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Background. Photodynamic therapy (PDT) is a promising adjuvant method for the treatment of malignant
gliomas (MQG), including tumors with continued growth and tumor recurrences. For the clinical application
of PDT, it is important to substantiate the effectiveness of the cytodestructive effect of the combined use of
laser irradiation (LI) and photosensitizer (PS).

Objective. To evaluate the cytodestructive effects of photodynamic exposure with the use of PS chlorine E6
on primary MG cell cultures.

Methods. Primary cell cultures were obtained from samples of biopsy material from patients (n = 6) with a veri-
fied diagnosis: 3 primary tumors (1 case of diffuse astrocytoma, NOS (G3), 1 — glioblastoma (GB), NOS (G4),
1 — gliosarcoma (G4)) and 3 — with continued tumor growth (1 — diffuse astrocytoma, NOS (G3), 1 — oligo-
dendroglioma, NOS (G3) and 1 — GB, NOS (G4). Groups of cell cultures included: 1) control — cultured
in a standard nutrient medium and experimental; 2) cultured with the addition of chlorine E6 (2.0 ug/ml);
3) cultivated without the addition of PS and subjected to LI; 4) cultivated with the addition of chlorine E6
and subsequent exposure to LI. After 24 h, morphological and morphometric studies were carried out.
Results. The primary MG cultures were characterized by different growth dynamics; mitotic activity of tumor
cells varied from the highest rate in the culture of primary GB to lower values — in cultures of recurrent GB
and primary astrocytoma and gliosarcoma, and the lowest — in cultures of continued growth of astrocytoma
and oligodendroglioma after combined treatment. Direct exposure to chlorine E6 and LI reduced the total
number of cells in the culture and their mitotic activity. The greatest cytodestructive effect was achieved with
the combined effect of chlorine E6 and LI: the effective dose in the case of primary astrocytoma cells is
10 J/cm? in pulse mode; for cells of primary GB and gliosarcoma, recurrent astrocytoma and oligodendro-
glioma, the effective dose is 25 J/cm? in pulsed mode. In the case of GB cells, continued growth, a dose of
25 J/cm? is effective for both continuous and pulsed modes of LI.

Conclusions. Primary cell cultures of MG obtained directly from tumor tissue are an adequate model for
evaluating the effectiveness of the cytodestructive effect of the combined use of LI and PS for PDT.

Keywords: malignant glioma; continued growth; primary cultures; photodynamic therapy; chlorine E6; laser

irradiation, mitotic index.

Introduction

According to the National Cancer Registry,
the incidence of malignant variants of primary brain
tumors in Ukraine is 4.8% per 100,000 population,
and the mortality rate is 3.5% [1]. Gliomas are
conditionally divided into two large groups [2]:
circumscribed gliomas, which have relatively well-
defined borders and can be completely removed
surgically, and diffuse gliomas, which do not have
clear borders and cannot be totally removed during
surgery. According to the new edition (2021) of the
classification of tumors of the central nervous sys-
tem (CNS), in adults diffuse gliomas are divided into

three groups: astrocytomas (CNS WHO grade 2—4),
oligodendrogliomas (CNS WHO grade 2, 3), glio-
blastomas (GB, CNS WHO grade 4) [3]. It is diffuse
gliomas that are the most malignant gliomas (MG)
of the brain (WHO grade 3, 4), have a significantly
worse prognosis in terms of duration of overall and
recurrence-free survival [2], prevail among primary
tumors of the CNS, most of them are GB [4].

The modern standard of treatment in the
course of MG is surgical treatment with maximum
functionally possible resection, radiochemotherapy,
and adjuvant chemotherapy [5]. However, with ad-
vances in neurosurgery, chemotherapy, and radiation
therapy, MG remain one of the most treatment-
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resistant CNS malignancies, and the tumor inevi-
tably progresses. When using traditional surgical
approaches and imaging methods when removing a
diffuse glioma, tumor cell infiltrates in the zone of
invasion may be overlooked, as a result of which
prolonged growths/recurrences of MG often occurs
near the edge of the surgical cavity [6].

Many new treatment methods are designed to
combat these local recurrences by injecting thera-
peutic agents directly into or near the tumor bed.
Photodynamic methods, such as photodynamic di-
agnostics, tumor resection under fluorescence con-
trol (fluorescence-guided surgery (FGS)) and pho-
todynamic therapy (PDT) are used as adjuvant the-
rapy methods for brain MG, with the aim of visual
intraoperative identification of tumor tissue and its
simultaneous selective destruction [7, 8]. PDT in-
volves the introduction of a light-sensitive chemical
agent (photosensitizer (PS)) followed by its activa-
tion at a certain wavelength of light to achieve
cytotoxic effects in malignant tumor cells [9—12].

According to the available information on cli-
nical trials, the use of PDT as an additional method
of MG treatment immediately after maximum re-
section is safe, reduces the risk of recurrence due
to the targeted destruction of residual tumor cells
in the resection cavity, improves survival and qua-
lity of life of patients [7, 13—19]. In addition, the
use of PDT is promising for local recurrences of
MG [15, 17].

PDT is an effective alternative to traditional
approaches in the treatment of malignant neoplasms;
can be used both independently and in schemes of
combined and complex therapy. Significant advan-
tages of PDT are relatively less invasiveness due to
the preferential targeting of tumor cells incorpo-
rating PS for their destruction due to the cytotoxic
effect of the products of the photodynamic reac-
tion; slight toxicity for normal tissues surrounding
the tumor; minimal risk of severe pain syndrome;
lack of primary and acquired resistance mecha-
nisms; possibility of outpatient treatment and com-
bination with other methods of treatment; absence
of limiting cumulative doses of PS and laser irra-
diation (LI); ease of use with multiple lesions; the
possibility of implementing organ-preserving treat-
ment methods [20—22]. The search for new PSs
with greater tissue specificity and modifications of
already available PSs in order to minimize their
impact on individual organs and eliminate the po-
tentially harmful effect of PDT on healthy tissues
continues.

Chlorine E6, natural pigment from green algae
(molecular formula C;,H;N,O¢) [23], is one of the
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most effective PS currently used in PDT [24]. Its
advantages are low toxicity, rapid dissolution and
removal from the body, absence of dark toxicity, as
well as strong fluorescence [10, 25], antibacterial,
anti-inflammatory and antimicrobial properties [26].
The disadvantages of chlorine E6 are its hydropho-
bicity, and as a result — ineffective pharmaco-
kinetics, poor biodistribution and limited pene-
tration depth [27]. To acquire water solubility,
chlorine E6 is conjugated with polyvinylpyrrolidone
(a biocompatible polymer), which promotes accu-
mulation in the tumor due to increased perme-
ability of defective tumor vessels and weakened
Ilymphatic drainage [28].

For the clinical application of photodynamic
exposure technologies, the personalized selection of
optimal doses of LI and PS is relevant and appro-
priate for evaluating the effectiveness of PDT sche-
mes, which requires preliminary preclinical studies
on primary cell cultures of MG obtained directly
from tumor tissue.

Objective: to evaluate the effects of photody-
namic exposure using the photosensitizer chlorine
E6 on primary cultures of malignant glioma cells.

Materials and Methods

The study was carried out on primary cultures
of human MG cells, obtained from samples of
biopsy material from patients (n = 6), who were
undergoing examination and treatment at the State
Institution "Romodanov Neurosurgery Institute, Na-
tional Academy of Medical Sciences of Ukraine"
(SI "INS NAMS") and provided informed consent.
The tumor diagnosis was verified by histological
examination: 3 primary MG (1 case of diffuse as-
trocytoma, NOS (not otherwise specified) (CNS
WHO grade G3), 1 case of GB, NOS (CNS WHO
grade G4), 1 case of gliosarcoma (CNS WHO
grade G4) and 3 — with continued growth (1 case of
diffuse astrocytoma, NOS (CNS WHO grade G3),
1 case of oligodendroglioma, NOS (CNS WHO
grade G3) and 1 case of GB, NOS (CNS WHO
grade G4), according to the WHO approved up-
dated version of the classification of CNS tumors
(2021) [3]. Clinical parameters of the patient co-
hort are shown in the Table.

The study was conducted within the frame-
work of scientific research work (state registration
No. 0122U0000331) in accordance with the proto-
col agreed by the Committee on Bioethics of the
SI "INS NAMS" (protocol No. 2 dated 04/14/2021)
and in accordance with the principles of bioethics,
established by domestic and international legislation.
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Table: Clinical parameters of the patient cohort
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ICD-0-3
Patient Sex (;/:ifs) Diagnosis h;fltg%ztl?gfogry Grading Primary/recurrent
code
1 f 42 Diffuse astrocytoma, NOS 9401/3 G3 Primary
2 m 62 Glioblastoma, NOS 9440/3 G4 Primary
3 m 59 Gliosarcoma 9442/3 G4 Primary
4 m 38 Diffuse astrocytoma, NOS 9401/3 G3 Recurrent
5 m 56 Oligodendroglioma, NOS 9442/3 G3 Recurrent
6 f 51 Glioblastoma, NOS 9440/3 G4 Recurrent

Note. NOS — not otherwise specified.

Cell suspensions were obtained from samples
of biopsy material, 10 ml of MEM medium with
L-glutamine without serum (Biowest, France)
was added and centrifuged (5 min at 1000 rpm,
MICROmed CM-3), the cell sediment was suspen-
ded in MEM medium with L-glutamine, 1 mmol
of sodium pyruvate, 10% fetal calf serum (FCS,
"Biowest", France) and in the amount of 2:10°/2 ml
of the medium were transferred to plastic Petri
dishes (d=35 mm, Sarstedt, Germany) on cover-
slips slides pre-coated with polyethylenimine (Sigma-
Aldrich, GmbH, Germany) and cultured until rea-
ching a monolayer (75—80%).

Cultures were kept in a CO, incubator (Nuve,
Turkey) under standard conditions (95% humidity,
37 °C, 5% CO,). The nutrient medium was changed
every three days. Dynamic observation with micro-
photographic registration was performed on a
Nikon S-100 inverted microscope (Japan).

To study the direct effects of PS, chlorine E6
(2 pg/ml) was added to cell cultures with a formed
monolayer. To study the direct effects of LI, dishes
with cell cultures were placed under the vertical
fiber optic laser output (2 = 5cm) of the device
"LIKA-surgeon" ("Fotonika-Plus", Ukraine) and
exposed to irradiation with uniform coverage of the
monolayer area by light rays (A — 660 nm) in dif-
ferent modes (power 0.6 W, dose — 10—25J/cm?,
continuous or pulse mode). The exposure time of
LI to the cell culture depended on the applied dose
and mode (the minimum duration of irradiation
was 17 s for LI 0.6 W, 10 J/cm?, continuous mode,
the maximum — 80s for LI 0.6 W, 25 J/cm?, pulse
mode). The irradiated cultures were kept at room
temperature during this time, while the cultures of
the comparison groups were kept under similar
conditions.

To study the combined effect of chlorine E6
and LI, PS (2 pg/ml) was added to cell cultures

with a formed monolayer and they were kept in a
CO,-incubator (Nuve, Turkey) for 4 h, after which
the cultures were exposed to irradiation under dif-
ferent regimes as indicated above.

After exposure to the specified experimental
factors, the cultures were kept in a CO, incubator
and dynamic observation was carried out with
microphotographic registration on a Nikon S-100
inverted microscope for 24 h. Microphotographic
recording of fluorescence was performed on an
Axiophot microscope (OPTON, Germany) using
fluorescent filters (range A = [500—680] nm).

To determine the cytotoxic effect of chlorine
E6 and LI, cell cultures were exposed to various
experimental conditions with the addition of a vital
dye (0.2% trypan blue (TB) solution (Merck,
Germany)) to the culture medium, and culture
growth was observed under an inverted microscope
for 24 h.

For further analysis, groups of cell cultures
were formed depending on the conditions of culti-
vation and exogenous influence (Fig. 1): 1) control —
cultivated in a standard nutrient medium (MEM
with L-glutamine, 1 mmol of sodium pyruvate,
10% FCS) and experimental: 2) cultured under
conditions of addition of chlorine E6 (2.0 ug/ml);
3) cultured on a nutrient medium without the ad-
dition of PS and subjected to LI (power 0.6 W,
dose 10—25 J/cm?, continuous or pulse mode);
4) cultured under conditions of addition of chlori-
ne E6 and subsequent exposure to LI (power 0.6 W,
dose 10—25 J/cm?, continuous or pulse mode). Each
variant of the experimental effect was studied in
3 repetitions. The LI dose range and PS concen-
tration were selected in previous experiments on
human GB cell cultures of the U251 line [29].

Cell cultures were fixed in 10% neutral for-
malin (Bio-Optica, Italy) and stained with hemato-
xylin-eosin according to Carazzi. Microscopic exa-
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Figure 1: Scheme of experimental study (LI — laser irradiation)

mination and photo-registration of cytological pre-
parations of cultures was carried out using a light-
optical photomicroscope NIKON Eclipse E200
(Japan). In each preparation, the features of the
structure of the experimental cultures compared to
the control ones, the shape of the cells, the pre-
sence and branching of processes, the structure and
nature of the distribution of chromatin and the
shape of the nuclei, the features of intercellular
interactions were analyzed.

Quantitative studies of control and experi-
mental cultures were carried out in 10 representa-
tive fields of view with a standard measuring scale
(object — micrometer). Morphometric analysis was
carried out by processing digital images of cultures
in 10 arbitrarily selected fields of view (0.04 mm?)
for each sample at the same magnification (800x)
using ImageView software (2020), determining on
the test area the number of viable cells, the total
number of cells, the number of cells in the state of
mitotic division. The mitotic index (MI, %) was
calculated as the proportion of cells with the
presence of mitoses per 100 cells.

Statistical analysis of the obtained data was
performed using StatSoft Inc. software (2022).
Non-parametric methods of variational statistics
were applied (Kruskel-Wallis ANOVA rank discri-
minant analysis for multiple comparison of several
independent groups, Mann—Whitney U-test for
pairwise comparison of independent groups). The
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normality of data distribution was determined by
the Shapiro—Wilk test. The data are presented in
the form (M + m), where M is the average value;
m is the standard deviation from the mean value.
Differences at p < 0.05 were considered statistically
significant.

Results

The effects of photodynamic exposure to chlorine
E6 in primary MG cell cultures.

Primary MG cell cultures (control) were cha-
racterized by unequal growth dynamics, forming a
confluent monolayer from the 18" to the 25" day,
depending on the individual characteristics of the
tumor. Vital dye TB was accumulated only in
spontaneously degenerated round cells with redu-
ced appendages (Figs.2—7, A). Cells had sponta-
neous fluorescence of pale blue color, incorpora-
tion of chlorine E6 caused fluorescence of bright
pink-crimson color (when using fluorescent filters
in the range A =[500—680] nm, Figs. 2—7, B). His-
tological examination made it possible to charac-
terize in detail the morphological features of cul-
tured cells (Figs. 2—7, C).

Astrocytoma cell cultures (CNS WHO grade G3).
Control cultures reached confluent growth on the
25" day: the monolayer formed large cells with clear
contours, distinct cytoplasm, a large light nucleus,
unipolar, triangular, rhomboid, polygonal in shape
with short appendages with branches (Fig. 2A). In
sparser areas of the growth zone, intercellular
connections were formed with the formation of
reticular architecture. Cell nuclei had moderate aty-
pia (Fig. 2C). Single cells in the stages of mitotic di-
vision were noted (MI was (0.27 £0.01) % (Fig. 8A).

After 24 h of incubation with chlorine E6,
areas with destruction of the monolayer architecture
were detected, with single isolated cells between
fragments of dead cells; the integrity of membranes
was preserved in most cells (Fig. 2A). Chlorine E6
was incorporated into the cytoplasm and perinuclear
space of tumor cells (Fig. 2B). Most of the cells had
structural features of dystrophic changes (Fig. 2C):
condensed and reduced cytoplasm, shrunken and
pyknotic nuclei; cells without clear contours had
large unevenly thinned cytoplasm with numerous
pinocytic bubbles and vesicles, perinuclear emptying
and decentralized atypical nuclei with heavy chro-
matin condensation. Against the background of a
general decrease of cells in the culture (p=0.01
compared to the control, Mann—Whitney U-test),
no cells in a state of mitotic division were detected
(Fig. 8A).
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Figure 2: Photomicrograph of human astrocytoma (G3) cell cultures under the influence of chlorine E6 (2 ug/ml) and laser irradi-
ation in different modes. Light (A, C) and fluorescence (B) microscopy, staining with vital dye trypan blue (A) and hematoxylin-
eosin (C). Scale 20 um
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Figure 3: Photomicrograph of human glioblastoma (G4) cell cultures under the influence of chlorine E6 (2 pg/ml) and laser irradia-
tion in different modes. Light (A, C) and fluorescence (B) microscopy, staining with vital dye trypan blue (A) and hematoxylin-
eosin (C). Scale 20 pm
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Figure 4: Photomicrograph of human gliosarcoma (G4) cell cultures under the influence of chlorine E6 (2 pg/ml) and laser irradi-
ation in different modes. Light (A, C) and fluorescence (B) microscopy, staining with vital dye trypan blue (A) and hematoxylin-
eosin (C). Scale 20 pm
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Figure 5: Photomicrograph of human astrocytoma (G3, continued growth) cell cultures under the influence of chlorine E6 (2 ug/ml)
and laser irradiation in different modes. Light (A, C) and fluorescence (B) microscopy, staining with vital dye trypan blue (A) and
hematoxylin-eosin (C). Scale 20 um
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Figure 6: Photomicrograph of oligodendroglioma (G3, continued growth) cell cultures under the influence of chlorine E6 (2 pg/ml)
hematoxylin-eosin (C). Scale 20 um
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Figure 7: Photomicrograph of glioblastoma (G4, continuous growth) cell cultures under the influence of chlorine E6 (2 pg/ml) and
laser irradiation in different modes. Light (A, C) and fluorescence (B) microscopy, staining with vital dye trypan blue (A) and
hematoxylin-eosin (C). Scale 20 um
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Figure 8: Indicators of the average number (%) of cells and the mitotic index (MI, %) in the cultures of human MG cells under the
influence of chlorine E6 (2 ug/ml) and laser irradiation in different modes: (A) A — astrocytoma; (B) GB — glioblastoma; (C) GS —
gliosarcoma; (D) A rec — astrocytoma, continued growth (recurrence); (E) O rec — oligodendroglioma, continued growth (recur-

rence); (F) GB rec — glioblastoma, continued growth (recurrence);

Under direct exposure to LI 10 J/cm? in con-
tinuous mode, a significant thinning of the growth
zone was observed in cell cultures, in some areas —
loss of intercellular adhesion, degenerated cells with
reduced processes and rounded cytoplasm. Cell
membranes were damaged (Fig. 2A), the cytoplasm
of some cells were condensed, the nuclei were
elongated or flattened, reduced in size, in a state of

* — p < 0.05, compared to the control, Mann—Whitney U-test

karyopyknosis; in other cells — abrasion of mem-
branes, a large number of vacuoles and perinuclear
devastation, nuclei in a state of pyknosis were ob-
served (Fig. 2C). Under the same conditions, the
pulse mode of LI led to a significant thinning of
the growth zone, a violation of the integrity of
membranes (TB grains in the cytoplasm of cells).
Among the cells with a preserved form with short,
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branched processes, cells with homogenization and
reduction of the cytoplasm, the formation of "ghost"
cells with pyknotic nuclei, loss of clarity of the
optical boundaries of cells, perinuclear devastation
and distinct vacuolar degeneration, pyknosis and
karyorrhexis of nuclei were found.

With an increase in the LI dose to 25J/cm?
in a continuous mode, further thinning of the
growth zone, multinucleated cell forms, and accu-
mulation of TB in the form of grains in the cytop-
lasm were observed. Pathomorphological changes
of cells included: vacuolization of the cytoplasm,
violation of the integrity of the plasmalemma, hy-
dropic dystrophy, shift of the nucleus to the pe-
riphery, sometimes its vacuolization or shrinkage,
protrusions and marginality of chromatin along the
karyolemma; appearance of anucleate cells. Under
the influence of LI in the pulse mode, the destruc-
tion of the growth zone and disintegration into in-
dividual cells with loss of intercellular contacts, de-
generative — dystrophic changes in cells were ob-
served: cytoplasm compaction, cell and appendages
size reduction, vacuolization, destruction of mem-
branes; nuclei in a state of pyknosis, with perinuc-
lear devastation, shrunken or with deep condensa-
tion of chromatin (Fig. 2, A, C).

Under the combined effect of chlorine E6 and
LI 10J/cm? in a continuous mode against the
background of the devastated growth zone, local
large intact areas of the monolayer formed by cells
with preserved morphology were detected. The rest
of the cells underwent significant changes: reduction
of processes, condensation of the cytoplasm, vacuoles
in the perikaryon, the so-called "ring-shaped" cells;
nuclei of an atypical shape, hyperchromic, with
protrusions or in a state of karyopyknosis. Under
the same conditions, in the pulse mode, the death
of most cells and individual cells of bipolar form,
gradual densification of the cytoplasm of cells with
a marked increase in its homogeneity; cell nuclei
in a state of karyopyknosis and karyolysis; anucle-
ate cells were observed (Fig. 2, A, C).

Under the combined effect of chlorine E6 and
a higher dose of LI 25J/cm? in a continuous mode,
complete destruction of the growth zone, isolated
clusters of cells with loss of contacts, rounded
(with complete or partial reduction of processes)
and elongated spindle-like cells, which accumula-
ted TB both in the cytoplasm and in the nucleus
were observed (Fig. 2A). Huge vacuoles turned
some of the cells into "shadow" cells. Some of the
cells, with compacted or completely reduced cy-
toplasm, were in a state of pyknosis; "ghost" cells
with perinuclear vacuolization and pyknotic nuclei,
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cytoplasmic drying and distinct vacuolar degenera-
tion were observed. Under the same conditions in
pulse mode, total degeneration of cells and their
sequestration, "bare" nuclei and "shadow" cells were
observed (Fig. 2C).

According to quantitative studies, against the
background of a gradual general decrease of cells
in the astrocytoma culture under the influence of
experimental factors, starting with incubation with
chlorine E6, cells in a state of mitotic division were
not detected (p=0.01 compared to the control,
Mann—Whitney U-test; Fig. 8A). In the process of
changing the experimental factors from direct ex-
posure to chlorine E6 or LI to their combined in-
fluence, there was a gradual increase in cytode-
structive effects in the culture of astrocytoma cells,
reaching a subtotal character already under the
conditions of combined exposure to chlorine E6
and a lower dose of LI 10J/cm? in pulse mode
(under these conditions, the number of cells in the
culture decreased by 2.6 times (p = 0.006 compared
to the control, Mann—Whitney U-test, no mitotic
activity was detected).

GB (CNS WHO grade G4) cell cultures. Con-
trol cell cultures reached confluent growth on the
16" day: massive reticular growths of different
morphological cell types (spindle-like, fibroblast-
like, triangular and star-like, with long branched
processes) formed a network (Fig. 3A). MI was
(0.95+0.09)% (Fig. 8B), significantly exceeding the
indicator of astrocytoma cells (p =0.03, Mann—
Whitney U-test).

After 24 h of incubation with chlorine E6, the
growth zone was destroyed, most of the cells were
necrotic, small, rounded in shape, with varying
degrees of process reduction. In small fragments of
the growth zone, cells with appendages (Fig. 3A),
vacuolar dystrophy and pyknotic nuclei with
perinuclear devastation (Fig. 3C); cells of giant
forms with vacuolated nuclei, destroyed plasma-
lemma and compaction of the cytoplasm or its
complete reduction; karyolysis, "shadow" and
anucleate cells were detected. MI decreased to
(0.26 £0.08)% (p=0.25, Mann—Whitney U-test;
Fig. 8B).

No significant changes were detected under
direct exposure to LI 10 J/cm? in continuous mode;
lacunae and zones of rarefaction of the monolayer
appeared only in some places in the reticular
growths (Fig. 3A); cells with an increased degree of
chromatin compaction (formation of grooves and
cords of various shapes and sizes in the nucleus,
located on the periphery), "bare" nuclei were
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observed (Fig. 3C). Under the same conditions in
the pulse mode, wide lacunae and devastation in
the reticular growth zone, cells at different stages
of degeneration (giant and pyknotized, with re-
duced cytoplasm, vacuoles of various sizes, "bare"
nuclei) were detected. The whole spectrum of de-
structive changes was observed in the cell nuclei: a
high degree of atypia, protrusions, condensation of
chromatin in the form of pits and cords around the
karyolem, intranuclear vacuoles, karyopyknosis and
karyolysis (Fig. 3C).

With an increased dose of LI up to 25 J/cm? in
continuous mode, partial destruction of the growth
zone with the appearance of large areas of devas-
tation, an increase in the number of degenerate
round-shaped cells without appendages (Fig. 3A),
with signs of lysis and complete reduction of cy-
toplasm ("bare" nuclei) were observed; in less dam-
aged areas, the cells had vacuoles in the cytoplasm
and perinuclear devastation, nuclei with protru-
sions, marginal condensation of chromatin, in a
state of pyknosis and karyolysis. Giant cells with
vacuolated nuclei appeared (Fig. 3C). Under the
same conditions, in the pulse mode, deepening of
destruction processes was observed: the growth
zone disintegrated into small fragments of the reti-
culum and individual cells. Giant cells with vacuo-
lated nuclei and perinuclear devastation, vacuoles
of various sizes in the cytoplasm, as well as com-
pacted cytoplasm, "bare" nuclei were detected. The
nuclei of the cells were marked by atypia, had deep
condensation of chromatin or were in a state of
karyopyknosis.

Under the combined effect of chlorine E6 and
LI 10J/cm? in a continuous mode, a reduction of
the growth zone, retraction of cells with the forma-
tion of large areas of devastation occurred (Fig. 3A).
"Bare" nuclei, cells with compacted and reduced
cytoplasm and pyknotic nuclei, giant forms of cells
with vacuolated nuclei, anucleated cells were found
in the fragments of the growth zone. Under the
same conditions, in the pulse mode, further de-
struction of the growth zone was observed. All
cultured cells had membrane disturbances, anucle-
ated cells and "naked" nuclei, cells with pyknotized
nuclei and nuclei in a state of karyolysis were de-
tected (Fig. 3C).

Under the combined effect of chlorine E6 and
LI of a larger dose of 25J/cm? in a continuous
mode, almost complete destruction of the reticular
growth zone was observed; giant forms of cells with
compacted cytoplasm or huge vacuoles, nuclei
containing vacuoles, in a state of karyopyknosis
and karyolysis, a large number of anucleate cells
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were detected. Under the same conditions in the
pulse mode, total destruction of the growth zone
was observed (the number of cells decreased by
1.7 times, p = 0.02, compared to the control, Mann—
Whitney U-test), necrobiotic changes in cells, anu-
cleated and pyknotized cells, "naked” nuclei were
detected (Fig. 3, A, C).

The mitotic activity of GB cells decreased
under the influence of experimental factors, start-
ing with incubation with chlorine E6 (p = 0.25) and
reaching a significant decrease under the influence
of LI 25 J/cm? in pulse mode (p =0.015) and prac-
tically leveling off under the combined influence of
chlorine E6 and LI in all applied modes (p =0.015
compared to the control, Mann—Whitney U-test;
Fig. 8B). In the process of changing the research
factors from direct exposure to chlorine E6 or LI
to their combined influence, the complete destruc-
tion of the growth zone in GB cell culture oc-
curred under the conditions of combined exposure
to chlorine E6 and a dose of LI 25 J/cm? in pulse
mode (under these conditions, the number of tu-
mor cells in culture decreased by 1.7 times, mitotic
activity was not detected).

Gliosarcoma (CNS WHO grade G4) cell cul-
tures. Control cell cultures reached confluent growth
on the 18" day: the reticular growth zone of stro-
mal component was formed by intercellular con-
nections of cells with stellate, triangular cytoplasm
and several branched processes, marked atypia (po-
lymorphism of nuclei and nucleoli); there were also
cells of the neuroepithelial type with a wide spread
cytoplasm (Fig. 4, A—C). MI was (0.34 + 0.07) %
(Fig. 8C), which is lower than the indicator of GB
cells (p=0.19, Mann—Whitney U-test).

After 24 h of incubation with chlorine E6, re-
traction of the growth zone with its partial destruc-
tion and disintegration into fragments, residual
complexes and individual cells (Fig. 4A) at various
stages of degeneration was revealed: reduction, va-
cuolization of the cytoplasm, perinuclear devasta-
tion, "bare" nuclei, "ring-shaped" cells; nuclei with
high atypia, in a state of karyopyknosis and ka-
ryorhexis, with protrusions and deep or severe con-
densation of chromatin (Fig. 4C). No mitotically
active cells were detected.

Under the direct influence of LI 10 J/cm? in a
continuous mode, the retraction of the growth zone
with the formation of large lacunae between the
fragments of the monolayer of the reticular struc-
ture was noted; vacuolar dystrophy of a part of
cells and atypia of nuclei (legume, flattened, with
membranes); compaction of chromatin in the form
of grooves and strands around the karyolem were
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detected (Fig. 4, A, C). Under the same conditions,
in the pulsed mode, destruction of the growth
zone, total accumulation of TB by cells, cells with
cytoplasmic vacuolization and perinuclear devasta-
tion ("ring-shaped" cells), dark and homogeneous
nuclei were observed. MI under the influence of LI
of this dose was kept at the level of (0.29—0.18)%
(Fig. 8C).

Under the influence of LI at a higher dose of
25J/cm?, further destruction of the growth zone
and cell alterations were observed continuously:
from cytoplasm compaction to its vacuolization,
from chromatin compaction in the nuclei to their
pyknotization. Under the same conditions in pulse
mode, small fragments of reticulum remnants,
individual cells with and without appendages were
observed. Cytoplasm reduction was determined in
cells with preserved appendages, which later led to
the appearance of "bare" nuclei. Some of the cells
in the cytoplasm had vesicles, vacuoles of various
sizes and perinuclear devastation. Nuclei were cha-
racterized by atypia in size and shape, with protru-
sions and an increase in the degree of chromatin
condensation in the form of globs or cords of va-
rious shapes and sizes (Fig. 4, A, C). No cells in
the state of mitotic division were detected.

Under the combined effect of chlorine E6 and
LI 10 J/cm? in a continuous mode, widespread de-
struction of the growth zone was observed. In the
remaining fragments of the reticulum, cells with
rounded cytoplasm and completely or partially re-
duced appendages, "bare" nuclei, cells with large
perinuclear devastation ("annular” cells) were found;
most nuclei are in a state of pyknosis or with
compaction of chromatin in the form of strands
and globs; anucleate cells. Under the same con-
ditions in the pulse mode, the disintegration of the
growth zone into small fragments was noted;
degenerative manifestations in cells with subse-
quent necrotization (partial or complete reduction
of processes, cytoplasm compaction, vacuolization
and perinuclear devastation, nuclear pyknosis; "bare"
nuclei were observed (Fig. 4, A, C).

Under the combined effect of chlorine E6 and
LI of a larger dose of 25J/cm? in a continuous
mode, a destroyed growth zone; rather large single
fragments of the reticulum, with cells with large
cytoplasm of various shapes, large rounded light
nuclei and long winding processes were observed.
The main mass of cells had irreversible necrotic
changes (condensation, reduction of cytoplasm,
"bare" nuclei; flattening or shrinkage of the nuc-
leus, atypical nuclei with chromatin condensation,
karyopyknosis with signs of autophagy). Under the
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same conditions, in the pulse mode, complete de-
struction of the growth zone was noted, cells at
various stages of degeneration (condensed, homo-
genized cytoplasm with signs of cytolysis and re-
duction, "bare" nuclei; wrinkled hyperchromic nuc-
lei of cells in a state of pyknosis) (Fig. 4, A, C).

According to quantitative studies, under the
influence of experimental factors, the total number
of cells in the gliosarcoma culture and their mitotic
activity gradually decreased (Fig. 8C). In the process
of changing the research factors from direct expo-
sure to chlorine E6 or LI to their combined influ-
ence, there was a gradual increase in cytodestruc-
tive effects in gliosarcoma cell culture, reaching a
total character under the conditions of combined
exposure to chlorine E6 and a dose of LI 25 J/cm?
in pulse mode (under these conditions, the number
of cells in the culture decreased by 4.2 times
(p=0.0002 compared to the control, Mann—Whitney
U-test), mitotic activity was not detected).

Astrocytoma (CNS WHO grade G3, continued
growth) cell cultures. Cultures of recurrent astrocy-
toma cells, reached confluent growth on the 18" day:
large arrays of monolayer growths of fibroblast-like
cells, closely adjacent to each other, with centrally
located light, round or oval-shaped nuclei, and
several tortuous processes (Fig. 5, A, C). MI was
(0.20 = 0.07)% (Fig. 8D), which is comparable
to the indicator of primary astrocytoma cells
(p=0.92, Mann—Whitney U-test).

After 24 h of incubation with chlorine EG6,
significant destruction of the dense monolayer of
the growth zone, dystrophic changes in part of the
cells (reduction of processes and rounding of the
cytoplasm, its vacuolization; pyknosis of the nuclei
(shrinkage, decrease in volume, hyperchromia),
their vacuolization (such nuclei remained pale, ir-
regular shape, with deep compaction of chroma-
tin), perinuclear devastation, which sometimes
changed the shape of the cells to "annular”, were
detected. The most typical change in the cytoplasm
was its complete reduction, which led to the
appearance of "naked" nuclei (Fig. 5, A, C). MI
was at a low level (Fig. 8D).

Under direct exposure to LI 10J/cm? in a
continuous mode, ruptures of the monolayer growth
zone and disintegration into separate clusters of
cells with compacted cytoplasm or small vacuoles,
"bare" nuclei were observed. Cell nuclei were atyp-
ical, different in size and shape (bean-shaped, tri-
angular, crescent), had perinuclear emptying (with
the formation of "ring-shaped" cells) and conden-
sation of chromatin in the form of grooves and
strands along the periphery of the nucleus up to
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karyopyknosis. Under the same conditions, in the
pulse mode, destruction of the growth zone, hy-
dropic dystrophy of cells, shift of the nucleus to
the periphery, atypia, shrinkage of nuclei, compac-
tion of chromatin, "ring-shaped” cells and "bare"
nuclei were noted (Fig. 5, A, C).

Under the influence of LI at a higher dose of
25 J/em? in a continuous mode, the disintegration
of the monolayer into separate small fragments and
single sprouted cells that were not in contact with
each other, with condensed cytoplasm and atypical
bean-shaped nuclei were revealed. Cytoplasm va-
cuolization, perinuclear devastation, marginal chro-
matin condensation, and pyknotization of nuclei
occurred in part of the cells. Under the same con-
ditions, in the pulse mode, retraction of the growth
zone with the formation of compacted conglome-
rates of dystrophically altered tumor cells (reduc-
tion, homogenization, vacuolization of the cyto-
plasm, perinuclear emptying, "ring-shaped" cells,
"bare" nuclei; atypical nuclei with vacuoles, chro-
matin compaction on the periphery) were observed
(Fig. 5, A, O).

Under the combined effect of chlorine E6 and
LI 10 J/cm? in a continuous mode, significant de-
struction of the growth zone and alteration of cells
(typical dystrophic changes) were noted; MI was at
a low level (Fig. 8D). Under the same conditions
in the pulse mode, complete destruction of the
growth zone was observed. In most cells, the cyto-
plasm was very thin, without clear boundaries, with
pyknotic nuclei and perinuclear vacuolization; many
"bare" nuclei and nuclei with deep or severe con-
densation of chromatin were observed (Fig. 5, A, C).
Mitotic activity was not detected.

According to quantitative studies, in the process
of changing the experimental factors from direct
exposure to chlorine E6 or LI to their combined
influence, there was a slow increase in cytodestruc-
tive effects in the culture of recurrent astrocytoma
cells, reaching the greatest manifestation under the
conditions of combined exposure to chlorine E6
and a dose of LI 25 J/cm? in the pulse mode (un-
der these conditions, the number of cells in the
culture decreased by 1.4 times (p =0.28 compared
to the control, Mann—Whitney U-test), no mitotic
activity was detected).

Oligodendroglioma (CNS WHO grade G3, con-
tinued growth) cell cultures. Cultures of recurrent
oligodendroglioma cells, reached confluent growth
on the 18" day: a monolayer of tumor cells of
various sizes with distinct cytoplasm, a large round
or oval nucleus, unipolar, triangular, rhomboid,
polygonal in shape with appendages of different
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lengths, and also tightly adjacent to each other one
spindle-shaped cell were noted. The formation of
intercellular connections with the formation of re-
ticular architecture was detected (Fig. 6, A—C). MI
was (0.26 + 0.08)% (Fig. 8E).

After 24 h of incubation with chlorine E6, de-
formation and ruptures of the growth zone were
detected; cells lost contacts, became isolated, lost
processes. Degenerate forms were noted ("fat" cells
with hypertrophied cytoplasm); unevenly thinned
cytoplasm with vacuolization, perinuclear deva-
station and areas of cytolysis, atypical nuclei (re-
duced, flattened, with protrusions, condensation
of chromatin on the periphery, pyknosis), "ring-
shaped” cells (Fig. 6, A, C). No mitotic activity was
detected.

Under direct exposure to LI 10J/cm? in a
continuous mode, an increase in the proportion of
degenerated cells was observed (reduction of appen-
dages, cytoplasm compaction with increasing ho-
mogeneity, "ring-like" shape, nuclear pyknosis, large
vacuoles in the perinuclear zone, absence of a
nucleus). Under the same conditions, in the pulse
mode, large areas of the devastated growth zone
and clusters of densely adjacent cells ("syncytia")
with necrobiotic changes were observed (a high
degree of cytoplasmic vacuolization, plasmalemma
defects, atypical nuclear shapes (bean-shaped, trian-
gular, flattened), chromatin condensation around
the karyolemma and pyknosis) (Fig. 6, A, C); mi-
totic activity at a low level (Fig. 8E). Similar chan-
ges were also noted under the influence of LI at a
higher dose of 25 J/cm? in continuous mode and
their amplification in pulse mode: significant de-
struction of the growth zone, the appearance of
multinucleated cells, dystrophic and degenerative
changes in cells (marginality of chromatin along
the intact nuclear membrane, perinuclear vacuoles,
pyknotization of nuclei, increase in the number of
cytoplasmic vacuoles, membrane wear), leveling of
mitotic activity.

Under the combined effect of chlorine E6 and
LI 10 J/cm? in a continuous mode, a significant
deformation of the growth zone, mostly degenera-
ted cells (reduction of processes, membrane wear,
vacuolization of the cytoplasm with perinuclear de-
vastation, nuclei in various stages of destruction)
were observed. Under the same conditions in the
pulse mode, destructive changes increased: multi-
nucleated cells with condensed cytoplasm and flat-
tened nuclei, cytoplasmic vacuoles, membrane wear,
perinuclear emptying and "shadow" cells without
nuclei were noted (Fig. 6, A, C). No mitotic activi-
ty was detected.
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Under the combined effect of chlorine E6 and
LI 25 J/cm? in a continuous mode, the growth
zone disintegrated into small islands of a monolay-
er structure and a reticular structure. In the cytop-
lasm of most cells, vacuolization and perinuclear
devastation were noted; some nuclei are reduced,
some are flattened, some nuclei are pyknotic and
with perinuclear vacuoles. Under the same condi-
tions in the pulse mode, the growth zone was dis-
integrated, the small number of remaining cells
were dystrophically altered (atypical nuclei at va-
rious stages of destruction, perinuclear vacuoles,
chromatin condensation, pyknosis, karyolysis; va-
cuolated cytoplasm) (Fig. 6, A, C). No mitotic ac-
tivity was detected.

According to quantitative studies, in the pro-
cess of changing the experimental factors from di-
rect exposure to chlorine E6 or LI to their com-
bined influence, there was a gradual increase in cy-
todestructive effects in recurrent oligodendroglioma
cell culture, reaching the greatest manifestation un-
der the conditions of combined exposure to chlo-
rine E6 and a dose of LI 25 J/cm? in the pulse
mode (under these conditions, the number of cells
in the culture was halved (p =0.01 compared to the
control, Mann—Whitney U-test), no mitotic activi-
ty was detected). It is possible that for the total de-
struction of tumor cells it is necessary to use an in-
creased dose of LI or a repeated session of the
same dose of LI.

GB (CNS WHO grade G4, continued growth)
cell cultures. Cultures of recurrent GB cells, rea-
ched confluent growth on the 26" day: reticular
growths of cells with developed cytoplasm, round
or oval nuclei, long, thick and very branched tor-
tuous processes (Fig. 7, A—C). MI reached an av-
erage of (0.57 + 0.05)% (Fig. 8F).

After 24 h of incubation with chlorine E6,
cells with shorter and fewer processes and granules
of TB in the condensed cytoplasm, atypical nuclei
were detected (Fig. 7, A—C). Mitotic activity leveled
off (p=0.047 compared to the control, Mann—
Whitney U-test; Fig. 8F).

Under direct exposure to LI 10J/cm? in a
continuous mode, no significant changes in the
structure and histoarchitectonics of the growth zone
were detected. TB in the form of grains was con-
centrated in the cytoplasm of cells that did not lose
their morphology, and completely stained the de-
generated cells of a rounded shape with reduced
processes. Among the cells with long winding pro-
cesses, "bare" nuclei, cells with nuclear atypia (flat
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tened shape, bean-shaped, with blades), perinu-
clear vacuoles, pyknosis, "ring-shaped” forms were
observed (Fig. 7, A, C). Under the same conditions
in the pulse mode, local destruction of the mono-
layer of cells, accumulation of vital dye by all cells
was observed, among the small number of cells
with preserved morphology, cells with various da-
mages were distinguished.

Under the influence of LI with a higher dose
of 25J/cm? in a continuous mode, areas with a
completely destroyed structure were observed along
with intact areas of the growth zone; cells with a
sharp reduction of cytoplasm, pyknotic nuclei,
without appendages or with the loss of a significant
number of them, "bare" nuclei, "shadow" cells
(Fig. 7, A, C). Under the same conditions, in pulse
mode, the disintegration of the growth zone into
separate fragments of the reticular structure was
observed, between which there were areas of devas-
tation with single proliferative cells, condensed cyto-
plasm, with large perinuclear vacuoles, atypical nuc-
lei of various sizes and shapes, mostly pyknotized.

Under the combined effect of chlorine E6 and
LI 10J/cm? in a continuous mode, destruction of
the growth zone was detected, only in some areas
cells with tortuous processes were observed, most
of the cells were in various stages of degeneration
(reduction of cytoplasm, "bare" nuclei, perinuclear
vacuoles, heavy condensation of chromatin around
cariolem, pyknosis). Under the same conditions,
similar changes were observed in the pulse mode
(Fig. 7, A, O).

Under the combined effect of chlorine E6 and
LI of a higher dose of 25J/cm? in a continuous
mode, a destroyed growth zone and residual islands
of cells with tortuous processes, perinuclear devas-
tation and pyknotic nuclei, "bare" nuclei and anuc-
leate cells were observed; the same changes were
observed in the pulse mode (Fig. 7, A, C).

According to quantitative studies, in the process
of changing the research factors from direct expo-
sure to chlorine E6 or LI to their combined influ-
ence, there was a gradual increase in cytodestruc-
tive effects in recurrent GB cell culture, reaching
the greatest manifestation under the conditions of
combined exposure to chlorine E6 and a dose of
LI 25 J/cm?, and the degree of destruction was
comparable for continuous and pulse modes (under
these conditions, the number of cells in the culture
decreased by 2.3 times (p=0.001 compared to the
control, Mann—Whitney U-test), mitotic activity
was not detected).
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Discussion

PDT is considered a promising adjuvant me-
thod of MG treatment, including with tumor re-
lapses [7, 13—19]. Clinical studies use stereotaxic
PDT in primary (NCT03897491) and recurrent
(NCTO04469699) GB, as well as intraoperative
and interstitial PDT (iPDT) in primary GB
(NCT04391062, NCT03897491) [30].

For the clinical application of PDT, it is im-
portant to choose effective and optimal doses of LI
and PS. An adequate tool for selecting such doses
can be primary cultures of MG cells obtained
directly from tumor tissue.

The relevance and expediency of determining
individual personalized doses of LI and PS for
PDT is confirmed in our study by the unequal
growth dynamics of primary cultures of MG cells:
depending on the individual characteristics of the
tumor, tumor cell cultures formed a confluent
monolayer from the 18" to the 25" day of cultiva-
tion. At the same time, the mitotic activity of tumor
cells varied, as expected, from the highest index of
MI in the culture of primary GB to lower — in
cultures of recurrent GB (p = 0.45), and cultures
of primary astrocytoma and gliosarcoma (p = 0.03,
p = 0.19) — and the smallest - in cultures of recur-
rent astrocytoma and oligodendroglioma (p = 0.01,
p = 0.24, compared to the indicator of primary GB
cells, Mann—Whitney U-test).

Chlorine E6, which is considered one of the
most effective modern PS [10, 23, 25—27], accu-
mulated in the cytoplasm of tumor cells; fluore-
scence intensity varied between different histological
cell types. We used a PS concentration of 2 ug/ml
based on the results of previous studies, in which
this dose was found to be optimal for the cyto-
destructive photodynamic effect on human GB cells
of the U251 line [29]. Direct exposure to chlorine
E6 was characterized by a certain degree of cyto-
destructive effects in MG cell cultures, reducing
the mitotic activity of tumor cells or completely
eliminating it in cases of primary astrocytoma and
gliosarcoma, recurrent oligodendroglioma and GB
(significant in the case of recurrent GB, p = 0.047,
compared to control, Mann—Whitney U-test). In
the following studies, it is probably advisable to use
a higher concentration of PS as well.

The direct influence of LI (A =650 nm, power
0.6 W, dose 10 and 25J/cm?) was also characte-
rized by a certain degree of cytodestructive effects
in the cultures of MG cells, reducing the total
number of cells in the culture and their mitotic
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activity. Increasing the LI dose from 10 to 25 J/cm?
in a continuous mode consistently led to destruc-
tive changes in the architecture of the growth zone
(from the retraction of the growth zone with the
formation of lacunae of various sizes at lower LI
indicators to the gross destruction of architecture
and significant devastation of cell arrays at higher
indicators). A decrease in the mitotic activity of
tumor cells and the accumulation of necrobiotic
changes in them up to irreversible degeneration
with subsequent desquamation of dead cells were
also found. Such an effect had a tendency to
increase with the same LI characteristics in the
pulse mode. The greatest effect was expected to be
achieved with the combined effect of chlorine E6
and LI.

Cytodestructive effects in MG cell cultures
were evaluated by a set of indicators: qualitative (a
decrease in the level of cellular metabolism accor-
ding to the degree of damage to the nucleus and
disruption of the karyolem, from signs of early de-
struction of the nucleus (an increase in the number
of vacuolated and hyperchromic nuclei), compac-
tion of chromatin, perinuclear devastation before its
completion (karyopyknosis, karyorrhexis, karyoly-
sis); degree of reduction of appendages and cyto-
plasm, vacuolization, disruption of plasmalemma)
and quantitative (dynamics of changes in the total
number of cells in the culture and their mitotic
activity).

As a result of the conducted morphological and
morphometric study, it was established that under
the combined effect of chlorine E6 (2 ug/ml) and
LI (0.6 W), the effective dose in the case of prima-
ry astrocytoma cells is 10 J/cm? in pulse mode; for
cells of primary GB, primary gliosarcoma, recur-
rent astrocytoma, and recurrent oligodendroglioma,
the effective dose is 25J/cm? in pulsed mode. In
the case of GB cells, continued growth, the dose
efficiency of 25 J/cm? is comparable for continuous
and pulsed modes. Under the indicated conditions,
the combined effect of chlorine E6 (2 pg/ml) and
LI (0.6 W) achieved the most pronounced destruc-
tion of the growth zone in MG cell cultures, a sig-
nificant decrease in the number of cells, cessation
of mitotic activity. The specified modes of photo-
dynamic exposure did not have a similar destruc-
tive effect on cultures of non-malignant cells (cul-
tures of reference cells HEK293) [31].

To understand the mechanisms of the antitu-
mor effects of PDT, it is necessary to refer to the
principles of the method, which is based on cyto-
toxic effects caused by a cascade of molecular
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events. PDT involves 2 stages: 1) the introduction
of a light-sensitive chemical agent (PS); 2) its acti-
vation at a certain wavelength of light. Activation
of PS, selectively accumulated in neoplasm cells, by
light rays of the appropriate wavelength [32, 33],
leads to exciting PS from its ground state (PS) to a
singlet excited state ('PS), followed by intersystem
crossing to a long-lived triplet excited state (°PS) [8].
The interaction of triplet excited *PS with ground
state (triplet) oxygen (*0,) or some electron/hydro-
gen donor leads to the reactive oxygen species (ROS)
generation such as singlet molecular oxygen ('O,) or
free radicals (hydrogen peroxide (O,H), superoxide
radical (O5),hydroxyl radical (OH-)) and initiation
of a cascade of biochemical events [8, 34—36].
Singlet oxygen ('0,) is a key ROS responsible for
photodynamic damage, despite the limited time
of life [37]. 'O, and other ROS react rapidly with
macromolecules containing unsaturated double
bonds (proteins, unsaturated fatty acids, choleste-
rols), damaging the membranes of intracellular or-
ganelles (mitochondria, lysosomes, endoplasmic re-
ticulum), reacting with DNA, proteins, lipids and
other macromolecules, disrupt multiple cell sig-
naling pathways, extensively destroy DNA, which
eventually leads to tumor cells death (through ne-
crosis, apoptosis, autophagy) [8, 32, 35, 36, 38—40].
In this connection, the question of the selectivity
of inclusion of PS in tumor cells is important. The
tumor tissue is believed to have a higher affinity for
the PS, which selectively incorporates into neop-
lasm cells [32]. It is related to: 1) the higher meta-
bolism level of MG tumor cells compared to non-
transformed cells [41, 42], as well as their faster
accumulation of the PS compared to normal cells;
2) the low pH levels of tumor tissue due to excess
lactic acid production during active glycolysis com-
pared to normal cells, because PS dissolve better in
acidic environments and consequently accumulate
more effectively in tumor cells [39, 42]. In our pre-
vious study we demonstrated the higher sensitivity
of human GB U251 cells to the photodynamic ef-
fect of chlorin E6 and LI compared to cells of the
non-tumor HEK?293 line [31].

Therefore, in vitro on the cell level we register
the result of direct cytodestructive effect of PDT.
On the tissue and organism level the PDT leads to
destruction of the tumor microvascular system, lo-
cal ischemia, as well as to activation of antitumor
immune responses [8, 32, 38, 39, 44]. PDT targets
macrophages, which produce inflammatory medi-
ators and cytokines (lymphokines, thromboxanes,
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prostaglandins, tumor necrosis factor, etc.) after
PDT, thus significantly affecting the tumor stroma
degradation; PDT damages endothelial cells, which
leads to local thrombosis, vasoconstriction and ul-
timately to the destruction of the microcirculatory
channel. The combination of these effects induces
a strong immune response against glioma in the
experiment [38]. Therefore, in vivo PDT engages
the mechanisms of not only direct cytodestructive,
but also mediated immunomodulatory antitumor
effects, activating the links of innate and acquired
immunity.

Concerning potential for translating the ob-
tained in vitro results into clinical practice it should
be noted that PDT as a treatment method has a
clearly focused effect aimed at selectively increas-
ing the zone of tumor destruction during surgery.
The simultaneous use of fluorescence-guided sur-
gery and PDT allows for the visualization and tar-
geted destruction of tumor cells [8, 32], optimizing
the determination of tumor spreading boundaries
for maximal removal [45]. Individual selection of
optimal doses and regimes of PDT for a specific
patient using the primary cultures in vitro will con-
tribute to improving the survival time and quality
of life of patients with MG and also provide
benefits such as high efficiency, organ-preserving
technology and low systemic toxicity.

Conclusions

Primary cultures of MG cells obtained directly
from tumor tissue are an adequate tool for evalu-
ating the effectiveness of the cytodestructive effect
of the combined use of LI and PS for the clinical
application of photodynamic exposure technologies.

In our study on primary MG cell cultures the
effective cytodestructive effect of combined use of
chlorine E6 (2 pg/ml) and LI (0.6 W) have been
established: in the case of primary diffuse astro-
cytoma cells — when 10J/cm? in pulse mode
applied; for cells of primary GB, primary gliosar-
coma, recurrent astrocytoma, and recurrent oligo-
dendroglioma, — when LI 25 J/cm? in pulse mode
applied. In the case of recurrent GB cells, the ef-
fective cytodestructive effect have been achieved
when LI 25 J/cm? applied both in continuous and
pulse modes.

In the future studies, it is expedient also to
use a higher concentration of PS as wel as an in-
creased dose of LI or a repeated session of the
same dose of LI.
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Mpobnemartuka. PotoanHamivHa Tepania (PAT) € nepcnekTMBHMM af’loBaHTHUM METOAOM NiKyBaHHS 3nosikicHux rmiom (3I), y T.4. npu
NPOAOBXEHOMY POCTi Ta peumamnBax NyxnuH. [ns kniHiyHoro 3actocyBaHHa O[T BaxnmMBo o6rpyHTYBaTM €PEKTUBHICTE LUTOOECTPYK-
TUBHOTO BNIMBY NOEAHAHOIO 3aCTOCYBaHHs NasepHoro onpomiHeHHs (J10) i poTtoceHcubinizatopa (PC).

MeTa. OuiHnTV UMTOAECTPYKTMBHI edekTy hoToanHaMIYHOro BNNMBY i3 3acTocyBaHHAM PC xnopuHy E6 Ha nepBuHHI KynbTypu kiTuH 31,
MeTtoauka peanisauii. [epBUHHI KynbTypu KMiTUH OTPMMYBanu 3i 3pa3kiB 0ionTMYHOro MaTepiany Bif nauieHTiB (N = 6) 3 BepudikoBaHUM
niarHo3oM: 3 nepBuHHI NyxnuHu (1 BUNagok audysHoi actpountommn NOS (G3), 1 — rnio6nactomu (FB) NOS (G4), 1 — rniocapkomu (G4)) i
3 — 3 npogoBxeHnm poctom (1 — andpysHoi actpountomm NOS (G3), 1 — onirogeHaporniomm NOS (G3) Ta 1 — 'b NOS (G4). 'pynm kni-
TUHHWX KyNbTyp BKMtoYanu: 1) KOHTPOINbHI — KyNbTUBOBaHi B CTaHAAPTHOMY XXMBUIIbHOMY CepefoBWLLi Ta AOCNiAHI, 2) KynbTUBOBaHi 3
nopasaHHaM xropuHy E6 (2,0 mkr/mn); 3) kynbTuBoBaHi 6e3 goaasarHs ®C Ta nigaaHi J10; 4) kynbTuBOBaHi 3 foAaBaHHSIM xnopuHy E6
i noganswum Bnnueom J10. Yepes 24 roa npoBoauny MopdonorivyHi Ta MOpOMETPUYHI JOCTIAXKEHHS.

PesynbTatn. lNepBuHHI KynbTypmn knitvH 3I7 XapakTepu3yBanvMcb HEOAHAKOBOK AMHAMIKOK POCTY; MITOTUYHA aKTUBHICTb MyXJIMHHMX
KNiTUH BapitoBana Bif HaVBWLLOro nokasHuka B KynbTypi nepBMHHOT ' 00 MeHWuX — y KynbTypax peumaunsHoi ['b i nepBuMHHMX acTpouu-
TOMM Ta rMioCapkoMu — Ta HaNMEHLUMX — Y KynbTypi KMiTMH BUMaAKiB NPOAOBXEHOr0 pOCTy acTpoLMTOMU 1 OniroAeHAporniomMmu nicns
KoMbiHOBaHoOro nikyBaHHs1. beanocepepnHini Bnnve xnopuHy E6 Ta J1O 3HmxXyBaB 3aranbHy KifbKiCTb KMITUH Y KyNbTypi Ta IXHIO MITOTUYHY
aKTUBHICTb. HalbinbLlIoro UMTOAECTPYKTUBHOIO edekTy AOCsiranu 3a noegHaHoro Bnnuey xnopuHy E6 ta J1O: edekTuBHOW0O 803010 Y
BUNaAKy KMiTUH NepBUHHOT acTpoumTomu € 10 [x/cM’ B iMNYNbCHOMY PEXUMI; ANs KMiTUH NepBuHHOI I Ta rMmiocapkoMm, peLnamBHOI
acTpouMToMU Ta onirogeHaporniomn edekTUBHOW [03010 € 25 [x/cm® B iMNynbCHOMY pexumi. Y Bunaaky knituH b, npogoexeHui
picT, no3a 25 [x/cM” € echeKTUBHOI Sk Anst 6e3nepepBHOro, Tak i Ans iMAYMLCHOro pexumia J10.

BucHoBku. [NepBuHHI KynbTypu knitTuH 3I, oTpumaHi 6e3nocepeHbo 3 NyXIMHHOT TKAHWHW, € afileKBaTHO MOAEMNIIO OLiHKN ePeKTUBHOCTI
LMTOAECTPYKTUBHOIO BNAUBY noegHaHoro 3actocyBaHHsA J10 i ¢C ans ©AT.
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