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Elimination of adult T cell leukemia cells by
ultrasound in the presence of porfimer sodium
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Sonodynamic effects using porfimer sodium (Photofrin™;
Pf) on leukemic and normal cells were evaluated. The
purpose of this experiment was to compare cell survival
among MT-2 celis, normal peripheral mononuclear cells
(PMNCs) and adult T cell leukemia (ATL) patients’ PMNCs
after sonodynamic treatment. Cells were exposed to
450 kHz ultrasound at an intensity of 500 mW/cm?. The
survival rate of MT-2 cells exposed to ultrasound alone for
80s was 20.1 + 4.8%, whereas survival rates exposed to
ultrasound in combination with 25, 50 and 100 ug/ml of Pf
resulted in 11.5+ 29, 3.2+ 1.6 and 1.6 + 1.4%, respectively.
There was a significant difference of cell survival between
the group exposed to ultrasound alone and the Pf-com-
bined groups (n=6, p < 0.05). On the other hand, in the
normal human PMNCs, no significant differences of cell
survival rates were found between ultrasound-treated
groups with and without Pf. We similarly examined the
survival rate of PMNCs in the peripheral blood of five
acute-type ATL patients (n=5) after ultrasound (60s,
300 mW/cm?) exposure with or without 100 ug/ml of Pf.
Comparison of cell survival rate between ultrasound alone
and ultrasound plus Pf showed significant differences
(69.4 + 22.5 and 30.0 + 23.0%, respectively). There were no
significant cytotoxicities in all Pf alone treated groups of
the MT-2 cells, the normal PMNCs and the ATL patients’
PMNCs (p < 0.05). It was suggested from this study that
there was a specific selectivity of sonodynamic effects to
MT-2 cell lines and ATL patients’ PMNCs. it is anticipated
that this new method of treatment, i.e. sonodynamic
therapy, could be used for extracorporeal blood treatment
of acute-type ATL patients.
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Introduction

Adult T cell leukemia (ATL) is a malignant blood
disease which involves the T cell system and is
caused by the lymphocytes of the peripheral blood
associated with human T cell lymphotrophic type |
(HTVL-D virus.! The incidence rate is high, espe-
cially in the southwestern part of Japan and south-
castern part of the Us."? Prognosis of ATL patients
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has been reported to be generally poor and resistant
to chemotherapy.zfs Recently, selective elimination
of leukemic cells by photodynamic therapy using
light-activated photosensitizing compounds has been
reported.("7 Such compounds as hematoporphyrin
derivatives or merocyanine-540 (MC540) have
shown selective uptake by tumor cells and are
activated by light, resulting in a necrotic effects.®®
In the clinical situation, porfimer sodium was
recently approved in Japan and the US for photo-
dynamic treatment of esophageal, gastric and lung
tumors.” ' However, application of this treatment to
other non-solid cancers has been limited due to poor
penetration of light energy through human tissues at
the most photosensitive (600-700 nm) laser wave-
length range.x_"’

An alternative energy, ultrasound (US) activation
of photosensitizing drugs, frequently referred to as
sonodynamic therapy, is a promising new approach,
mainly for its higher transmission rate through
human tissues and cost efficiency compared with
lasers. Sonodynamic therapy has shown significant
killing effects to solid tumors with hematoporphyrin,
porfimer sodium and ATX-70.'77** However, as of
now, no data has been reported on the use of sono-
dynamic therapy to selectively eliminate leukemic
cells or its toxicity to actual cells derived from leu-
kemic patients. In this paper, the sonodynamic cell
killing effects were evaluated on an ATL cell line,
MT-2 cells, in conjunction with the photosensitizer
porfimer sodium. Sonodynamic cell killing of periph-
eral mononuclear cells (PMNCs) from normal sub-
jects and acute-type ATL patients was also examined.

Materials and methods
Agents

Porfimer sodium (Photofrin™) was a gift from QLT
PhotoTherapeutics (Vancouver, Canada). Com-
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pounds were diluted to 1 mg/ml with 5% glucose.
All stock solutions of the compound were stored in
light protected containers at —50°C until use.

Cell line

The MT-2 cell line™ was a kindly provided by Dr
Tomita (First Department of Surgery, School  of
Medicine, Fukuoka University, Japan). Cell lines were
cultured in RPMI 1640 medium (Gibeo/BRL  Life
Technologies, Grand Island, NY) supplemented with
10% fetal bovine serum (Gibco/BRI Life Technolo-
gies) and antibiotics (100 U/ml of penicillin G and
50 mg/ml of streptomycin and  glutamine) in a
humiditicd atmosphere of 5% CQ, in air at 37°C.
Cells were routinely tested for Mycoplasma contam-
ination. All studies were performed  during  the
exponential growth phase.

Leukemic samples

PMNCs were collected from peripheral blood of five
acute-type ATL patients (four female and one male)
with a median age of 53.2 years (range -12--88 years).
The diagnostic criteria and valid cases of HTVLI-
associated ATL for this study were defined  as
follows: (i) histologically and cytologically proven
lymphoid malignancy with surface antigens of T cells
(CD-i7, CD25Y, CD8 ), (ii) positive antibody to
HTLV-l and clonal integration of HTLV-I proviral
DNA in the lymphocytes of patients at diagnosis. All
blood samples were obtained during crisis, in which
two cases had not been treated previously. The other
three cases that had been treated with chemo-
therapy (CHOP) 3 weeks carlier were considered to
have no response to anticancer agents. The white
blood cell count was 26104 + 15482/mm?*, and
average proportions of ATL cells and lymphocytes
were 59.8 £ 33.9 and 5.1 £ 3.0%, respectively.

Normal PMNCs were collected from 200 ml of
peripheral blood from a healthy male volunteer the
age of 35, Prior blood examination for ATL diagnosis
revealed negative findings.

Informed consent had been obtained under a
protocol approved by the Fukuoka University Com-
mittee on Human and Animal Investigation from all
participants.

Experiment protocol

The PMNCs were isolated from heparinized periph-
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cral blood from ATL patients and
volunteer by

the  healthy
Ficoll-Conray density  centrifugation
(Lymphocyte Separation Medium, Organon Teknika,
Durham, NC) at 300 g for 30 min under room tem-
perature. The cells at the interface were carefully
harvested  with a  Pasteur  pipette,  subsequently
washed three times with phosphate buftered saline
(PBS, pH 7.4, osmotic pressure 280 mOs/kg; Gibco/
BRL Life Technologies) by centrifugation and resus-
pended in the required volume of PBS. The cells
were resuspended in PBS at a concentration  of
3 X 10° cells/ml. The cell suspensions were stored
on ice until used in the experiments. The cell
viability was checked before every treatment and
only cell suspensions whose viability was above 99%
were used inoall series of treatments. Al cell
separations and purification were performed within
2 h after extraction from subjects. The cell were
suspensions at a density of 3 X 10° cells/ml. Final
drug concentrations of cell suspensions were 0, 25,
50 and 100 gg/ml, and were incubated for 30 min
before treatment. All experiments were separately
repeated six times for cach condition.

Figure 1 shows a schematic diagram of the set-up
for exposing suspended MT-2 cells, and PMNCs of
ATL patients and healthy volunteers to ultrasound.
For each condition, 1.5 ml of the cell suspensions
was placed in a Pyrex test tube (12 mm in diameter,
10 ¢cm in length). A miniature ceramic piczo ultra-
sound-emitting clement (diameter 1.3 mm, thickness
0.62 mm) was dircctly inserted into the cell suspen-
sion. The cell suspensions were  gently  swirled
continuously to prevent settling during treatment.
Ultrasound frequency was 450 klz, and intensities
was varied at 0, 300, 400 and S00 mW/cm? in
continuous wave mode. Ultrasound was produced

~ Digital
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Power \7 element
amplifier o/ +— Stirring bar
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generator

Figure 1. Schematic diagram of the method of ultra-
sound exposure.




by a signal generator (1940 Multifunction Synthesi-
zer, NF Electric Instruments, Yokohama, Japan)
driven by a high-speed power amplifier (4025 High
Speed Power Amplifier/Bipolar Power Supply; NF
Electric Instruments). Driving signals were moni-
tored by an oscilloscope (Digital Storage Oscillo-
scope DCS-704; Kenwood, Tokyo, Japan). Tem-
perature changes of cell suspension immediately
before and after treatment by ultrasound were mea-
sured by a needle thermometer (Tele-Thermometer;
Yellow Springs Instrument Co., Yellow Spring, OH).

Assessment of cell viability and survival

Trypan blue exclusion was performed by mixing
20 ul of cell suspensions with 380 gl of a 0.4%
Trypan blue solution (Sigma, St Louis, MO) in PBS.
After 4 min of incubation, the number of cells
excluding Trypan blue was counted using a im-
proved Neubauer-type hemocytometer. The number
of surviving cells before exposure to ultrasound or
drugs was calculated as 100%.

Statistics

The data from each treatment groups was compared
using a two-sided Student’s ttest to determine
statistical variation. Significance was set at p < 0.05.

Results

In order to accurately measure the acute cytotoxicity
of cells, the survival rates were obtained immediately
after ultrasound irradiation. Although viability was
evaluated by Trypan blue staining, exposure to
ultrasound alone or in combination with porfimer
sodium appeared to destroy the cell structure
completely, leaving only the unstained cells visible
for counting. Porfimer sodium alone at all concentra-
tions (25, 50 and 100 ug/mb to MT2 cells and
normal PMNCs did not show any cytotoxicity
(P <0.05). The effects of the survival rate of MT-2
cells subjected to ultrasound alone or in combina-
tion with various porfimer sodium concentrations
are shown in Figure 2. Ultrasound irradiation for
more than 20 s in the presence of 50 and 100 ug/ml
porfimer sodium showed significant differences
(p <0.05) compared to ultrasound alone, with the
exception of irradiation of ultrasound at an intensity
of 300 mW/cm? for 40s. The cell survival rate
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Figure 2. Cell survival rate of MT-3 cells (n=6) after
treatment. Ultrasound alone; (H). Ultrasound + 25 ng/ml
porfimer sodium (@). Ultrasound + 50 «g/ml porfimer
sodium (@). Ultrasound + 100 ug/ml porfimer sodium
(A). Ultrasound intensity: (a) 300, (b) 400 and (c)
500 mW/cm?.

tended to decrease with greater drug concentration
and exposure duration. The survival rates of cells
exposed to 500 mW/cm? ultrasound for 80s were
20.1 £ 4.8%, whereas ultrasound in combination
with 25, 50 and 100 gg/ml of porfimer sodium
resulted in 11.5+29, 3.2+ 1.6 and 1.6 £ 1.4%,
respectively. There was a significant difference of
cell survival rate between the group exposed to
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ultrasound alone and the porfimer sodium-combined
group at all drug concentrations examined
(p <0.05).

The difference of cell killing by ultrasound in
combination with 100 ug/ml of porfimer sodium
and ultrasound alone, which could be interpreted as
pure sonochemically induced effects, showed a peak
cytotoxicity of 22.6+6.1% when exposed at
400 mW/cm? for 60s, and when irradiated at
300 mW/cm? for 60 and 80s, 22.3+8.2 and
23.0 + 11.8%, respectively (Figure 3). No significant
sonodynamic effects were obtained with 20 s irradia-
tion at all ultrasound intensities. It is of interest that
an increase of ultrasound intensity or irradiation
duration did not necessarily result in greater sonody-
namic effects. Cell survival rates of normal PMNCs
exposed at identical ultrasound intensities, exposure
durations and drug concentration are shown in
Figure 4. No significant difference (p<0.05) be-
tween cells exposed to ultrasound alone and in
combination with porfimer sodium were observed.
There was also no clear dependency on drug
concentration. As shown in Figure 5, there was a
distinct difference of the cell survival rate between
MT-2 cells and normal PMNCs that were treated at
the same conditions. Ultrasound treatment to ATL
patient’'s PMNCs resulted in a significant difference
in cell survival in groups with or without porfimer
sodium (Figure 6). Mean survival rates with porfimer
sodium alone, ultrasound alone and ultrasound with
porfimer sodium were as follows: 98.5 4+ 2.7,
09.4 £+ 22.5 and 30.0 £ 23.0%.

Temperature measurement of the cell suspension
immediately before and after all treatments by
ultrasound gave 26 + 1°C.
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Figure 3. Cell killing rate of MT-2 cells (n =6) after
freatment by ultrasound for 20-80s and 100 xg/ml
porfimer sodium.
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Figure 4. Cell survival rate of normal PMNCs after
treatment. Ultrasound alone (B). Ultrasound + 50 xg/mli
porfimer sodium (@). Ultrasound + 100 x«g/ml porfimer
sodium (A). Ultrasound intensity: (a) 300, (b) 400 and (c)
500 mW/cm?.

Discussion

Porfimer sodium is currently used for cancer photo-
dynamic therapy in vivo Although the mechan-
ism of action is not clearly understood, it appears
that the cellular damage is mediated by the genera-
tion of reactive oxygen and hydroxyl radicals only
when stimulated with light.m‘")(’fl() In addition, great-
er drug uptake or binding of porfimer sodium to
malignant leukemic cell as compared to normal cells
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Figure 5. Comparison of cell survival rate between MT-2 cells (a) and normal PMNCs (b) with ultrasound in the
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Figure 6. Survival rate of PMNCs from ATL patients
(n=>5) after treatment by US for 60 s and/or porfimer
sodium (100 xg/ml).

permits an ideal means to selectively kill malignant
cells.” The use of photodynamic therapy has been
proposed as a purging agent to selectively eliminate
malignant cells in bone marrow or peripheral blood
stem cells in autologous stem cell trans-
plantations.® "% Such drugs as MC-540, an alipo-
philic polymethine dye, are currently undergoing
phase I clinical trials for purging bone marrow
grafts from patients with leukemia, lymphoma or

) 6-8,30—34
metastatic neuroblastoma. Numerous re-

ports have also documented photodynamic therapy
with hematoporphyrin and porfimer sodium for
local treatment in a variety of solid tumors.® !¢ On
the other hand, sonodynamic therapy is a new
approach in which the photosensitive agents are
activated by ultrasound cncrgy.”_24 The literature is
limited in this new modality; however, it seems to
be a promising form of energy to replace lasers due
to the fact that ultrasound can penetrate much
deeper into human tissues than the visible spectrum
lasers used for photodynamic therapy, in addition to
its cost efficiency.

In the present study, we have evaluated the
potential role of porfimer sodium coupled with
ultrasound exposure for the ex vivo treatment of
peripheral lymphocytes of adult T cell leukemia
cells. Sonodynamically treated MT-2 cell lines
showed greater cytotoxicity compared to ultrasound
alone. We also showed that increases in drug
concentration, exposure duration and ultrasound
intensity tended to result in more cell killing. These
results are in agreement with earlier reports indi-
cating cytotoxic effects of photosensitive agents
stimulated by ultrasound energy. In contrast, sono-
chemically induced cell killing was not observed
with PMNCs of normal subjects. Previous reports
with photodynamic therapy have demonstrated se-
lective killing of murine leukemia cells with porfimer
sodium in comparison with normal murine bone
marrow progenitor cells.® Other investigators have
showed that selective elimination of clonogenic cells
from patients with acute myelogenous leukemia
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(AML) could be achieved with porfimer sodium and
light irradiation.” It is suggested from the present
study that porfimer sodium has a higher affinity to
MT-2 cell lines compared to normal PMNCs, which
results in a significant difference of cell survival after
ultrasound treatment. Additionally, the present study
was designed to evaluate the capability of sonody-
namic therapy to purge malignant cells in clinically
active ATL patients. The result showed that there
was significant sonochemically induced cell killing
of PMNCs in all ATL patients observed. There have
been several previous attempts to apply photody-
namic therapy to ATL patients by circulating blood
extracorporeally for light irradiation.”> However, the
outcome of this treatment has not resulted in a
satisfactory clinical response. This in part is duce to
light absorption and attenuation by red cell contam-
ination at the wavelength used. Furthermore, the
duration of light irradiation for photodynamic ther-
apy is far greater, of the order of minutes versus
seconds in the case of sonodynamic therapy.
Although further investigation is needed to obtain
the optimal ultrasound irradiation condition and
drug dosage, a more efficient cell killing may be
achieved by ultrasound energy with minimal damage
to normal cells than photodynamic therapy.

Use of ultrasound irradiation for tumor treatment
has been relatively well investigated with respect to
thermal effects due to ultrasound absorption; how-
ever, few studies have reported on the non-thermal
effects demonstrated in the present study.'t"'l
Recent reports by Umemura'” have associated the
mechanism of toxicity to hydroxyl radicals. Experi-
ments with and without active oxygen scavengers
showed that free radical formation clearly influenced
the cell killing effect of ultrasound  with
hcmatoporphyrin."" A similar mechanism may also
have contributed to damage MT-2 cells and ATL
patients” PMNCs. Furthermore, cell destruction ob-
served immediately following ultrasound irradiation
in the present study suggests a very rapid form of
chemical reaction at the cell membrane. Kessel™
have also described a similar phenomenon in experi-
ments where sonodynamic  effects were obtained
only when porphyrins were present in the incuba-
tion medium, whereas cell viability was not altered
when cells containing intracellular porphyrins were
exposed to ultrasound.

The direct mechanism of activation of photosensi-
tizing agents by ultrasound has not been fully
explained. Jeffers™ cvaluated the ultrasound  cell
lysis of HL-60 cells in combination with dimethylfor-
mamide. These experiments in the presence of
albumin microbubbles during ultrasound exposure

334 Anti-Cancer Drugs - Vol 8 - 199~

suggested mechanisms related to acoustic cavitation.
Others have suggested sonoluminescence-related
activation of hematoporphyrin by ultrasound."”
Although all these results lead to acoustic cavitation
involvement, more investigation is anticipated.

It is concluded that there was specific selectivity
of sonodynamic cell killing with porfimer sodium to
MT-2 cells and acute-type ATL patients’ PMNCs
compared to PMNCs from healthy subjects.
Although further evaluation is needed to optimize
ultrasound conditions in the clinical situation, it may
become  feasible to apply sonodynamic therapy
during extracorporeal blood treatment of ATL pa-
tients.
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