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The  effects  of combined  administration  of  doxorubicin  (DOX)  and  vincristine  (VCR),  with  5-
aminolevulinic  acid  photodynamic  treatment  (ALA-PDT),  were  analyzed  in sensitive  murine  leukemic
cell  lines  (LBR-)  and  DOX  and  VCR  chemoresistant  LBR-D160  and LBR-V160  cell  lines. Low  doses  of  DOX
and  VCR  increased  anti-cancer  effect  of  ALA-PDT  in  LBR-cells.  Decrease  in cell  survival  was  higher  when
the combination  VCR  +  ALA-PDT  was  used  compared  to  DOX  +  ALA-PDT.  Resistant  cell  lines  LBR-D160  and
eywords:
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ombined therapy
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LBR-V160  were  sensitive  to ALA-PDT;  however,  no changes  occured  when  combining  therapies.  Thus,
ALA-PDT  can  overcome  drug  resistance  and  is  a good  candidate  for  using  treating  multidrug  resistant
(MDR)  cells.

© 2012 Elsevier Ltd. All rights reserved.
. Introduction

Autologous bone marrow transplantation (ABMT) is a widely
ccepted therapeutic modality for the management of hematologic
alignancies and a number of solid tumors [1,2]. The major disad-

antage of this therapeutic modality is the possible contamination
f the autograft with remaining leukemic cells which leads to recur-
ence of the malignancy. Persistence of minimal residual disease
espite the administration of a high-dose drug therapy or contam-

nation of the autograft, contribute to the recurrence of leukemia
3–5]. Bone marrow purging consists in treating in vitro the marrow
utograft in an attempt to decrease or eliminate leukemia cells. This
an be performed using chemotherapeutic agents such as 4-hydroxi
yclophosfamide (4-HC) or maphosfamide (ASTA-Z), immunologic
echniques, long-term culture, or physical methods [6].

Photodynamic therapy (PDT) is a cancer treatment modality
hich involves the administration of a given photosensitizing

gent (PS), its preferencial accumulation in malignant tissue and

he subsequent activation by light of appropriate wavelength.
nteraction between the excited PS and molecular oxygen pro-
uces singlet oxygen as well as other reactive oxygen species

∗ Corresponding author at: Porphyirins and Porphyrias Research Center (CIPYP),
iamonte 1881-10 A, Buenos Aires 1056, Argentina. Tel.: +54 11 4812 3357;

ax: +54 11 4811 7447.
E-mail address: hfukuda@qb.fcen.uba.ar (H. Fukuda).

145-2126/$ – see front matter ©  2012 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.leukres.2012.04.027
(ROS), selectively destroying the target cells [7,8]. Among the dif-
ferent PSs, porphyrins are the only photosensitizing molecules
endogenously generated by the administration of its biological pre-
cursor, 5-aminolevulinic acid (ALA), inducing the accumulation of
protoporphyrin IX (PpIX), a highly photosensitive compound. ALA-
induced PDT (ALA-PDT) has received increased attention during
the last years and it has been successfully applied in various medi-
cal fields, such as dermatology, urology and gastroenterology, and
also in the photodiagnosis of tumors by means of the fluorescence
detection [9].

PDT has been used to eradicate residual tumor cells in autografts
(purging) and to reduce contamination of tumor cells produc-
ing minimal toxicity to progenitor or stem cells [10]. Due to the
localized effect of PDT, its combination with other therapies such
as radiotherapy or chemotherapy has become an active subject
of research. The development of new PSs and improved laser
instrumentation also contribute to propose clinical protocols incor-
porating PDT into multi-treatment modalities [11,12].

The use of PDT in addition to conventional chemotherapy in
the treatment of hematological malignancies could be useful not
only to optimize the purging process in ABTM, but also to reach
a desirable death proportion of malignant cells with lower doses
of chemotherapic drugs. In this way, it is possible to minimize

side effects of these agents and the acquisition of a drug resistance
phenotype.

The aim of this work was to study the effects of the administra-
tion of chemotherapic drugs doxorubicine (DOX) and vincristine

dx.doi.org/10.1016/j.leukres.2012.04.027
http://www.sciencedirect.com/science/journal/01452126
http://www.elsevier.com/locate/leukres
mailto:hfukuda@qb.fcen.uba.ar
dx.doi.org/10.1016/j.leukres.2012.04.027
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Fig. 1. Response of LBR-cells incubated with different concentrations of DOX or
VCR during 24 h; survival was measured by MTT  assay and expressed as a per-
centage of non-treated cells. Results represent the mean ± SD of three independent
experiments.

Fig. 2. Survival of LBR-cells measured by MTT  assay after treatments with ALA-PDT
(irradiation times 5, 10 or 20 min), DOX, VCR and combined therapies. Results are
180 B. Diez et al. / Leukemia R

VCR), combined with ALA-PDT in sensitive and chemoresistant
urine leukemic cell lines.

. Materials and methods

.1. Chemicals

ALA, hydroethidine (HE), diehexyloxacarbocyanine iodide (DiOC6),
enadione, trifluoromethoxy carbonyl cyanide phenyl hydrazone (FCCP), 3-

4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT), acridine
range and ethidium bromide were obtained from Sigma Chem. Co., St. Louis, USA.
nnexin-V FITC and propidium iodide (PI) were obtained from Invitrogen. VCR
as  kindly provided by Filaxis Pharmaceuticals S.A., Argentina and DOX by Gador

harmaceuticals, Argentina.

.2. Cell lines

Vincristine resistant (LBR-V160), doxorubicine resistant (LBR-D160) and sen-
titive (LBR-) murine leukemic cell lines obtained as described previously [13],
ere cultured in RPMI 1640 medium (GIBCO, Gran Island, NY, USA), supple-
ented with 10% FCS, gentamycin and l-glutamine, at 37 ◦C in a 5% CO2 humidified

tmosphere.

.3. ALA-PDT and chemotherapy treatments

To perform combination of therapies, cells were incubated in 15 ml  Falcon tubes
uring 20 h with chemotherapic drugs (DOX or VCR) in RPMI complete medium.
fterwards 1 mM ALA was  added, and incubation was continued for 4 h. At the end
f  incubation, cells were resuspended in drugs free medium and irradiated with
ight from a bank of two fluorescent lamps (Osram L 18W/765) located at 21 cm;
he light spectrum was  between 400 and 700 nm with the highest radiant power at
00 nm.

.4. Cell survival analysis

Viability of cells was  assessed by the MTT  assay [14], performed at different
imes after treatments.

.5. Apoptosis detection

Nuclear changes and apoptotic body formation characteristic of apoptosis were
dentified by acridine orange/ethidium bromide (AO/EB) staining; after treatments
ells were centrifuged, resuspended in 50 �l PBS and 2 �l of a solution contain-
ng  100 �g/ml AO and 100 �g/ml EB in PBS was  added. Stained cell suspension
10 �l) was  placed on a clean microscope slide and covered with a coverslip. Cells
ere visualized and counted by fluorescence microscopy (Olympus BX61) using

 blue filter. To quantify apoptosis and necrosis a minimum number of 200 cells
ere counted. The percentage of apoptotic cells (apoptotic index) was calculated

s: apoptotic cells (%) = (total number of cells with apoptotic nuclei/total number of
ells counted) × 100 [15].

Morphological cell features were also analyzed by light scatter properties using a
artec PAS III flow cytometer [16]. The 3D scattergrams were obtained using WinMDI
.9  software (Scripps Institute, La Jolla, CA, USA).

In  order to evaluate biochemical changes induced by DOX, VCR, ALA-PDT, and
ombined therapies, cells were collected at different times after treatments and
he changes in phosphatidylserine localization in cellular membranes were ana-
yzed using Annexin V-FITC/PI according to manufacturer’s protocol. Samples were
xamined with a Partec PAS III flow cytometer and data obtained were analyzed
sing WinMDI 2.9 software (Scripps Institute, La Jolla, CA, USA).

.6. Oxidative stress

At different times after PDT, cells were centrifuged, resuspended in PBS and
oaded with the fluorescent probes for ROS, superoxide anion and mitocondrial
amage detection. Stained cells were examined with a Partec PAS III flow cytometer.
uperoxide anion production was  detected by incubating the cells with 2 �M HE (�
xcitation: 510 nm;  � emission: 590 nm)  during 30 min  at 37 ◦C. To perform a posi-
ive control a cell suspension aliquot was incubated 1 h with 25 �M menadione prior
o  the probe addition. Mitochondrial damage was detected incubating the cells with

0  nM DiOC6 (� excitation: 484 nm;  � emission: 511 nm)  during 30 min  at 37 ◦C. For
he  positive control cells were incubated with 250 nM FCCP, 10 min  prior to the
robe addition [17].

.7. Statistics

The values in the figures are expressed as means ± standard error of the mean,
nd they are the average of three independent experiments run in triplicate.
expressed as a percentage of non-treated cells and represent the mean ± SD of three
independent experiments (*P < 0.05 vs. PDT, #P < 0.05 vs. chemotherapy drug).

Data were analyzed with GraphPad Prism (GraphPad Software Inc., San Diego,
CA, USA).

3. Results

3.1. Effects of ALA-PDT and chemotherapy agents in sensitive cell
line, LBR-

Cell viability was  evaluated in the LBR-cell line after treatment
with different doses of DOX and VCR during 24 h (Fig. 1). LD50
values for each drug were determined (DOX: 0.05 �g/ml, VCR:
0.01 �g/ml), and these concentrations were used in the subsequent
experiments.

As shown in Fig. 2A and B, a significant cell viability decrease
was observed in the LBR-cell line when both therapies (chemother-
apy + ALA-PDT) were used in comparison with each therapy alone.
The decrease in cell survival was  higher when the combination
VCR + ALA-PDT was used as compared to DOX + ALA-PDT.

Chemotherapy followed by 20 min  ALA-PDT induced a decrease
in cell viability equivalent to that obtained with DOX  or VCR doses

higher than 0.1 �g/ml, and it is to note that these doses are twice
higher than the amount of drug used in the standard chemotherapy
treatment.
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Table 1
Cell survival assessed by MTT  assay after ALA-PDT (irradiation during 5, 10 and
20 min), DOX, VCR treatment and the combination of both therapies in LBR-D160
cell  line (A) and LBR-V160 cell line (B). Results represent the mean ± SD of three
independent experiments.

(A)

LBR-D160 Irradiation time

Treatments 0 min  5 min  10 min  20 min

DOX 100 98.7 ± 6.1 93.1 ± 3.7 94.1 ± 7.1
PDT + DOX 91.1 ± 3.4 78.3 ± 11.0 47.5 ± 7.4
VCR 60.1 ± 6.9 51.7 ± 10.0 57.8 ± 7.3 64.8 ± 9.1
PDT + VCR 61.03 ± 4.5 51.5 ± 2.9 22.6 ± 7.4

(B)

LBR-V160 Irradiation time

Treatments 0 min  5 min  10 min  20 min

PDT 77.3 ± 6.0 48.3 ± 4.3 23.5 ± 0.8
VCR 100 100 100 100
PDT + VCR 69 ± 8.2 56.4 ± 1.5 25.4 ± 2.3
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DOX 100 97.1 ± 9.8 86.9 ± 2.8 91.5 ± 6.0
PDT + DOX 84.07 ± 5.4 60.4 ± 4.9 40.7 ± 2.3

.2. Effects of ALA-PDT and chemotherapy agents in resistant cell
ines, LBR-D160 and LBR-V160

Resistant cell lines LBR-V160 and LBR-D160 were sensitive to
LA-PDT, showing a significant decrease in viability as the irra-
iation time increased. However, no significant differences were
bserved when combination of therapies was used, compared to
ach therapy alone. These cell lines have different responses to DOX
r VCR treatment; while a 40% viability decrease was  observed in
BR-D cells when treated with VCR, the LBR-V160 cell line does not
how any response to any of the drugs (Table 1A and B).

.3. Death mechanisms

Death mechanisms induced by DOX, VCR or the combination
f them with ALA-PDT were evaluated. Morphological changes
nduced by chemotherapy drugs and ALA-PDT were studied analyz-
ng the light-scattering properties of cells by flow cytometry. Cells
ndergoing apoptosis can be recognized by a lower intensity of for-
ard light scatter (FSC) and a higher intensity of side light scatter

SSC) which is attributed to the cell shrinkage [17]. As shown in
ig. 3A, with the different treatments (DOX, VCR or ALA-PDT), cells
resented a decrease in FSC and an increase in SSC, as the irradiation
ime was longer. The effect was significantly higher when combi-
ation of therapies was  used, compared to each therapy alone.

Morphological apoptotic and necrotic features were studied by
O/EB staining, as described in M&M.  As shown in Figs. 3B and 4,
BR- cell line presented an increase in apoptosis induction when
ombined therapies were used, compared to each therapy alone.

hen cells were treated with DOX (+) ALA-PDT, no significant dif-
erences in apoptotic index were observed at the different PDT
ight doses, while VCR (+) ALA-PDT combination exhibited a lower
ncrease of apoptotic cells.

In order to evaluate the exposure of phosphatidylserine (PS) on
he outer leaflet of the plasma membrane, cells were treated with
nnexin V-FITC and PI staining as described in M&M.  The number
f apoptotic cells increased with the irradiation time when ALA-
DT alone was  performed. Combination of therapies using DOX or
CR with ALA-PDT significantly increased the apoptotic cell frac-
ion compared to each therapy alone (Fig. 3C and D). Induction of
ecrosis was low compared to apoptosis, suggesting that apopto-
is is the major death pathway involved in these therapies. These
esults are consistent with those obtained with AO/EB staining.
ch 36 (2012) 1179– 1184 1181

3.4. Oxidative stress

To evaluate the role of oxidative stress when ALA-PDT is com-
bined with chemotherapy agents, superoxide anion production and
mitochondrial membrane potential were studied. We  have demon-
strated previously [18] that, in LBR-, LBR-D160 and LBR-V160 cell
lines, induction of superoxide anion (O2

2) production and mito-
chondrial membrane depolarization by ALA-PDT treatment was
dependent on irradiation dose. Superoxide anion production was
measured with the fluorescent probe HE; upon oxidation detection
of the red fluorescence intensity increased. The main responsible
for this oxidation is oxygen free radical, with minimal oxidation
by H2O2 [19]. Fig. 5A shows that superoxide anion production
increased with ALA-PDT irradiation time in the LBR-cell line. When
cells were treated with ALA-PDT (+) DOX or (+) VCR, superoxide
anion production was significantly higher compared to each ther-
apy alone.

We  therefore studied the uptake of DiOC6, a lipophilic cationic
probe which is commonly used for monitoring changes of the mito-
chondrial and/or the plasma membrane potential [18]. Results are
represented in Fig. 5B. It can be seen that fluorescence intensity
decreased as irradiation time increased when ALA-PDT alone was
performed, and the decrease was higher when it was combined
with DOX or VCR treatment.

4. Discussion

Different antineoplastic agents have been employed to remove
malignant cells from marrow. The most common method involves
a short-term ex vivo exposure to a variety of cytotoxic agents, such
as 4-HC or ASTA-Z (both cyclophosphamide derivatives which do
not require hepatic activation), etoposide, cisplatin, cytosine arabi-
noside and others [20]. The efficacy of this approach may  be limited
by several factors, including the number of malignant cells con-
taminating the marrow. Chemotherapeutic drugs do not appear
to exhibit major selectivity to leukemic cells compared to normal
cells. Therefore, methods to differentially protect hematopoietic
progenitors from toxic chemotherapy effects using cytoprotective
agents have been studied [21].

Doxorubicin (Adriamycin) is one of the most commonly used
chemotherapeutic drugs and exhibits a wide spectrum of activ-
ity against solid tumors, lymphomas, and leukemias. Although its
mechanism of action is not fully understood. It is well accepted that
DOX cytotoxic activity is associated with formation of DNA adducts
and inhibition of the nuclear enzyme topoisomerase II. Other bio-
logical effects include free radicals formation and interaction with
components of cell membrane [22]. On the other hand, VCR exerts
its anti-cancer effect binding to the building blocks of microtubules.
In this way, VCR disables the cells mechanism for aligning and mov-
ing the chromosomes, and stops the separation of the duplicated
chromosomes preventing cell division [23].

PDT is a minimally invasive therapeutic procedure based in the
selective accumulation of a given PS in malignant cells and its
subsequent activation with visible light and oxygen, resulting in
the production of ROS, mainly singlet oxygen, which eventually
produces cell death [7].  Porphyrins are the only PS endoge-
nously generated by the administration of its biological precursor,
5-aminolevulinic acid (ALA), inducing the accumulation of Proto-
porphyrin IX (PpIX), a highly photosensitive compound.

The complex nature of cancer disease leads to the fact that no
single therapeutic modality is likely to be curative. It is becom-

ing generally accepted that combined therapeutic modalities are
important to eradicate malignant disease. Previously [18], we
showed that ALA-PDT induces apoptosis in murine leukemic cells
via ROS generation, a mechanism different from DOX and from VCR.
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Fig. 3. (A) Three dimensional scattergrams of LBR-cells obtained by flow cytometry: negative control (a), treated with PDT 5 min  (b), PDT 10 min (c), PDT 20 min (d), DOX
(  + PDT
i PDT, D
o s (*P <

T
D

a

e),  DOX + PDT 5 min  (f), DOX + PDT 10 min  (g), DOX + PDT 20 min  (h), VCR (i), VCR
nduction measured by OA/EB staining (B) and Annexin V-FITC/PI staining for ALA-
f  non-treated cells and represent the mean ± SD of three independent experiment
herefore, it would be expected that ALA-PDT may  cooperate with
OX and VCR to increase killing of tumor cells.

There are some reports concerning the ability of chemother-
peutic drugs to enhance the effects of PDT in cell culture and
 5 min  (j), VCR + PDT 10 min (k), and VCR + PDT 20 min  (l). Apoptosis and necrosis
OX, VCR and combined therapies (C and D). Results are expressed as a percentage

 0.05 vs. PDT, #P < 0.05 vs. chemotherapy drug).
transplantable mouse tumors. Using an in vitro – in vivo model
of murine mammary adenocarcinoma, inhibition of tumor growth
was significantly enhanced by the combined treatment of Adri-
amycin and ALA-PDT [24], and a 30% increased efficacy was
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Fig. 4. Apoptosis and necrosis induction assesed by OA/EB staining for non-treated cells (a) cells treated with 20 min irradiation ALA-PDT (b), DOX (c), VCR (d), DOX + PDT
(e)  and VCR + PDT (f). Images were obtained by fluorescence microscopy (Olympus BX61) using a blue filter (magnification ×40).
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ig. 5. Superoxide anion production assesed by HE staining (A) and changes in th
LA-PDT. Results are expressed as a percentage of stained cells relative to negative c
xperiments (*P < 0.05 vs. PDT, #P < 0.05 vs. chemotherapy drug).

bserved when tumor explants were exposed to the alkylant
rug Cyclophosphamide and ALA-PDT in comparison with ALA-
DT treatment alone [25]. Sinha et al [26] found an improved
verall outcome in terms of cell killing in LNcaP cells, when ALA-
DT was used in combination with methotrexate respect to each
herapy alone. Peterson et al [27] and Snyder et al [28] reported
hat PDT in combination with DOX was more effective than using
oth therapies alone. Kirveliene et al [29] studied the interaction
etween DOX and meta-tetra 3(hydrochlorin)-mediated PDT in the
urine hepatoma model MH-22A; they found that DOX potentiates

herapeutic efficacy of PDT and viceversa. Low dose gemcitabine
ncreased the anticancer effect of Photosan-mediated PDT evalu-
ted in a model of human pancreatic cancer xenograft in nude mice,
ith no obvious adverse effects [12]. However, as far as we  know,
o studies about the effects of chemotherapy agents combined with
LA-PDT in leukemia cells have been reported.

In the present paper, we show that low doses of DOX and VCR
two times lower than the amount of drug used in the standard
hemotherapy treatment) increased the anti cancer effect of ALA-

DT in LBR-cells. A significant cell viability decrease was observed
n the LBR-cell line when both therapies: chemotherapy + ALA-PDT,

ere used in comparison with each therapy alone. The decrease in
ell survival was higher when the combination VCR + ALA-PDT was
chondrial membrane potential assesed by DiOC6 staining (B) performed 1 h after
l after different irradiation times and represent the mean ± SD of three independent

used compared to DOX + ALA-PDT. When drug + PDT were used,
apoptosis induction, evaluated by morphological and biochemi-
cal assays, was increased compared to each therapy alone, and
similar results were observed concerning changes in the miyochon-
dria/plasma membrane potential. The resistant cell lines LBR-V160
and LBR-D160 were sensitive to ALA-PDT, however, no significant
differences were observed when combination of therapies was
used. It is known that in many drug resistant cell lines survivin
expression is enhanced compared to the sensitive counterparts
[30,31]. On the other hand, gene knockdown of survivin expres-
sion cells, increased apoptosis and the cytotoxicity effect of PDT
[32]. Even more, higher expression of survivin induced by DOX was
found in tumor cell lines [33]. Taking all these data together, they
would explain why the combination of PDT with DOX in the resis-
tant LBR-D160 and LBR-V160 cells, induced less cell lethality than
the treatment with PDT alone.

The development of drug resistance is the major reason for fail-
ure in cancer treatment. PDT has been proposed as an alternative
approach in overcoming multidrug resistance (MDR) phenotype

[34]. In MCF-7 human breast cancer cells and derived doxorubicin
resistant sublines, Teiten et al [35] and Tsai et al [36] found that
PDT with meta-tetra(hydroxyphenyl)chlorin (mTHPC) and ALA was
able to killing cells expressing the MDR  phenotype. More recently,
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t was reported that drug resistant MCF-7/DOX breast cancer cells
ere photodynamically killed by the pro-drug AlaAcBu, an effective
LA derivative [37]. ALA-PDT treatment was also effective in mul-

idrug resistant leukemia cells NB4/MDR and NOMO-1/ADR but not
n K562 and K562/ADR cell lines, which accumulated relatively low
evels of PpIX [10], suggesting that multidrug resistant leukemia
ells do not have cross-resistance to ALA-PDT. In this work we
emonstrated the efficacy of ALA-PDT to overcome drug resistance

n leukemic LBR-D160 and LBR-V160 cell lines. Due to the selective
ffect of PDT on malignant cells, we expect that apoptotic processes
nd oxidative stress induced by this therapy affects minimally nor-
al  cells. In addition, combined therapy allows the use of lower

oses of chemotherapeutic drugs reducing the possibility of drug
esistance development. Thus, ALA-PDT may  be a good candidate
or use in the treatment of MDR  cells.
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