0Day1459.1051.7554.6462.400.084.4578.9266.2082.800.0Day2052.6053.3049.8556.640.063.7559.4064.6061.550.0

' Mean, calculated from three or more experiments.

24 48 72
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Fig. 2. Effect of MC-540 on leukemic cell lines in mixtures with normal
human marrow. Irradiated bone marrow cells alone (A, 5 x ID'1cells; MC-540,
25 Mg/ml) and mixtures of HL-60 cells (5 x IO4cells; MC-540: O, 0; â€¢.25 ng/
ml) or Reh cells (5 x 10* cells; MC-540: â€¢,0; Q, 25 /ig/ml) with irradiated
marrow cells (5 x 10") were incubated with MC-540 at 37'C and simultaneously

exposed to white light at 50,000 Ix for 1 h, then washed twice with RPMI 1640
prior to long-term culture. At a drug concentration of 25 //u/ml, no regrowth of
cells was observed after 20 days.

25 Mg/ml, no regrowth of cells was observed over a 20-day
period of long-term culture.

MC-540-ntediated Photosensitization of Normal Hemato-
poietic Progenitor Cells. As compared to both HL-60 and Reh
cells, normal hematopoietic progenitor cells were found to be
less sensitive towards MC-540-mediated photodynamic cyto-
toxicity. At drug concentrations and illumination rates (25 Â¿tg/
ml; 50,000 Ix) sufficient to induce a tumor cell reduction of at
least 4 to 5 logs, CFU-GMs and BFU-Es were inhibited by 82.0
and 85.8%, respectively (Fig. 3). Similar results were obtained
with MC-540 dosages of 15 Mg/ml, where 20.9% of CFU-GMs
and 15.8% of BFU-Es were spared. Early erythroid progenitor
cells appeared to be slightly more sensitive to MC-540 than did
normal granulocyte-macrophage progenitors.

DISCUSSION

The data presented in this paper show MC-540 to be effective
against malignant myeloid and lymphoid cell lines with minimal
toxicity towards normal hematopoietic progenitor cells. These
findings are in agreement with earlier reports indicating a
preferential sensitivity of leukemic cells towards MC-540-me-
diated photosensitization (8-12). Though currently under fur
ther investigation, the basic mechanism of the selective cytotox-
icity of MC-540 against neoplastic cells remains unclear. Both
leukemic cells and human marrow progenitors are known to
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Fig. 3. Dose response to MC-540 of normal bone marrow progenitors and
leukemic cell lines. Note that day 20 cell viability analyses (trypan blue exclusion
test) for HL-60 (A) and Reh (â€¢)are shown together with CFU-GM day 10 (â€¢)
and Bill; day 14 (O) colony counts. For comparison, all results are calculated
as a percentage of control. Control cells were exposed to light in the absence of
MC-540. Cells incubated in darkness with or without MC-540 gave results similar
to those for the control cells. The mean number of colonies (>40 cells) counted
per plate was 29.6 for CFU-GM and 30.5 for BFU-E controls.

bind MC-540 on the cell surface (5,7); however, it appears that
either the electrical properties (6, 7) or the lipid composition
(18) of neoplastic cell membranes allow MC-540 to preferen
tially penetrate and subsequently damage these cells. MC-540-
incorporation has been shown to be substantially (4- to 5-fold)
greater in leukemic cells than in normal human bone marrow
mononuclear cells (7). These findings corroborate the results
presented in this study.

We exploited the preferential sensitivity of two leukemic cell
lines (HL-60 and Reh) towards MC-540 in order to evaluate
this compound's usefulness for the ex vivo purging of neoplastic

cells from human bone marrow. The mixing studies and pro
genitor cell assays reported here strongly suggest that MC-540
doses of 25 Â¿tg/mlmay be sufficient to induce at least 4 to 5
logs of tumor cell reduction in both acute myelogenous leuke
mia (HL-60) and acute lymphocytic leukemia (Reh) cell lines
while sparing around 14 and 18% of normal human BM BFU-
E and CFU-GM, respectively. Since common acute lympho-
blastic leukemia antigen-positive Reh cells were found to be
highly sensitive towards MC-540-mediated cytotoxicity, our
data primarily indicate the usefulness of MC-540 for purging
acute lymphoblastic leukemia cells; however, differences (e.g.,
in cell growth, drug clearance, and cell-killing mechanism)
between the ex vivo purging of leukemia-contaminated BM and
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experimental in vitro treatment of tumor cell lines mixed into
normal human marrow may exist and may limit the final
evaluation of these data.

Currently, a wide variety of different bone marrow purging
techniques are under intensive investigation, including the use
of cytotoxic drugs, antibodies, and differentiating agents as well
as physical separation methods (19-27). Unlike most of these
in vitro purging techniques, MC-540-mediated cell photosensi-
tization may be equally useful in different types of malignancies
presenting with BM involvement. As compared to the photo-
toxic effects of MC-540, conventional chemotherapeutic agents
have less selective toxicity for tumor cells compared to normal
hematopoietic progenitors (19, 26, 27). Given this fact, it may
be especially worthwhile to further explore the use of MC-540
for purging bone marrow of residual leukemic and other neo-

plastic cells.
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