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Due to the risk of reintroducing malignant cells, autotransplantation of cryopreserved ovarian tissue is not
allowed in leukemia patients. In order to restore fertility in these patients, ex vivo purging of ovarian fragments
could be proposed as a strategy to eradicate malignant cells before grafting. Photodynamic therapy (PDT), as a

Phott-)sensmzer . clinical-approved modality, is a minimally invasive and selective therapeutic for eliminating malignant cells. The
Ovarian transplantation i O o © X

Leukemia present work aims therefore to evaluate the phototoxicity of two photosensitizers (aluminum phthalocyanine
Phthalocyanine (AlPc) and zinc phthalocyanine (ZnPc)) on leukemia cells. To this end, two lines of malignant cells (K562 and HL-
Photoimmunotherapy 60) and isolated ovarian stromal cells (control) were treated by PDT using a diode laser with various energy

densities. Cell viability after the treatment, the amount of generated reactive oxygen species, dark toxicity of the
photosensitizers, and single-cell morphology were studied. Our results demonstrated that using irradiation with
the energy density of 10 J/cm?, 1 uM AlPc could significantly reduce the viability of K562 (4.73 + 0.14%) and
HL-60 (2.74 + 0.31%). Similarly, the viability of these cells was reduced (K562 cells: 3.84 + 0.81%; HL-60 cells:
6.82 + 3.21%) with 1 uM ZnPc and an energy density of 50 J/cm?. On the other hand, these PDT protocols had
no significant effect on stromal cells. These findings indicate that our approach can be a promising strategy for
the safe restoration of fertility in leukemia patients. However, further studies are necessary to assess its efficiency
in ovarian fragments containing malignant cells to determine their eradication rate and the effect of our treat-
ment on the survival of stromal cells and preantral follicles.

1. Introduction promising approach for cancer treatment. Compared with common

strategies for cancer therapy, PDT has fewer side effects, more selec-

Autotransplantation of cryopreserved ovarian tissue is one of the few
alternatives to restore the fertility of prepubertal girls and women who
need urgent cancer care [1-3]. Unfortunately, this strategy cannot be
advised for the patients diagnosed with chronic (CML) or acute myeloid
leukemia (AML) due to the high risk of contamination of the ovarian
tissue with malignant cells, which potentially lead to relapse of the
primary disease after grafting [4-6]. One of the approaches under
development for these patients is the purging of ovarian tissue from CML
and AML cells before autotransplantation [7,8]. Nevertheless, this must
be done selectively and without affecting follicles and ovarian stromal
cells [8].

Photodynamic therapy (PDT) has received significant attention as a

tivity, and can be specifically targeted at the tumor site [9-11]. PDT uses
photosensitizers (PSs), which can cause the elimination of cancer cells as
soon as they are excited by laser irradiation at a specific wavelength
with appropriate energy density. In the presence of oxygen, the excited
PS generates singlet oxygen and other reactive oxygen species (ROS),
which cause the oxidation of various biomolecules and lead to tumor cell
death [12-14]. Aluminum phthalocyanine (AlPc), zinc phthalocyanine
(ZnPc), and their derivatives are metal-based tetracarboxylic phthalo-
cyanines (Table 1), known as second-generation PSs commonly used in
the treatment of various cancer cell types.

This study aims to evaluate the phototoxicity efficiency of AlPc and
ZnPc on the human CML K562 and AML HL-60 cell lines and isolated
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Table 1
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Structure, formula, molecular weight, and singlet oxygen quantum yield of AlPc and ZnPc, and the PS LD50 (i.e., dark toxicity) and their maximum absorbance

wavelength [34-36].

AlPc

C32Hi6NgZn
ZnPc
577.91 g/mol

>10uM
0.34 680
(EMT-6)
>5uM
0.18 701
(MIA)

PSs: photosensitizers; AlPc: aluminum phthalocyanine; ZnPc: zinc phthalocyanine; MW: molecular weight; ®,: singlet oxygen quantum yields; ®g: fluorescence
quantum yields; Amay: wavelength of maximum absorbance; LDsg: light dose required for 50% cell inactivation (in vivo); EMT-6: murine mammary carcinoma cell

line; MIA: human pancreatic cancer cell line.

human ovarian cells, as well as the effect of irradiation with different
energy densities on the PDT procedure to achieve the most selective
eradiation of malignant cells.

2. Materials and methods
2.1. Cell source

2.1.1. Ovarian stromal cells

The ovarian tissue biopsies were obtained after approval from the
Institutional Review Board of the Université Catholique de Louvain for
the use of human ovarian cortex in May 2019 (IRB reference 2012/
23MAR/125, registration number B403201213872). The dissected
ovary was directly transported to the laboratory in Minimum Essential
Medium (MEM; 42,360-024; Gibco, Netherlands) at 4 °C. After
removing the medullar part, the cortex was frozen using our routine
procedure [15]. The ovarian stromal cells were isolated after thawing
[15] of the ovarian tissue fragments, according to Asiabi et al. [16].
Briefly, the tissue was mechanically minced (McIlwain Tissue Chopper,
Mickel Laboratory, UK), and then digested with Liberase DH (5,401,054,
001; Sigma-Aldrich, Belgium) and DNAse I (10,104,159,001;
Sigma-Aldrich) at 37 °C for 75 min. Then, the enzymatic digestion was
halted by adding an equal amount of Dulbecco’s phosphate-buffered
saline (D-PBS; 14,190,144; Gibco) supplemented with 10%
heat-inactivated fetal bovine serum (HI-FBS; 16,140-071; Gibco). Af-
terward, the suspension was filtered through 80 (NY8002500; Millipore,
Belgium) and 30 pm (NY3002500; Millipore) nylon net filters and
centrifuged (500 g, 10 min). The pellet was resuspended in Dulbecco’s
modified of Eagle’s medium F-12 nutrient mixture (DMEM/F12; 21,
041-025; Gibco) with 10% HI FBS and 1% of antibiotic and antimycotic
(Anti-Anti; Gibco).

2.1.2. Leukemia cells

Human leukemic malignant cell lines HL-60 and K562 were pur-
chased (98,070,106 and 89,121,407; Sigma-Aldrich) and expanded in
RPMI-1640 medium (61,870-010; Gibco) supplemented with 10% HI-
FBS and 1% Anti-Anti and kept in humidified condition with 5% CO»
at 37 °C. For cell subculture, we used Accutase (A6964; Sigma). Cells at
passage eight were used for this study.

Table 2

Laser parameters for irradiation using the 660 nm diode laser.
Parameter Description/Value
Laser type Semiconductor diode
Wavelength (nm) 660 nm
Wave emission Continuous

Power density (mW/cm?) 11.15 or 18.59 mW/cm?
Energy density (J/cm?) 10 or 50 J/cm?
Light/plate distance (cm) 13 cm

Irradiation times 15 - 45 min

2.2. Cell culture

Ovarian stromal, K562, and HL-60 cells were in vitro cultured in a
96-well plate (Sarstedt, Germany) coated by poly-p-lysine (PDL;
A3890401; Gibco). Briefly, 50 pl of 5% PDL 0.1 mg/ml in p-PBS was
added to each well. After 1 h incubation at room temperature, the wells
were rinsed three times by deionized water and dried for 2 h without the
lid at room temperature. Then, cells were seeded (2 x 10* cells/well)
and in vitro cultured for 24 h.

2.3. Photodynamic treatment

Cells were exposed to different concentrations (0, 0.005, 0.01, 0.05,
0.1, 0.5, 1 and 5 uM) of either AlPc (362,530; Sigma-Aldrich) or ZnPc
(39,553; Alfa Aesar, Germany) for 2 h. Then, the medium was replaced
and the cells were exposed or not to a 660 nm diode laser with the en-
ergy density of 10 or 50 J/cm? (Table 2) and in vitro cultured for another
24 h before analysis. All the experiments were performed in triplicate.

2.4. Cell viability assays

2.4.1. PrestoBlue assay

Treatment cytotoxicity was established by the PrestoBlue™ HS
(P50200; Invitrogen, Belgium) metabolic assay, which is based on a
resazurin-based solution that is cell-permeable and can be reduced in-
side the mitochondria of living cells to resorufin, a red fluorescent
compound that can be quantitatively measured to determine cell
viability. The fluorescent reaction product can be quantified using a
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Fig. 1. Cell viability assay based on the mitochondrial activity after treatment with different concentrations (0-5 uM) of AlPc and ZnPc and irradiated
energy density. AlPc-treated cells using 10 J/em? (a) or 50 J/cm? irradiation (b) and ZnPc-treated cells using 10 J/em? (¢) or 50 J/cm? irradiation (d) (*p < 0.05,

**p < 0.01 and ***p < 0.001).

spectrometer (Multilabel reader, Victor X4, Singapore). The medium
was replaced with PrestoBlue™ reagent:cell medium (1:10 vol ratio).
After 60 min incubation, cell viability was quantified by fluorescence
spectroscopy at an excitation wavelength of 560 nm and emission
wavelength of 620 nm. Normalization was performed using untreated
cells, and wells with just medium were fixed as 100% and 0% viability,
respectively.

2.4.2. LIVE/DEAD® cell staining

Cell viability was also assessed using LIVE/DEAD™ Viability/Cyto-
toxicity (L3224; Invitrogen) assay. For this, cells were incubated in p-
PBS containing 2 mmol/] calcein-AM and 5 mmol/l ethidium
homodimer-I for 45 min at 37 °C in the dark [17]. Non-fluorescent
cell-permeant calcein-AM enters cells and is cleaved by esterases in
live cells, producing calcein, which is well retained within live cells,
generating intense and uniform green fluorescence. Ethidium
homodimer-I enters cells with damaged membranes and then binds to
DNA with high affinity, resulting in a 40-fold enhancement of fluores-
cence, producing bright red fluorescence in dead cells. After exposure to
fluorescent dyes, cells were observed under an inverted fluorescence
microscope (Leica DMIL, Germany). Green fluorescence was visualized
in live cells (ex/em 495/515 nm) and red fluorescence in dead cells
(ex/em 495/635 nm), using two different filters. The corresponding
fluorescence intensities were analyzed using the ImageJ software to
determine the relative fraction of live versus dead cells (n = 3).

2.5. Measurement of ROS generation

DCFH-DA (D399; Invitrogen) was used to calculate the efficiency of
intracellular ROS production [18]. To produce sufficient ROS to indicate
an efficient photocytotoxic effect, the irradiated light should exhibit
appropriate spectral characteristics that were matched with the PS peak
absorption wavelength [19,20]. DCFH-DA can penetrate cells and be
oxidized to 2,7'-dichlorofluorescein in the presence of ROS, which can
be detected using a green fluorescence detector [21]. The DCFH-DA
stock solution was made in DMSO (5 mM), processed at —20 °C, and
used after a simple dilution with p-PBS. Cells were washed with p-PBS
and 5 uM DCFH-DA was added. After 30 min incubation, intracellular

ROS generation was analyzed using the green filter (Ex: 488 nm/Em:
525 nm) of the fluorescence inverted microscope. To measure the
average intracellular fluorescence intensities, the generated ROS were
quantified using ImageJ software. In an 8-bit image, there are 256
possible values from 0 to 255 for each pixel, and RGB histograms show
the frequency distribution of pixel values (n = 3).

2.6. Cell morphology

Ovarian stromal and HL-60 cells were cultured in a PDL-coated glass-
bottom 96-well plate (PBK96G-1.5-5-F; MatTek, USA) with the cell
density of 1 x 10* cells/well for 24 h. After 2 h incubation with 0 or 5 uM
ZnPc or AlPc, they were exposed to the diode laser with an energy
density of 50 J/cm?. Then, they were in vitro cultured for 24 h, and their
morphology was visualized using super-resolution 3D microscopy (CX-A
Imaging Platform; Nanolive, Switzerland) for automated 3D label-free
live cell imaging.

2.7. Statistical analysis

The quantitative data were reported as mean + SD, and the data were
statistically analyzed using one-way ANOVA. P values < 0.05 were
considered statistically significant. The error bars in graphs reflect a
single sample standard deviation.

3. Results
3.1. The efficiency of AlPc/ZnPc to destroy leukemia cells

Based on PrestoBlue™ HS assay, AlPc appears to have more photo-
toxicity in comparison with ZnPc and caused a complete eradication of
cancer cells for irradiated energy densities of 10 and 50 J/cm? using the
concentrations of 0.5 and 0.1 uM, respectively (Fig. 1a,b). The AlPc-PDT
process irradiated with an energy density of 10 J/cm? has shown no
toxicity on stromal cells even at a concentration as high as 1 uM
(Fig. 1a). Similarly, there was a significant difference between stromal
and malignant cell viability after ZnPc-PDT treatment using both irra-
diation conditions (Fig. lc, d). ZnPc demonstrated an acceptable
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Fig. 2. LIVE/DEAD assay of human ovarian stromal, K562 and HL-60 cells after treatment with different concentrations of AlPc and ZnPc (0, 0.5, and 5
pM) and irradiated energy density and quantification of live/dead distribution. AlPc-treated cells using 10 J/em? (a) or 50 J/cm? irradiation (b) and ZnPe-
treated cells using 10 J/em? (c) or 50 J/cm? irradiation (d) (*p < 0.05, **p < 0.01 and ***p < 0.001). Green cells/bars represent live cells and red cells/bars

represent dead cells.

Table 3
Antiproliferative activity of AlPc/ZnPc-based PDT using exposed to the 660 nm
diode laser with the energy density of 10 and 50 J/cm?.

Cell Types AlPc ICs (uM) + SD ZnPc ICso (uUM) £ SD
10 J/cm? 50 J/cm? 10 J/cm? 50 J/cm?

Stromal 3.923 + 0.575 + >5 >5

cells 0.505 0.018

K562 cells 0.082 + 0.052 + 0.239 + 0.145 +
0.016 0.001 0.101 0.023

HL-60 cells 0.071 + 0.040 + 0.178 + 0.137 +
0.020 0.006 0.066 0.004

eradication of malignant cells at 1 uM. Using 1 uM ZnPc and an energy
density of 50 J/cm? led to 96.156 + 0.812% and 93.185 + 3.210%
inhibitory effect on K562 and HL-60 cells, respectively. However, from
this dose, ZnPc starts showing phototoxicity for stromal cells when
combined with irradiation with an energy density of 50 J/cm? (Fig. 1c,
d). On the other hand, ZnPc-PDT with a concentration range of 0-1 uM
has shown no significant cytotoxicity for stromal cells after both irra-
diation conditions (Fig. 1c,d; Fig. 2c,d).

Fig. 2 illustrates the LIVE/DEAD assay results and its quantified data,
confirming PrestoBlue™ HS findings on the significant phototoxic ef-
fects in both cancer cell types using the different PS concentrations,
except for K562 cells after 0.5 uM ZnPc and irradiation at 10 J/cm?
energy density. The only considerably toxic protocol for stromal cells is
0.5 and 5 uM AlPc-50 J/cm? (Fig. 2b).

The antiproliferative activity of PDT using AlPc and ZnPc on stromal,
K562, and HL-60 cells exposed to the 660 nm diode laser with the energy

a)

120

b)

= APc 120

density of 10 and 50 J/cm? was estimated by calculating the ICsg
(Table 3). The results show that the PS did not significantly affect the cell
metabolic activity without light exposure (Fig. 3). Similarly, the quan-
tification of LIVE/DEAD assay after PS incubation without light expo-
sure shows no considerable difference between the treated stromal cells
and their control with no treatment, demonstrating that AlPc and ZnPc
have no dark toxicity on stromal cells (Fig. 4a). Furthermore, LIVE/
DEAD quantification results proved that AlPc and ZnPc have no signif-
icant cytotoxicity in the absence of irradiation (Fig. 4b).

3.2. ROS generation

As shown in Fig. 5, AlPc and ZnPc resulted in strong fluorescence
signals followed by irradiation at 50 J/cm? energy density. The fluo-
rescence microscopy analysis of cells indicates that the ROS production
after AlPc/ZnPc-based PDT with 10 and 50 J/cm? was significantly
higher than the control (Fig. 5d). Moreover, the generation of ROS in
both PSs highly depended on the exposed density of energy.

3.3. AlPc/ZnPc phototoxicity effect on cell morphology

To evaluate the impact of AlPc/ZnPc-based PDT, cell morphology
was analyzed in different time points of the PDT process: (i) before and
(ii) soon after PDT treatment, and (iii) 24 h after PDT treatment (Fig. 6).
Ovarian stromal and HL-60 cells were treated with 5 uM AlPc or ZnPc
using 660 nm diode laser exposure with the highest energy density (50
J/em?). According to the comparison between pre-PDT and post-PDT,
AlPc/ZnPc-based PDT caused an unreturnable change in the shape of
the malignant cells. Besides, the PDT procedure using 5 uM of PS
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Dark toxicity of AlPc and ZnPc on human ovarian stromal (a), K562 (b), and HL-60 cells (c) assessed by PrestoBlue assay (ns: not significant).
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distribution. AlPc-treated cells (a) and ZnPc-treated cells (b) (ns: not significant). Green cells/bars represent live cells, and red cells/bars represent dead cells.
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associated with the light exposure (50 J/cmz) causes ovarian stromal 4. Discussion
cells to become rounded up, detached, and tended to be free-floating in
the culture medium (Fig. 6). PDT is a clinically approved therapeutic technique that can
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Fig. 6. HL-60 and stromal 2D (a) and 3D (b) cell morphology after PDT using 5 uM of AlPc or ZnPc exposed to the diode laser with 50 J, /cm? in different time points
of PDT process; (i) before and (ii) soon after PDT treatment, and (iii) after 24 h of PDT treatment.

selectively eliminate malignant cells while minimizing damage to
healthy cells, unlike chemotherapy and genotoxic medicines, which
destroy cancer cells as well as the normal tissue around them [22,23].
While we should develop a PDT approach that can successfully purge
leukemic cells from ovarian tissue fragments before their auto-
transplantation, it is equally necessary to ensure that the effect of this
treatment should be minimal in ovarian cells. Additionally, the PDT
purging process will need a selective protocol using a range of PS con-
centrations due to its gradient penetration in the ovarian tissue.
Otherwise, the tissue borders will lose their functionality by the PS
overdose and/or the cancer cells localized in the deeper areas of the
tissue will not be effectively destroyed due to the lack of PS effective
concentration, which could lead to the disease relapse. Therefore, in this
study, we aimed to assess the efficiency of AlPc and ZnPc on the human
leukemic cell lines and isolated human ovarian cells to achieve the most
selective eradication of malignant cells. We observed that combining
AlPc and irradiation by 10 J/cm? or ZnPc and irradiation by 50 J/cm?
had no significant toxicity on ovarian stromal cells in the range of 0-1
uM. On the other hand, such treatments resulted in a considerable
destructive effect on cancer cells, indicating a promising potential for
the ex vivo PDT-purging application.

Our findings using ZnPc-PDT were in accordance with previous
studies from the literature. Indeed, the ICsq values for ZnPc-PDT on our
leukemia cell lines were similar to those reported by Doustvandi et al.
[20] using a human melanoma cell line (SK-MEL-3). They also showed
comparable efficacy to those observed by Feuser et al. [24], who applied
ZnPc-based PDT at 47.43 + 1.20 ng/ml on K562 cells.

Likewise, our results using AlPc-PDT on leukemia cells agreed with
those on murine breast adenocarcinoma (4T1), which were exposed to
similar treatment (incubation time: 105 min; light dose: 25 J/1 em?) [25].
Interestingly, we observed that while AlPc has a lower ICsy, it appears to
be more toxic than ZnPc for all cell types. Similarly, Escobar et al. [26]
reported a lower median effective dose for AIPc compared with ZnPc for
the treatment of Leishmania promastigotes, using a non-ionic red laser
light system (670 nm, 10 J/cm?).

The PSs should have no toxicity in the absence of light, and a critical
advantage of these phthalocyanines is that they do not exhibit sub-
stantial toxicity [27,28]. In our study, AlPc and ZnPc showed no sig-
nificant cytotoxicity in the absence of irradiation for neither leukemia
cell lines nor ovarian cells. In a comparable study, the metabolic activity
of HeLa and HSC-3 cells was unaffected by the AlPc/ZnPc-based treat-
ment without exposure to light [29]. This indicates that the effect of PSs
was irradiation-dependent, and the remaining PS in the tissue fragments
will not be toxic after transplantation.

Another benefit of AlPc and ZnPc for PDT ex vivo purging application
is that they are active at mild wavelengths of ~674 nm, which is well
within the therapeutic optical window (650-850 nm) [27]. As a result,
the exposed light may be significantly absorbed by the PS while being
poorly absorbed by the tissues as well as having high penetration in a
biological fragment [30,31]. It is also important to bear in mind that the
penetration depth of a 660 nm diode laser into human skin is 4.5-5 mm
[32], which is superior to the thickness of ovarian tissue fragments (~1
mm). Therefore, while the idea of PDT ex vivo purging of the human
ovary is highly novel, based on this information, we can presume that
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such an approach can successfully be applied for ex vivo purging of the
ovarian cortex fragments. Indeed, the tissue fragments could be easily
incubated in the PS solution during transport of the ovarian biopsy to the
laboratory and irradiated after preparation of the ovarian strips (~ 10 x
5 x 1 mm). While most of the fragments would be frozen, a sample could
be prepared for analysis [33] to ensure that the PDT eliminated the
malignant cells.

In conclusion, the present study shows Zn (II) and Al (III) phthalo-
cyanines did not cause dark toxicity for normal cells, while 2 h incu-
bating the cells with 5 uM AlPc/ZnPc associated with 50 J/cm?
irradiation cause cell death and an irretrievable change in their
morphology. Besides, since a selective cancer cell eradication is needed
for ex vivo PDT-purging malignant cells from ovarian fragments, AlPc-
10 J/em? and ZnPe-50 J/cm?, both in the range of 0.5-1 uM showed
high potential for this regard. While such findings are promising for the
safe restoration of fertility in leukemia patients, further studies are
necessary to assess the efficiency of our ex vivo PDT purging approach in
ovarian fragments containing malignant cells to determine their eradi-
cation rate as well as the effect of our treatment on the survival of
stromal cells and preantral follicles.
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