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Abstract: Background: Cancer remains a leading cause of mortality globally. Conventional treatment
modalities, including radiation and chemotherapy, often fall short of achieving complete remission,
highlighting the critical need for novel therapeutic strategies. One promising approach involves the oncolytic
potential of Group A Streptococcus (GAS) strains for tumor treatment. This study aimed to investigate the
oncolytic efficacy of S. pyogenes GUR and its M protein knockout mutant, S. pyogenes strain GURSA1, which
has been genetically constructed to minimize overall toxicity, against mouse hepatoma 22A, pancreatic cancer
PANCO02, and human glioma U251 cells, both in vitro and in vivo, using the C57BL/6 mouse model. Methods:
The in vitro oncolytic cytotoxic activity of GAS strains was studied against human glioma U251, pancreatic
cancer PANCO02, murine hepatoma 22a, and normal skin fibroblast cells using the MTT assay and the real-time
xCELLigence system. A syngeneic mouse model of hepatoma and pancreatic cancer was used to evaluate the
in vivo oncolytic effect of GAS strains. Statistical analysis was conducted using the Student’s t-test and Mann-
Whitney U-test with GraphPad Prism software. Results: The in vitro model showed that the live S. pyogenes
GUR strain had a strong cytotoxic effect (67.4+1.9%) against pancreatic cancer PANCO02 cells. This strain
exhibited moderate (38.0+1.8%) and weak (16.3£5.4%) oncolytic activities against glioma and hepatoma cells,
respectively. In contrast, the S. pyogenes GURSA1 strain demonstrated strong (86.5£1.6%) and moderate
(36.5£1.8%) oncolytic activities against glioma and hepatoma cells. Additionally, the S. pyogenes GURSA1 strain
did not exhibit cytotoxic activity against healthy skin fibroblast cells (cell viability 104.2+1.3%, p=0.2542). We
demonstrated that tumor treatment with S. pyogenes GURSA1 significantly increased the lifespan of C57BL/6
mice with hepatoma (34 days, p=0.040) and pancreatic cancer (32 days, p=0.039) relative to the control groups
(24 and 28 days, respectively). Increased lifespan was accompanied by a slowdown in tumor progression, as
evidenced by a reduction in the growth of hepatoma and pancreatic cancer tumors under treatment with GAS
strains in mice. Conclusions: Both S. pyogenes GUR and S. pyogenes GURSA1 strains demonstrated strong
oncolytic activity against murine hepatoma 22a, pancreatic cancer PANCO02 and human U251 glioma cells in
vitro. In contrast, S. pyogenes GUR and GURSA1 didn’t show a toxicity against human normal skin fibroblasts.
The overall survival rate and lifespan of mice treated with S. pyogenes GURSA1, a strain lacking the M protein
on its surface, were significantly higher compared to the control and S. pyogenes GUR strain groups.
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1. Introduction

It is obvious that in recent years significant progress has been achieved in the field of cancer
therapy, however, it continues to be one of the most common causes of death in developed countries.
According to the forecasts of the World Health Organization (WHO), by 2040 the number of
oncological diseases in the world will increase to 29.5 million people against 18.1 million in 2018 [1,2].
Conventional methods, such as radiation and chemotherapy, do not provide a complete cure, which
necessitates the search for new alternative approaches, one of which is the tumors" treatment using
microorganisms.

The study and use of bacterial strains with the ability to inhibit of cancer development has a
fairly long history. Even long before radiation and chemotherapy, practicing physicians noticed that
spontaneous healing of cancer cases often occurred against the background of a bacterial or viral
infection accompanied by fever. Largely with the participation of research by American surgeon
William Coley, it was proved that a number of bacteria, primarily Streptococci, have pronounced
oncolytic properties. During his research, Coley managed to treat more than 1500 terminal patients
with various cancer types with a high success rate [3,4].

The ability to cure cancer or make it a treatable chronic disease is a force that drives discovery
and innovation in oncological microbial therapy. Bacterial-mediated cancer therapy (BMCT) may be
considered as a new direction of antitumor therapy. Microbial therapy has the potential to solve many
clinical problems that cannot be solved with current oncological methods. For example, BMCT may
be efficient for the treatment of resistant metastatic cancers, and for diminishing the
immunosuppressive tumor cells’ effect. A significant advantage of microbial therapy is its specific
effect on cancer cells and tissues. Thus, microbial therapy is well suited for the treatment of metastatic
diseases, the main death cause from cancer [5]. For example, anaerobic strains of Salmonella sp.,
Bifidobacterium sp., Pseudomonas aeruginosa, Clostridium sp. and Streptococcus sp. are able to selectively
migrate and colonize of tumor hypoxic niche [6,7]. In addition, these microorganisms can be
genetically modified to reduce systemic toxicity and increase anticancer efficacy [8]. The use of such
genetically modified bacteria can modify the expression of genes and proteins in cancer cells, which
allows for a strong it dose-response dependence, increasing safety and simultaneously enhancing
bacterial cells® anticancer activity [9].

To date, many preclinical studies on bacterial microbial therapy have shown a slowdown in
cancer growth and an increase in animal survival [10,11]. A complete cancer regression has been
achieved with oncolytic bacteria in immunocompetent animals with syngeneic cancers and in
companion dogs with spontaneous tumors [12-14]. Attenuated live bacteria have satisfactory safety
profiles in both healthy and tumors animals [15,16]. These microbial therapy studies led to the
approval in 2015 by the US Food and Drug Administration (FDA) the first oncolytic drug (Imylgic T-
VEC) based on herpes simplex virus-1 [17]. Imlygic's approval has fueled renewed interest in
microbial therapy. In this regard, pharmacological and toxicological clinical studies in oncology
patients have begun to be conducted intensively with bacterial strains [18,19].

Despite the successful use of bacteria, including group A Streptococci (GAS), for cancer
treatment, the anticancer mechanisms of oncolytic bacteria are still not well understood [20]. These
bacteria consume nutrients and secrete toxins and cytolytic agents (such as lipases and proteases),
inducing apoptosis or autophagy in cancer cells [21]. In addition, bacteria stimulate leukocytes and
T-lymphocytes to secrete immunomodulatory cytokines and chemokines that suppress the
proliferation of cancer cells and prevent tumor recurrence. For example, bacteria and their
lipopolysaccharide and flagellin components activate of toll-like receptor 4, CD14 or connexin 43
expression on cancer cells which contributes to it recognition by migrating dendritic cells, neutrophils
and macrophages [21,22]. The flagellin of Salmonella sp. can activate cancer cell death through the
production of IFN-y by cytotoxic T-lymphocytes [23]. Salmonella typhimurium showed an anticancer
effect against MDA-MB-435, MDA-MB-361, MDA-MB-231, 4T1, MCF-7 breast cancer, B16-F10
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melanoma, U87MG glioblastoma, ASPC-1 pancreatic cancer, WiDr, CT26 colorectal carcinoma cells
[24,25]. In addition, bacteria can serve as delivery tools for anticancer drugs into tumors [21]. Motile
bacteria loaded with carrier cells had been designed to penetrate cancer areas inaccessible to standard
drugs and small molecules [26].

It has also been shown that some streptococcal proteins, in particular, the enzymes arginine
deiminase or streptokinase, can significantly slow down tumor cells’ proliferation [27-29]. To date,
the anticancer effect of bovicin, HC5 secreted by Streptococcus bovis, have been established in the
context of milk gland adenocarcinoma and liver carcinoma cells [30]. The hyaluronidase of S. pyogenes
H4489A bacteriophage (HylP) has an anticancer effect in MCF-7, MDA-MB-231, Hs578T breast cancer
cells [31]. The OK-432 (picibanil), drug based on S. pyogenes, induces the death of lymphangioma cells
[32]. Meanwhile, the anticancer activity of GAS strains remains unstudied in human colorectal,
pancreatobiliary and brain tumors cells. Thus, GAS strains represent promising candidates for
investigating cytotoxic mechanisms and effects against cancer cells, as well as for developing cellular
vaccines and innovative approaches to anticancer therapy.

The current study explores the potential of oncolytic therapy using GAS strains, focusing on the
effect of S. pyogenes GUR and its M-protein knockout mutant, S. pyogenes GURSAL, in a syngeneic
mouse models of hepatoma and pancreatic carcinoma.

2. Materials and Methods

2.1. Streptococcus Pyogenes Strains

For the study four GAS strains with previously discovered oncolytic activities were chosen. S.
pyogenes GUR (type emm111) is a throat isolate from a scarlet fever patient, which has been used
clinically to treat cancer patients in the former Soviet Union for more than 20 years [50]. S. pyogenes
GUR was kindly provided by prof. Chereshnev V.A., Perm State University (Perm, Russia). S.
pyogenes GURSAI is derivative of S. pyogenes GUR strain with an inactivated M-protein gene [29]. S.
pyogenes GUR and S. pyogenes GURSAT strains showed a cytotoxic activity against murine cancer cells
[27]. The strains were cultivated in Todd-Hewitt broth (Condalab, Spain) for 16 h at 37 °C from single
colonies. For all experiments 10° CFU of S. pyogenes in Dulbecco's modified eagle medium (DMEM)
or PBS was used. The optical density of overnight cultures was measured at 600 nm to estimate the
bacterial cell count, based on previously established calibration curves. The cultures were then
centrifuged at 6000x g for 5 minutes, washed once with PBS, and resuspended in DMEM or PBS to
achieve a uniform bacterial concentration.

2.2. Obtaining M Protein Gene Knockout Mutant of S. Pyogenes GUR

To generate a knockout of the M protein gene (emm) in S. pyogenes GUR, we designed an
integrative plasmid for homologous recombination. The plasmid was constructed using the pT7ermB
vector, which contains part of emm gene necessary for integration into the S. pyogenes GUR
chromosome. By using modified primers MF_Hind (acagcagaggcttaggcggaggatcattg) and MR_EcoR
(atttcttaagatgctgecatagcett), the emm gene fragment was successfully amplified. The amplicons and the
pT7ermB vector were digested with HindIII and EcoRI, and then ligated into the pT7ermB(emm111)
vector. The resulting vector was used to transform S. pyogenes GUR. S. pyogenes GUR was grown to
mid-log phase in Todd-Hewitt (TH) broth (Condalab, Spain). The cells were made electrocompetent
by washing twice with ice-cold 10% glycerol and resuspending them in 1/40 (by volume) of the same
solution. Approximately 1 pg of the integrative (nonreplicative) plasmid was electroporated into the
competent S. pyogenes cells using a standard electroporation protocol (1.8 kV, 25 pF, 200 Q). Following
electroporation, the cells were recovered in 1 mL of TH broth and incubated at 37°C for 1 hour to
allow for plasmid integration in the bacterial chromosome. After recovery, the transformed cells were
plated on selective media containing 2.5 ug/mL erythromycin to select for the integrants.
Recombinants were allowed to grow for 2448 hours at 37°C. Colonies that appeared on the selective
media were picked and grown in TH broth with antibiotic selection for further analysis. To confirm
the successful integration of the plasmid and knockout of the M protein gene PCR confirmation were
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conducted using primers ERM1 (gggcccaaaatttgtttga), ERM2 (tcggcagcegactcatagaat), and EMM
(agtcgtaggagcagggttagce).

2.3. Cell Cultures

Human glioma U251, pancreas cancer PANC-02, and murine hepatoma MH-22a was obtained
from the Russian collection of cell cultures (Saint-Petersburg, Russia). These cells were cultured at
1.0x105/mL in 25 cm? flasks (T25 Nunclon, ThermoFisher Scientific Inc, USA) in RPMI-1640 and
DMEM (Sigma-Aldrich, USA) containing 10% fetal bovine serum (FBS, Sigma-Aldrich, USA), 2mM
glutamine (Sigma-Aldrich, USA) at 37 °C, 95% humidity and 5% CO: for 1-2 days [33,34].

Normal human skin fibroblasts (NHF) were isolated following an aseptic surgical procedure.
The skin sample was transferred to a 100 mm cell culture Petri dish using sterile forceps. The
epidermis was oriented upwards, and the sample was gently spread using curved forceps. The skin
was cut into small pieces and placed into a 50 mL tube. Then, 2.5 mL of dispase solution was added,
and the mixture was incubated overnight at 4°C. Afterward, the dermis and epidermis were carefully
separated using two curved forceps, and the dermis was incubated in collagenase solution for 60
minutes at 37°C in a 5% CO, atmosphere, with regular shaking. The digested tissue was then mixed
with 15 mL of DMEM medium supplemented with 10% FBS in a 50 mL Falcon tube. The NHF
suspension was centrifuged at 200 g for 5 minutes at room temperature. The resulting pellet was
resuspended in 10 mL of complete DMEM medium, stained with trypan blue, and the cell count was
determined using an automated cell counter. Approximately 1 x 10° cells were seeded into an
uncoated 25 cm? tissue culture flask in DMEM medium with 10% FBS and incubated at 37°C in a 5%
CO, atmosphere and 95% humidity. Subculture was performed when cells reached 70-90%
confluence [35].

2.4. MTT Assay

The oncolytic activity of GAS against human glioma U251, pancreatic cancer PANC02, murine
hepatoma MH-22a, and normal skin fibroblast cells was assessed using the MTT assay [36]. For this
purpose, 1 x 104 cells/well, suspended in 50 uL of RPMI-1640 or DMEM medium with 10% FBS, were
seeded into the wells of 96-well flat-bottom plates (TPP, Switzerland) 1 day before GAS treatment
and incubated for 24 hours at 37°C in a 5% CO, atmosphere. The following day, 10 uL of the GAS
samples (GUR, GURSALI, and strains 7, 21 at 1.2 x 10° and 2.5 x 10¢ cells/mL) were added to 90 pL of
medium in each well. Three replicates were performed for each GAS concentration. As a positive
control, 100 pL. of DMEM medium was added to the wells containing tumor cells instead of GAS.
Negative controls were included, with 10 uL of Triton X-100 added to the cells, or empty wells. The
final sample volume in each well was 100 pL. The plates were incubated for 20 hours in a CO,
incubator. Then, 50 pL of resazurin dye was added to each well, and incubation continued until a
color difference was observed between the positive and negative controls. The optical density (OD)
of the solution in the wells was measured at a wavelength of 570 nm, subtracting the OD at 690 nm
as the background, using a SpectraMax 250 plate reader (Molecular Devices, USA). Experimental
data were collected using SoftMax Pro 5.2 software (Molecular Devices, USA). Based on the collected
data, the cytotoxicity of GAS samples was determined. The percentage of dead cells was calculated
by comparing the OD of the samples with the positive (100% viable cells) and negative (0% viable
cells) controls.

2.5. Real-Time Cytotoxicity Analysis by Using RT xCELLigence System

For real-time detection of GAS oncolytic activity against pancreatic cancer PANC(02, glioma
U251, MH-22a, and NHEF cells, the RT xCELLigence system (Agilent, USA) with E-Plate L8 was used
[38]. The RT xCELLigence system records changes in the electronic impedance (resistance) of a
specially designed plate containing embedded gold micro-electrodes. The change in resistance over
time allows the generation of a graph showing the functional dependence of the cell index on time.
On Day 0, 150 uL of medium and 150 pL of a cell suspension containing 50,000-200,000 cells per well
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(U251, PANCO02, and MH-22a) were added to each well of the E-Plate L8. The method was
standardized by measuring the OD of the cell suspension (OD = 0.200 + 0.010) using a
spectrophotometer at a wavelength of 600 nm. The loaded plates were incubated at 5% CO, in the RT
xCELLigence system for 24 hours. After this period, overnight cultures of GAS strains (at 10° CFU in
300 mL of DMEM) were added. Cancer cells were then cultured for an additional day, with the
electrical resistance of the cell monolayer recorded every minute. The GAS strains (GUR, GURSA1,
and strains 7, 21) were washed in PBS and resuspended in DMEM to obtain an equal final
concentration.

2.6. Oncolytic Effects of S. pyogenes GUR and GURSA1 Strains on Hepatoma 22a and Pancreatic Cancer
PANCO02 Growth in Mouse Models

To establish a mouse hepatoma model, we used hepatoma 22A cells, which were harvested from
the culture flask, resuspended in physiological solution at a concentration of 105 cells/mL, and
subcutaneously inoculated into the right flank of C57BL/6 mice (n = 66, Rappolovo Nursery, Russia)
under short-term ether anesthesia. The study used female C57BL/6 mice weighing 16-18 g. The
animals were maintained under a 12-hour light/12-hour dark cycle and were provided with standard
food (concentrated combined feed in the form of briquettes) and water ad libitum. Tumor size was
measured 10 days post-injection, with an average size of 2.5 + 0.5 mm?3. The mice were then divided
into three groups: GUR (n = 22) and GURSAL1 (n = 22) groups received intratumoral injections of S.
pyogenes GUR and S. pyogenes GURSAL1 cells, respectively, at a dose of 10¢cells in 50 pL of suspension.
The Control group (n = 22) received no treatment.

Similarly, a C57BL/6 mouse model with PANCO2 cancer cells was established according to the
protocol described above. When the tumors reached a size of 5 + 0.5 mm? (18 days post-injection), the
mice were divided into the same groups: GUR (n = 8), GURSALI (n = 8), and Control (n = 7). The
survival of all animals was monitored for 40 days. At the end of the experiment, the animals were
euthanized by an overdose of ether anesthesia.

2.7. Studying of GAS Migration in PANC02 Cancer C57BL/6 Mouse Model

Using the PANCO02 cancer C57BL/6 mouse model described above, we studied the ability of S.
pyogenes GURSA1 to migrate into the tumor site following intraperitoneal administration. On day 18
after tumor cell inoculation, when tumors had reached a size of 5 + 0.5 mm?, one group (n = 6) was
intraperitoneally infected with 106 CFU of S. pyogenes GURSA1 in a volume of 50 puL dissolved in PBS.
Animals that received an equivalent volume of PBS alone served as controls (n = 6). Mice were
sacrificed one day after administration of S. pyogenes GURSAL. At the end of each experiment, tumor,
spleen, and liver samples were homogenized in 500 uL of PBS using a vibrating ball mill (MM 400,
Retsch, USA), and tenfold serial dilutions were plated on Petri dishes containing Columbia blood
agar (Conda, Spain). The seeded dishes were incubated at 37°C for 24 hours. Colonies of
microorganisms were identified using mass spectrometric analysis on a Bactoscreen device (Litech,
Russia).

2.8. Acute oral Toxicity

The acute oral toxicity test was performed using C57BL/6 mice, aged 8-10 weeks, weighing
between 18.6 and 22.7 g. The mice were allowed free access to food and water, except for 4 hours
prior to the experiment. Four groups of female mice were divided by strain (S. pyogenes GUR and S.
pyogenes GURSA) and administered doses (10 or 108 CFU/mouse). The GAS strains were
administered intragastrically at a volume of 500 pl. Clinical signs, changes in body weight, and
necropsy findings were investigated during the test period of 14 days.

2.9. Ethics Statement

All animal experiments were conducted in accordance with the “Rules of Laboratory Practice”
(Ministry of Health of the Russian Federation, No. 708). The study was approved by the Local Ethics
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Committee for Animal Care and Use at the Institute of Experimental Medicine, Saint Petersburg,
Russia.

2.10. Statistical Analysis

All experiments were performed in triplicate. Statistical significance between the means of
different treatments and their respective control groups was determined using the Student's t-test.
Data are presented as means + standard deviation and were considered significant at p<0.05. For
comparisons between two independent groups with a small sample size (n<30), the nonparametric
Mann-Whitney U-test was used [39]. Descriptive statistics were performed using GraphPad Prism
(version 6.01, 09.21.2012).

3. Results

3.1. Studying In vitro the Oncolytic Effects of GUR, GURSA1 Strains Against Hepatoma 22a, Pancreatic
Cancer PANCO2 and U251 Glioma Cells

The M protein of S. pyogenes is a major virulence factor, responsible for multiple functions such
as adherence to host cells, immune evasion, and promoting bacterial survival in the host. The gene
encoding the M protein is part of the emm gene family, and disruption or knockout of this gene
significantly impacts the pathogenicity of S. pyogenes. Generating an M protein gene knockout mutant
allowed the creation of a less virulent variant of S. pyogenes GUR, enabling the investigation of the
role of this protein in the oncolytic activity of the S. pyogenes GUR strain. The M protein knockout
mutant was successfully created according to the methodology described above and was named S.
pyogenes GURSA1. The whole-genome sequences of S. pyogenes GUR and S. pyogenes GURSA1 are
available from our previous work [29]. Interestingly, genomic study of the S. pyogenes GUR strain,
belonging to M111 serotype, revealed a stop codon in the other gene of mga regulon — mrp, making
the entire regulon nonfunctional.

As the first step of the study we tested the oncolytic activities of S. pyogenes GUR and S. pyogenes
GURSA1 strains using MTT assay against murine hepatoma 22a, pancreatic cancer PANC02 and
human U251 glioma cells (Figure 1).

100
BN GUR
80— Bl GURSA1
70_ *%*

60—
50
404
30—
20—
10

*kk*k

cell viability, %

*kk*k

U251 22a PANC-02

Figure 1. The oncolytic activity of live S. pyogenes GUR, S. pyogenes GURSA1 against glioma U251,
murine hepatoma 22a and pancreatic cancer PANCO02 cells using MTT assay. **, *** statistically
significant (p<0.01, p<0.0001) differences between the activities of the strains within each tumor cell

type.

The results in Figure 1 show the viability of cancer cells under exposure to live GAS strains, as
measured by changes in metabolic activity according to the MTT assay. The live S. pyogenes GUR
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strain exerts a strong cytotoxic effect against pancreatic cancer PANCO2 cells, resulting in a decrease
in metabolic activity by up to 67.4+1.9%. However, against glioma and hepatoma cells, the GUR strain
exhibited moderate (38.0+1.8%) and weak (16.3 +5.4%) oncolytic activity, respectively. In contrast, the
S. pyogenes GURSAL strain exhibited strong (86.5+1.6%) and moderate (36.5+1.8%) oncolytic activity
against glioma and hepatoma cells, respectively, but was ineffective against pancreatic cancer cells
(5.5+2.1%). However, the oncolytic activity of S. pyogenes GURSA1 was significantly stronger than
that of S. pyogenes GUR against U251 glioma (p=0.000004) and 22a hepatoma (p=0.003625) cells. In
contrast, the oncolytic activity of S. pyogenes GUR was significantly stronger (p=0.000014) than that of
S. pyogenes GURSA1 against PANCO02 pancreatic cancer cells.

As the MTT assay measures cancer cell viability indirectly by assessing changes in metabolic
activity, we also investigated the oncolytic activity of S. pyogenes GUR and S.pyogenes GURSA1 strains
against 22a hepatoma, PANCO02 pancreatic cancer, and U251 glioma cells using the RT xCelligence
system. RT xCelligence system allows for the direct observation of the number of viable cells during
GAS exposure. (Figure 2).

cell index

05

cell index

=aa
T 0.0 T T 1 (LI s, SR S P RS e g | T

0. T T
0 20 40 10 40 50 0 10 24 33 36 3 42 45 48
s time, hrs

time, hrs time,
A —+ control = GUR * GURSAI B - control - GUR

s
—a GURSALI C -8~ control -~ GUR =4 GURSAI

Figure 2. The oncolytic activity of S. pyogenes GUR, S. pyogenes GURSA1 against (A) murine hepatoma
22a, (B) pancreatic cancer PANCO02 and (C) U251 glioma cells using RT xCELLigence system. *, **
statistically significant (p<0.05, p<0.01) differences between the activities of the strains within each

tumor cell type.

The real-time activity results in Figure 2 also show that S. pyogenes GUR exerted moderate to
strong oncolytic effects against glioma (p=0.0495), hepatoma (p<0.01), and pancreatic cancer cells
(p<0.01) over 48 hours. In addition, S. pyogenes GURSA1 exerted moderate to strong oncolytic effects
against hepatoma (p<0.05), pancreatic cancer (p<0.05), and glioma cells (p=0.0080), respectively.

3.2. Studying In vitro the Effects of S. pyogenes GUR, S. pyogenes GURSA1 Strains Against Normal Skin
Fibroblast Cells

In the next step, we investigated the oncolytic activity of S. pyogenes GUR and S. pyogenes
GURSAL1 on healthy skin fibroblast cells using the MTT assay and RT xCELLigence system (Figure
4).
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Figure 4. The oncolytic activity of live S. pyogenes GUR, S. pyogenes GURSA1 against healthy skin
fibroblast cells using (A) the MTT assay and (B) RT xCELLigence system. *statistically significant
(p<0.05) difference between the activity of S. pyogenes GUR and control.

The results of the MTT assay in Figure 4 indicate that the S. pyogenes GUR strain has a weak
cytotoxic effect (6.9+3.8% cytotoxicity, cell viability 93.1+3.7%, p<0.05) on skin fibroblast cells. In

contrast, the S. pyogenes GURSAL1 strain does not exhibit cytotoxic activity (cell viability 104.2+1.3%,
p=0.2542) against healthy fibroblast cells.

3.3. Studying In vivo the Oncolytic Effects of S. pyogenes GUR and GURSA1 Strains Against Hepatoma
22a, and Pancreatic cancer PANCO02 Cells

We also investigated the oncolytic effect of S. pyogenes GUR and GURSAL1 strains on the overall
survival of mice with hepatoma 22a and PANCO02 pancreatic cancer (Figure 5).

100 100
= L
7 50 7 507
G- T T T 1 0 T T T T 1
0 10 20 30 40 0 10 20 30 40 50
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— control — GUR —— GURSAI —— control — GUR -~ GURSAI

Figure 5. The influence of live S. pyogenes GUR and S. pyogenes GURSAL1 strains on C57BL/6 mice
overall survival with (A) murine hepatoma, and (B) pancreatic cancer. 1- control, 2 - S. pyogenes GUR

and 3 - S. pyogenes GURSAL. * statistically significant (p<0.05) increase in mice lifespan compared to
control.

The results in Figure 5 show that the inoculation of the S.pyogenes GURSA1 significantly
increased the lifespan of C57BL/6 mice with hepatoma (median survival 34 days) and pancreatic
cancer (median survival 32 days) compared to the control groups (median survival 24 and 28 days,
respectively). However, the application of S. pyogenes GUR shortened the lifespan of mice with both

hepatoma (median survival 14 days) and pancreatic cancer (median survival 22 days) compared to
the control group.

d0i:10.20944/preprints202412.1179.v1
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An increase in the lifespan of mice with cancers treated with S. pyogenes GUR and S. pyogenes
GURSALI1 strains was accompanied by slower tumor growth of hepatoma 22A and PANCO02
pancreatic cancer compared to the control group (Figure 6).
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Figure 6. The influence of S. pyogenes strains on tumor volume in C57BL/6 mice with (A) murine
hepatoma and (B) pancreatic cancer was statistically significant (**p<0.01, *** p<0.0001) 10 days
following inoculation with S. pyogenes GUR and S. pyogenes GURSAL.

Although treatment of tumors with S. pyogenes GUR led to a slowdown in tumor progression,
which was more pronounced in the pancreatic cancer model, it did not result in an increase in the
animals' lifespan. Moreover, it led to a reduction in the average lifespan of mice in the S. pyogenes
GUR treatment groups in both models. In contrast, treatment with S. pyogenes GURSAL1 significantly
prolonged the animals' lifespan and inhibited tumor progression in both models.

Finally, using the C57BL/6 mice pancreatic cancer model, we studied the ability of S. pyogenes
GURSAL1 to migrate to the tumor site following intraperitoneal administration (Table 1). As a result,
we demonstrated that the S. pyogenes GURSAL1 strain selectively colonized tumors 24 hours after
intraperitoneal administration (10¢ CFU/mouse). Notably, S. pyogenes GURSA1 was completely
absent from both the spleen and liver of the mice, highlighting its selective tumor targeting

Table 1. Contamination of mice tumors, livers, and spleens within one day after intraperitoneal
injection of S. pyogenes GURSAL1 strain.

Sample Tumor, 1gCFU Spleen, 1gCFU Liver, 1gCFU
GURSA1 (n=6) 4,50+1,38 0 0
Control (n=6) 0 0 0

The ability of oncolytic bacteria to selectively accumulate in tumors without colonizing normal
tissues and organs is one of their most important characteristics. This property enables the
development of genetic constructs based on oncolytic bacteria for targeted delivery of anticancer
drugs to solid tumors.

3.4. Studying of Acute Oral Toxicity of S. pyogenes GUR and GURSA1 Strains

Acute oral toxicity was assessed using a two-dose acute oral toxicity test. The doses were
selected based on the potential therapeutic dose — 106 CFU per mouse — and a 100-fold higher dose,
108 CFU per mouse. No fatalities or clinical signs were observed in the mice throughout the study.
There were no significant changes in body weight in the rats administered S. pyogenes strains (Table
2). Furthermore, no abnormal findings were noted during necropsy. These results suggest that S.
pyogenes GUR and S. pyogenes GURSA1 did not adversely affect the health of the mice.
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Table 7. Body weight changes of mice administered the S. pyogenes strains.

Strains Control S. pyogenes GURSALI S. pyogenes GUR

Dose, CFU 0 106 108 10° 108

Body Day 1 20,7+0,6 20,5+0,5 21+0,7 20,5+0,6 20,2+0,5

weigth, g | Day 7 20,5+0,5 20,4+0,4 20,3+0,3 20,0+0,5 19,9+0,6
Day 14 20,8+0,5 20,6+0,5 20,6+0,9 20,0+0,1 20,4+1,4

4. Discussion

Using in vitro tools, we established that live S. pyogenes GUR and GURSA1 strains have a strong
anticancer effect against human glioma U251, pancreatic cancer PANCO02, and mouse hepatoma 22a
cells by MTT assay and the RT xCelligence system. At the same time, it was determined that both
strains exhibited low toxicity on human normal skin fibroblasts (Figure 4). Acute oral toxicity test
also demonstrated low overall strains toxicity: administration of S. pyogenes GUR and S. pyogenes
GURSAL1 even in 100-fold therapeutic dose did not adversely affect the health of the mice. In our
previous publication we also demonstrated that some GAS strains, especially S. pyogenes GURSA1,
stimulated the survival of human perifocal brain tissue cells [37].

It is known that the M protein is the main surface-associated virulence factor of GAS and a key
antigen target of host immunity [42]. The previously created M protein knockout mutant S. pyogenes
GURSA1 was expected to have reduced oncolytic properties, but also lower overall toxicity compared
to the wild-type S. pyogenes GUR strain. Nevertheless, the in vitro experiments showed that both
strains exhibited comparable cytotoxic activity against tumor cells, which varied in degree across
different cell lines.

In contrast to our expectations, in vivo experiments demonstrated that S. pyogenes GURSA1, but
not S. pyogenes GUR, significantly increased the lifespan of C57BL/6 mice with hepatoma (34 days,
p=0.040) and pancreatic cancer (32 days, p=0.039), compared to the control groups (24 and 28 days,
respectively). This effect was accompanied by a slowdown in tumor progression in both hepatoma
and pancreatic cancer models. The application of S. pyogenes GUR also delayed tumor development
in mice, but it shortened the animals' lifespan compared to the control group in both tumor models.

5. Conclusions

Our results allow us to conclude that live S. pyogenes GUR and S. pyogenes GURSA1 strains
exhibited strong oncolytic activity against murine hepatoma 22a, pancreatic cancer PANC02, and
human U251 glioma cells in vitro. In contrast, both S. pyogenes GUR and S. pyogenes GURSA1 strains
showed no toxicity against human normal skin fibroblasts, and no acute toxic effects were observed
in in vivo model studies. The overall survival rate and lifespan of mice treated with S. pyogenes
GURSAL1 strain were significantly higher compared to both the control and S. pyogenes GUR groups.
Using the C57BL/6 mouse model of pancreatic cancer, we demonstrated that the oncolytic S. pyogenes
GURSAL strain selectively colonized tumors 24 hours after intraperitoneal administration, while the
strain was not detected in the spleens or livers of the animals. Further investigations are required to
understand the role of the M-protein in the oncolytic activity of S. pyogenes. Future studies will focus
on examining the unique features of the oncolytic GAS genomes, in contrast to those of bacteria
lacking cytotoxic activity against cancer cells. Additionally, we aim to identify bacterial structures
that contribute most significantly to the oncolytic activity of GAS strains.
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