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Shakiba Y2, Naberezhnaya ER'?, Kochetkov DV', Yusubalieva GM'3, Vorobyev PO', Chumakov PM', Baklaushev VP'?, Lipatova AV'&9

" Engelhardt Institute of Molecular Biology, Russian Academy of Sciences, Moscow, Russia

2 Moscow Institute of Physics and Technology, Dolgoprudny, Russia

8 Federal Research and Clinical Center for Specialized Types of Medical Care and Medical Technologies FMBA of Russia, Moscow, Russia

Among oncolytic viruses, modified vaccinia virus Ankara (MVA), a highly attenuated vaccinia virus (VV) is a well-studied variant with promising results in preclinical
and clinical trials. The Lister VWV strain from the Moscow Institute of Viral Preparations (LIVP) has been studied to a lesser extent than MVA and has a different
oncolytic property from MVA. The aim of this work was to compare the oncolytic efficacy of LIVP and MVA strains against solid tumors. We developed recombinant
variants LIVP-RFP and MVA-RFP; to enhance onco-selectivity thymidine kinase (TK) gene was inactivated by insertion of red fluorescent protein (RFP) gene to
the TK locus. The replication kinetics and oncolytic activity of the obtained recombinant strains were evaluated in vitro and in vivo on tumor cell lines and mouse
syngeneic tumor models of metastatic mouse 4T1 mammary adenocarcinoma, CT26 colon adenocarcinoma, and B16 melanoma. Both MVA-RFP and LIVP-RFP
showed high replication efficiency in tumor cells and pronounced oncolytic activity against B16 melanoma and 4T1 breast adenocarcinoma allografts. In relation
to 4T1, which is a model of triple negative human breast cancer, LIVP-RFP showed more than 50% increased cytotoxicity in in vitro tests compared to MVA-RFP,
as well as a significant slowdown in the progression of 4T1 allografts and an increase in animal survival in experiments in vivo. Thus, the LIVP strain may be more
promising than MVA as a platform for the development of recombinant oncolytic viruses for the breast cancer treatment.
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CPABHEHWE OHKOJINTUYMECKOW AKTUBHOCTU PEKOMBUHAHTHbIX LLITAMMOB BUPYCA
OCIMOBAKLMUHBbI LIVP-RFP N MVA-RFP B OTHOLLUEHNW CONMUAHbBIX ONMYXOJEN
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Cpeayt OHKONUTUHECKNX BUPYCOB OAHUM 13 Hanbosnee 13yHeHHbIX SBNSETCS BUPYC OCMoBakUVHbI (VV), lWTaMmma MoaUAULIMPOBAHHOMO BbICOKOATTEHYMPOBAHHOMO
Bupyca AHkapa (MVA), nokasasLLero MHoroobeLLiatoLLe Pe3ynsTaThl B AOKIMHUHECKYIX U KIIMHUYECKX UCTbITaHusX. LLiTamm Lister VW 13 Mockosckoro VHcTuTyTa
BMPYCHbIX NpenapatoB (LIVP) nccneposaH B MeHblLUe cTeneHn, 4em MVA 1 uMeeT oTnn4dHbIi oT MVA Tponuam. Lienbto paboTbl 6b110 CpaBHUTL OHKONMTUHECKYHO
adhdexkTnBHOCTL WTamMmoB LIVP 1 MVA B OTHOLLEHMM conmaHbix onyxonen. [ns nosbiweHns cenektusHocTn LIVP 1 MVA K onyxonesbiM kneTkam Hamu bl
MoJTyHeHbl PEKOMOVHAHTHbIE BapuaHTbl C MHaKTVBaLWen reHa TuMmnanHkiHasbel (TK), MVA-RFP v LIVP-RFP, akcnpeccrpytoLLvie KpacHbIin (hiyopecLEHTHbIA GemoK.
KuHeTuky penvkaumm 1 OHKONUTUHECKYHO aKTUBHOCTb MOSTYyHEeHHbIX PEKOMOUHAHTHBIX LUTAMMOB OLEHMBANM in Vitro v in vivo Ha NMHUSIX OMyXONeBbIX KETOK 1
annoTpaHcnaaHTaTax MbIUWHbBIX CUHMEHHbIX MOAENe MeTacTaTUHeCKon aAeHOKapPLIMHOMbI MOMOHHOM >xenesbl Mbllun 4T1, afeHOKapLMHOMbI TONCTOM KULLIKM
CT26 v menaHombl B16. Kak MVA-RFP, Tak 1 LIVP-RFP nokasan BbICOKyto aPeKTNBHOCTb PEMIMKALN B OMYXONEBbIX KNETKAX U BbIP&XKEHHYIO OHKOMIMTUHECKYHO
aKTVMBHOCTb B OTHOLLEHWW anfioTpaHCnIaHTatoB MenaHoMbl B16 1 ageHokapuvHOMbI MOMOYHOW »enedbl 4T1. B oTHoweHun 4T1, aBNaioLwencs MOAesbio
TPOWHOIO HEraTMBHOMO Paka MONMO4HON »enedbl Henoseka, LIVP-RFP no cpasHennio ¢ MVA-RFP nokasan 6onee Yem Ha 50% MOBbILLEHHYHO LIMTOTOKCUYHOCTb
B TecTax in Vitro, a Takke LOCTOBEPHOE 3aMefyIeHNe MPOrPeECCHPOBaHIS alIOTPaHCTINAHTATOB 4T1 1 NOBbILLEHME BbDKMBAEMOCTIN XKUBOTHBIX B SKCMEPUMEHTAX
in vivo. MpumveHerve Wrtamma LIVP B kadecTBe nnatopmbl Mpu pa3padboTke PEKOMOVHAHTHBIX OHKOMMTUYECKIX BMPYCOB AN Tepanin paka MOSIOHHON »Kenesbl
MOXET ObITb 60NEE NEPCNEKTUBHBIM, YeM NpUMeHeHne LTamma MVA.
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Oncolytic viruses represent a new class of drugs for the
treatment of malignant neoplasms that are resistant to classical
approaches of anticancer therapy. Oncolytic viruses selectively
infect tumor cells, causing a direct cytopathic effect and
indirect activation of cytotoxic cells, which ultimately leads
to tumor regression [1]. The vaccinia virus (VV) is an oncolytic
vector with excellent characteristics, including high tropism
and cytolytic activity against tumor cells, rapid replication
without integration into the host cell genome, resistance to
the hypoxic tumor microenvironment, and a well-characterized
safety profile 2, 3].

The LIVP strain demonstrated significant cytotoxic activity
against tumors of various histological affiliations (colorectal
cancer, gastric cancer, malignant mesothelioma, lung cancer,
thyroid and breast cancer) [4, 5]. The biodistribution of the
LIVP strain was also studied - the virus selectively infects tumor
cells without being detected in the ovaries, spleen, or brain
tissues after intravenous injection [6, 7]. The vaccinia virus
expresses several immunomodulatory proteins to evade the
body's immune response, such as interferon decoy receptors
or inhibitors of innate immune regulatory pathways such as
toll-like receptors or NF-kB signaling [8]. The Lister strain
has been reported to encode more genes involved in immune
evasion, such as A53R, the soluble tumor necrosis factor
receptor, or T1/35kDa, an inhibitor of CC chemokines, which
are absent in other strains such as MVA or WR (Western
Reserve), resulting in less adverse inflammatory side effects after
introduction to the host’s body [9, 10]. LIVP is an attenuated sub
variant of the English Lister strain obtained by adaptation to calf
skin [11]. This strain was partly used in the smallpox eradication
program after 1971 and is reported to have oncolytic properties
and significantly less virulence compared to other Lister strain
sub variants [12, 13]. This strain has not been studied in a
number of preclinical or clinical trials [14-19].

Modified vaccinia virus Ankara (MVA) is one of the most
widely studied VV strains with a promising potential in
oncolytic viral therapy. MVA is a highly attenuated strain
that does not replicate well in human cells, and its ability
to reproduce is mainly limited to avian embryonic cells,
making it quite safe [20]. In addition, MVA is a potent
type | interferon inducer and elicits a strong humoral and
cellular immune response. These properties of MVA make
it an important candidate for the development of antitumor
therapy [20]. MVA has been approved by the US Food
and Drug Administration (FDA) as a safe smallpox vaccine
[21]. In addition, the recombinant version MVA-BN vaccine
vector has been approved by the European Medicines
Agency (EMA) as part of the Ebola vaccine and is actively
used in clinical trials of infectious diseases and tumor
immunotherapy [22].

In this study, we obtained recombinant strains MVA-
RFP and LIVP-RFP with inactivation of the viral thymidine
kinase (TK) gene to increase specificity for tumor cells [23]
by inserting the reporter gene tagRFP (red fluorescent
protein) into the TK gene locus. Inactivation of the TK gene
makes virus replication dependent on cellular TK, which
is expressed only during the S-phase of the cell cycle,
while transformed cells constantly express it. For example,
recombinant viruses with a defective TK gene selectively
replicate in rapidly dividing tumor cells that constantly
express cellular thymidine kinase [24].

The aim of this work was to compare the oncolytic efficacy
of MVA-RFP and LIVP-RFP in solid tumors of mouse syngeneic
models of 4T1 mammary adenocarcinoma, B16 melanoma,
and CT26 colon carcinoma.
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METHODS
Cell cultures

Hamster kidney BHK-21 (ATCC # CCL-10), CT26 colon
carcinoma (ATCC # CRL-2639), 4T1 mammary adenocarcinoma
(ATCC # CRL-3406), B16 melanoma (ATCC # CRL-6475) and
HEK293T (ATCC # CRL-3216) cell lines were purchased from
the American Culture Collection (ATCC; USA). Rat fibroblasts
deficient in TK (Rat2 TK-/-) were taken from the collection of the
Cell Proliferation Laboratory of the IMB RAS (Moscow, Russia).
All cells were cultured in DMEM supplemented with glutamine
(Gibco; USA) and 10% fetal bovine serum (FBS) (Gibco; USA)
and incubated at 37 °C under 5% CO.,,.

Viruses

The vaccinia virus strain LIVP was obtained from the collection
of the Cell Proliferation Laboratory of the IMB RAS (Moscow,
Russia). Modified vaccinia virus Ankara (MVA) (ATCC Ne VR-1508)
was purchased from ATCC.

A shuttle plasmid carrying the tagRFP gene was cloned
to construct the MVA-RFP and LIVP-RFP strains. The tagRFP
gene sequence was amplified by PCR from the pTagRFP-C
plasmid construct (Evrogen; Russia) using primers 5-AGA
GAGCCTGGATGGTGTCTAAGGGCGAAGAG and 5-AGAG
AGGGATCCTTAATTAAGTTTGTGCCCCAGTTTG  (Evrogen;
Russia). tagRFP was expressed under the control of the 7.5k
promoter. The frame was flanked by the TK gene region;
the initial plasmid construct for recombination was created
at the Cell Proliferation Laboratory of the IMB RAS (Moscow,
Russia) [6]. Recombinant strains were obtained by lipofection
of HEK293T cells with Lipofectamine 3000 (Thermo Fischer;
USA) and subsequent infection with a wild-type vaccinia
strain. After 48 h, a cryolysate of infected cells was prepared
and viral particles were selected on Rat-2 TK-/- cells treated
with bromodeoxyuridine at a concentration of 25 ug/mL [24].
After several rounds of selection, the virus was cloned by the
plague method to dissociate the wild strain. The resulting
recombinant strains were grown in BHK-21 cells and purified
by centrifugation in a sucrose density gradient [25]. The
correctness of the inserts in the recombinant variants was
confirmed by Sanger sequencing of the corresponding genome
region. DNA sequencing was performed using the ABI PRISM®
BigDye™ Terminator v. 3.1 (Thermo Fischer; USA) followed
by analysis of the reaction products on an Applied Biosystems
3730 DNA Analyzer automatic sequencer (Thermo Fischer; USA)
at the Genome Shared Use Center of the IMB RAS.

Titration of the virus

BHK-21 cells were seeded at 10,000 cells per well in a 96-well
plate, the next day the medium was removed and the cells were
infected with 10-fold dilutions of the viruses and incubated in
DMED medium supplemented with 2% FBS. After 48 hours,
when the cytopathic effect developed, the 50% infectious dose
of tissue culture (TCID50) was evaluated according to the Reed
and Muench method [26].

Assessment of cytotoxic activity of viruses

471, B16, CT26, and BHK-21 cells were seeded at 10,000
cells/well in 96-well plates, then infected at 1 and 10 MOI
(multiplicity of infection) of the MVA-RFP or LIVP-RFP strains.
Cytotoxic activity was assessed using the MTT test 24, 48,
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Fig. 1. Characterization of recombinant LIVP-RFP and MVA-RFP strains in vitro. A. Schematic of the plasmid vector used in the development of the LIVP-RFP and MVA-
RFP strains. B, C. Fluorescence microscopy of HEK293T cells infected with the recombinant LIVP-RFP strain. D, E. Fluorescence microscopy of HEK293T infected

with MVA-RFP (x100 magnification)

and 72 h after infection. The percentage of viable cells was
calculated as the ratio of cell viability in infected wells to cell
viability in uninfected control wells multiplied by 100 [27].

Estimation of virus replication rate by flow cytometry

The level of RFP expression in infected cells correlates with the
level of viral replication. 4T1, B16, CT26, and BHK-21 cells were
seeded at 100,000 cells per well in 24-well plates, infected with
MVA-RFP or LIVP-RFP strains with MOls of 1 and 10. 24 and
48 h after infection, cells removed from the surface with trypsin
and resuspended in phosphate-buffered saline (PBS) (PanEco,
Russia) with the addition of 2% FBS. The number of the
brightly fluorescent cells in the RFP range was measured using
a BD LSRFortessa Cell Analyzer (Beckman Dickinson; USA).
Analysis was performed using Flowing Software 2.0 (Perttu
Terho; Finland). The results are based on three independent
experiments with three repetitions, and at least 10,000 events
per sample.

Assessment of oncolytic activity of viruses in vivo

Six-week-old female BALB/c and C57BL/6 mice were used in
the experiments. Mice had free access to food and water and
were kept in standard conditions with controlled temperature
(21-23 °C) and air ventilation, as well as a 12/12 light regimen.
For tumor formation, 10% CT26 colon carcinoma or 4T1 breast
cancer cells were implanted subcutaneously in the right flank
of BALB/c mice, and 10° B16 melanoma cells were implanted
in the right flank of C57BL/6 mice. Prior to virotherapy, mice

with verified tumor allografts of CT26 (n = 15), 4T1 (n = 15),
and B16 (n = 15) mice were divided into three subgroups (n =5
each). 5 x 10" PFU of the viruses in 50 pl of PBS were injected
intratumorally on the 7th and 9th days after tumor implantation.
Control groups received intratumoral injections of PBS. Tumor
volume was measured using a modified ellipsoidal formula:
V = % (length x width?) [28] every two days until the tumor
volume reached 2000 mm?. After reaching the maximum
allowed volume, mice were euthanized and based on these
data, survival curves were built.

Statistical analysis

All data are presented as mean + standard deviation. Statistical
analysis was performed using unpaired t-tests and two-way
analysis of variance, differences were considered significant at
p < 0.05. GraphPad Prism 8.0.2 (GraphPad Software, Inc.;
USA) was used to prepare all graphs and perform statistical
analysis.

RESULTS
Construction of recombinant viruses

TK inactivated LIVP-RFP and MVA-RFP strains containing an
insertion of red fluorescent protein (tagRFP) were generated by
recombination of the viral genome with a plasmid construct.
Fluorescence microscopy of HEK293T cells infected with
recombinant strains of LIVP-RFP and MVA-RFP showed that
the viruses replicate and produce functionally active RFP (Fig. 1).
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Fig. 2. Cytotoxicity of recombinant LIVP-RFP and MVA-RFP strains in various tumor cell cultures. BHK-21, B16, CT26 and 4T1 cells were infected with MOI 1 and 10
of LIVP-RFP and MVA-RFP viruses and cell viability was assessed using the MTT assay at 24, 48 and 72 hours post-infection. Statistical analysis was performed using

at-test; *— p < 0.05 and ** — p < 0.01 indicate significance.

Cytotoxic activity of LIVP-RFP and MVA-RFP
strains against mouse tumor cells

The cytotoxic activity of recombinant vaccinia virus strains
LIVP-RFP and MVA-RFP was assessed for 72 h using the MTT
assay in mouse B16 melanoma, CT26 colon carcinoma, and
4T1 mammary adenocarcinoma cell cultures, as well as in the
VV-sensitive BHK-21 cell line, which we used as a positive
control. In BHK-21 culture, LIVP-RFP and MVA-RFP strains
caused more than 75% cell death at MOI 10 and more than
50% death at MOI 1 (MOI 1) after 72 h (Fig. 2). B16 melanoma
was the most sensitive of the studied metastatic tumor lines, in
culture of which 50% cell death was observed 72 h after
infection with MOI 10 LIVP-RFP or MVA-RFP (Fig. 2B;
solid lines). Upon infection with B16 MOI 1, the recombinant
LIVP-RFP strain showed significantly higher cytotoxicity
after 72 h compared to MVA-RFP (Fig. 2; dotted lines). The most
resistant to oncolytic virotherapy was CT26 colorectal carcinoma
line, in culture of which less than 50% cell death was observed
at a multiplicity of infection of 10 LIVP-RFP or MVA-RFP
(Fig. 2). In 4T1 mammary adenocarcinoma, a cytopathic effect
was detected only in infection with a multiplicity of 10. At the
same time, a significantly higher cytotoxicity (> 50%) was noted
for the LIVP-RFP strain compared to MVA-RFP (Fig. 2).

Assessment of viral replication by flow cytometry

The replication efficiency of viral strains in the studied cell lines
was assessed by the number of fluorescent RFP-positive cells,
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which was determined using flow cytometry. It was found that
the level of infection of the control line BHK-21 approaches
100% already after 24 h and does not change significantly after
48 h (Fig. 3). In the B16 melanoma cell line, an increase in the
number of RFP-positive cells was observed, and the MVA-
RFP strain, which infected more than 60% of the cells within
48 hours, showed a significantly higher replication efficiency.
The 4T1 breast adenocarcinoma line, on the contrary, was
characterized by the lowest replication efficiency of vaccinia
virus, with the highest level of infection was observed when
infected with the LIVP-RFP strain and it reached almost 30%
after 48 hours. The efficiency of the viral replication in CT26 cell
culture (about 40% for MOI 10) did not differ between LIVP-RFP
and MVA -RFP.

Evaluation of the antitumor activity of LIVP-RFP and
MVA-RFP strains in experiments in vivo

The oncolytic activity of the recombinant LIVP-RFP and
MVA-RFP strains was studied in BALB/c mice with allografts of
4T1 breast or CT26 colon carcinomas, as well as in C57BL/6
mice with allografts of B16 melanoma. Double intratumoral
injection of oncolytic viruses on days 7 and 9 after tumor
inoculation resulted in a slowdown in tumor growth (Fig. 4) and
an increase in animal survival (Fig. 5) in all groups treated with
both LIVP-RFP and MVA-RFP compared to control groups
that were injected with PBS. The most noticeable slowdown
in tumor growth was found in the treatment of B16 melanoma
allografts with the intratumoral injection of MVA-RFP, as well



ORIGINAL RESEARCH | ONCOLOGY

BHK-21
1001
S —4
3 B
o
_02’ 50
=
o
o
L o
T 24 48
Time after infection (hours)
4T1
S 30
E] .
o 20
2
‘D
g 104
o
[
o 0

Time after infection (hours)

- LIVP-RFP 10 MOI
=+ MVA-RFP 10 MOI

CT26
. 501
X
= 401 % j
@
g 30
> zz=zd
=] 204 o===zzZZ==°
= 0 $oo:
g 10-
Lo
T 24 48
Time after infection (hours)
B16
SE:E
8  60- ]*
o
s
§ I
o 20 ’:,—’_'_',—"
i
0 T T
24 48

Time after infection (hours)

- LIVP-RFP 1 MOI
-+ MVA-RFP 1 MOI
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indicate significant

as 4T1 carcinoma allografts with the introduction of LIVP-RFP,
which fully corresponded to the results obtained in vitro.
Survival in the 4T1 and B16 subgroups (after virotherapy) was
significantly higher compared to the control, while the animals
treated with LIVP-RFP had a longer life expectancy than in the
MVA-RFP subgroups (Fig. 5). Progression of CT26 carcinoma
was not altered in any way by both LIVP-RFP and MVA-RFP
therapy (Fig. 4), although both experimental subgroups showed
an increase in survival of animals injected with recombinant
viruses (Fig. 5).

Thus, data obtained from both in vitro and in vivo experiments
confirm the superior oncolytic activity of the recombinant
LIVP-RFP strain against the 4T1 breast adenocarcinoma model.

DISCUSSION

In this comparative study, we evaluated the cytotoxicity and
replication capacity in vitro, and in vivo therapeutic potential
against solid mouse tumors of recombinant LIVP-RFP and
MVA-RFP strains derived from vaccinia virus strains LIVP and
MVA, respectively, containing an insert of red fluorescent protein
gene in the structural part of the viral thymidine kinase gene.
The effectiveness of the therapy with oncolytic viruses
consists of two main components: the activation of the immune
system in response to the introduction of viruses and the direct
cytotoxic effect of viruses on tumor cells [29]. Activation of
immunocompetent cytotoxic CD8* lymphocytes, CD56* NK
cells, and tissue macrophages is of critical importance due
to the fact that the most resistant and malignant tumors are
characterized by the most pronounced immunosuppressive

effect on the tumor microenvironment [30]. Therefore, systemic
or intratumoral administration of viral particles that infect tumor
cells and activate antigen-presenting cells is accompanied
by increased production of inflammatory cytokines and
recruitment of cytotoxic immune cells, which ultimately can
slow down tumor progression. Antitumor immune responses
are supplemented by a direct cytopathic effect of oncolytic
viruses on tumor cells due to increased proliferation rate,
inhibition of apoptosis, and other oncogenic mechanisms [30].

One of the key difficulties in the use of oncolytic viruses
for therapy is a pronounced host immune response to the viral
infection, which causes adverse side effects and reduces the
effectiveness of the virotherapy. Poxviruses are unique in their
ability to evade the host's immune response, making them
generally safe for use in therapy, in particular, the Lister strain
has proven to be highly safe in humans as it has been used
during the worldwide smallpox eradication program [7, 31].
This strain has been shown to induce less pro-inflammatory
cytokines such as IL8, IL6 and IFNy in the host and induce
higher levels of anti-inflammatory cytokines such as IL10
compared to other strains such as WR [5, 32].

Increasing the onco-selectivity of the virus limits viral infection
at the site of the tumor and prevents infection of other organs,
resulting in fewer inflammatory side effects. One of the strategies
for increasing tumor selectivity and reducing the vaccinia virus
virulence is deletion of the viral thymidine kinase gene [33].

In our study, we have shown that LIVP-RFP replicates and
lyses 4T1 cells more efficiently than the MVA-RFP strain. In
subsequent in vivo experiments, we were able to demonstrate
the relationship between the ability of the virus to replicate in
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Fig. 4. Dynamics of changes in tumor volume in mice with allografts of colon carcinoma CT26, breast carcinoma 4T1, and melanoma B16 after treatment with
recombinant strains of LIVP-RFP or MVA-RFP. Tumor measurements were taken every two days after treatment. The symbol 1 indicates the euthanasia of the animal.
Statistical analysis was performed using a t-test; * — p < 0.05; ns — no statistically significant differences

tumor cells in vitro and its ability to slow tumor progression in The 4T1 breast cancer cell line is a highly invasive and
vivo. A significantly smaller volume of tumor allografts of 4T1  metastatic cell model of triple negative breast cancer (TNBC) [34].
adenocarcinoma and an increase in the survival of animals  TNBC is considered the most aggressive form of breast cancer
after LIVP-RFP therapy compared to MVA-RFP indicate a more  with the worst prognosis and the absence of targeted treatment
pronounced oncolytic activity of LIVP-RFP in relation to 4T1  options [35]. Our results indicate that the LIVP strain has greater
adenocarcinoma. potential for the treatment of TNBC compared to MVA.
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Fig. 5. Kaplan-Meier survival curves in experimental subgroups of mice with allografts of adenocarcinoma CT26, 4T1, and melanoma B16 after two intratumoral
injections of recombinant LIVP-RFP or MVA-RFP viruses
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CONCLUSIONS

A comparative study of the oncolytic properties of LIVP-RFP
and MVA-RFP strains with an inactivated thymidine kinase
gene showed that the LIVP-RFP strain is more effective for
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