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Abstract: Cancer is one of the most devastating diseases all
over the globe, and it is the second worldwide cause of
death, exceeded only by cardiovascular diseases. The ther-
apeutic approach to human cancer has evolved signifi-
cantly and has varied depending on the type and stage of
cancer, as well as the general health status of the patient.
Despite the advancements in cancer treatment, various
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challenges persist in the treatment of cancer, including
side effects, drug resistance, and incomplete eradication
of tumors. The use of oncolytic bacteria (cancer targeting
and destroying bacteria) has been identified to have sev-
eral advantages over the traditional methods of cancer
treatment. Several bacterial species have been identified
to be used in the treatment of different types of cancers.
Oncolytic therapy can be achieved through the use of a
naturally occurring and/or genetically modified bacterial
species, including Clostridium, Salmonella, Escherichia coli,
and Listeria spp. with their toxins, enzymes, biofilms, and
secondary metabolites as well as their spores that leads to
direct or indirect killing of cancer cells. This review pro-
vides some highlights about the biology and therapeutic
potential of oncolytic bacteria individually or in combina-
tion with other therapeutic approaches against different
types of cancers. Besides, the current challenges and future
perspectives will be explored.

Keywords: cancer, oncolytic bacteria, immunity, geneti-
cally modified bacteria

1 Introduction

Cancer is one of the most devastating diseases worldwide,
and according to Siegel et al. [1], it ranks as the foremost
cause of death worldwide. Characteristics such as angio-
genesis, immortalization, uncontrolled and deregulated
cell growth, invasion, and metastasis are some of the hall-
mark features of cancer [2]. A total of 19,976,499 cases of
cancer were diagnosed in 2022. In the same year, the age-
standardized rate for all cancers for women and men com-
bined was 196.9 per 100,000. The rate was lower for women
(186.3 per 100,000) than men (212.6 per 100,000) (https:/
www.wecrf.org/preventing-cancer/cancer-statistics/global-
cancer-data-by-country/ accessed on December 18, 2024). In
2023, a total of 80,502 malignant tumors affecting 73,794
people were reported to the cancer register [3]. In 2024
alone, 2,001,140 new cancer cases and 611,720 cancer
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fatalities are anticipated to occur in the United States [4].
Lung cancer is one of the most frequently diagnosed and
accounts for nearly 1.8 million death tolls annually. Breast
cancer comes next and is responsible for around 2.3 million
cases annually, rating it the most prevalent among women
than men. Another major cancer that is frequently encoun-
tered in humans is colorectal cancer (CRC). CRC accounts for
1.9 million cases and is accompanied by 900,000 deaths
annually. Besides, prostate cancer is the other prevalent
cancer type in men, resulting in 15 million new cases
annually (https://www.who.int/news-room/fact-sheets/detail/
cancer accessed on December 19, 2024). Due to rapid inclina-
tion in the population size, the burden of cancer is expected
to be projected significantly, exceeding by over 60% by 2040.
This means that the number of new cancer cases is antici-
pated to grow from 18.1 million in 2018 to an estimated 29.4
million cases by 2040 (https://canceratlas.cancer.org/the-
burden/the-burden-of-cancer/ accessed on June 27, 2024).

Cancer is a disease that has multiple causes, including
genetic, environmental, and ones that are lifestyle-related
[5,6]. The root cause of cancerous growth is the mutations
of certain genes that regulate the cell’s growth and division
and may cause cells to divide uncontrollably in an abnormal
manner. Radiation and carcinogenic chemicals, which
people are exposed to through their work environment,
increase the risk [7,8]. Other predisposing factors include
smoking, alcohol consumption, having an improper diet,
having a sedentary lifestyle, and obesity [9]. Besides, inflam-
mation and hormonal changes also contribute to the growth
of cancer. Infectious diseases also account for a significant
case of cancer worldwide [10]. These comprised infections
caused by Helicobacter pylori (linked to stomach cancer),
human papillomavirus (cervical and other cancers), hepa-
titis B and C viruses (liver cancer), and Epstein-Barr virus
(lymphoma). The multifactorial cause of cancer imposes
thorough preventive approaches that address most of the
risk factors linked to it [11].

According to documented reports, the therapeutic
approach to human cancer has evolved significantly and
has varied depending on the type and stage of cancer, as
well as the general health status of the patient [12,13]. The
major treatment approaches include surgery, radiation,
chemotherapy, immunotherapy, molecular therapy, and
hormonal therapy. In the case of the surgical approach,
the tumor is mechanically cut out and is best suited for
solid cancers. Radiation therapy is a course of high-energy
rays to destroy cancer cells and is sometimes recom-
mended along with surgery [14]. Immunotherapy helps
the body to enhance the immune system to fight cancer,
while targeted therapy aims at targeting certain proteins
that lead to the development of cancer [15]. Selective
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hormonal-based therapy is another form of therapy
employed in hormone receptor-positive cancers, for
instance, breast and prostate malignancies [16]. Precision
medicine has also facilitated the emergency of persona-
lized cancer treatment, where therapies rely on molecular
and genetic features of the tumor cell [17].

Despite the recent advancements in cancer treatment,
several limitations have been documented. Therapeutic
failure is one of the most alarming challenges of cancer
therapy, which occurs when cancer cells evolve and become
resistant to treatments such as chemotherapy and targeted
therapies. Moreover, the adverse effects of chemothera-
peutic agents can complicate the therapeutic outcome and
may expose patients to other chemotherapy-induced dis-
eases. Another major challenge is the accessibility and cost
of emerging treatments, which can be expensive and mostly
available in high-income countries [18]. Also, there is a need
for improvement in the diagnostic modality concerning
cancer with a view to increasing the chances of diagnosing
cancer at an early stage.

Tumor heterogeneity is known to be a detrimental
factor that influences the treatment of cancer. It is a phe-
notypic, genetic, and/or behavioral variation of the cancer
cells, which may occur within a single cancer cell [19]. It
can occur through epigenetic, genetic, and protein modifi-
cations. Heterogeneity provides tumors with notable resi-
lience and may affect the levels of their response to a given
treatment [20].

Because of remarkable survival capability and high
mutagenic ability, cancer cells utilize many strategies to
evade the host immune activity to maintain their prolifera-
tion and sustain progress [21]. Main evasion strategies include
triggering the production of suppressive cytokines such as
TGF-B and IL-10, upregulation of checkpoint receptor ligands
that potentially prevent tumor-infiltrating lymphocytes from
uniting the mass of the tumor, or upregulation of immune-
suppressing cells, including regulatory T-cells (Tregs) [22].
Other strategies encompass downregulating the components
of the antigen presentation system [22].

The development of the tumor microenvironment
(TME) is the other evasive mechanism that enables the
tumor cell to develop but facilitates the recruitment of
host immune system components. The structural integrity
of the TME mainly acts as a mechanical barrier to stop the
infiltration of the immune cells [22,23]. The development of
a thick stromal layer surrounding the cancerous mass cre-
ates a mechanical barrier that is characterized by several
characteristics proven to facilitate the growth of cancer,
including the creation of a hypoxic environment and
deviant tumor neovascularization [24]. Another factor
that hampers the treatment of cancer involves individual
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patient variation in response to treatments that are also in
part due to the side effects of conventional therapies,
making it crucial to explore new treatments that are less
toxic for the human body [25].

The use of oncolytic bacteria, which is cancer targeting
and destroying bacteria, has been identified to have sev-
eral advantages over the traditional methods of cancer
treatment. Several bacterial species have been identified
to be used in the treatment of different types of cancers.
According to research findings, oncolytic therapy can be
achieved through the use of a naturally occurring and/or
genetically modified (GM) bacterial species, including
Clostridium, Salmonella, Escherichia coli, and Listeria spp.
with their toxins, enzymes, biofilms, and other secondary
metabolites as well as their spores that leads to direct or
indirect killing of cancer cells [26].

Oncolytic bacteria can reach hypoxic areas of tumors
in which other forms of therapy can be ineffective. The
reproduction potential of oncolytic bacteria at the hypoxic
region is very crucial to generating lifelong therapeutic
effects. Besides, oncolytic bacteria are able to activate the
host’s immune system against cancer cells, thus maxi-
mizing the overall anticancer process [27].

The aim of this review is to describe oncolytic bacteria in
terms of how they work, various issues associated with their
use, and prospects for their future application. It explains the
major oncolytic strategies, such as toxin production, biofilm
formation, and immune response stimulation. In addition, it
will also discuss the existing challenges and barriers asso-
ciated with the clinical use of bacterial therapies, such as
the problem of toxicity, genetic stability, and immune mod-
ulation. Finally, the review will discuss potential perspectives
for the improvement of the safety and efficacy of oncolytic
bacterial therapy as well as the possibilities of combination
therapy with other treatment modalities.

2 What are oncolytic bacteria?

Oncolytic bacteria are those bacteria that target and
destroy only cancer cells without harming the other cells
of the body. These bacteria can be native or GM to improve
their tumor-homing properties. After reaching inside the
tumor, oncolytic bacteria are capable of killing tumor cells,
mainly by bacterial infection, stimulation of immune cells,
or by the liberation of toxic material. The use of bacteria
for cancer therapy was initiated in the late nineteenth
century by William B. Coley, who introduced the concept
of “Coley’s toxin,” a mixture of heat-inactivated bacteria
that displayed efficacy in curing sarcomas [28].
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Currently, the emergence of more selective and effec-
tive oncolytic bacteria is partly linked to the advancement
of new techniques in the realm of genetic engineering. The
genetically engineered (GE) bacteria can be designed to
generate therapeutic genes, release therapeutic biomole-
cules that modulate the immune system or minimize
potential side effects. For example, some strains such as
Salmonella typhimurium have been GM to improve their
ability to target tumors and to eliminate pathogenicity and
they have shown good results in preclinical and clinical
trials [29]. Currently, the field of oncolytic bacterial therapy
is still progressing with more research works conducted to
enhance bacterial strains in the treatment of cancer with
better safety and efficacy [30].

3 Historical background

The application of bacteria in the treatment of cancer dates
back to the nineteenth century. In 1867, German physician
Wilhelm Busch described a case of a cancer patient whose
tumor size decreased after a severe infection with erysi-
pelas, now known as Streptococcus pyogenes [31]. In the
late nineteenth century, William B. Coley visualized head
and neck cancer patients displaying substantial remission
following infections [31]. Based on some of the patients’
records, he developed what he called “paradoxical” cancer
treatment through intravenous administration of heat-
inactivated Serratia pyogenes and Serratia marcescens
known as Coley’s toxin. During the subsequent 40 years,
a variety of sick people displayed various degrees of remis-
sion from sarcoma employing “Coley’s toxin,” with 10-year
survival rates similar to those of individuals who received
contemporary conventional treatment. This success
earned Coley the title “the father of cancer immu-
notherapy.” His observations sparked research into bac-
terial-based cancer therapy and paved the way for a new
era of cancer treatment [32].

Kim et al. investigated immune responses by exam-
ining the cytokine constituents involved and the popula-
tion of immune cells within tumors infected with either the
E. coli MG1655 strain or the attenuated S. typhimurium
AppGpp (guanosine 5-diphosphate-3-diphosphate) strain.
They found that interleukin-1p (IL-1p) and tumor necrosis
factor-a (TNF-a) were primarily secreted by dendritic cells
(DCs), and macrophages with a marked elevation in these
cytokines in tumors colonized by AppGpp all through the
phase of tumor suppression. This suggests that TNF-a and
IL-13 may play crucial roles in the anticancer effects
mediated by Salmonella [33].
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4 Mechanisms of action

4.1 Anti-tumor immune responses
(immunosuppression)

The induction of anti-tumor immune responses by onco-
lytic bacteria is an emerging and promising area of cancer
research. Oncolytic bacteria are either modified or non-
modified bacteria that selectively kill cancer cells [34,35].
These bacteria can directly kill the cancer cells and destroy
them, which leads to the release of tumor-associated anti-
gens, thus provoking a higher degree of immune response
from the body. This process not only assists in the deple-
tion of the tumor mass but also assists in the generation of
long-term anti-tumor immunity by stimulating innate
immunity as well as adaptive immunity. Consequently,
the body’s immune system is prepared to target the
remaining cancer cells to possibly reduce the chance of
recurrence [36].

The process through which oncolytic bacteria stimu-
late anti-tumor immune responses is a multi-step process.
First, the bacteria selectively adhere to the TME, which can
be hypoxic and immunosuppressive, whereby conven-
tional treatment is also ineffective. In this case, bacteria
that are capable of accessing the site within tumor tissues
can produce toxins or enzymes that result in the killing of
tumor cells [37]. The constant secretion of tumor-asso-
ciated antigens to the extracellular fluid of the tumor
increases the immigration and activation of DCs. These
DCs then take these antigens to internalize, process, and
present them to T cells, triggering a specific adaptive
immune response. This chain of events not only affects
the primary tumor but also affects the progression of meta-
static cancer cells [38].

According to the documented findings, current clinical
and preclinical research proves the efficacy of oncolytic
bacteria in the case of several types of cancers: melanoma,
CRC, and glioblastoma [39,40]. In such research, investiga-
tors have revealed that oncolytic bacteria can be adminis-
tered singly or together with other treatments, including
immune checkpoint inhibitors, to improve the treatment
outcomes. This attribute of oncolytic bacteria is to reshape
the TME and recruit the immune system to the tumor site
while also overcoming mechanisms that enable tumor
immune evasion [40,41]. With growing research in the
sector, oncolytic bacteria can effectively complement the
growth of cancer immunotherapy and give fresh hope to
patients with both refractory and recurrent cancers.

The key components of the immune system that have a
significant impact on suppressing malignant and deformed
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cells associated with bacteriotherapy are macrophages,
CD8+ T-lymphocytes, DCs, natural killer (NK) cells, and
T-regs, which contain forkhead box P3 (FOXP3) as a bio-
marker. These cells have a significant impact on the
propagation of cancerous cells and destruction as well as
eradicating them [42].

Bacteria-induced infections (e.g., E. coli) can be
employed to inhibit the growth of tumor tissues. These
induced infections enhance and facilitate the differentia-
tion of CD8+ killer T-cells, giving rise to the synthesis of
IFN-y and promoting the expression of major histocompat-
ibility complex subtype I (MHC-I) on cancerous cells. This
integrative strategy led to the targeted destruction of
tumor cells, enhancing the ability of the immune system
to recognize and eliminate malignant tissues (Figure 1)
[43]. Tumor necrosis factor (TNF-a) also contributes to
the formation of drainage in tumors. The bacterium is
able to stimulate the production of tumor necrosis factor,
which has been reported with S. typhimurium [44].

4.2 Direct tumor cell lysis

The oncolytic bacteria use various strategies to hasten the
growth of cancer cells. It has been known that direct killing
of the cancer cell is one of the methods employed (Table 1)
[45]. Oncolytic bacteria can directly colonize cancer-har-
boring tissue and they deploy their toxins that disrupt
the functions of the attacked cells and enzymes that lyse
the targeted cells. For instance, Clostridium novyi -NT pro-
duces alpha-toxin that has the ability to affect and break
cell membranes, thereby causing cell rupture and death.
Another one is based on using the S. typhimurium bac-
terium that synthesizes bacterial proteins, causing the
apoptosis of tumor cells. These bacteria have a predilection
for the tumor microenvironment, which, as we know, is
characteristically hypoxic and pro-angiogenic and lacks
nutrient supply for bacterial growth and function. This
selective targeting reduces the probability of harming
other adjacent tissues and organs while enhancing the
anti-tumor outcomes [46]. Salmonella also has enviable
characteristics due to its capability to propagate within
the cancer cells and promote regression and death [47,48].

Bacteria can generate anti-tumor effects via the deple-
tion of nutrients essential for the metabolism of cancer
cells [49]. The tumor tissues that are deoxygenated (anoxic
region) promote the aggregation of obligatory anaerobic
bacteria in the region [50]. Research has demonstrated
that the systemic introduction of Salmonella bacteria dis-
seminated toward the solid tumor via the hemorrhaging
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area inhabited by the tumor exerted pressure and mini-
mized the proliferation of the tumor [51]. The necrotic
regions are formed due to the reduction of nutrient and
oxygen supply, which leads to the breaking down of the
viable blood vessels, which in turn causes the death of the
tumor cells from suffocation and starvation [51].

Yam et al. (2010) demonstrated that a genetically
manipulated auxotroph strain of S. typhimurium was
able to selectively and effectively suppress liver metastasis
in a mouse model of pancreatic cancer. To increase tumor-
targeting ability and tumor-killing efficacy, the S. typhi-
murium strain was additionally modified by re-isolation
from a tumor growing in a nude mouse. The strain
obtained from this method was termed A1-R. In this study,
the authors explored the efficacy of locally as well as sys-
temically introduced A1-R on liver metastasis of pancreatic
cancer. Mice who received A1-R locally via the intrasplenic
route of administration or systemically via tail vein injec-
tion experienced a notable reduction in splenic and hepatic
tumor burden relative to the control group. Intravenous
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injection of A1-R also improves survival time of the treat-
ment group [52].

Some bacterial species, like E. coli, exhibit tropism for
tumor tissue, which secretes chemical constituents such as
clusterin, TGF-B2, and serglycin, while others, like faculta-
tive anaerobes (e.g., Escherichia and Salmonella), can sense
the nutrient-rich environment of tumors and contribute to
their accumulation in the tumor cells and exert their
killing effect [53,54].

Listeria infection can directly kill tumor cells via the propa-
gation of nicotinamide adenine dinucleotide phosphate (NADP+)
oxidase and elevated levels of intracellular Ca*" [55]. These
mechanisms can generate cytotoxic free radical, reactive oxygen
species (ROS), [56] which can promote the immunogenic death
of tumor cells, then activate CD8+ T cells to clean up residual
tumor cells and ultimately avert metastases. Additionally, Lis-
teria can infect bone marrow-derived suppressor cells (MDSCs)
at the tumor site, causing a significant reduction in MDSCs and,
consequently, transforming the immunosuppressive microen-
vironment to an immunostimulatory condition, which can
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Figure 1: A schematic diagram illustrating the roles of innate immune response and acquired immune response during bacteria-mediated cancer

therapy. Created and modified with BioRender.com.
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maximize the response of T cells and NK cells toward the cancer
cells [57].

Clostridium kills the tumor cells mostly by producing
some exotoxins following its colonization. For example,
phospholipases and hemolysins can destroy tumor cells
by attacking their membrane [58]. This organism can pro-
mote the apoptosis of tumors by activating the release of
tumor necrosis factor-related apoptosis-inducing ligands
from polymorphonuclear neutrophils. Furthermore, the
early expansion of Clostridium in solid tumors could lead
to intratumoral infiltration of macrophages and granulo-
cytes and maximize the secretion of chemokines, which
might provoke the adaptive immunity and recruit immune
cells to the tumor site and facilitate the killing process [59].

According to Qi et al, P. aeruginosa 1409 triggered
programmed necrosis (necroptosis) of TC-1 tumor cells
through activation of TLR4-RIP3-MLKL and the HMGB1
released by the dying tumor cells. According to their
report, such a mechanism reshaping the TME leads to
remarkable tumor suppression in a TC-1-grafted tumor
mouse model [60].

4.3 Microbial biosurfactants

Biosurfactants are chemical compounds that have both
hydrophilic (polysaccharides, amino acids, peptides, and
various ions) and hydrophobic (saturated or unsaturated
fatty acids) properties. These compounds are known for
various physiological activities, including their capability
to minimize the tension exerted on the surface and inter-
facial between liquids [75]. Biosurfactants are mainly clas-
sified into low- and high-molecular-weight compounds.
The low-molecular-weight compounds consist of fatty
acids, lipopeptides, lipoproteins, phospholipids, and glyco-
lipids, while the high-molecular-weight compounds of bio-
surfactants contain polymeric biosurfactants [76].

The anticancer potential of biosurfactants is attributed
to their ability to hinder cancer cell growth, enhance apop-
tosis, trigger necrosis, and arrest the cell cycle [77,78].
These biosurfactants comprise surfactin [79], mannosyler-
ythritol lipids (MELS) [80], sophorolipids (SLPs) [81], rham-
nolipids (RLs), succinoyl trehalose lipids (STLs) [82], serra-
wettins [83], and monoolein [84].

Biosurfactants are chemicals that exhibit surface
activity and are synthesized by various microorganisms,
including bacteria, fungi, yeast, and other small algae
[85]. These compounds are recognized by their ability to
lower the surface and interfacial tension, rendering them
useful in many sectors and processes. More recently, they
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have been reported to possibly act as anticancer agents
because of their characteristics and action modes. In addi-
tion, biosurfactants possess several biological activities
such as antimicrobial, antiviral, and anti-inflammatory
properties that endow them with anticancer properties.
They are able to provoke apoptosis, inhibit the spread of
cancer cells, and increase the effectiveness of initial che-
motherapy. Also, biosurfactants have been found to pos-
sess properties that enable them to preferentially affect
cancer cells without harming normal cells, and due to
this, there are fewer side effects when treating cancer. In
addition, the biodegradability and low toxicity of these
molecules add to the rationale for the development of
such agents as therapeutics. Studies continue in an attempt
to understand all aspects of their anticancer potential and
the preparation of biosurfactant-based products for clinic
use as the next horizon in cancer therapy [86].

Several biosurfactants produced by different bacterial
strains, such as RLs, SLPs, and MELs, have shown pro-
mising therapeutic activities against cancer cells. RLs
synthesized by P. aeruginosa, for instance, have a cytotoxic
effect on different cancer cell lines, including breast cell
lines (MCF-7, MCF-10A, and MDA-MB-231) [87], acute leu-
kemia cells (SKW-3, BV-173), promyelocytic leukemic cells
(HL-60), and murine cells. In one of the studies, RLs were
found to exert a substantial effect in causing cytotoxicity to
CRC cell lines, including HCT-116 and Caco-2, but the non-
significant effect to normal cells, indicating that their selec-
tivity was inclined toward the cancer cells [88]. In another
study, Mishra et al. [89] investigated the properties and
apoptotic effects of bacterial RLs on MDA-MB-231 breast
cancer cells. Their research shed light on the fact that
such RLs exert their antiproliferative action by targeting
and modulating the p38 mitogen-activated protein kinase
(MAPK) signaling pathway, which plays crucial roles in cell
proliferation and survival.

Lipopeptide, surfactin in particular, which is a micro-
bial metabolite of Bacillus subtilis, is a potent anticancer
agent that has been found to trigger apoptosis and restrain
metastasis in numerous cancer cells. Surfactin suppresses
cell viability through the modulation of membrane fluidity
and the induction of apoptosis through the caspase 3 and
caspase 9 pathways [90]. Similarly, Zhao et al. [91] observed
that lipopeptides from B. subtilis, mainly containing iturin,
possess pronounced anticancer activity to chronic myelo-
genous leukemia cells (K562 cells) in vitro. The results
revealed that these lipopeptides are capable of directly
causing both apoptosis and paraptosis and, at the same
time, suppressing autophagy. This multiple strategy high-
lights their promising role in the management of leu-
kemia [91].
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Studies revealed that a novel SLP, specifically C18:1
lactonic SLP (produced by Starmerella bombicola), showed
enhanced cytotoxicity against the MDA-MB-231 breast
cancer cell line. These SLPs inhibited cell migration
without compromising cell viability. Furthermore, SLPs
triggered the increase of intracellular ROS, which can
cause stress and potentially damage cancer cells [92]. Simi-
larly, Duarte et al. [93] showed the relevant effect of SLP
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against cancer cell growth in a dose-dependent manner.
This was again associated with the induction of apoptosis
due to a ROS and c-Jun N-terminal kinase (JNK)-mediated
mechanism. This report supports that ROS is produced
during the inhibition of cancer growth through SLP, pro-
ducing an activation in JNK, inducing apoptosis. Table 2
provides different types of biosurfactants produced by bac-
terial species/strains and their anticancer effects.

Table 1: Summary of studies on the anticancer effects of various bacterial species/strains

Bacterial species/strains Cancer type Mechanism of action and results References
L. monocytogenes Renal cell Generate a significant anti-tumor efficacy in both subcutaneous and  [61]
carcinoma (RCC) orthotopic RCC tumor models by influx of tumor-infiltrating effector T
cells. It has also attracted a broader spectrum of polyfunctional T cells
into the TME and trigger resilient IFN-y response
Oncolytic bacteria VNP20009 Melanoma Expressing IFNP that inhibits the progression of melanoma by [39]
remodeling the TME. In comparison to VNP, VNP-IFNB mobilized
more macrophages and neutrophils with anti-tumor phenotypes in
lung metastases and activated DCs differentiation, which stimulated
the anti-tumor immune responses of CD4" T cells, and finally the
progression of melanoma inhibited
Lactobacillus crispatus strains Cervical cancer The availability of genes encoding for bacteriocins in the urogenital ~ [62]
Lc31 and Lc83 strains coupled with the lack of virulence factors is suggested to be
the possible mechanism of action for its anticancer probiotic effects
Shigella flexneri Pancreatic cancer The organism displayed an anti-proliferative effect (upregulate Bax  [63]
and downregulate bcl-2)
Bacillus coagulans Breast cancer Induction of apoptosis [64]
Bifidobacterium bifidum and Breast cancer Through inhibiting angiogenesis and proliferation and induction of ~ [65]
Bacteroides fragilis necrosis
Lactobacillus brevis MKO05 Breast cancer Cytotoxic activity and induction of apoptosis [66]
B. longum C-CPE-PE23 Breast cancer Tumor growth suppression in mice [67]
Bacterium L. reuteri FLRE5K1 Hepatocellular Inhibiting the progression of the tumor by the induction of the IFN-y/  [68]
carcinoma CXCL10/CXCR3 pathway
Bifidobacterium species Colon cancer Downregulated the expression of HER-2, EGFR, and PTGS-2 (COX-2)  [69]
Lactobacillus acidophilus NCFM Colon cancer Inhabit the expression of MHC class I and CXCR4 mRNA. Enhance [70]
apoptosis in tumor cells
C. novyi Breast cancer C. novyi types A and B secreted alpha toxins that damage the hypoxia [71]
zone, and the aerobic compartment of the breast tumor was
regressed fully (achieved 100% eradicate breast tumors in mice where
the size of the tumor reduced to as small as 1,000 mm? tumors))
Clostridium ghonii Experimental solid C. ghonii secreted phospholipase ¢ and collagenase 1V, improved [72]
tumors necrosis and apoptosis in cultured A549 cells. Spores germinated in
the tumors and induced immune activation following intratumoral
injection in tumor-bearing mice. The spores of this organism reduced
the volume of the tumor and promoted tumor necrosis
dL5**-expressing Colon cancer Enhancing the anticancer characteristics by pathogen-linked [73]
S. typhimurium strain molecular patterns activated immune cells and minimized anti-
inflammatory cytokines (IL-10) enhancing anticancer effects
Engineered S. typhimurium Pancreatic cancer Following the intravenous administration of the agent (attenuated [74]

expressing ClyA

bacteria), it is accumulated and proliferated. ClyA is secreted and
released into the TME. Histological analysis indicated a notable
decline in the expression of markers of the stromal cell and
potentiated immune cell (macrophages and neutrophils) infiltration
into tumors
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Table 2: Continued

References

Mechanism of action and/or results

Cancer type

Biosurfactants

Bacterial species/strains

expression of cancer stem cell marker CD133, upregulation

of pro-apoptotic factors (PUMA, CHOP, and DR5), and

modulation of regulators of the cell cycle (CCNE1, CDK5,

and CDKN1A). Additionally, surfactin C15 triggered necrotic
cell death, validated by increased release of lactate

dehydrogenase and increased necrotic cells observed via

flow cytometry analysis

[104]

LPB resulted in cytotoxicity against all cell lines at ICs

Human glioblastoma cell line (U87), human epithelial
carcinoma cell line (KB), and human umbilical vein

endothelial cells (HUVECs)

Lipopeptide

Acinetobacter junii (AjL) B6

values of 2.4 + 0.5mg/ml, 7.8 + 0.4 mg/ml, and 5.7
0.1 mg/ml against KB, U87, and HUVEC cell lines,

respectively

biosurfactant (LPB)
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4.4 Bacterial spore

Recent studies reveal that bacterial spores, especially those
belonging to the Bacillus group, are beneficial to cancer
treatment [105]. Bacterial spores are very crucial structural
and biochemical organizations of prokaryotes that protect
the agents under extremely unfavorable conditions
(extreme temperatures, radiation, and desiccation). This
ability to withstand unfavorable conditions, together
with their capacity to stay dormant until conditions
improve, makes them a favorable candidate for many
uses in the medical field, especially in cancer research.
Studies have demonstrated that bacterial spores can
home in on cancer cells and kill them with minimal effects
on the healthy cells. This selective targeting is mostly
because the tumor microenvironment is mostly hypoxic
and acidic, which creates a suitable environment for spore
germination and subsequent growth of the agent [106].

The anticancer activity attributed to bacterial spores is
based on their capacity to generate and proliferate in
hypoxia and nutrient-rich tumor milieu. The spores, after
entering the tumor, develop and grow and release toxic
proteins and enzymes that have a direct toxic effect on
cancer cells. Presumably, the appearance of these spores
in the organism provokes the natural immune response in
the host and improves the body’s ability to combat cancer.
The spores can also produce secondary metabolisms,
which possess anti-tumor properties that increase the
effectiveness of this remedy [107]. In addition, these bac-
terial spores can be genetically manipulated and engi-
neered to incorporate special genes, which make thera-
peutic proteins that can locate and be expressed within
the tumor region, thus increasing the efficiency and effec-
tiveness of anticancer therapy [108].

Research has demonstrated that the spores of B. sub-
tilis have potential in cancer treatment. It has been
reported that the spores of B. subtilis could home in on
tumor cells and cause regression of tumors. The spores
germinate in the hypoxic areas of the tumor, and upon
contact with the tumor, the agent releases bioactive com-
pounds, including toxins and enzymes that degrade the
matrix and facilitate the invasion of cancer cells, thereby
improving therapeutic benefits [109]. Similarly, C. novyi
-NT is an oncolytic strain of C. novyi and is one of the
most thoroughly studied strains known so far. C. novyi-
NT spores selectively germinate only in the hypoxic tumor
region and liberate toxins that cause the tumor cells to
rupture. This bacterium has been assessed and found to
have high anticancer potential in preclinical and clinical
trials [110]. Listeria spores are able to infect both tumor
cells and antigen-presenting cells, resulting in a direct
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lethal effect on tumor cells and induction of systemic
immune response. This strategy has been proven to be
effective in preclinical models of a variety of cancers,
including pancreatic and ovarian cancers [111]. Figure 2
illustrates the application of bacterial spores as anticancer
agents, highlighting their features and applications in
cancer therapy. The figure underlines the opportunity to
use bacterial spores in cancer therapy based on their spe-
cificity and displays the possible applications of such a
strategy.

4.5 Bacterial toxins and metabolites

Researchers have extensively studied bacterial toxins pro-
duced by pathogenic bacteria as potential anticancer
agents (Table 3). These toxins, usually proteins or peptides,
can disrupt cellular processes, causing cell death. Although
bacterial toxins are traditionally known for causing dis-
eases, some have been GM to target cancer cells because
of their strong biological effects. This strategy aims to use
the natural ability of bacterial toxins to kill cancer cells

Apoptosis & lysis

Bacterial cell produces anticancer
peptides and enzymes that can
induce apoptosis in cancer cells

Kidney with cancer

/

Normal bacterial spore

 t—

Bacterial toxins
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while minimizing harm to healthy tissues. Studies in this
area have led to the development of new cancer treatments
that use bacterial toxins in their original form or as part of
engineered structures to improve their effectiveness and
specificity [112].

The role of microorganisms in combating cancer was
first observed about 150 years ago following the oncolytic
effect of erysipelas S. pyogenes infections observed in hos-
pitalized cancer patients. Also, in the mid-nineteenth cen-
tury, it was reported that regression of tumors was noted
in patients experiencing skin infection by Streptococcal
bacteria. These discoveries facilitated the development of
cancer immunotherapy and the use of a vaccine for killed
bacterial species, referred to as Coley’s toxins. Coley’s
toxins were also found to be useful in delaying the regres-
sion of several terminal malignancies, such as myelomas,
carcinomas, lymphomas, melanomas, and sarcomas. This
pioneering work laid the groundwork for what became the
potentially promising area associated with microbial toxin-
induced cancer therapy [113].

The efficacy of bacterial toxins as anticancer agents is
largely attributed to their capacity to impair crucial cellular
activities in cancer cells. For example, one mechanism is the

Bacterial spore target hypoxic tumor regions

Antibiotic

Spore used to deliver
therapeutic agents directly to
tumors

Engineered spore to deliver anticancer drugs
or therapeutic genes, enhancing their efficacy

Figure 2: Schematic representation of bacterial spores and their potential as anticancer agents. Created with BioRender.com.
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Table 3: Continued

References

Mechanism of action or results

Cancer type

Bacterial toxins and

metabolites

Bacterial species/strains

(HT-29), and human gastric adenocarcinoma (AGS) cell

lines

[142]

Block the proliferation of HCT-116

Human colon tumor cell line

Mixirins

Marine bacterium Bacillus sp.

Mechercharimyces

[143]

Exhibits anticancer activity by inhibiting the growth of all

cancer cell lines tested

MCF-7, lung cancer (NCI-H460, A549, and DMS-114),

Urukthapelstatin

ovarian cancer (SK-OV3, OVCAR-3, OVCAR-5, OVCAR-8,

and OVCAR-4), and colon cancer (HCT-116)

asporophorigenens (marine

actinobacterium)
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inhibition of protein translation. Diphtheria toxin (DT) pro-
duced by Corynebacterium diphtheriae inactivates elonga-
tion factor-2, thus inhibiting protein translation and leading
to cell death [114]. Similarly, exotoxin A, produced by
P. aeruginosa, inhibits protein translation through adeno-
sine diphosphate-ribosylation of elongation factor-2 [115].
Other toxins, such as Clostridium perfringens enterotoxin,
target a specific cell receptor and affect cytoplasmic mem-
brane integrity, resulting in cell lysis [116]. Also, toxins can
trigger apoptosis, such as anthrax toxin produced by
Bacillus anthracis, by impairing intracellular signaling path-
ways. Collectively, these represent the multitude of mechan-
istic strategies bacterial toxins leverage to induce cytotoxi-
city in cancer cells. Given this, bacterial toxins represent an
attractive modality in cancer treatment [37].

The potential benefits of using bacterial toxins as a
treatment for cancer are noteworthy for many reasons. A
major benefit is potency; bacterial toxins are often effec-
tive in low amounts, meaning that systemic toxicity is neg-
ligible [117]. Another benefit is that scientists could
enhance the specificity of cancer cells using genetic engi-
neering to produce fusion proteins integrating toxins with
specificity, often in the form of antibodies or growth fac-
tors. This strategy would prevent unintended damage to
normal tissues. For example, immunotoxins (antibodies
fused with toxins) have shown promising efficacy for a
range of cancers, hematological malignancies, and solid
tumors in preclinical studies and could provide a pathway
forward to market [118]. Additionally bacterial toxins could
bypass resistance. Because bacterial toxins often engage a
different cellular pathway than traditional chemothera-
peutics, bacterial toxins present an opportunity for drug-
resistant cancer cells [119]. In general, based on their
unique mechanisms and advances in biotechnology, bac-
terial toxins have the ability to be both effective and ver-
satile anticancer agents.

There are certain merits of employing bacterial toxins
as anticancer agents. One of the advantages is that bacterial
toxins are naturally potent biological compounds capable of
inducing the death of targeted cells at low concentrations,
thereby minimizing toxicity to surrounding cells. In addi-
tion, the selectivity of the toxin to the cancer cells can be
further improved by GE for the development of hybrid pro-
teins in which toxins are conjugated with targeting ligands
such as antibodies or growth factors. Another advantage is
the capability to counter drug resistance because bacterial
toxins act through pathways that differ from those of che-
motherapeutic agents [119]. In general, due to specific char-
acteristics of bacterial toxins, as well as the rapid paradigm
shift in the GE, they are promising frontiers for the emer-
gency of effective anticancer drugs.
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DT, derived from the bacterium C. diphtheriae, was
chosen as the basis for the development of the first immuno-
toxin, denileukin diftitox (ONTAK), due to its potent cytotoxic
properties and convincingly well-understood mechanisms of
action. As a protein synthesis inhibitor, DT acts by ADP-ribo-
sylating elongation factor-2, which interrupts cellular function
and leads to cellular death. In denileukin diftitox, the bacter-
ium’s toxin was also modified to contain interleukin-2 (IL-2),
which targets the IL-2 receptor on the surface of IL-2-expres-
sing cells, such as certain cancer cells. It is the strategic and
functional targeting of DT that enhances the specificity of the
action of DT to selectively kill cancer cells and spare normal
cells. Denileukin diftitox has been especially effective in the
treatment of cutaneous T-cell lymphoma with notable clinical
efficacy, leading to its approval for therapeutic use [119].

C. perfringens enterotoxin (CPE) has displayed frontier
anticancer properties, predominantly in cancers that devel-
oped from epithelial cells, including ovarian and CRC. CPE
can target two important proteins, i.e., claudin-3 and -4 (tight
junction proteins), which are commonly expressed in cancer
cells. Research findings revealed that when CPE was intro-
duced in an ovarian cancer animal model, it resulted in the
binding of CPE to claudins and provoked rapid cytolysis and
cell death. The binding of CPE to claudin-4 in CRC cells also
demonstrates cytotoxicity by causing the immediate loss of
tight junctions along with cell death. Altogether, researchers
suggest that CPE can exploit the differential expression of
epithelial-derived claudins in cancer cells and selectively
induce cell death [120].

P. aeruginosa exotoxin A (PE) has shown very unique
anticancer properties by interfering with the process of
protein synthesis in cancerous cells. For instance, PE has
been conjugated with other targeting ligands to synthesize
PE-based immunotoxins, such as PE38 immunotoxin, an
immunotoxin consisting of an antibody linked to PE38
that targets cancer cells. The SSIP immunotoxin, which
consists of PE38 linked to an anti-mesothelin antibody,
has shown effectiveness in treating mesothelioma and
other tumors, which overexpress mesothelin in preclinical
as well as clinical trials [121].

Staphylococcus aureus enterotoxin B (SEB), for
instance, has also been identified to possess anticancer
activity. This superantigen activates T cells and generates
cytokines and enhances anti-tumor immunity. In other stu-
dies, it was found that SEB could enhance immune
responses against tumor cells using murine models like
melanoma and lymphoma. As potent as this toxin is in
producing an immune response, it may be administered
in cancer immunotherapy. Considering how powerfully
this toxin induces an immune response, it could be used
in cancer immunotherapy [122-125].
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P. aeruginosa exoenzyme S (ExoS) is the other notable
example of a multifunctional toxin, which is known for its
anticancer activity, and acts by disrupting cell signaling path-
ways involved in cancer progression. According to docu-
mented reports, ExoS can downregulate the activity of Ras
and Rho GTPases, which are significant regulators of prolif-
eration and survival of cells, which ultimately induce apop-
tosis and inhibit the growth of cancer cells as observed in
various models, including melanoma and lung cancer [126].

Bacillus anthracis is known to synthesize the anthrax
lethal toxin (LT), and this toxin could have noteworthy
anticancer properties. The LT of anthrax is composed of
lethal factor (LF) and protective antigen (PA). LF works as a
zinc-dependent metalloprotease that destroys the target
proteins belonging to the MAPKK family by cleaving
them in the cytosolic part of the host cell after its penetra-
tion inside the body. By interfering with the MAPK sig-
naling pathways, the cancer cells lose their ability to sur-
vive, and apoptosis is triggered. The LT of anthrax has also
been reported to have the ability to target the cancer cells
selectively and spare the normal tissues, as observed in
preclinical models [127].

Recently, scholars have identified that the secondary
metabolites (lipopeptides) in B. subtilis strain Z15 (BS-Z15
SMs) exhibit an inhibitory effect on cancer cells, particularly
liver cancer cells (BEL-7404). These metabolites trigger apop-
tosis and cause GO/G1 phase arrest, resulting in a decline in
the potential of the mitochondrial membrane. The overall
mechanism of action suggests that apoptosis specifically
occurs through the mitochondrial pathway [128].

Niamah et al. reviewed the anticancer activity of bac-
teriocins derived from lactic acid bacteria. The review
explores the mechanisms through which these bacteriocins
operate. It also demonstrates the potential technical
advancements that could maximize the efficacy of bacter-
iocins in the treatment of different types of cancers. In
addition, the authors also displayed some of the challenges
that need to be mitigated for better and effective utilization
in clinical settings [129].

4.6 Bacterial biofilms

Over the years, bacterial biofilms, which cause chronic
infections and are linked to medical implant-related com-
plications, have been identified as a possible modality of
cancer treatment. Biofilms are complex microbial commu-
nities formed with bacteria, and they are enclosed by a
protective layer known as an extracellular matrix that
hinders them from the host's immune system or
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antimicrobial agents. This endurance, along with their
capacity to keep on to the surface and build intricate
form, has urged interest in using biofilms for targeted
delivery of therapeutic agents to carcinoma cells [144].

The utility of bacterial biofilms in cancer therapy is rooted
in their capacity to access and infiltrate tumors readily. Some
biofilms can be engineered or naturally selected that may
selectively target TME because these sites are hypoxic and
acidic in nature and are common features of solid tumors
[145]. This selective targeting can improve the biodistribution
of therapeutic agents, including chemotherapeutic drugs or
nanoparticles, to cancer cells while reducing systemic expo-
sure, thus minimizing off-target toxicity. Additionally, encap-
sulation of agents within the biofilm matrix enhances their
stability by protecting them from degradation by enzymes or
other factors, hence enhancing the release of bioactive mole-
cules into the TME over an extended period [145].

The development of biofilm by bacterial pathogens on
cancer cells triggers metastasis disruption. Hence, bacterial
biofilm demonstrates feasible applicability in the treat-
ment of cancer [146]. It has also been realized that antic-
ancer therapeutic agents can induce the development of
biofilm during therapeutic intervention, which causes the
distraction of metastasis [147]. Research findings indicated
that bacterial biofilm can impact the progression and
development of colon cancer via the modification of cancer
metabolome to generate a regulator of cellular prolifera-
tion [146]. Besides, the bacterial macromolecules essential
for the formation of biofilm, such as DNA and proteins,
shield cancer cells to stop metastasis [148]. For instance,
polysaccharides produced by Streptococcus agalactiae
hinder the adherence of cancer cells to endothelial cells,
a crucial stage in cancer metastasis [148]. In a different
investigation, Kumeria et al. [149] display the prospective
use of iron oxide nanowires extracted from biofilm bypro-
ducts of the bacteria Mariprofundus ferroxydans as a new
multifaceted drug vehicle for the treatment of cancer and
cancer hyperthermia. In alternative research, biofilm
developed by Lactobacillus reuteri was utilized to generate
nanoparticles (mesoporous silica) for the directed delivery
of 5-FU in the colorectum, and this biofilm, when covered
with zinc gallogermanate promoted CRC imaging [150].

4.7 Bacterial proteins and enzymes in
prodrug therapy

Various bacterial proteins may inhibit cancer through var-
ious mechanistic avenues. One of the notable bacterial
proteins that demonstrated oncolytic activity against

DE GRUYTER

cancer cells is Azurin. Azurin is a bacterial protein meta-
bolically produced from P. aeruginosa. Azurin facilitates
the apoptotic process in neoplastic cells through the stabi-
lization of the tumor suppressor protein p53, which results
in cell cycle arrest and subsequent cell death [151]. Myco-
bacterium bovis also synthesized very crucial protein with
endostatin-like effects, which exert an inhibitory effect for
angiogenesis and metastasis [152]. Moreover, ActA is a spe-
cial protein secreted by L. monocytogenes that can elicit a
more prominent immune response to elicit greater recog-
nition and cellular attack toward neoplastic cells [153].

Bacterial enzymes play a crucial role in prodrug
therapy, especially toward cancerous cells. This strategy
involves using an inactive compound that is toxic only
when given as a drug and accumulates at the tumor site
without affecting the rest of the body. The process begins
with systemic delivery of the prodrug after which bacterial
enzymes are localized to the tumor site either via vectors
(bacterial) or as purified enzymes. These enzymes then
activate the prodrug within the TME, thus leading to the
selective Kkilling of tumor cells without affecting normal
cells (Figure 3) [154,155].

Bacterial enzyme prodrug therapy offers several
advantages. First, bacterial enzymes are very selective, so
the prodrugs are activated only in the tumor region, which
in turn minimizes the side effects. Second, the prodrugs are
inactive and only become active when they reach the
tumor sites; therefore, patients treated with prodrug-based
chemotherapy suffer fewer side effects compared to those
who undergo usual chemotherapy [156]. Besides, bacterial
enzyme-prodrug systems can be employed in synergistic
therapy with other treatments, such as immunotherapy and
radiotherapy, to boost the efficiency of total treatment [157].
Nevertheless, bacterial enzyme prodrug therapy has several
limitations and directions for future research. One limita-
tion is the ability to deliver the bacterial enzymes to the
tumor site and safely distribute them while avoiding harm
to the body; researchers are currently exploring nanotech-
nology and other delivery systems to address this issue.
Furthermore, the human body’s immune system may elim-
inate bacterial enzymes or vectors before reaching the
tumor, and, therefore, strategies to alter immune response
become mandatory. In addition, although there are
increasing numbers of preclinical studies, more research
is needed in this area to assess the safety and effectiveness
of these therapies in clinical trials before such therapies can
be applied in the clinical setting [158,159].

Cytosine deaminase (CD) is an enzyme that biotrans-
forms the non-toxic prodrug 5-fluorocytosine (5-FC) into
the toxic chemotherapeutic compound 5-fluorouracil
(5-FU). This mechanism has proved useful in cancer
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Figure 3: Schematic illustration of the mechanism of bacterial enzyme prodrug cancer therapy. Created with BioRender.com.

treatment since the transformation of 5-FC to 5-FU is local
in the case of malignant cells, resulting in the death of the
cancerous cells with minimal side effects to the rest of the
body. This approach has been implemented in different
cancer models and has proved to have a huge potential
to be used to treat cancers such as CRC as well as gliomas.
Carboxypeptidase G2 (CPG2) is another enzyme that acti-
vates nitrogen mustard prodrugs by converting them into
their cytotoxic forms. This enzyme-prodrug system is pro-
mising in the treatment of solid tumors, and further research

focuses on increasing the targeting ability and the advantages
of the enzyme and prodrug system. Research has been con-
ducted to analyze different approaches to enhance the tar-
geting efficacy of CPG2 so as to improve the disease benefits
without effects on normal tissues [160]. Likewise, beta-glucur-
onidase is an enzyme that cleaves the glucuronide prodrugs
to liberate active chemotherapeutic agents. This system is
especially effective in tumors that express high levels of
beta-glucuronidase, which includes some types of breast
and colon cancers. The localized presence of the enzyme
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Figure 4: Schematic diagram showing the link between genetic modification and oncolytic therapy. Created and modified with BioRender.com.
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beta-glucuronidase within the TME enables the selective acti-
vation of the prodrugs, thus increasing the selectivity and
decreasing the systemic toxicity of the treatment [161].

5 GE and naturally occurring
oncolytic bacteria

Genomic engineering is the process of manipulating bac-
terial genomic sequences by employing genetic engi-
neering tools (Figure 4). These GE bacteria have the ability
to synthesize altered proteins, nucleic acids, peptides, and
other biomolecules that are useful in treating various dis-
eases. They can selectively target and destroy affected tis-
sues or organs, identify specific biomarkers of diseased
areas, and alter the colonized area to enhance the effec-
tiveness of disease treatment (like breaking down physical
barriers to improve the delivery of drugs) [162].

Oncolytic bacteria are developed through GE aimed at
increasing the specificity of the bacteria to tumor tissues
and improving the therapeutic efficacy. In the process of
genetic engineering, first the target bacterium should be
isolated from the naturally occurring environment and
alter their DNA to attain a particular therapeutic goal
This process includes the addition or removal of specific
genes that regulate different functions of a bacterium,
including movement, the ability to avoid being destroyed
by the host immune system, and the ability to produce
toxins, among others [162].

One of the major benefits of GE oncolytic bacteria is
their specificity and potency toward the targeted cancer
cell [163]. For example, they can be developed to generate
therapeutic proteins or antigens that trigger the immune
response to have more potency to destroy cancerous cells.
Moreover, these bacteria can be designed to contain
genetic circuits, which trigger the response to the signals
found exclusively in the TME, thus improving their selec-
tivity and the ability to deliver therapy to the cancer cells
while leaving the normal cells untouched [164].

However, the success of GE-based cancer therapy does
not only rely on the efficacy of the therapeutic approach
but also on the safety of the preparation is very crucial to
maintaining its use for humans [165]. Regulatory approval
activity comprises several important safety aspects,
including the natural behavior of the agent, toxicity levels,
and potential side effects, which are achieved via precli-
nical assessment. Despite these activities, ongoing progress
in GE techniques continues to broaden the therapeutic
potential of GE-based oncolytic bacteria, generating pro-
mising roadmaps for personalized cancer therapy.
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5.1 Salmonella typhimurium

Salmonella enterica serovar typhimurium (S. typhimurium)
is a facultative anaerobic bacterium that is well-docu-
mented to possess potential anti-tumor properties. It shows
direct cytotoxicity on tumors and is used for the selective
administration of anticancer agents [29].

According to a report by Hayashi et al., a GM strain of
S. typhimurium, termed A1-R, has been developed as a tar-
geted therapy for cancer metastasis. This strain requires
both arginine and leucine for growth and is capable of
growing in cancer cells but not in the normal cells of the
body. When injected into the lymph nodes and the blood-
stream in mouse models of pancreatic cancer and fibrosar-
coma, Al-R selectively localized and killed metastatic
tumors over the course of 7-21 days, as visualized by
real-time imaging. This approach appears quite effective
in managing metastatic cancers and is completely safe
without the use of chemotherapy [166].

Tan et al. investigated the anticancer activity of GM S.
typhimurium against both stromal cells and cancer cells in
pancreatic tumors. In this study, cytolysin A (ClyA) pro-
duced GM S. typhimurium was introduced into nude mice
with either subcutaneous or orthotopic human pancreatic
cancers. Following intravenous administration of the bac-
terium, researchers examined the markers on stromal
cells, changes in the tumor surroundings, stromal cell
counts, and the infiltration of immune -cells. Results
obtained from this experiment revealed that the GM strain
selectively aggregated and grew within tumor tissues. The
retarded growth in pancreatic cancer is attributed to the
ClyA produced by the agent. This approach suggested the
ability of the bacterium to penetrate tumor-linked stromal
barriers and exhibit anticancer effects [74].

A study by Zheng and Min [167] explored the novel ability
of an attenuated strain of S. typhimurium strain AppGpp (gua-
nosine 5-diphosphate-3-diphosphate) (strains deficient in
guanosine pentaphosphate and tetraphosphate) to selectively
target and perpetuate within cancer-harboring tissues,
resulting in a considerable reduction in the size of the tumor
or being fully eliminated in the mice model. The study dis-
plays the role of AppGpp S. typhimurium strains as vectors for
introducing therapeutic payloads selectively to tumors.

Recently, Sun et al. studied the GE oncolytic bacterium
HCS1, comparing its activity to the attenuated S. typhi-
murium strain VNP20009. In vitro laboratory analysis
showed that HCS1 had significantly lower colonization and
cytotoxicity against cancer cells compared to VNP20009. The
administration of HCS1 to tumor-bearing mice resulted in
considerable suppression of cancer growth in a dose-depen-
dent manner without causing adverse effects in healthy
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tissue, suggesting its potential in cancer treatment with an
improved safety profile [168].

5.2 Listeria monocytogenes

Current and past investigations on GE L. monocytogenes
demonstrate the inhibitory activity of this bacterium
against various types of cancers, highlighting its potential
in oncolytic therapy.

According to Vitiello et al.,, attenuated L. monocyto-
genes (Lmat-LLO) serve as a potential anticancer agent
and delivery strategy for the treatment of different types
of cancers. In vitro studies show that Lmat-LLO causes ROS
generation and apoptotic cell death in numerous mela-
noma cell types, independent of stage, mutational profile,
susceptibility to BRAF inhibitors, or stemness. In Braf/Pten
genetically altered mice, Lmat-LLO lowers the size and
volume of initial melanoma tumors while also decreasing
metastatic spread [169].

Jia et al. developed a GE L. monocytogenes strain that
expresses the HPV16 E7 protein. Vaccinating mice with
cervical cancer intraperitoneally with the modified strain
(LM4Ahly: E7) resulted in considerable tumor size reduc-
tion and even total remission of certain existing tumors.
The study demonstrated that the recombinant L. monocy-
togenes may enter tumor tissues and promote non-specific
tumor cell death, most likely via the production of ROS and
raised intracellular levels of calcium ions [170].

Currently, a group of researchers indicated that L.
monocytogenes mutated for oncolytic use has shown inhi-
bitory activity toward different types of cancers. These
modified bacteria are designed to selectively infect and
replicate within tumor cells without affecting healthy cells.
In the process of oncolytic activity caused by L. monocyto-
genes, the GE L. monocytogenes selectively infect tumor
cells because of their capability to thrive in the hypoxic
environment typical of solid tumors. Once internalized
into the tumor cells, the agent induces lysis of the targeted
cell through the potent toxins released for the bacterial cell
[171]. Besides, GE Listeria can be organized to express
tumor-linked antigens, improving the ability of the
immune system to recognize and fight the cancer cells.

5.3 E. coli

Chiang and colleagues used the probiotic E. coli Nissle 1917
(EcN) strain for the treatment of CRC. In this study, the
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cytotoxic protein HIyE, which is regulated by the araBAD
promoter (PBAD), was engineered into EcN. EcN was meta-
bolically engineered to decouple glucose-mediated control
and r-arabinose transport induction while simultaneously
blocking 1-arabinose catabolism in order to overcome the
drawback that PBAD was sensitive to glucose and prone to
all-or-no induction. EcNe, the reprogrammed strain,
allowed for the effective and time-controlled expression
of HIyE. At 30- to 50 pM t-arabinose concentrations,
EcNes HIyE production reached its peak and was not
impacted by glucose. In mice xenografted with human
CRC cells, the engineered EcNe markedly decreased tumor
size and specifically colonized tumors with a tumor-to-
organ ratio of 106:1. This study introduced a novel
approach for bacteria-mediated delivery of therapeutic
proteins to tumors [172].

Apart from GE oncolytic bacterial species, naturally
existing oncolytic bacteria strains have been reported for
their unique capability to specifically attack and eradicate
cancer cells. For instance, the two commonly occurring
bacterial strains, such as C. novyi and S. pyogenes, flourish
tumors cell and eliminate cancer cells without causing sig-
nificant damage to normal tissues [163,173].

The most prominent benefits and successes of onco-
lytic therapy linked to naturally occurring oncolytic bac-
teria lie in their evolutionary adaptation to TMEs, where
this therapeutic frontier gains an advantage over GE coun-
terparts. The proliferation and survival of this agent within
the tumor cell are partly associated with the natural selec-
tion processes, which can boost their therapeutic potential
and minimize the possibility of resistance occurring in
cancer cells [139].

In spite of the peculiar oncolytic characteristics of
naturally occurring bacteria, these bacteria may necessi-
tate some form of changes or improvements to enhance
their therapeutic uses for clinical cases. The combination
of naturally occurring oncolytic bacteria with immu-
notherapies or other cancer treatments is being studied
to enhance their specificity, unlocking their mechanism
of action and overall therapeutic outcomes [139].

5.4 Clostridium spp.

Clostridium species are known for their unique oncolytic
activity as the agent targets the cancerous cells and selec-
tively colonizes the tumor cell. This specificity is guaran-
teed because the hypoxic and necrotic areas, which are
characteristic only for solid tumors, are suitable for the
germination of Clostridium spores, thereby killing the
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tumor cells while having little effect on the normal cells
[174]. This tumor-selective colonization not only assists in
the direct destruction of tumor cells through bacterial lysis
but also enables the targeted deposition of therapeutic
agents synthesized by the bacteria. Such kind of approach
is also very helpful in reducing the side effects often asso-
ciated with conventional treatments [175].

The anticancer activity of Clostridium species and its
spore, mainly C. novyi-NT, was reviewed by Staedtke et al.
and Feng et al. [176,177].

5.5 Bacillus spp.

Bacillus species, such as B. subtilis and B. thuringiensis,
have been recently explored for their oncolytic properties
in cancer treatment [178,179]. These bacteria have inherent
properties that are beneficial for use in targeted cancer
therapy. Moreover, their capacity to dwell in hypoxic
TMEs and their specificity to eliminate cancer cells and
not harm normal cells further emphasize their therapeutic
utility. Furthermore, Bacillus species can be GM to increase
their ability to kill cancer cells and demonstrate a thera-
peutic load containing anticancer drugs or immunomodu-
lators directly to cancer tissues. Current research remains
focused on elucidating the molecular pathways through
which they exert their oncolytic effect and the optimization
of their use in clinical practice [90,180].

Recently, Zhao et al. assessed the anticancer potential
of four bacterial strains (BY38, BY40, BY43, and BY45),
which were isolated from the fecal samples of healthy per-
sons as well as cancer patients. According to the results
obtained from this study, the tested organisms significantly
suppress the growth of ovarian and CRC cell lines in a dose-
dependent manner, suggesting the possibility of these pro-
ducts being used as alternative therapeutic agents for these
forms of cancer [181].

5.6 Bifidobacterium

Facultative anaerobes like Bifidobacterium are bacteria
that cannot survive in an environment when the level of
oxygen is high. This characteristic forces them to move
toward the hypoxic areas inside the tumors where oxygen
is scarce [182].

Recently, a group of researchers investigated the
effects of heat-killed Bifidobacterium and Lactobacillus
strains on the MKN1 human gastric carcinoma cells using
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animal models and in vitro assays. In this study, the MKN1
xenograft models were established by implanting BALB/c
nude mice with MKN1 cells and then the mice receiving the
tested bacterial strains orally as single or in combination.
Western blotting and immunohistochemistry of the tumor
tissues showed that the strains L. reuteri MG5346, B.
bifidum MG731, and L. rhamnosus MG5200 were capable
of eliciting greater apoptosis in MKN1 cells compared to
other strains. Besides, these strains, especially MG731,
showed a significant reduction in the growth of tumors
in these animal models [183].

According to the study by Faghfoori et al,
Bifidobacteria had anticancer properties on colon cancer
cell lines, and the findings showed that it was able to sig-
nificantly decrease the survival rate of the colon cancer
cells compared to that of the control groups. The data
obtained by flow cytometry and reverse transcription poly-
merase chain reaction proved that metabolites produced
by Bifidobacteria led to apoptosis in colon cancer cells.
According to the authors, the effect was attained by the
suppression of anti-apoptotic genes along with the promo-
tion of pro-apoptotic genes [184].

In a recent study published by Yoon et al.,, the admin-
istration of two different strains of B. breve suppressed the
proliferation of tumors in mice with MC38 colon carci-
noma. The results revealed that only one of these strains
improved the performance of the chemotherapeutic agent
used (oxaliplatin and PD-1 inhibitors). According to the
immune profiling and transcriptomic analysis, this strain
of B. breve increased the anticancer immune response by
stimulating lymphocytes. The authors concluded that the
combined effect of B. breve and the tested antibiotics could
be a viable strategy to harness the potential of B. breve to
enhance the effectiveness of CRC treatments [185].

Bahmani et al. isolated 17 isolates of Bifidobacterium
from diverse sources and tested them against colon cancer.
According to the findings of the study, Bifidobacterium was
detected frequently in infant fecal samples and dairy pro-
ducts, with the least prevalence in local milk. In this study,
both the infant feces-derived isolate (cell-free supernatant
(CFS) and one from the probiotic capsule showed max-
imum inhibition of cancer cell growth on a colon cancer
cell line. Out of all the probiotics, B. bifidum was especially
effective against cancer cells and received a vast improve-
ment in the results of gastrointestinal cancer. In conclu-
sion, this study stated that the CFS produced by these iso-
lates can suppress the growth of colon cancer cells; thus, it
shows that probiotics have high potential as a new thera-
peutic strategy for colon cancer [186].

In a recent study, Fahmy and co-workers explored the
modulatory impact of B. longum (BL), which was isolated
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from women’s breast milk samples, on selected oncomiR
and tumor-suppressor miRNA, as well as on IL-1p and IL-6-
targeted miRNA, employing the mice model of inflamma-
tion-induced CRC. The study observed that BL administra-
tion inhibited miR-21a and miR-155 oncomiRs that modu-
lated IL-6 and IL-1B in both normal and CRC mice. It also
upregulated tumor suppressor miRNAs, including miR-145
and miR-15a of the tumor cells. Furthermore, BL treatment
downregulated the expression of miR-146a, which regulated
the expression of IL-1f and IL-6. In CRC mice, the raised
concentration of NF-Kb was, however, reduced by BL.
Alternatively, in CRC mice, BL caused an increase of IL-1B
but a decrease of IL-6. In addition, reduced levels of aber-
rant crypt foci in CRC mice were observed under the BL
treatment, while increased necrosis and fibrosis in colon
cells were also observed. The results obtained in this study
suggest that BL modulation of microRNAs could provide
positive therapeutic outcomes in CRC by inhibiting tumor
cell proliferation, apoptosis, and related activities [187].

6 Safety and side effects

The application of bacterial enzymes, toxins, spores, and
GE bacteria for the treatment of cancer is a novel approach
but has some safety concerns. Oncolytic bacteria-linked
therapies are primarily introduced to exploit the inherent
nature of the bacteria to be toxic to cancer cells without
harming the intact cells. However, safety concerns are
mainly centered on the prospect of systematic infection,
immunogenicity issues, and off-target effects. Of all, cyto-
toxicity is a potential hazard associated with bacterial
toxins and spores. Despite the attempts to deliver these
agents selectively to the tumor site, there is a possibility
of unintended damage to the normal tissues. For instance,
C. novyi-NT spores that possess oncolytic activity can lead
to septicemia if it is not efficiently delivered within the
TME [110]. Likewise, bacterial toxins, such as anthrax LT,
exhibit a toxicity profile across the body since they affect
systemic organs, causing severe reactions in patients if not
well controlled.

GE bacteria suffered from safety concerns linked to their
stability and unintended genetic changes, leading to potential
treatment failures. While these agents are developed to max-
imize the potency and specificity of tumors, there is a risk of
unintended consequences introduced to the recipient, which
may aggravate the disease. For instance, GE S. typhimurium-
linked oncolytic therapies have shown promising frontier in
destroying different types of cancers but worries about the
reversion to virulence or unintended infection in
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immunodeficient individuals remain. Hence, preclinical and
clinical testing are strictly required to investigate these risks
and ensure patient safety [188,189].

7 Combination therapy

Traditional cancer treatments have long been based on
approaches such as radiotherapy, chemotherapy, and
immunotherapy, which are considered the baseline of cancer
management. Nevertheless, these conventional strategies
often come with significant drawbacks, including systemic
toxicity, drug resistance, and immune suppression, which
can adversely affect the health of cancer patients. In this
context, the integration of bacteriotherapy with conventional
cancer therapies has emerged as a promising strategy [190].

Given that cancer is a multifaceted disease, the
approach of employing a combination of internal and
external attack methods in targeting both hypoxic and
oxygen-rich cells is regarded as a desirable and potentially
advantageous option against cancer treatment [191].

Combination therapy of chemotherapies and oncolytic
bacteria demonstrated efficacy in early C. novyi-NT inves-
tigation of a therapy termed COBALT or combination bac-
teriolytic therapy [191]. Salmonella shows potential to boost
the efficacy and safety of chemotherapeutics such as cyclo-
phosphamide [192], cisplatin [193], doxorubicin [194], gem-
citabine [195], and combinations thereof (e.g., CHOP [196]).
Radiotherapy linked to oncolytic bacteria therapy has lim-
itations because of harmful effects on normal tissues with
increasing dose and frequency. While there is evidence of
synergistic effects for the combination of oncolytic bacteria
and radiation [197], the greater share of benefits demon-
strated is thought to be because of selective colonization
and immunomodulatory effects [198]; however, combina-
torial therapeutic approach resulted in superior efficacy
relative to systemic administration alone [191,199,200].
Table 4 provides a summary of the anticancer effects gen-
erated from the combined use of oncolytic bacteria with
commonly used chemotherapeutic agents.

8 Clinical trials of oncolytic
bacteria

In 1891, Dr. William B. Coley introduced the use of the live
infectious agent erysipelas (S. pyogenes) for the treatment
of cancer. Since then, many bacterial strains have been
investigated and tested in human patients (Table 5). Among
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the bacterial species selected for human studies, Listeria
vaccine strains have demonstrated remarkably positive
outcomes, and some strains are presently being tested in
phase II and III clinical trials [209].

Despite the efforts made toward the clinical trials, only
one (BCG) gained approval from the Food and Drug
Administration (FDA) [30,163,210]. BCG is an attenuated
strain of Mycobacterium with substantial merit as a treat-
ment for bladder carcinoma (non-muscle invasive). BCG was
approved in 1990 by the FDA and has been the benchmark
therapeutic agent [26]. BCG therapy is employed by the
administration of the BCG suspension via catheter into the
bladder of the patients, with the mode of action remaining
largely unclear. Nevertheless, it is known that direct contact
with the malignant tissue is necessitated to promote an
inflammatory response and a cytotoxic effect [211]. Regard-
less of the initial success of BCG, substantially few bacter-
iotherapy have reached the stage of clinical trials, especially
in comparison to oncolytic viruses and nanoparticles. Cur-
rently, three bacterial species are at the forefront of clinical
application: S. typhimurium, C. novyi-NT, and L. monocyto-
genes. These species have common characteristics with
other bacteria and oncolytic viruses, including pre-clinical
genetic engineering, displayed oncolytic effects in animal
models, and tumor targeting potential naturally or artifi-
cially induced. Nevertheless, each of these species
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demonstrates a significantly distinct oncolytic mode of
action [163,212-214].

Currently, intratumoral preparation of C. novyi-NT is
entering a phase II clinical trial while simultaneously being
explored in a phase I trial as a combinatorial therapy with
pembrolizumab (anti-PD1 antibody) [215]. Pre-clinical data
indicate that C. novyi-NT combination bacteriolytic therapy
(COBALT) has powerful anticancer activity because of the
contrasting cytotoxicity processes and remarkably precise
innate targeting [216]. C. novyi-NT has completed a phase Ib
clinical trial (NCT01924689) and is well-tolerated in solid
tumor patients, which is significant progress for oncolytic
bacteriotherapy [217].

S. typhimurium is also moving through the good pipe-
line of the clinical trial. At the forefront of S. typhimurium
(strain Saltikva) investigation, the organism has been GM
to induce to express IL-2, while the genes responsible for
virulence factors have been knocked out [29]. A combina-
tion of this organism with an immunostimulatory cytokine
is a continual direction in the field [218].

L. monocytogenes (ADXS11-001) is positioned to reach
FDA approval. It is presently being explored in a phase III
clinical trial for the cervical cancer (NCT02853604) treat-
ment. L. monocytogenes was manipulated to be engulfed
by APC cells and produced an antigen-adjuvant fusion
protein in order to modify the TEM [219], facilitating

Table 5: Summary of studies conducted on clinical trials of oncolytic bacteria in cancer treatment

Bacterial strain Clinical phase

Identifier no.

Type of cancer

L. monocytogenes (LADD) Phase II NCT01613313  Prostatic neoplasms
Phase I NCT02592967  Lung carcinoma
L. monocytogenes Phase I — Metastatic pancreatic tumors
Phase I NCT00585845  Adenocarcinoma of the ovaries, pancreas, malignant
epithelial mesothelioma, and
Phase III NCT02853604  Cervical cancer
S. typhimurium VNP20009 Phase I NCT00004216  Advanced metastatic solid tumors
Phase I NCT00006254  Solid tumors
Phase I NCT00004988  Neoplasm metastatic tumor
Saltikva (S. typhimurium expresses human IL-2) Phase II NCT04589234  Metastatic pancreatic cancer
Phase I NCT01099631 Liver cancer
S. typhimurium VNP20009 expressing TAPET-CD Phase I — Head and neck, and esophageal adenocarcinoma
(cytosine deaminase)
S. typhimurium Ty21a VXMO1 Phase I — Pancreatic cancer
S. typhimurium (x4550) Phase I — Hepatocellular carcinoma
S. typhimurium VNP20009 Phase I — Melanoma
S. typhimurium VNP20009 Phase I — Metastatic melanoma, metastatic RCC
C. novyi-NT Phase Ib NCT03435952  Refractory advanced solid tumors
Phase I NCT01924689  Solid tumor malignancies
Phase I NCT00358397  CRC
Phase I NCT01118819 Solid tumor malignancies
Mixed bacterial vaccine Phase I NCT00623831  Malignant tumors
C. butyricum M55 Phase I — Vascular glioblastoma
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T-cell infiltration and minimizing the intrinsic immune
suppression properties of the TME [217,219]. Table 5 sum-
marizes some of the major clinical trials of oncolytic bac-
teria reported, along with their findings.

9 Conclusions and future
perspectives

Oncolytic bacteria are still a relatively unexplored cancer
treatment approach but could be advantageous over con-
ventional therapies such as chemotherapy and radiation.
Various clinical trials have demonstrated that oncolytic
bacteria have the unique ability to selectively infiltrate
tumors, destroy tumor cells, and stimulate immune
responses against cancer. Although their replication and
Iytic activity primarily target benign tumors, they can
also impact metastases, making oncolytic bacteria a versa-
tile and powerful tool in cancer treatment.

The future of oncolytic therapy holds immense promise.
Advances in the introduction of new genomic tools will
likely open the therapeutic avenue for different types of
cancers that are not responsive to chemotherapeutic agents
with acceptable levels of safety profiles. Researchers are
working to minimize the different types of barriers, such
as the complexity of the TME and its resistance to the onco-
lytic agent. Furthermore, the synergy of oncolytic bacteria
with other conventional therapeutic approaches like
immune checkpoint inhibitors or classical chemotherapy
could enhance the efficiency of the treatment and expand
the use of the approach across different types of cancers.

Another exciting opportunity in the rim of oncolytic
therapy is the discovery of new microbial-based immu-
notherapy that will be customized depending on a patient’s
genetic and immunological status. This could enhance the
effects of the treatment while reducing side effects, at the
same time, by identifying specific molecular weaknesses
inherent in cancer patients. Moreover, the incorporation
of imaging, biomarkers and other advanced techniques
may offer an opportunity to monitor bacterial therapy out-
comes in real-time and to modify the treatment accord-
ingly. Further studies on the relationships occurring
between oncolytic bacteria and the immune system of
the host will subsequently reveal further findings showing
the potential for more advanced and selective treatments
for cancer.

In conclusion, despite the immense potential of onco-
lytic therapy, there are some problems and drawbacks,
such as the lack of the best delivery methods for these
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bacteria into tumor tissues and the problems with possible
off-target effects. Nevertheless, the continuous research
conducted in this area and the constant advancement of
biotechnological tools build an optimistic perspective for
oncolytic therapy in the near future. Ongoing interprofes-
sional cooperation and sustained commitment to transla-
tional research may turn bacterial oncolysis into a para-
digm-shifting advancement in cancer treatment that will
forge a better quality of life for patients fighting an intri-
cate disease.
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