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Abstract

Background A precise observation is that the cervix’s solid tumors possess hypoxic regions where the oxygen
concentration drops below 1.5%. Hypoxia negatively impacts the host’s immune system and significantly diminishes
the effectiveness of several treatments, including radiotherapy and chemotherapy. Utilizing oncolytic spores of
Clostridium novyi-NT to target the hypoxic regions of solid tumors has emerged as a noteworthy treatment strategy.

Methods The transplantation procedure involved injecting TC-1 cells, capable of expressing HPV-16 E6/7
oncoproteins, into the subcutaneous layer of 6-8-week-old female C57/BL6 mice. The TC-1 cell line, was
subcutaneously transplanted into 6-8-week-old female C57/BL6 mice. The tumor-bearing mice were randomly
divided into 4 groups, and after selecting the control group, they were treated with different methods. Group 1-
control without treatment (0.1 ml sterile PBS intratumor) Group 2- received cisplatin intraperitoneally (10 mg/kg)
Group 3- received 10’ Clostridium novyi-NT spores systemically through the tail vein Group 4-tumor mice received

10’ Clostridium novyi-NT spores intratumorally. 20 days after the start of treatment, the mice were sacrificed and tumor
tissues were isolated. In order to clarify the mechanism of the therapeutic effect with spores, the amount of ROS and
ceramide was measured by ELISA technique, and the expression level of cytochrome ¢, cleaved caspase- 3, Bax, Bcl-2,
HIF-1a, and VEGF proteins was measured by western blotting.

Results Our results clearly showed that the injection of Clostridium novyi-NT spores (either intratumorally or
intravenously) causes the regression of mouse cervical tumors. Spore germination induces internal apoptosis in
cancer cells by inducing ROS production and increasing total cell ceramide, releasing cytochrome c and damaging
mitochondria. Additionally, the results provided clear evidence of a significant decrease in the expression of HIF-1
alpha and VEGF proteins among the tumor groups that received spores, when compared to both the cisplatin-treated
group and the control group.
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Conclusions The study’s outcomes demonstrated that the introduction of Clostridium novyi-NT spores triggered
apoptosis in cervical cancer cells (derived from the TC-1 cell line) via the mitochondrial pathway, subsequently

resulting in tumor regression in a mouse model.
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Background
Cervical cancer is the fourth most common cancer
among women worldwide. In 2020, 604,127 new cases
of this disease were registered [1]. Approximately 90%
of deaths are related to less developed or developing
countries. Subunits 16 and 18 of the papillomaviruses
(HPV) are the most important causes of precancerous
and cancerous lesions of the cervix. HPV, by affecting
proto-oncogenes and tumor suppressor genes, causes
changes in the shape of normal cells and leads them to
become cancerous. It is well known that the E6 and E7
proteins in high-risk types of HPV play prominent roles
in host cell carcinogenesis [2]. Oncoprotein E6 stimu-
lates the degradation of the p53 protein (a critical tran-
scription factor that stimulates the expression of genes
involved in cell cycle arrest and apoptosis), and onco-
protein E7 exerts significant biological changes in cell
growth by inactivating pRb and two proteins, P106 and
P130, playing an essential role in genetic instability and
normal cell growth. Despite the development of detec-
tion and prevention methods through the vaccination of
adolescents against dangerous HPV subunits, this dis-
ease is still considered a vital treatment challenge in most
poor or developing countries [3]. Today, chemotherapy,
surgery, radiotherapy, immunotherapy, or combined
methods based on these methods are considered routine
treatments for this disease. Despite the high rate of local
control, the overall survival of patients with this type of
malignancy is less than 50%, mainly due to the distant
recurrence of this disease [4]. As a result, to improve the
overall survival index, it is necessary to personalize the
treatments as much as possible, and by modifying the
routine treatment methods, the probability of recurrence
and progression of the disease will decrease [5]. One
of the most unfavorable features of solid tumors is the
presence of hypoxic areas where the oxygen concentra-
tion is less than 1.5%. Regardless of the type of treatment
method, these conditions weaken the treatment result.
Therefore, therapeutic strategies to address hypoxic areas
of the tumor are essential, especially in advanced stages
of the disease where radiotherapy is often combined with
cisplatin derivatives as the primary treatment option [6].
The interaction between E6/E7 oncogenes and host
cells under hypoxic conditions has not been fully clari-
fied. However, research has shown that cervical can-
cer cells in the hypoxic areas of the tumor can become
inactive by reducing the expression of E6/E7 oncogenes
of human papillomavirus [7]. After entering a reversible

proliferative stop, they become dormant and cause
immune escape, leading to therapeutic resistance. Fur-
thermore, with reoxygenation, these cells resume E6/
E7 expression and act as a reservoir for proliferation
and recurrence after treatment. Recent findings clearly
state the necessity of developing combined treatment
strategies against hypoxic areas of HPV-positive cervi-
cal tumors. Various proteins and pathways are involved
in how cells respond to hypoxic conditions [8]. The com-
plex interplay that enables tumor cells to escape senes-
cence is orchestrated by the phosphoinositide 3-kinase/
AKT/mammalian target of rapamycin (mTOR) signaling
pathway in hypoxic environments, even in the presence
of decreased E6/E7 oncoprotein expression. Hypoxia-
inducible factor 1-alpha (HIF-1«) serves as a key player
in cancer cell adaptation to hypoxia, influencing angio-
genesis and cancer development. In cervical cancer, the
stabilization of HIF-la under hypoxic conditions trig-
gers the activation of regulated in development and DNA
damage responses 1, leading to mTORCI inhibition.
Consequently, hypoxic HPV-positive cancer cells can
evade senescence despite AKT-mediated suppression of
E6/E7 [9, 10]. In general, the family of hypoxia-inducing
factors (HIFs) plays a significant role in the adaptation
of tumor cells to hypoxic conditions through the modu-
lation or expression of various genes [11]. Therefore, it
can be safely said that overcoming cancer cells located in
the hypoxic areas of the tumor is a critical challenge in
the success of treatment, and this aspect of the therapy
requires new and targeted research [9].

Over a century ago, Dr. William Coley observed the
unexpected regression of an inoperable tumor in a
patient inadvertently infected with Streptococcus pyo-
genes infection. After this report, many researchers began
to investigate the potential of bacteria to attack tumors
[12]. Among these bacteria, researchers used a family
of anaerobic gram-positive bacteria called Clostridium
for antitumor treatments. Preclinical studies on animals
showed that these bacteria can grow in the necrotic/
hypoxic areas of the tumor [13]. Among this family, Clos-
tridium novyi showed the best performance. However,
the problem arose when the researchers observed that
the tested mice died due to excessive toxicity of germi-
nated spores of this bacterium. After the investigation,
researchers finally created a nontoxic Clostridium novyi-
NT strain by removing the alpha toxin gene of this bac-
terium through thermal processes, and the research was
focused on this strain [14].
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This bacterium has shown promising results in animal
studies, including companion dogs with naturally occur-
ring tumors [15]. Intravenous administration of Clostrid-
ium novyi-NT has demonstrated better tolerability and
higher objective response rates than intravenous admin-
istration [16]. When Clostridium novyi-NT spores are
administered intratumorally, they selectively colonize and
replicate within the hypoxic regions of tumors. This colo-
nization leads to the lysis of tumor cells and the release
of tumor antigens, triggering an immune response. The
immune response includes the activation of tumor-spe-
cific T cells, enhancing the body’s ability to recognize
and destroy cancer cells. The localized nature of Clos-
tridium novyi-NT treatment helps minimize systemic
toxicity and potential side effects [17]. Clinical trials have
been conducted to evaluate the safety and efficacy of
Clostridium novyi-NT in the treatment of solid tumors.
One such study involved 24 patients with treatment-
refractory solid tumors. A single intratumoral injection
of Clostridium novyi-NT led to bacterial spore germina-
tion and tumor lysis in 10 patients. The maximum toler-
ated dose was 1x10° spores, with grade four sepsis and
gas gangrene being the dose-limiting toxicities. Other
treatment-related toxicities included pathologic fracture,
limb abscess, soft tissue infection, respiratory insuffi-
ciency, and rash. Overall, 41% of patients experienced a
decrease in tumor size, and 86% had stable disease as the
best overall response. The use of Clostridium novyi-NT
in the treatment of solid tumors shows excellent promise.
However, there are still challenges to be addressed. One
of the main challenges is optimizing the dosing and deliv-
ery of Clostridium novyi-NT to maximize its therapeutic
potential while minimizing toxicity. The identification
and management of potential side effects such as sep-
sis and gas gangrene are crucial for the safe administra-
tion of this treatment [18]. Furthermore, more research
is needed to comprehensively comprehend the processes
by which Clostridium novyi-NT triggers tumor destruc-
tion and elicits an immune response. The mechanisms
involved in this positive antitumor function are not
completely clear. It seems that the antitumor process of
this type of bacteria is due to the induction of a robust
immune response in the host and the secretion of several
extracellular proteins with the power of cell lysis [19, 20].

In this study, for the first time, an attempt was made to
clarify the cellular and molecular mechanisms involved
in the regression of solid tumors caused by the TC-1 cell
line in the treatment using Clostridium novyi-NT spores.
Additionally, the effectiveness of Clostridium novyi-NT
spores in the conditions of intratumoral (IT) or intra-
venous (IV) injection was compared with each other
and the chemotherapy drug cisplatin, which is the most
common drug used in treating cervical cancer. We hope
that the results obtained from this research can help
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researchers understand the strengths and weaknesses of
treating solid tumors using Clostridium novyi-NT spores.

Methods

Preparation of cell culture and oncolytic bacteria
(clostridium novyi-NT) spores

In this study, to create an animal model reflecting cervi-
cal cancer induced by human papillomavirus (HPV), the
TC-1 cell line (TC-1 is the tumor cell line obtained from
primary lung epithelial cells of C57BL/6 mice. Using
the amphotropic retroviral vector LXSNI16E6E7, the
cells were immortalized and later transfected with plas-
mid pVE]B, which contains the active human c-Ha-ras
oncogene) was acquired from the National Cell Bank of
Iran affiliated with the Pasteur Institute in Tehran, Iran.
RPMI1640 (Sigma, USA) medium supplemented with
10% fetal bovine serum (FBS) (Gibco, USA), 1% penicil-
lin-streptomycin (Sigma, USA), 25 mM HEPES (Sigma,
USA), and 1% glutamine (Sigma, USA) was used to sus-
pend the TC-1 cell line. Subsequently, the cells were
incubated at 37 °C in an atmosphere with a CO2 concen-
tration of 5%. In a prior investigation, Dr. Asghar Abdoli
and his research team successfully developed modified
spores of Clostridium novyi type B 46, which were inten-
tionally designed to be devoid of the lethal alpha toxin
gene. For the present study, we were graciously sup-
plied with these spores by Dr. Abdoli and his team [21].
Once processed accordingly, lyophilized tablets enclosing
10 million spores of Clostridium novi-NT were prepared
and subsequently preserved at -20 °C to be employed in
forthcoming research studies.

Animal study design and development of a mouse model
that simulates HPV-associated cervical cancer

It should be emphasized at the beginning that this study
was reviewed and approved in terms of research ethics
and working with laboratory animals by the Research
and Technology Vice-Chancellor of Tabriz University
of Medical Sciences (IR TBZMED.VCR.REC.1398.434).
During this study, all the animal works performed were
regularly observed and reviewed under the supervision
of this committee. In this study, 24 C57/BL6 female mice,
6—8 weeks old, weighing 18-22 g, were obtained from
Pasteur Institute (Karaj, Iran) and fed according to labo-
ratory standards for seven days. Then, the animals were
randomly divided into four groups with six mice in each
group (groups of 4 and n=6). Four other groups were
selected to challenge the tumors. To induce HPV-related
cervical cancer, one million TC-1 cells were suspended in
0.2 mL of PBS (Sigma, USA) and injected subcutaneously
into the right flank of each mouse. During this period, the
mice were monitored daily, and when palpable tumors
appeared, the size of the tumors was measured using cali-
pers (once a day). The volume of tumors was determined
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using the standard formula (longest tumor diameter) x
(shortest diameter) 2x0.5.

The therapeutic approach for mice carrying tumors with
the TC-1 cell line involves the utilization of clostridium
novyi-NT spores

The purpose of this study was to investigate the thera-
peutic efficacy of Clostridium novyi-NT spores against
tumors caused by the TC-1 cell line and to understand
the cellular and molecular mechanisms involved in this
process to compare the way the model animal receives
spores systematically or intratumorally. Finally, the effi-
ciency of this treatment was compared with routine
chemotherapy treatment based on cisplatin derivatives.
After the average volume of tumors in the animal mod-
els reached 300 to 500 mm?, the mice were randomly
divided into four groups, and the treatments were carried
out as follows. First, the negative control group that did
not receive any treatment and only 0.1 ml of sterile PBS
was given intratumorally, and 0.1 ml of sterile PBS was
received systemically through the tail vein. The second
group - as a positive control group, received 10 mg/kg
cisplatin (CAS 15663-27-1), which was purchased from
Sigma Aldrich (Sigma, USA) and dissolved in 0.1 ml of
sterile PBS intraperitoneally. The third group - each ani-
mal in this group received 10 million spores suspended
in 0.1 sterile PBS systemically through the tail vein. In
the fourth group, the prescribed treatment protocol for
every animal member involved administering 10 million
spores of Clostridium novyi-N'T. This was done by inject-
ing 0.1 ml of sterile PBS directly into the tumor’s cen-
ter through intratumoral injection, ensuring a slow and
controlled delivery. The conclusion of our treatment was
based on a previous study that determined the 20th day
to be the optimal end date [22]. All animals were given
30 pl of anesthetic solution, which consisted of a com-
bination of 10% ketamine (100 mg/ml; Medistar, Asche-
berg, Germany) and 2% xylazine (20 mg/ml; Riemser,
Greifswald, Germany) in a single insulin syringe with a
ratio of 2 parts ketamine to 1-part xylazine. When the
animals were wholly anesthetized, the blood sample was
taken from the heart muscle and kept at a concentration
of 10% with the help of EDTA (ethylenediaminetetraace-
tic acid), which acted as an anticoagulant. After that in
the etiquette of moving the neck vertebrae, the animals
were sacrificed accordingly. Tumor tissue was then care-
fully isolated and kept at -70 °C for gene analysis and
protein expression and in 10% formalin solution for his-
topathological examination.

The process of extracting RNA and synthesizing cDNA

Each mouse’s cervical cancer tissue was isolated, and
100 mg was used to extract total RNA with the help of
an RNA extraction kit (Thermo Fisher Scientific, USA)
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following the manufacturer’s instructions. The purifica-
tion of total RNA was evaluated by a NanoDrop ND-1000
(NanoDrop, USA) spectrophotometer. To assess RNA
integrity, the extracted product was evaluated on a 2%
agarose gel. cDNA synthesis was carried out using 500 pg
of extracted RNA and a reverse transcription kit (Biotech
Rabbit, Germany) following the guidelines provided by
the manufacturer.

Using real-time polymerase chain reaction (RT-PCR)
analysis for detecting vegetative forms of clostridium
novyi-NT

By conducting RT-PCR, the expression level of the phos-
pholipase C (NT01CX0979) gene was established. For
SYBR-Green 2x Master Mix (Amplicon, Denmark), 2
ul of syntony cDNA was subjected to a PCR cycle. PCR
conditions included predenaturation at 95°C for 15 min-
utes, denaturation at 95°C for 30 seconds, and denatur-
ation at 60°C for 45 seconds for 40 cycles. As a reaction
internal reference, glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH) was utilized in the experiment. All
the samples were analyzed 3 times. The specific primers
were as follows: PLC, forward 5- GGAGCATCAAGTA
AAGCGTA-3’ and reverse 5- CATTCGGATCATAATC
AGGA-3; GAPDH, forward 5-GCCAAAGGGTCAT-
CATCTC3 and reverse 5-GTAGAGGCAGGGATGAT
GTT-3. Oligo 7 software was used to design all primers,
and Metabion Company (Germany) synthesized them.
By employing the control sample, the target mRNA value
was determined, which was then calculated using the
(AACt) method.

The quantitative determination of total ceramide

The Mouse Ceramide ELISA Kit (MyBioSource-USA)
with catalog number MBS7255958 was used to mea-
sure the amount of total ceramide in tumor tissues.
The CER ELISA kit uses a competitive enzyme immu-
noassay method using a polyclonal anti-CER antibody
and CER-HRP conjugate. To carry out this process, the
instructions related to using the kit provided by the
manufacturing company were followed. For this proce-
dure, to completely remove excess, tissues were rinsed in
ice-cold PBS (0.02 mol/L, pH 7.0-7.2) and weighed 300—
500 mg before homogenization. Tissues were chopped
into small pieces and homogenized in 500 L of PBS with
a glass homogenizer on ice. The resulting suspension was
exposed to ultrasound waves to break the cell membrane
further. After that, the homogenates were centrifuged for
15 min at 1500 X g (or 5000 rpm). The supernatant was
removed, and the samples were stored at -20 °C. Next, to
measure the amount of total ceramide, the manufactur-
er’s instructions were followed.
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Analysis of reactive oxygen species (ROS)

The sandwich ELISA method was employed using the
ROS1/ROS ELISA kit (LifeSpan BioSciences, USA) to
assess the concentrations of active species. After wash-
ing the tumor tissues in PBS to remove any surplus, their
weight was determined before homogenization. Using
a glass homogenizer on ice, the minced tissues were
homogenized in 10 ml of PBS. Following the kit instruc-
tions, all reagents, working standards, and samples were
prepared and left at room temperature for 20 min. Then,
100 ul of sample and standard were added to each well
and incubated for 2 h at 37 °C. The plate was emptied,
and 100 pL of detection reagent A was added and incu-
bated for 1 h at 37 °C. The plate was opened and washed
three times with 400 pl of washing solution in the plate
kit. Then, 100 pL of Detection Reagent B was added and
incubated for 30 min at 37 °C. The plate was drained and
washed three times with 400 ul of washing solution in
the plate kit. Ninety milliliters of substrate solution were
added to each well and incubated for 20 min in the dark
at 37 °C. Finally, 50 pl of Stop solution was added to each
well. Using an ELISA device, the amount of light absorp-
tion was read at 450 nm, and based on the amount of
light absorption, a standard curve was drawn. Based on
the slope and width of the first line, the ROS concentra-
tion in each well was measured.

Western blot analysis

After weighing the tumor tissue, a 5 mg piece of tissue
was taken, and 300 pL of ice-cold lysis buffer was quickly
added to the tube. The tissue was homogenized with an
electric homogenizer. The blade was washed twice with
2x300 pl of lysis buffer. After that, it was kept at 4 °C
for 2 h with constant stirring. Lysates were removed by
centrifugation at 14,000 rpm for 20 min at 4 °C. Accord-
ing to the manufacturer’s instructions, the BCA Protein
Quantification Kit was used to determine the protein
concentration of the exosome lysate. The exosome lysates
were mixed with an equal volume of 2X Laemmli sam-
ple buffer. Lysates (15 pg) were subjected to SDS-PAGE
after boiling for 5 min and subsequently transferred to a
0.2 pm immune-Blot™ polyvinylidene difluoride (PVDF)
membrane (Bio-Rad Laboratories, CA, USA). The mem-
branes were then blocked with 5% BSA (Cat No: A-7888;
Sigma Aldrich, MO, USA) in 0.1% Tween 20 for 1 h. Then,
the membranes were incubated with anti-HIF-1 alpha
antibodies (Abcam), anti-VEGF (Abcam), anti-cleaved
caspase-3 antibody (Abcam), anti-Bax antibody (Abcam),
anti-Bcl-2 antibody (Abcam), and anti-cytochrome C
antibody (Abcam) as previously described. The prepara-
tion of cytosolic and mitochondrial extracts for Cyt-C
analysis was performed using the Abcam Mitochondria
Isolation Kit for Tissue (ab110168) and anti-beta actin
loading control antibodies (Abcam) for one hour at room
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temperature. The membranes were then washed three
times with TBST and incubated with goat anti-rabbit
IgG H&L (HRP) secondary antibodies (Abcam). The
membranes were then incubated with enhanced chemi-
luminescence (ECL) for 1-2 min. Protein expression was
normalized to that of B-actin. Densitometry of protein
bands was performed using Gel Analyzer version 2010a
software (NIH, USA) in such a way that the portion of
the area under the curve of each band was divided by
the percentage of the area under the curve of the corre-
sponding actin band, and then the values were calculated.
Comparisons between groups were performed as previ-
ously described.

Histopathological studies and analysis

To preserve the tumor tissue, it was first fixed in a solu-
tion of 10% formalin and then dehydrated using ethanol
of varying concentrations (70%, 90%, 96%, and 100%).
Subsequently, the tissues were embedded in paraffin, and
then 5 um sections were extracted from the tissue using
a microtome. In adherence to routine laboratory proto-
cols, hematoxylin and eosin dyes were used to stain the
slides. Finally, for the histology of tumors, including the
calculation of the relative necrosis area and mitotic count
and (MC) number of mitoses per unit area, the slides
stained with normal hematoxylin and eosin (H&E) were
examined under a light microscope. The formula for cal-
culating the relative level of necrosis (%) of tumor tis-
sues: relative area of necrosis (%)=area of necrosis in the
tumor section/total area of the tumor.

Statistical analysis

In presenting all the data for this experiment, the
meanxSD was utilized. GraphPad Prism 9 software was
used for statistical analysis, including one-way analysis of
variance (ANOVA) and t test, and 0.05 was considered
statistically significant.

Results

Infiltration of clostridium novyi-NT into HPV-positive
cervical cancer tumors and extensive necrosis in tumor
tissue due to germination

According to Fig. 1-A, after the intratumoral administra-
tion of 10’ Clostridium novyi-NT spores in less than 48 h,
hemorrhagic necrosis is visible in the tumor tissue. On
the other hand, to be sure of the germination of spores in
the tumor tissue, using the RT-PCR method, the native
gene of phospholipase C (NT01CX0979), which is spe-
cific to Clostridium novyi-NT bacteria, was measured in
the tumor tissue isolated from the mice of all four groups
(Fig. 1-B). The results showed that the amount of this
gene in the tumor tissues of the groups of mice receiving
107 spores intratumorally was significantly higher than
that in the tumor tissues of the group receiving 107 spores
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Fig. 1 Clostridium novyi-NT spores, after systemic or intratumoral injection, penetrate and germinate in mouse tumor tissue created by the TC-1 cell line
(HPV-positive cervical cancer model). They continue to destroy cancer cells and cause extensive necrosis in the tumor tissue. A: Less than 48 h after the
intratumoral injection of 10’Clostridium novyi-NT spores, hemorrhagic necrosis was noticeably observed in the tumor tissue. B: To ensure the rejuvena-
tion of Clostridium novyi-NT spores in different areas of tumor tissue after injection, RT-PCR was used to measure the native gene of phospholipase C
(NTO1CX0979) related to Clostridium novyi-NT bacteria. It was well established that the amount of this gene in tumor mice that received spores intratu-
morally is much higher than that in tumor mice that received spores systemically. Additionally, as expected, the amount of this gene was zero in tumor
mice of the control and cisplatin receiving groups. C & D: The results of H&E staining and that the comparison of mitotic count of the tested groups
shows that the amount of this factor is statistically significantly lower in the group receiving Clostridium novyi-NT spore’s intratumourally compared to
the control group and the group receiving cisplatin. (* P<0.05, **P < 0.005, *** P=0.0001, *** P<0.0001)

systemically (**** P<0.0001). As expected, the level of this
gene was zero in the control and cisplatin-treated mouse
groups (Fig. 1-B). The number of mitoses per unit area is
a critical parameter often used to classify and grade some
tumors. Additionally, this index can predict a good prog-
nosis for both overall survival and response to treatment
in most types of cancer. The results of the measurement
of this parameter showed that the amount of this factor
in the groups of mice receiving spores (either intratumor-
ally or systemically) was significantly lower than that in
the control group (**** P<0.0001) (Fig. 1-D).

Clostridium novyi-NT spores cause regression and decrease
the volume of HPV-positive cervical cancer tumors (derived
from the TC-1 cell line) in a mouse model

As the next goal, after ensuring the germination of spores
in the groups of mice receiving spores, the volume of
tumors was measured every two days using a digital
caliper. The results showed that the volume of tumors
in the group of mice receiving 107 spores (either intra-
tumorally or systemically) started to decrease from the
fourth day after the beginning of the treatment process.
Finally, after separating the mouse tumors from the four
mouse groups, it was found that the average volume of
the tumors of the group receiving 107 spores intratumor-
ally was significantly higher than the average volume of
the tumors of the control group and the group receiving
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cisplatin, which had decreased (**** P<0.0001). Addi-
tionally, the average tumor volume of the group receiv-
ing 107 spores systemically was significantly lower than
that of the control group (*** P=0.0001) and the group
of rats receiving cisplatin (* P<0.05). Finally, the volume
of tumors in the group of mice receiving spores intratu-
morally was significantly lower than that in the group of
tumor mice treated with spores systemically (* P<0.05)
(Fig. 2-A&B).

Treatment of mice with HPV-positive cervical cancer
tumors (derived from the TC-1 cell line) using clostridium
novyi-NT spores increases the level of total ceramide in the
tumor tissue

Ceramide functions as a second messenger, playing
an essential role in activating the apoptotic cascade.
Ceramide is utilized to signal apoptosis in response to
various cytokine receptors and environmental stresses.
Therefore, according to the heart plan from our previ-
ous studies, we used the ELISA kit, which is based on
the competitive enzyme immunoassay method using
anti-CER antibody and CER-HRP conjugate, to measure
the ceramide of the tumors isolated from the mice of the
four groups after the end of the treatment period. Our
results showed that the amount of total ceramide in the
group of tumor mice receiving 10’ spores of Clostridium
novyi-NT intratumorally was significantly higher than
the amount of total ceramide in the tumor mice of the
control group (**** P<0.0001), tumor mice of the cispla-
tin receiving group (**P<0.005), and tumor mice of the
group receiving 10’ Clostridium novyi-N'T spores system-
ically (* P<0.05). The amount of this factor in the group
receiving spores systemically was significantly higher
than that in the control group (**P<0.005) (Fig. 2-C).

Increasing the amount of reactive oxygen species (ROS)

in mice with HPV-positive cervical cancer tumors (derived
from TC-1 cell line) treated with Clostridium novyi-NT
spores

Increased production of ROS, which is achieved by
immune or therapeutic mechanisms, plays an important
and fundamental role in killing tumor cells by inducing
different types of cell death, including programmed cell
death. As a result, in this research, we used the ROS1/
ROS ELISA Kit (LifeSpan BioSciences, USA) to mea-
sure and compare the effect of Clostridium novyi-NT
spores on the changes related to reactive oxygen species
(ROS) among the four groups. The results showed that
the amount of ROS in the group receiving 10’ spores of
Clostridium novyi-NT through tumor injection was sig-
nificantly higher than that in the control and cisplatin-
receiving tumor groups (**** P<0.0001). Additionally, the
amount of this factor in the spore-receiving group was
also higher than that in the control group (**P<0.005)
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and the
(Fig. 2-D).

cisplatin-receiving group (****P<0.0001)

The ability of Clostridium novyi-NT spores to induce
apoptosis via the mitochondrial pathway in mice with
HPV-positive cervical cancer tumors (derived from the TC-1
cell line)

The process of apoptosis, or programmed cell death, is
a protected method under the control of genes used to
eliminate unwanted or unnecessary cells in living organ-
isms. It interferes in many mechanisms of the immune
system or diseases. The leading difference between
this path and cell necrosis, which is the main path to
remove unwanted cells, is that apoptosis does not cause
inflammation, and its effect is limited to the target cells.
Apoptosis plays a vital role in important biological pro-
cesses such as natural development, tissue homeostasis,
removal of damaged or virus-infected cells, and removal
of activated immune cells against self-antigens [23]. This
process is fundamental in regulating the rate of growth,
proliferation of cells, development and health of the
body. The occurrence of many autoimmune diseases,
cancers, and viral infections is the result of poor perfor-
mance or inhibition of the programmed cell death phe-
nomenon. During apoptosis, cytochrome c is released
from mitochondria through the activity of Bax and Bak
proteins. The mechanism of this diffusion is unclear, but
it appears to arise from the large number of Bax/Bak
homo and heterodimers inserted into the outer mem-
brane [24]. With this attitude, to clarify the possible
cellular mechanism that causes tumor regression as a
result of treatment with Clostridium novyi-NT spores,
we measured the expression of cytochrome c protein
present in the mitochondria. We released them into the
cytosolic region of the cells related to the tumor tissue
of the treated mice. To achieve this goal, we first isolated
mitochondria from tumor tissue cells using the Abcam
Mitochondria Isolation Kit for Tissue (ab110168). Then,
we measured the amount of cytochrome c in both mito-
chondria and the cytosol using western blotting. We
measured different treatments and compared them with
each other. The results showed that the expression level
of cytochrome c protein in the cytosolic area of the cells,
related to the tumor tissue, was significantly higher in the
groups treated with 107 spores of Clostridium novyi-NT
(both intratumorally and systemically) than in the control
group (***P<0.0001) and the group receiving cisplatin
(***P=0.0001). It is interesting to note that there was no
significant difference in the expression of cytochrome ¢
between the two groups receiving spores intratumorally
and the group receiving spores systemically (Fig. 3-A).
In the following study, the theory of induction of pro-
grammed tumor cell death through the internal path-
way by Clostridium novyi-NT spores was investigated.
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Fig. 2 Tumor regression and a significant reduction in tumor volume were observed in HPV-positive cervical cancer mice treated with 10’Clostridium
novyi-NT spores (intratumoral and systemic spore reception) compared to mice in the control and recipient groups. Intraperitoneal cisplatin (10 mg/kg)
was administered at the end of the 20-day treatment period. A and B: The comparison of the tumor volume of different treatment groups clearly shows
that the final tumor volume of the mice that received 107 spores of Clostridium novyi-NT intratumorally (10 mg/kg), compared to the other three groups
including the control group, the group receiving cisplatin intraperitoneally, and the group receiving 10”Clostridium novyi-NT spores, has a statistically
significantly decreased. C: For a clearer understanding of the mechanism involved in tumor regression caused by the treatment of HPV-positive cervical
cancer mice, the amount of total ceramide was measured for each group using ELISA. The results showed that the level of total ceramide in the tumor
tissue of the mice in the groups receiving 107 spores of Clostridium novyi-NT (both intratumoral and systemic) at the end of the 20-day treatment period
was significantly higher than that in the control group and the group receiving cisplatin (10 mg/kg) in the peritoneal cavity. D: Comparison of intracellular
levels of ROS in different treatment groups: The results showed that the number of reactive oxygen species (ROS) in tumor tissue cells of mice belong-
ing to the group receiving 107 spores of Clostridium novyi-NT was statistically significantly higher than that in the control group and the group receiving
cisplatin (10 mg/kg). (* P<0.05, **P<0.005, *** P=0.0001, **** P<0.0001)
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Fig. 3 Investigating the cellular mechanism involved in the regression of HPV-positive cervical cancer tumors originating from the TC-1 cell line after
the 20-day treatment period using Clostridium novyi-NT spores by measuring the proteins involved in the apoptosis pathway and hypoxic conditions
using the western blot method. A: One of the best methods to detect the induction of mitochondrial apoptosis by an antitumor agent is to measure the
changes in cytochrome c protein expression of tumor cells inside mitochondria and cytosol. After separating the mitochondria of tumor cells from the
four different groups, the western blot results showed that the amount of cytochrome ¢ protein in the cytosolic space of tumor cells receiving 107 spores
of Clostridium novyi-NT was significantly higher than that in the control and cisplatin (10 mg/kg)-receiving groups. This result can indicate damage to
mitochondria in treatment groups receiving spores (both intratumoral and systemic). B: Next, to investigate the possible mechanism involved in the in-
duction of tumor regression, the expression levels of proteins involved in internal apoptosis were measured and compared. The results of the western blot
technique clearly indicated that despite slight changes in the expression of the pro-apoptotic caspase 3 protein in the four studied groups, the amount
of active caspase 3 or cleaved caspase in the mouse tumor groups receiving 107 spores (either as intratumor and systemic) was significantly increased
compared to that in the control group, which can indicate the induction of internal apoptosis as a result of this type of treatment. On the other hand, the
western blot results showed that the expression level of the pro-apoptotic protein Bax in the tumor mouse groups receiving 107 spores was significantly
higher than the expression level of this protein in the control group. It was also found that the expression level of the Bcl-2 antiapoptotic protein in the
spore-receiving groups was statistically significantly reduced compared to that in the control and cisplatin-receiving groups. C: One of the significant
obstacles in the treatment of solid tumors using routine methods is the presence of hypoxic areas inside the tumors. This negative characteristic can
be measured by measuring the amount of HIF-1a and VEGF proteins. The western blot results showed that fortunately, the expression of both of these
proteins in the group of mice receiving 107 spores intratumorally decreased significantly compared to the groups receiving cisplatin and the control. All
experiments were performed in triplicate. (* P<0.05, **P <0.005, *** P=0.0001, **** P<0.0001). (The original full-length, uncut gel and blot are included

in the supplemental files.)

The expression levels of important proteins involved
in this pathway, including Bax, Bcl-2, and cleaved cas-
pase-3, were measured using Western blotting. The Bax
molecule plays a significant role in the induction of pro-
grammed cell death. This protein resides in the cyto-
plasm and, in response to various stimuli, migrates to
the mitochondria. It can cause the release of cytochrome
C, thereby causing dimerization of APAF-1 and activa-
tion of the apoptosis cascade. Our results clearly showed
that the expression level of this proapoptotic protein
in the cancer cells of the tumor mouse group receiv-
ing 107 Clostridium novyi-NT spores intratumorally was
significantly higher than that in the tumor mice of the
control group (*** P=0.0001) and the group receiving
cisplatin (**** P<0.0001). The expression level of this fac-
tor in the group of tumor mice receiving spores systemi-
cally was also higher than that in the two groups of tumor
mice receiving cisplatin (**** P<0.0001) and the control
(** P<0.005). The Bcl-2 protein, as a proto-oncogene in
germ cells, is involved in regulating the cell apoptosis
process. In this way, the mentioned protein plays a role
in inhibiting cell apoptosis. If the expression level of the
Bcl-2 protein-encoding gene decreases, the process of
programmed cell apoptosis starts due to the activation
of other oncogenes, such as p53. Considering the role
of caspases in different cells, studies have shown that
Bcl-2 can inhibit the process of apoptosis by inhibiting
the synthesis and production of caspases. More specifi-
cally, Bcl-2 proteins present in the walls of mitochon-
dria prevent the release of cytochrome C or by binding
to Apaf-1, preventing the formation of apopapoptosomes
and triggering the caspase cascade. With this descrip-
tion, to understand the oncolytic functional nature of
Clostridium novyi-NT spores, we measured the expres-
sion level of the antiapoptotic Bcl-2 protein in groups of
tumor mice at the end of the treatment period using the
western blot technique. Fortunately, the results showed

that the amount of this anti-programmed cell protein in
tumor mouse groups receiving 107 Clostridium novyi-
NT spores (both systemically and intratumorally) was
significantly reduced compared to the control group)
# P<0.0001). Caspases are critical mediators of pro-
grammed cell apoptosis. Among them, caspase-3 is a
frequently activated protease that catalyzes the specific
cleavage of many key cellular proteins. Caspase-3 specifi-
cally cleaves downstream apoptotic targets and caspase-6
and —7, which in turn cleave their respective targets to
induce cell death. In addition to being able to activate
caspase-6 and —7, caspase-3 also regulates the activity of
caspase-9 and acts through a feedback loop. Caspase-3
is activated in apoptotic cells through extrinsic (ligand)
and intrinsic (mitochondrial) pathways. Caspase-3 is
cleaved at an aspartate residue to generate p12 and p17
subunits, forming the active enzyme caspase-3. Active
caspase-3 cleaves several cellular proteins and is respon-
sible for morphological changes and DNA fragmentation
in cells during apoptosis. In this study, we measured the
expression level of caspase 3 protein in both pro-caspase
3 and cleaved caspase states to understand whether our
treatment activated the cell pathway through the caspase
cascade. The results of western blot analysis showed that
the amount of active or cleaved caspase 3 in the groups of
mice receiving 107 spores of Clostridium novyi-NT was
significantly higher than that of tumor mice in the con-
trol group (**** P<0.0001) (Fig. 3-B).

Decreased expression levels of HIF-1a and VEGF proteins
were observed in mice with HPV-positive cervical cancer
tumors (derived from the TC-1 cell line) that were treated
with Clostridium novyi-NT spores

Hypoxia-inducible factors (HIFs) have been identi-
fied in the hypoxic tumor microenvironment as essen-
tial transcription factors that regulate the expression
of many genes related to angiogenesis, metastasis, cell
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proliferation, and resistance to chemotherapy and radio-
therapy [25]. HIF-1a promotes cancer cell proliferation,
and VEGF induces vascular endothelial cell division to
promote tumor growth. High expression of HIF-1a and
VEGF in cervical cancer tissues is associated with clini-
cal stage, pathological grade, and lymph node metastasis
[26]. To investigate the anti-hypoxic effect of adminis-
tering Clostridium novyi-NT spores in the treatment of
tumor mice, the expression levels of HIF-1a and VEGF
proteins were analyzed by western blotting. Beta-actin
was used as a loading control. The analysis of the results
showed that there was a statistically significant difference
in the levels of HIF-1a and VEGF protein expression in
the quadruple mouse tumor groups. The expression lev-
els of HIF-1a and VEGF proteins in the group of tumor
mice receiving 10’ Clostridium novyi-NT spores intratu-
morally were significantly lower than those in the control
group and the group of tumor mice receiving cisplatin (*
*#P<0.0001). Additionally, the amount of these two fac-
tors in the spore-receiving group decreased systemically
compared to that in the control and cisplatin-receiving
tumor mouse groups (*** P=0.0001) (Fig. 3-C).

Discussion

Cervical cancer is one of the main causes of women of
reproductive age in developing countries and the fourth
most common malignant disease of women in the world
[27]. 95% of cervical cancers are related to the HPV
virus. With 85% of new cases and deaths directly linked
to it, cervical cancer is a major concern in low- and mid-
dle-income countries [3]. Although various secondary
prevention efforts have been successful in reducing inci-
dence and mortality rates in developed nations, cervical
cancer continues to be a primary cause of death related
to cancer in women [28]. Improving the treatment and
control process of cervical cancer requires more person-
alization of treatment, identification of factors that trig-
ger relapse and progression, and finally improvement and
correction of routine treatment methods [29]. As in other
solid tumors, in cervical cancer, hypoxia is a well-known
feature and an established therapeutic target. Low tumor
oxygenation increases the risk of local invasion, metas-
tasis, and treatment failure. During the development of
cancer, hypoxia plays an essential role as a pathophysi-
ological feature [4, 30]. Hypoxia-responsive molecules,
known as HIFs, play a crucial role in the response to
hypoxia. When facing hypoxic conditions, the combi-
nation of HIF-1a and the HIF-1f subunit occurs, lead-
ing to dimer formation, activation of gene expression in
targeted areas, involvement in cell proliferation, angio-
genesis, metabolic processes, immune response against
cancer, and resistance to treatment. Vascular endothe-
lial growth factor (VEGF) is a critical player in hypoxia-
induced neo angiogenesis, and its promotion is facilitated
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by HIF-1a [31, 32]. The importance of treatment fail-
ure caused by hypoxic microenvironments in all types
of solid tumors has led researchers to develop targeted
treatment strategies against these areas [33, 34]. Mean-
while, the existence of physiological differences between
the cells of the hypoxic and normoxic regions of the
tumor is the main feature in the new treatment designs
against solid tumors. This important feature has caused
the revival of antitumor research based on the ability
of obligate anaerobic bacteria to colonize and continue
destroying the hypoxic areas of tumor tissue since the
beginning of the 21st century [35, 36].

The anaerobic bacterium Clostridium novyi-NT pos-
sesses a unique ability to target and thrive in regions of
absolute hypoxia and necrosis within solid tumors [13,
19]. The spores of this particular bacterium exhibit selec-
tive migration and germination in areas of hypoxic
necrosis within tumors, resulting in the regression of the
tumor [37]. The toxicological properties of Clostridium
novyi-NT are favorable, exhibiting strong oncolytic
effects, minimal tumor resistance, and robust targeting
abilities. One of the most attractive applications of this
bacterium is its potential use as a gene carrier for tar-
geted gene therapy [38]. Clostridium novyi-NT, devoid of
the primary toxin (toxin-A) responsible for toxicity, has
become a nontoxic strain after its removal. Many studies
have shown that combination therapy, such as the combi-
nation of Clostridium novyi-NT with traditional chemo-
therapy [14, 39] or radiation therapy [40, 41], has been
effective in improving the results of treatment of various
types of cancer. For example, it has been reported that
Clostridium novyi-NT in combination with specific
microtubule-interacting drugs showed dramatic effects
on experimental tumors and caused hemorrhagic necro-
sis and tumor regression. Therapeutic responses vary
depending on the mechanism of action of the microtu-
bule-interacting agent. Thus, microtubule-stabilizing
drugs lead to slow tumor regression, while microtubule
destabilizers reduce blood flow to tumors and cause rapid
hemorrhagic necrosis [39]. The injection of Clostridium
novyi-NT inside the tumor led to spore germination and
subsequent destruction of injected tumor masses in 10
out of the 24 patients involved in the trial, representing a
success rate of 42% [16]. Even with extensive research
conducted, there remains an incomplete understanding
of the therapeutic mechanisms employed by this bacte-
rium, although it is evident that the bacterium effectively
triggers a robust immune response in the host [17]. Alter-
natively, after germinating in host tumor tissue, the
spores of this bacterium destroy the lipid structure of the
cell membrane and cause tumor regression by secreting
several extracellular proteins, including phospholipase C
(PLC) (NT01CX0979) [42]. A research project involving
dogs with normal neoplasia discovered that the
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administration of Clostridium novyi-NT spores via intra-
tumoral injection led to increased phagocytosis and the
development of NK cell-like functionality. Administra-
tion of Clostridium novyi-NT spores through intrave-
nous injection induces heightened TNF-a production
triggered by LPS, elevated IL-10 production caused by
LTA, and the development of NK cell-like functionality
posttreatment. There is insufficient research to elucidate
the cellular and molecular mechanisms implicated in the
destruction of tumor cells using this bacterium’s spores
[15]. With the aim of improving combined treatment
methods based on this spore, our group focused for the
first time on the mechanisms of cell lysis caused by the
activity of this bacterium within the tumor tissue. As
mentioned, the stimulation of host immunity against the
tumor during the injection of Clostridium novyi-NT
spores has been discussed. Based on our previous study,
we predicted that the enzyme phospholipase C (PLC)
(NT01CX0979) secreted during the germination of Clos-
tridium novyi-NT spores at the tumor site could play a
key role in inducing cancer cells. Independent studies on
the antitumor effect of this enzyme related to the Clos-
tridium novyi-N'T strain have not been reported thus far.
Fortunately, it has been found that this protein has con-
siderable structural similarity with a-toxin related to
Clostridium perfringens, about which there is good infor-
mation. Extensive destruction of the plasma membrane
and induction of necrosis have been demonstrated with
lytic concentrations of clostridial phospholipase C (PLC)
[43]. The results of our research also showed that the
amount of necrotic surface in the tumor tissue was
related to the tumor mouse groups that received 107
spores of Clostridium novyi-NT either intratumorally or
systemically, compared to the control group and the
group receiving intraperitoneal cisplatin, which increased
significantly (Fig. 1). In addition, research conducted by L
Monturiol-Gross et al. revealed a correlation between
sublytic phospholipase C (PLC) levels and the activation
of the MEK/ERK pathway and the production of reactive
oxygen species (ROS) [44]. The results of our research
also showed that the amount of reactive oxygen species
(ROS) produced in cancer cells treated with Clostridium
novyi-NT spores in mice with cervical cancer was signifi-
cantly higher than that in the control mice and the cispla-
tin-receiving group (Fig. 2-D). Dysregulated production
of bioactive lipids, ultimately leading to cellular malfunc-
tion, is observed when subjects are administered low
doses of phospholipase C (PLC), according to a report by
Marco M. Manni and colleagues. They reported that
sphingomyelin (SM) metabolism induced by low-dose
phospholipase C (PLC) produces pro-apoptotic media-
tors such as ceramides (CER), N-acylethanolamine, and
saturated fatty acids [45, 46]. The role of CER as a second
messenger involved in apoptosis has already been
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elaborately discussed [47]. Ceramide can induce the
release of mitochondrial cytochrome C, thereby activat-
ing caspase-3 and inducing programmed cell death [48].
The results that we obtained are very much in line with
this research. The results of total ceramide measurement
showed that the amount produced in the group of mice
that received Clostridium novyi-N'T spores as treatment
was significantly higher than the amount of this factor in
the control and cisplatin-receiving groups (Fig. 2-C). On
the other hand, the analysis related to the release of cyto-
chrome c protein from the mitochondria to the cytosolic
space showed that the amount of this important quantity
in inducing intrinsic cell death in the groups receiving
107 Clostridium novyi-NT spores (either intratumorally
or intravenously) at the end of the treatment period
increased much more than the rats in the control group
and receiving cisplatin (10 mg/kg) (Fig. 3-A). Bcl-2 family
proteins, tumor necrosis factors, and cell cycle enzymes
are crucial in regulating cell proliferation and apoptosis.
The interaction between mitochondria and certain Bcl-2
family proteins triggers the liberation of cytochrome ¢
and other apoptosis-inducing factors. Approximately 20
proteins make up the Bcl-2 family, primarily serving as
mediators for either promoting or inhibiting apoptosis
[49]. The extensive study of the relationship between
Bcl-2 family proteins and ceramides stems from their
direct involvement in apoptosis. In vitro, the activity of
ceramide synthase (CerS) was heightened when pro-
apoptotic recombinant Bak was externally added, while
anti-apoptotic Bcl-2 protein inhibition triggered C16-
ceramide synthesis, which is impressive. As a result, it
can be inferred that alternative methods exist for control-
ling the induction of programmed cell death through
ceramide synthesis by the Bcl-2 group [50]. Following
this argument, the results of the western blot technique
to measure the amount of Bax pro-apoptotic protein
showed that the amount of this factor increased signifi-
cantly in the groups receiving Clostridium novyi-NT
spores. At the same time, there was a notable reduction
in the levels of Bcl-2 apoptosis-limiting protein in these
spore-receiving groups when compared to both the con-
trol group and the cisplatin-receiving group. Based on
our results, as expected, it was found that the cleaved
amount of caspase-3 apoptosis-inducing protein was also
significantly increased by treating cervical cancer mice
with Clostridium novyi-NT spores. In this study, it was
discovered that administering Clostridium novyi-NT
spores directly into the tumors of mice resulted in a sig-
nificant decrease in the levels of HIF-1a and VEGF pro-
teins, which was not observed in the control group that
did not receive the sporesFor the treatment of different
forms of cancers, including cervical cancer, cisplatin is a
commonly prescribed medicine. Oxygen-rich tumors
show better response rates, while those lacking oxygen
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exhibit lower efficacy. The discovery by researchers indi-
cates that cisplatin can trigger tumor cell death by upreg-
ulating a specific protein known as p53. However, when
tumors lack sufficient oxygen, another protein called
HIF-1a causes a significant decrease in p53 levels, result-
ing in decreased treatment efficacy [51]. Xu et al. con-
ducted a comprehensive analysis of 3352 differentially
expressed genes in 306 cervical cancer samples, leading
them to propose that the HIF-1 signaling pathway, spe-
cifically related to TFRC, may have a crucial role in the
development of cervical cancer [52]. In contrast, Liu et al.
presented evidence suggesting that HIF-la and VEGF
could serve as valuable indicators for assessing the pro-
gression, metastasis, and prognosis of HPV-related can-
cers. Numerous investigations have demonstrated the
significant involvement of VEGF in both angiogenesis
and the development of cancer. Conversely, the abnormal
expression of GLUT 1, a downstream gene of HIF-1q, in
HPV-positive head and neck cancer tumors has been
found to enhance the likelihood of invasion and metasta-
sis. Consequently, a reduction in the expression of this
gene can be regarded as a positive indication of the effi-
cacy of diverse therapeutic approaches [53]. In summary,
Clostridium novyi-NT spores can penetrate, colonize,
and germinate after intratumoral or intravenous injection
into HPV-positive cervical cancer mice. After germina-
tion, these spores begin to induce tumor regression in
less than 48 h after injection.

Conclusion

This study has confirmed that the spores of Clostridium
novyi-NT, whether administered systemically or intra-
tumorally to mice with TC-1 cell line-derived tumors,
returned to the tumor site and initiated germination.
Our findings suggest that tumor regression in these con-
ditions may be attributed to the induction of apoptosis
through the mitochondrial pathway. Furthermore, we
propose that the potential involvement of phospholipase
C (PLC) enzyme in the regression of tumors treated with
oncolytic Clostridium novyi-NT bacteria should be taken
into account in understanding the anticancer effects of
spores. According to the evidence presented, it seems
that this enzyme could have direct effects on the cell
wall, leading to cell lysis, and also trigger the release of
mitochondrial cytochrome, further promoting intrinsic
apoptosis.
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