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ABSTRACT

Background. One of the promising methods of treating tumors is virotherapy,
which is based on direct lysis of cancer cells by a virus and a virus-mediated an-
titumor immune response of the body. For the recombinant vaccinia virus strain
VV-GMCSF-Lact, producing human GMCSF and the oncotoxic protein lactaptin,
cytotoxic and antitumor effects were shown in experiments in vitro and in vivo,
respectively, when using adherent cultures of U-87 MG human glioblastoma cells.
3D cultures are a more relevant tumor model than adherent models, as they more
fully reflect the realistic scenario of cancer development, as well as the response
of the tumor to anticancer therapy.

The aim of the study. To evaluate the cytotoxic effect of the oncolytic virus
VV-GMCSF-Lact against 3D cultures of human glioblastoma U-87 MG.

Materials and methods. The following methods were used in the work: cultivation
of 3D cell cultures, cytofluorometry, microscopic analysis, virus titration, and statisti-
cal analysis.

Results. U-87 MG cells were transduced with a lentiviral vector carrying the GFP
reporter gene. The cytotoxicity of the VV-GMCSF-Lact virus (IC50) against the studied
cells was 0.024 PFU/cell. U-87 MG cells were cultured under conditions for the forma-
tion of 3D structures. Microscopic analysis showed the oncolytic effect of the virus
on the cells of 3D cultures as early as 24 hours after the start of incubation. Flow
cytometry showed an increase in the granularity of glioblastoma cells under the ac-
tion of the virus, which indicates active replication of the virus in the cells. The virus
titer was 0.44 PFU/cell.

Conclusion. The recombinantVVV-GMCSF-Lact virus has a cytotoxic effect on 3D hu-
man glioblastoma U-87 MG cell cultures and actively replicates in them. In the future,
to test the oncolytic effect of VWV-GMCSF-Lact, it is planned to use not only 3D human
glioblastoma cultures, but also cerebral organelles obtained in the process of cocul-
tivation of glioblastoma cells and induced human pluripotent cells.
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PE3IOME

O6ocHosaHue. OOHUM U3 hepCneKmuBHbIX Memo0o8 siedeHus onyxosel Aeasem-
€A 8upomepanus, 8 0CHO8e KOMopoU Jiexxum NPAMOU JIU3UC 8UPYCOM ONyX0J1e8biX
KJIeMOK U 8UPYC-0NOCPEO0BAHHbIU NPOMUBOONYX0/1e8bil UMMYHHbIU omaem
opeaHusma. [lna pekoMoUHaHMHo20 Wmamma supyca ochosaxkyuHel VV-GMCSF-
Lact, npodyyupyrowe2o GMCSF yenosexka u o0HKOMoKcu4eckul 6e/10K 1aKmanmun,
NoKA3aHo YUMOMOKCUYECKOe U Npomusoonyxosiegoe delicmaue 8 3Kcnepu-
MeHmax in vitro u in vivo coomeemcmeeHHO Nnpu UCN0J16308AHUU d02e3UBHbIX
Kynemyp knemok U-87 MG 2nuobnacmomel yenoseka. 3D-kynemypel agnaiomcsa
6os1ee pesie8aHMHOU MOOeJIbIO ONYXO0JIU 8 CPABHEHUU C A02e3UBHbIMU MOOesAMU,
mak Kak 6os1ee NOJIHO OMPAXarm peanucmuyHsIl cyeHapul pa3sumus onyxo-
J1e8020 npoueccd, a makxe omeema onyxosiu Ha NpomMueoonyxosiesyto mepanuto.
Llene uccnedosarus. OueHKa yuMoOMOKCU4ecko20 0elicmaus OHKOIUMUYeCcKo-
20 gupyca VW-GMCSF-Lact 8 omHoweHuu knemok 3D-Kkynbmyp enuobnacmomel
yesnoseka U-87 MG.

Memooebi. Bpabome ucnonb3osanuce ciedyrowue Memoosl: Ky/lbmuguposaHue
3D-Kynbmyp Kiemok; 4umoghyopumempus; MUKPOCKONUYeCcKUl aHanu3; mumpo-
8aHUe 8UPYycA; cmamucmuyeckas 06pabomka OaHHbIX.

Pesynemamei. Knemku U-87 MG 6bi1u mpaHcOyyuposaHs! 1eHmMusupycHsiM
8eKmopom, Hecywum 2eH GFP. lumomokcu4yHocme supyca VV-GMCSF-Lact (IC50)
8 0MHoOWeHuUU uccsiedyembix Kiiemok cocmasusna 0,024 bOE/knemky. [lanee kiemxku
U-87 MG kynbmusupogaru 8 ycnosusix gpopmuposarus 3D-cmpykmyp. Chomowbto
MUKPOCKONUYECKO20 aHA/u3d hoka3daHo OHKoJlumu4deckoe Oelicmaue supyca
Ha knemku 3D-kynemyp yxe cnycmsa 24 4aca nocne Hayana uHkybayuu. Memo-
00M NpOMOYHOU YuMOogyopuMempuu NOKA3aHo yeenudyeHue 2paHyiapHocmu
K/1lemok 2/1u0b1acmomel Noo Oelicmauem 8upyca, Ymo yKaszeledem Ha aKmugHyio
pensiukayuto supyca 8 knemkax. Tump supyca cocmasun 0,44 bOE/knemky.
3aknoyenue. PekombuHaHmHsil supyc VV-GMCSF-Lact okazeieaem yumo-
mokcuy4eckoe delicmsue Ha 3D-Kynbmypel Kiemok 21uo61acmomesl Yesi08exka
U-87 MG, akmusHo pennuyupyemcs 8 HUx. B danbHeliwem 0715 mecmupogaHus
OHKo/lumMuyeckozo Oeticmeausa VV-GMCSF-Lact nnaHupyemcsa ucnosie308ame
He mosbko 3D-Kynbmypel 271U061aCMOMbI Yes108eKd, HO U yepebpasibHble oped-
HOUObI, NOJTyYeHHble 8 Npouecce COKYIbMUBUPOBAHUSA K1emOoK 2/1U061acmombl
U UHOYYUPOBAHHbIX NJTIOPUNOMEHMHbIX KIEMOK Yes108eKda.

Knioyeaswie cnoea: 2nuobiacmoma, Hellpocgepsl, OHKOIUMUYECKUU 8Upyc,
VV-GMCSF-Lact
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INTRODUCTION

Human glioblastoma (GB) or astrocytoma of grade IV
malignancy is one of the most common types of malig-
nant primary brain tumours, being characterised by high
invasiveness, heterogeneity and aggressiveness of the tu-
mour process. With a conventional treatment regimen
(the standard therapy for GB is the Stupp protocol) in-
cluding surgical resection, radio- and chemotherapy
with temozolomide, the survival rate of patients diag-
nosed with glioblastoma is only 26.5 %, with an over-
all survival rate of more than 10 years of 0.71 % [1]. Ac-
tually, the mean life expectancy after diagnosis is about
15 months, with a survival rate of usually no more
than 3 months in the absence of therapy. The disease
is more common in men than in women, and the aver-
age age of patients at the time of diagnosis is 64 years.
As aresult, the development of new therapeutic approach-
es for such difficult-to-treat cancers is urgently needed.
One of the promising methods of tumour treatment is vi-
rotherapy, which is based on direct lysis of tumour cells
by virus and virus-mediated anti-tumour host immune re-
sponse. The anti-tumour efficacy of recombinant viruses
can be enhanced by inserting genes of oncotoxic and im-
munomodulatory proteins into their genome.

The recombinant VV-GMCSF-Lact strain of smallpox
vaccine virus producing human granulocyte-macrophage
colony-stimulating factor (GMCSF) and the oncotoxic pro-
tein lactaptin was used in this study [2]. VV-GMCSF-Lact
has previously been shown to have an anti-tumour ef-
fect against breast cancer and is currently in clinical trials
(ClinicalTrials.gov: NCT05376527). Nevertheless, the ac-
tivity spectrum of this virus is much broader: in particu-
lar, its cytotoxic and anti-tumour effects were revealed
in in vitro and in vivo trials, respectively, using adherent
cultures of human glioblastoma U-87 MG [3]. 3D cultures
are known to be a more relevant tumour model as they
allow a more complete reproduction of the tumour de-
velopment scenario as well as the response to anti-tu-
mour therapy.

THE AIM

Assessment of the oncolytic action of VV-GMCSF-Lact
against 3D-cultured human glioblastoma U-87 MG cells.
In order to better visualise the cytotoxic effect of the recom-
binant virus, in this study the human glioblastoma U-87 MG
cells pre-transduced with lentivirus carrying a GFP report-
er gene were used.

METHODS

Cell cultivation
U-87 cells transduced with lentivirus carrying
GFP gene were cultured in complete growth medium
DMEM/F12 supplemented with 10 % fetal bovine se-
rum (FBS), 2 mM L-glutamine, 1X MEM essential ami-

no acid solution and antibiotic solution (100 U/ml peni-
cillin, 100 mg/ml streptomycin sulfate) at 37 °Cin a Co,
incubator. To obtain spheroids, AggreWell™800 micro-
well plates (STEMCELL Technologies, Canada) were treat-
ed with Anti-Adherence Rinsing Solution (STEMCELL
Technologies, Canada) for 10 minutes and then washed
with 1X PBS. Cells were dissociated using 0.25 % trypsin
solution with EDTA and seeded at a rate of 3 x 10° cells
per well in 2 ml of growth medium. Half the volume
of the medium was changed the next day. On day 3, sphe-
roids were washed out of micro-well plates and trans-
ferred to 10 cm dishes were cultured in a shaker incuba-
torat 37 °C, 5 % CO2 and constant agitation at 80 rpm,
changing the medium every 3-4 days.

Assessment of cytotoxic activity
of VV-GMCSF-Lact against U-87 MG cells

U-87 MG cells were seeded onto a 96-well plate at a con-
centration of 4 x 103 cells per well in 100 yL of phenol red-
free Opti-MEM medium and incubated at 37 °Cina 5% CO,
atmosphere. After 24 h, VV-GMCSF-Lact was added
to the cells. The multiplicity of virus infection ranged from
0.0012 to 10 PFU per cell. Cells were incubated with the vi-
rus for 72 h. Control cells were incubated under the same
conditions without the addition of viral preparation. After
incubation, 10 uL of Deep Blue Viability Kit reagent (BioLe-
gend, USA) was added to the wells and incubated for 4 h
at 37 °C. The optical density of the solution was measured
at a wavelength of 570 nm (reference value - 620 nm) us-
ing an Apollo LB 912 spectrophotometer (Berthold Tech-
nologies, Germany). Cell viability was determined relative
to the viability of control cells (100 %) + SD following three
independent experiments.

Assessment of cytotoxic activity
of VV-GMCSF-Lact against 3D-cultured human
glioblastoma U-87 MG cells

3D cultures of U-87 MG cells were placed in wells
of a96-well plate at 10 cells per well and cultured in 100 pL
of complete DMEM/F12 culture medium. After 24 h, the me-
dium was removed and replaced with 50 ul of virus suspen-
sion with a virus titre of 3.3 x 107 PFU/ml. 50 pl of 1 mM TRIS
HCI (pH = 8.5) was added to control wells. The plate was
centrifuged for 20 min at 500 rpm to sediment the virus.
The cells were then incubated in a CO, incubator at 37 °C
for 20 min, after which 50 uL of complete DMEM/F12 cul-
ture medium was added. The cytotoxic effects of the virus
were analyzed at 24 and 72 hours and on day 7 after infec-
tion of cells.

Microscopy
3D cell culture samples after exposure to the virus
were analysed in vivo, in transmitted light and in the FITC
green channel using a Nicon Eclipse Ti microscope (To-
kyo, Japan).

Cytofluorimetric analysis
Cell samples after virus exposure were dissociated en-
zymatically using Accumax reagent (Stemcell Technologies,

164



Canada) and analysed with a BD FACS Canto Il flow cytom-
eter (Becton Dickinson, USA) using BD Pharmigen FITC An-
nexin V Apoptosis Detection Kit I, according to the manu-
facturer’s instructions with minor modifications: only one
dye, propidium iodide (PI), was used, as Annexin V - FITC
should be analysed in the green channel already occupied
due to the transduction of U-87 MG cells. Cytofluorimetry
results were analyzed in FlowJo™ v. 10 Software (Becton
Dickinson, USA).

VV-GMCSF-Lact virus titration

Green monkey kidney 4647 cells were seeded ina 12-
well plate containing 300,000 cells per well, in 2 ml of com-
plete DMEM medium with 10 % fetal serum (FBS) and in-
cubated at 37 °Cin a 5 % CO, atmosphere until 90 %
monolayer formation. 10-fold dilutions of the viral sus-
pension in DMEM medium were prepared. Growth me-
dium was removed from the wells of the plate and 100 ul
of the appropriate dilution of virus was added to the cen-
tre of each well. The plate with cells was incubated
at 37 °Cin a CO, incubator for 1 hour. Then 2 ml of min-
imum essential medium (DMEM + 2 % FBS) was added
tothe wells and the plate was left at 37 °Cin a CO, incuba-
tor for 48 hours. Afterwards, the minimum essential me-
dium was removed, 1 ml of crystal violet solution was ad-
ded to the wells with cells and left for 20 min at room
temperature. Then the crystalline violet solution was re-
moved and the plaques were counted.

Statistical analysis

Quantitative variables are presented as mean + stand-
ard deviation (SD). Each experiment was repeated at least
three times. Statistical analysis was performed using Graph-
Pad 6.01 (GraphPad Software, USA). Two-factor analy-
sis of variance was used to compare more than two data
sets. Differences were considered statistically significant
if p < 0.05.

RESULTS AND DISCUSSION

U-87 MG human glioblastoma cells were transduced
with a lentiviral construct carrying a GFP reporter gene,
as it is planned to use these cells for co-culture with hu-
man cerebral organoids in the future. The cytotoxicity
of the virus against U-87 MG cells was determined by cell
proliferative activity using resazurin as an indicator. The
degree of reduction of resazurin and production of re-
sorufin is proportional to the number of metabolically ac-
tive cells. The IC50 (half maximal inhibitory concentration)
measured in CompuSyn software was 0.024 PFU/cell,
indicating a higher sensitivity of this cell culture
to VV-GMCSF-Lact virus compared to the non-transduced
lentivirus U-87 MG cell culture [4].

Formed 3D cultures of U-87 MG were incubated
with VV-GMCSF-Lact, which had a titer of 3.3 x 107 PFU/ml.
This amount of viral particles is comparable to that of in-
tratumoural injection into the body of a laboratory ani-
mal in preclinical trials [3]. The 3D-cultured cells were fur-
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ther analyzed 24 and 72 h and 7 days after cell infection.
It has been revealed that replication of some oncolytic vi-
ruses can increase as early as 24 h after infection of tumour
cells, however, after 72 h it starts to decrease [5, 6].

Microscopic analysis of the samples was performed
both in transmitted light and using a fluorescent filter
for fluorescein isothiocyanate (FITC). In our study, oncolyt-
ic effect of VV-GMCSF-Lact was observed on a 3D culture
of U-87 MG cells (Fig. 1).

Thesstructure of 3D-culturesis destroyed and theamount
of cellular debris increases with extending incubation time
with virus (“3D-cultures with virus_24 hours”, “3D-cultures
with virus_72 hours”, “3D-cultures with virus_7 days”),
whereas in control wells 3D cultures (“Control 3D-cul-
tures_24 hours”, “Control 3D-cultures_72 hours”, “Control
3D-cultures_72 hours”, “Control 3D-cultures_7 days”) remain
unchanged, preserving clear outlines and smooth edges.
Theintensity of cell death reactions was assessed by the in-
teraction of cells with propidium iodide (PI), a marker of ne-
crosis. Unfortunately, no statistically significant difference
was observed between groups in the number of stained cells
in the PE channel, possibly due to the presence of necrotic
corein 3D cultures. As tumour spheroid reaches a diameter
of more than 500 pm, it is known that the spheroid usually
exhibits a three-layer concentric structure including an outer
layer of proliferating cells, a middle layer of quiescent cells
and a central necrotic zone, with each region at different
stages of the cell cycle [7]. The complexity of this multilay-
ered structure may be caused by a lack of oxygen and nu-
trients, which is not observed in 2D tumour cell cultures.
Drugs, soluble metabolites, as well as oxygen concentra-
tion and pH are known to exist as a gradient within the tu-
mour: peripheral cells closer to blood vessels have greater
access to soluble components and oxygen, which decreas-
es as it diffuses through the extracellular matrix to the tu-
mour core. The concentration gradients of growth factors,
nutrients, and metabolites create intratumoural heteroge-
neity and affect signalling in the microenvironment, includ-
ing cell function, proliferation, morphogenesis, and chemo-
taxis [8]. A concentration gradient, from a pharmacokinet-
ic point of view, limits the penetration of drugs into the tu-
mour and the attainment of a dosage sufficient to exert ther-
apeutic effects on all cancer cells.

Using cytofluorimetric analysis, a statistically signifi-
cant increase in side scatter intensity, i.e. cell granulari-
ty of 3D-cultured cells at time points 24 and 72 h (Fig. 2)
was observed, which indirectly attributes to active replica-
tion of the virus in the cells. For instance, it was previously
revealed that cell populations with higher SSC (side scat-
ter) intensity had more inclusions, more organelles and vi-
rosomes (viral factories) [9, 10].

To assess the replication efficiency of VV-GMCSF-Lact
in 3D-cultured human glioblastoma cells, the virus titre
was determined on day 7 after cell infection [11]. The virus
was revealed to replicate efficiently in spheroid cells; the ti-
ter was 0.44 PFU/cell, which is =18-fold higher than the IC50
for the corresponding adherent cultures, further confirm-
ing the literature data about the resistance of 3D cultures
compared with adherent cells when testing the cytotoxic-
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FIG. 1.

Microscopic image of 3D-cultured cells treated with oncolytic virus VV-GMCSF-Lact and untreated control 3D-cultured cells; microscope
magnification x 40
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ity of anti-tumour drugs [12]. It is likely that virus replica-
tion occurs in the outer cell layer of the spheroid, but fur-
ther experiments are needed to pinpoint the exact locali-
zation of this process.

Consequently, cells cultured in larger three-dimen-
sional aggregates mimic the in vivo state by being in dif-
ferent proliferative states based on nutrient access
that is limited by a concentration gradient. Whilst 2D cul-
tures are still predominantly used for drug development
due to their simplicity and compatibility with screening
platforms, 3D culture systems have numerous advantag-
es over 2D cell culture. Specifically, 3D cell culture models
more accurately reflect the pathophysiological microen-
vironment that allows tumour cells to aggregate, prolif-
erate and exhibit phenotypes as they do within the body

[13]. Complex cellular interactions between other cells
and the three-dimensional matrix are crucial for preserv-
ing the structure, function and motility of tumour cells.
Since cell migration occurs in three dimensions, the ma-
trix provides a topology that mimics the three-dimension-
al architecture of tissue, allowing cells to attach and inter-
act with the environment.

CONCLUSION

3D cultures are a more relevant model for testing
anti-tumour drugs compared to adherent models. Ad-
ditionally, the move to 3D preclinical models has be-
come more attractive as improvements in tissue engi-
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a - distribution of 3D-cultured cells by side scatter intensity; flow cytometry; b — average side scatter intensity of 3D-cultured cells treated
with virus (v_24 h, v_72 h, v_7 d) compared to control group cells (c_24 h,c_72 h,c_7 d)
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neering technologies have made 3D cell culture more
adaptable and adjustable to microenvironmental fac-
tors so as to better reflect the functional pathology
of tumours in vivo. The use of 3D cultures allows, among
other things, to assess the ability of oncolytic drugs
to penetrate the tumour and affect its internal struc-
tures. Meanwhile, the formation of a necrotic tumour
core complicates the analysis of the oncolytic action
of the virus by cytometry. Therefore, several analytical
methods should be applied to assess the anti-tumour ef-
ficacy of therapeutic agents.

Subsequently, it is planned to use not only 3D cul-
tures of human glioblastoma, but also chimeric cere-
bral organoids obtained by co-culturing tumour cells and
human cerebral organoids to test the cytotoxic effect
of VV-GMCSF-Lact [14]. Such a cell model allows to recre-
ate three-dimensional cytoarchitectonics of some parts
of the brain, which opens unique opportunities to study
the interaction between tumour cells and brain cells, as well
asthe effect of oncolytic drug on healthy nervous tissue and
glial tumour microenvironment [15].
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