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Understanding various responses of cells towards change in their external environment, presence of other species
and is important in identifying and correlating the mechanisms leading to malignant transformations and cancer
development. Although uncovering and comprehending the association between bacteria and cancer is highly
challenging, it promises excellent perspectives and approaches for successful cancer therapy. This review in-
troduces various bacterial species, their virulence factors, and their role in cell transformations leading to cancer
(particularly gastric, oral, colon, and breast cancer). Bacterial dysbiosis permutates host cells, causes inflam-
mation, and results in tumorigenesis. This review explored bacterial-mediated host cell transformation causing
chronic inflammation, immune receptor hyperactivation/absconding immune recognition, and genomic insta-
bility. Bacterial infections downregulate E-cadherin, leading to loosening of epithelial tight junction polarity and
triggers metastasis. In addition to understanding the role of bacterial infections in cancer development, we have
also reviewed the application of bacteria for cancer therapy. The emergence of bacteriotherapy combined with
conventional therapies led to new and effective ways of overcoming challenges associated with available
treatments. This review discusses the application of bacterial minicells, microswimmers, and outer cell mem-

brane vesicles (OMV) for drug delivery applications.

1. Introduction

Cancer remains a prime cause of morbidity and mortality worldwide.
It is a resultant of the extensive and uncontrollable proliferation of cells.
These cells are heterogenous and constantly evolve evading immune
responses, developing drug resistance and recurrence (Gallaher et al.,
2019). An adequate understanding of the biological components pro-
voking cancer progression can reduce the mortality rate. Extensive ef-
forts of researchers concluded, the intrinsic risk factors (such as an error
in DNA replication/spontaneous mutations) cause only 10-30% of
cancer. The extrinsic risk factors (endogenous risk factors: biological
ageing, genetic susceptibility, hormones, etc., and exogenous risk fac-
tors: chemical carcinogens, tumour-causing micro-organisms, unhealthy
lifestyles, etc.) are the significant drivers of cancer progression (Wu
et al., 2016). In 2018, about 18.1 million new cancer cases were
recorded worldwide (Bray et al., 2018). In 2020 19.3 million new cancer
cases and 10 million deaths have been reported, indicating the rampant
cancer progression worldwide. The cancer cases are expected to increase
further and reach 28.4 million by 2040 (World Health Organisation
2018; Sung et al., 2021). A better understanding of cancer-causing fac-
tors, early detection, and improvised therapy is crucial and highly
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required to address cancer fatality.

Various environmental factors can cause changes in the host-genetic
relationship leading to cancer development. Micro-organisms like bac-
teria, viruses, fungi colonizing the gastrointestinal tract, mouth, skin and
vagina could be vital and potential environmental factors. Infectious
agents contribute to 16.1% of malignancy worldwide (Takeshima and
Ushijima, 2019; Dekaboruah et al., 2020; De Martel et al., 2012).
Micro-organisms can colonize inside and outside the body without
harmful effects as commensals or mutuals (living with beneficial
co-relation with host cells). However, an imbalance between organisms,
i.e. dysbiosis, alters the normal physiological homoeostasis in host cells.
This unhealthy relationship between host and microbes leads to various
diseases like obesity (Turnbaugh et al., 2006), malnutrition (Blanton
et al., 2016), diabetes (Al-Rawi and Al-Marzooq, 2017), chronic in-
flammatory diseases such as inflammatory bowel disease (IBD) (Maz-
manian et al., 2008), and cancer (Polk and Peek, 2010). An average
human (aged 20-30 years with a bodyweight of 70 kg and a height of
170 c¢m) contains about 3.8 x 102 bacterial cells. The colon alone
contains 10'! bacterial cells, and the stomach, duodenum, jejunum
(upper small intestine) contains 10%-10* bacterial cells (Sender et al.,
2016). The interactions between the microbes and the host cells are
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diverse, making it hard to determine and define the exact role played by
microbiota in cancer progression. The microbiota-mediated infection
has been reported as a potent cancer-inducing factor that triggers cancer
progression by attacking the host cell DNA, modulating the immune
system, inducing inflammation, hormone secretion, lymphoprolifera-
tion, and promoting epithelial-mesenchymal transition (EMT) (Geng
et al., 2020; Paciello et al., 2013; Grebowska et al., 2008; Leclercq et al.,
2016; Jin et al., 2019; Rosean et al., 2019; Li et al., 2019). The microbes
translocate, causes genotoxicity and affect the metabolism altering the
host cell’s environment. The symbiotic relations between bacteria and
host cells, when disrupted, lead to translocation of bacteria into host
cells, triggers inflammation leading to the development of tumours.
Bacterial genotoxins like colibactin, CDTs (cytolethal distending toxin)
are known to break the host cells’ DNA (Li et al., 2019; Shine et al.,
2018; Zhou et al., 2020). Microbiota is also known for altering the gut’s
bile acid homoeostasis, catalysing deconjugation and dihydroxylation
(Wang et al., 2019; Li et al., 2020).

Microbiota and cancer have a bi-modal relationship, as represented
in Fig. 1. Though microbiota plays a critical role in triggering and
progression of malignancy, it is also an emerging cancer therapy
approach (Zhang et al., 2018; Yu et al., 2012; Park et al., 2017; Park
et al., 2013a). Conventional cancer therapies, like chemotherapy, sur-
gery, radiation, etc., lack target specificity and adverse side effects. The
traditional cancer drugs cannot penetrate the tumour tissues deeply, and
some of the tumour tissues develop drug resistance as well (Navya et al.,
2019; Maeda and Khatami, 2018). The unique internal pathophysiology
of solid tumours and the limitations of conventional treatments indicate
the immediate need for new therapeutic modalities. Several alternative
treatments like photodynamic therapy, gene therapy, insulin
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potentiating therapy, human alpha-lactalbumin made lethal to tumour
cells (HAMLET), telomerase therapy, hyperthermia, dichloroacetate,
non-invasive radiofrequency cancer treatment, etc. have been explored
for enhanced therapeutic efficacy (Sedighi et al., 2019). Bacteria have an
advantage over all the approaches mentioned above: they can perforate
into the tumour, colonize in its hypoxic core, and the body does not
show any immune resistance, making it a more practical therapeutic
approach (Zhang et al., 2018; Yu et al., 2012; Park et al., 2017).
Application of non-pathogenic bacteria for anticancer drug delivery
leads to regression of tumour growth (Zhang et al., 2018; Jiang et al.,
2010; Xiong et al., 2013; Sawant et al., 2020).

This review discusses the inter-relation between bacteria and cancer,
cancer-causing virulence factors, and infections. We have also explored
the various mechanisms to understand the role played by bacteria in the
development and progression of cancer. Finally, the application of
bacteria for cancer therapy is also discussed.

2. Understanding the mechanism of cancer progression

It is arduous to identify the particular bacterial species that causes
cancer, as more than a million bacterial species are present in the human
body. For example, the colon alone contains more than 100 trillion
bacterial species, and the oral cavity contains over 500 bacterial species.
Furthermore, a bacterial species found to be responsible for cancer
progression follows different mechanisms at different sites. Example:
Fusobacterium can cause both oral and colon carcinoma (Dekaboruah
et al.,, 2020; Rubinstein et al., 2013; Harrandah et al., 2021). The
mechanisms by which bacteria promotes malignancy and metastasis are
discussed in detail in this section.

Fig. 1. Schematic showing the role of bacteria in the induction and inhibition of cancer.
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2.1. Chronic inflammation

The inflammatory reaction protects the host cells by fighting the
foreign organisms, but inflammation/chronic inflammation persistence
leads to cancer development. Several studies showed that chronic
inflammation acts as a plethoric driving force in cancer development,
intensifying malignant transformation, tumour growth, invasion, and
metastasis. About 25% of human cancer is associated with chronic
inflammation. Inflammation shows greater replicative potential and
self-determination of growth factors. Furthermore, growth inhibition is
also absent in inflammation conditions with a legit escape from
apoptosis. All these factors lead to tumour extravasation and have great
potential to enhance angiogenesis (Afrasiabi et al., 2015; Crusz and
Balkwill, 2015; Gruffaz et al., 2017). The mechanism of chronic
inflammation leading to cancer development and progression is not
specific to bacteria. Other micro-organisms like viruses (Liu et al., 2015)
and fungi (Ramirez-Garcia et al., 2013) can also promote an inflam-
matory pathway leading to cancer metastasis.

Inflammation is a natural immune response to protect host cells.
Phagocytes recruited to the infection site secrete several pro-
inflammatory cytokines like TNF-a (tumour necrosis factor-alpha), IL-
23, IL-1, attracting other immune cells, enhancing the inflammatory
response. These inflammatory responses activate STAT3 and NF-Kp
signalling pathways, triggering uncontrolled cell proliferation. The
recruited immune cells increase reactive oxygen species (ROS) and ni-
trogen oxide species (NOS) by activating enzyme-like NADPH (nico-
tinamide adenine dinucleotide phosphate) oxidase, superoxide
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dismutase (SOD), nitric oxide synthase (NOS), etc. These free radicals
further kill pathogens (Messex et al., 2020; Duque and Descoteaux,
2014b). However, these free radicals and derived metabolic products
like HNOj, N2Os, peroxynitrite also damage proteins, DNA, and cell
membranes. The damaged DNA is propagated through uncontrolled cell
division, escaping the cell cycle check-point and repair system, leading
to point mutations, deletion, and translocation. Hence chronic inflam-
mation is associated with DNA damage, mutation, and aberrant cell
differentiation, provoking cancer development (Habib and Moinuddin,
2005; Teshima et al., 2018; Irrazabal et al., 2020).

Fig. 2 shows the schematic illustration of how bacterial dysbiosis
causes chronic inflammation and cancer. For example, H. pylori infection
causes an influx of phagocytic cells (macrophage and neutrophils) in an
attempt to kill the pathogens. These phagocytic cells release ROS/RNS
(reactive oxyfen species/reactive nitrogen species) to clear the infection.
However, the persistence of these free radicals damages the epithelial
cells, leading to cancer development (den Hartog et al., 2016; Ding et al.,
2007). H.pylori induces inflammation via several mechanisms, of which
cagPAI mediated NF-kp induction was discussed earlier in detail (2.1.
Gastric cancer) (Chen et al., 2016; Krisch et al., 2016; Epiya-motifs,
2019; Stein et al., 2002). In addition, H.pylori also causes inflammation
in gastric epithelial cells via their surface adhesion proteins like OipA
(outer inflammatory protein OipA) and BabA (blood group antigen
binding adhesin). These proteins aid in the longer persistence of bacteria
in host epithelial cells, induces the secretion of pro-inflammatory cyto-
kines like IL-6, IL-11, causing severe inflammation and develops stom-
ach cancer (Sugimoto et al, 2011). F.nucleatum also has surface

"

,u“"é-ast\"\c cancer

B kS T T
"
»
»
»
.
.
.

""""'Breast cancer

(0}
@ §

“**e..... Colon

Bacteria

[
il
(0§

| @ !
03
3

Pro-inflammatory

.
.
.
l“‘
.
.

i8] cytokines

o

a

3 o1

> S R

N ¢ P

Q DNA 8 .

] mutations 3 :

S o :
., = i

o

o)
0

‘e

Proliferations
~

‘e
.
‘e
.

-
.
“ay
-
fraaa,

STAT-3,IL,NF-kB

utation

Proliferation

.
.

l“‘
.

cancer

Fig. 2. Bacterial dysbiosis causes chronic inflammation leading to cancer. Infected host immune cells produces inflammatory signalling molecules like TNF-o
(tumour necrosis factor alpha), IL-1 (interleukin-1), IL-8, IL23, STAT-3 (signal transducer & activator of transcription 3), NF-kp (nuclear factor kappa-light-chain-
enhancer of activated B cells), ROS (reactive oxygen species), RNS (reactive nitrogen species), which causes chronic inflammation and leads to progression of cancer.
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adhesion proteins: FadA (fusobacterium adhesin A), Fap2 (fibroblast
activation protein 2), and RadD (radiation gene D). Researchers have
found that FadA modulates the tumour micro-environment by down-
regulating the tight junction proteins: cadherin and its functional asso-
ciation with catenin, evoking chronic inflammation and cancer
metastasis (Rubinstein et al., 2013; Kaplan et al., 2010).

2.2. Cross talk between bacterial infections and immune system

The crosstalk between bacteria and immune system results in
multifold interactions causing homoeostasis and pathogenesis. The
commensal bacteria play an essential role in training and functionalizing
major components of the host’s innate and adaptive immune system.
The innate immune system is composed of several pattern recognition
receptors (PRRs). These PRRs have broad specificity towards antigens
and can bind to many molecules with a common structural motif present
in pathogens called pathogen-associated molecular patterns (PAMPs) or
damage-associated molecular patterns (DAMPs) released by the
damaged cells. There are several PRRs like toll-like receptors (TLRs),
nucleotide-binding oligomerization domain (NOD) and leucine-rich re-
peats (LRR)-containing receptors (NLR), retinoic acid-inducible gene 1
(RIG-1) -like receptors (RLR) and C-type lectin receptors (CLRs). Among
all these PRRs, TLRs are the most crucial pattern recognition receptors to
elicit antimicrobial and inflammatory responses.

In contrast, the adaptive immune system consists of several effector
immune cells like B and T cells. It recognizes the antigen by multiple
antigen receptors, distributed on B and T cells. The genetic and somatic
recombination of these receptors on B and T cells generates multiple
repertoires of receptors. These receptors enable the identification of
clonal selection of antigen-specific receptors and develop immunolog-
ical memory. These receptors enable the identification of a clonal se-
lection of antigen-specific receptors and develop immunological
memory. After TLRs become activated by PAMPs/DAMPs, an immune
response is transmitted to macrophages/B cells/ T cells. The activated
immune cells produce pro-inflammatory cytokines like tumour-necrosis
factor alpha (TNF o), interleukin-1f (IL-1p) and IL-6, neutralizing anti-
gens. Therefore innate and adaptive immune responses commingle to
kill pathogens (Amarante-Mendes et al., 2018; Chi et al., 2020).

Many bacteria present in the host’s gut environment maintain a
symbiotic/mutualistic relationship with the host immune system. The
host-microbe mutualistic relationship operates optimally in healthy
conditions and induces strong protective responses against foreign
pathogens (Y. and Belkaid, 2015). Dendritic cells (DCs) and T cells are
important components of innate and adaptive immune systems respec-
tively. Dendritic cells present antigens to T cells and endow the differ-
entiation of effector T cells. Microbes in the gut are directly and
indirectly involved in DC cell activation or effector T cell differ-
entiation/regulation preventing mucosal inflammation. It has been
found that short-chain fatty acid (SCFAs)-C2, C3, C4, C5 fermented
products of digestive resistant dietary fibres are produced by the
anaerobic microbiota in the colon. These SCFAs involve in the regulation
of DC, T cells’ function and developing protective immunity. It has been
reported that SCFAs control the effector T cell function by activating or
suppressing the FoxP3 Treg (forkhead box P3T regulatory) cells’ tran-
scription. Park et al. reported that in cases of high T cell activation,
SCFAs activate the histone deacetylase (HDAC), downregulating the
transcription of the FoxP3 Treg gene. In contrast, under low T cell
activation, SCFAs inhibit HDAC, upregulating the transcription of the
FoxP3 Treg gene. Thus, microbiome-produced SCFAs can control both
effector and regulatory cells function, which is crucial to boost immunity
against pathogens (Furusawa et al., 2013; Park et al., 2015).

Several studies reported that alteration in host-microbe interactions/
bacterial dysbiosis disrupts the host cells’ homoeostasis leading to the
evolution of malignancy (Sobhani et al., 2011; Weir et al., 2013). C.
Xuan observed that breast tissues with microbial dysbiosis cause lower
expression of immune sensors like TLR 2,5,9. Reduction in expression of
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antimicrobial response effectors: interleukin-12 A (IL-12A), myeloper-
oxidase (MPO) and bactericidal/permeability-increasing protein (BPI)
was also observed, as compared to healthy breast tissues. In conclusion,
bacterial dysbiosis causes inhibition of immune sensors and progression
of malignancy (Xuan et al., 2014).

Researchers also reported that immune cell hyperactivation/evasion
by bacteria develops cancer. Microbial ligands like LPS (lipopolysac-
charides), lipopeptides, lipoteichoic acids, peptidoglycans, flagellins,
etc., bind with specific TLR. Following successful binding, various
cascade signalling pathways regulating cell proliferation or apoptosis,
cell differentiation, secretion of inflammatory cytokines like interferons
(IFNs), TNF-q, interleukins (IL1, IL6, IL8, IL12, IL16), etc., are affected
(Ernst and Chandler, 2017; van Bergenhenegouwen et al., 2016; Schir-
bel et al., 2013). The hyper-activation of TLRs or escaping immune
recognition can lead to cancer development, as illustrated in Fig. 3. Ye
et al. showed that gram-negative bacteria like E.coli causes outgrowth
and uncontrolled metastasis in non-small cell lung cancer (NSCLC).
Overactivation of TLR4 and TLR9 related with lipid synthesis was
observed in-vitro and in-vivo, suggesting immune receptor overactivation
by bacterial infection (Ye et al., 2016).

The bacterial outer surface contains complex antigenic moieties,
allowing escape immune recognition (by modifying the surface anti-
gens) and survival. For example, gram-negative bacteria like Shigella,
Neisseria, etc., contain a polysaccharide-rich capsule to escape immune
recognition. This immune escape mechanism protects them from
phagocytosis and prevents complement activation, ensuring survival
within host cells, leading to inflammation (Paciello et al., 2013; Sivag-
nanam et al., 2010). Bacteria can also dampen immune recognition by
acquiring mutation on their surface flagellin. TLR-5 recognizes a
conserved motif named aD1la. Several bacteria like Salmonella, Vibrio
contains these conserved domains. It has also been reported that the
highly virulent Helicobacter has a mutation in the D1 domain of its
flagellin FlaA, which helps in evading immune recognition by TLR-5
and progresses gastric carcinoma (Il Yoon et al., 2012; Pachathundi-
kandi et al., 2019). Salmonella typhimurium was also reported to have
modified lipid A, inhibiting the TLR4 mediated immune activation.
These immune-escaping mechanisms secure the residence within host
organisms for a more extended period, allowing pathogenic bacteria
modify host cell integrity and signalling cascade triggering cellular
malignancies (Kawasaki et al., 2005).

In addition to innate immune evasion/hyperactivation, bacterial
infections can also modulate the adaptive immune response in host cells.
Adaptive immune responses become activated through secretion of cy-
tokines, activation and proliferation of effector T cells and B cells.
Cytolytic activity of effector T cell (CD8+ T cell) and antibodies pro-
duced by B cells contributes to killing bacterial pathogens. Pro-
inflammatory cytokines like TNF- «, IL-1,8,12 are crucial to clear the
bacterial infection from host cells (Duque and Descoteaux, 2014a). Some
bacterial pathogens evolve their intracellular mechanism to modulate
cytokine production and inhibit B/T cell activation inside host cells.
Researchers reported that mycobacterium infected macrophages produce
anti-inflammatory cytokines IL-6 inhibiting the activation of effector T
cells. The secretion of immunosuppressive cytokines IL-10 was also
observed. IL-10 suppresses macrophages and inhibits specific immune
responses like MHC-II (major histocompatibility complex) antigen pre-
sentation, CD86 costimulatory signals. Activation of Treg cells, down-
regulating the immune response has also been observed. All the above
observations confirm that bacterial infections manipulate innate and
adaptive immune responses in the host stimulating pathogenesis (Jung
et al., 2017; Giacomini et al., 2001).

2.3. Genomic instability
Genomic stability is essential for maintaining cellular integrity and

protecting cells from: a) DNA replication error, b) oxidative stress
(resulting from metabolic by-products), c) various exogenous
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Fig. 3. Bacterial infections manipulate host immune response and stimulates pathogenesis. Bacterial LPS (lipopolysaccharides) binds to TLR (toll like re-
ceptor), activate dendritic cells, helps bacteria in bypassing the immune detection and trigger the production of interleukins, TGF-p (tumour growth factor beta),
VEGF (vascular endothelial growth factor) which in turn induces cellular proliferation, inhibits apoptosis and cancer progression.

carcinogenic agents causing DNA damage, etc. Genomic instability ini-
tiates and progresses carcinogenesis. The baseline mutations are insuf-
ficient for developing multiple changes in the host cell genome leading
to cancer development. A spontaneous mutation obtained by the host
cell induces malignancy leading to metastasis (Van Zijl et al., 2011). The
bacterial genotoxins like cytolethal distending toxin (CDT, produced by
certain gram-negative bacteria, e.g., Helicobacter pylori) (Toller et al.,
2011), colibactin (produced by E. coli) (Cuevas-Ramos et al., 2010), and
endonucleases (produced by N. gonorrhoea) (Weyler et al., 2014) induce
DNA damage, favouring genomic instability and oncogenic
transformation.

CDT is a protein toxin comprising of three subunits- CdtA, CdtB, and
CdtC, encoded by different genes present in one operon. The subunits
CdtA and CdtC ensure the binding of CDT to the target cell plasma
membrane, and CdtB catalyzes the induction of double-stranded DNA
breakage. After shielding the attachment by CdtA and CdtC, CDT en-
docytoses into the target cells. Following endocytosis, CdtB goes through
Endosome-Golgi retrograde transport to the endoplasmic reticulum and
translocates into the nucleus. CdtB then instigates double-stranded DNA
break, seeking DNA damage response. This response induces G1-S and
G2-M cell cycle arrest, responsible for DNA damage and prolongs the
accumulation of genetic mutation. The DNA damage response also en-
hances the mitogen-activated protein kinase (MAPK) function by acti-
vating the neuroepithelial cell-transforming gene 1 protein (NET1). The
GTPase RhoA leads to more prolonged survival of infected cells, as
illustrated in Fig. 4. As a result, the infected cells acquire genetic mu-
tation leading to malignancy (Dixon et al., 2015; Boesze-Battaglia et al.,

2016; Guidi et al., 2013). In addition to CDT, certain

E. coli strains secrete colibactin, which induces DNA double-stranded
break, causing genomic instability. The DNA damage activates DNA
damage checkpoint pathways ATM (ataxia-telangiectasia, mutated),
CHK1 (check point kinase 1), and CHK2 (check point kinase 2), resulting
in G2-M cell cycle arrest and chromosomal instability. All these factors
lead to the development of cancer (Cuevas-Ramos et al., 2010; Bezine
et al., 2014).

3. Bacterial infections mediate the progression of cancer

Bacterial inflammation is one of the crucial factors leading to cancer
progression. The amplified inflammation, resulting in enhanced cell
division, leads to cancer (Crusz and Balkwill, 2015; Domingo-Gonzalez
et al., 2017; Korniluk et al., 2017). Researchers found bacterial infection
to be carcinogenic and tumour stimulating, leading to the progression of
malignancy. In addition, bacterial infections cause genomic instability
and produce toxins hampering the regulatory signals associated with
cell growth and proliferation (Rubinstein et al., 2013; Sugimoto et al.,
2011; Cuevas-Ramos et al., 2010). Bacterial infections and their effects
associated with various cancers are represented in Fig. 5. All bacterial
strains are not carcinogenic, but few of them are. Examples: Helicobacter
pylori cause gastric cancer (Stein et al., 2017), S. typhi develops gall-
bladder carcinoma (Scanu et al., 2015). Other bacterial strains are also
found to be linked with cancer. Examples include Campylobacter jejuni
(associated with small intestinal lymphomas) (He et al., 2019), Myco-
bacterium tuberculosis (associated with lung cancer) (Yamaguchi et al.,
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2020), and Citrobacter rodentium (associated with human colorectal
cancer) (Umar, 2012).

Some well-known cancer-causing bacteria, major virulence factors,
and alterations in the host micro-environment with infections are listed
below in Table 1. Although researchers have explored the association
between bacterial infections and cancer, bacteria’s role in causing can-
cer and factors leading to metastasis are not very well understood. There
is an excellent scope for future research to study how bacteria act as
mediators of rapid progression and cancer metastasis.

3.1. Gastric cancer

Gastric cancer is associated with a gram-negative bacterium: Heli-
cobacter pylori (H. pylori), colonizing the human stomach. Approxi-
mately 1089,103 new cases and 768,793 new deaths due to stomach
cancer were reported globally in 2020 (Sung et al., 2021; Mentis et al.,
2019). Most of the person infected with H. pylori do not show any
clinical symptoms, but the long-term infection causes inflammation of
gastric epithelium. Approximately 10% of infected patients develop
peptic ulcers, while 1-3% develop gastric adenocarcinoma. H. pylori
infection can modulate host cells’ signal transduction and metabolic
pathways, including glycolysis, TCA cycle, and amino acid metabolism.
The genetic heterogeneity of H. pylori influences its virulence factors
which plays a crucial role in the pathogenesis of gastric cancer (Zhang
et al.,, 2017; Sgouras et al., 2015; Matsunaga et al., 2018).
Cytotoxin-associated gene A (CagA) and peptidoglycan are a few of the
various virulence factors of H. pylori that penetrate the infected gastric

epithelial cells and potentially trigger oncogenic pathways. CagA is a
120-140 kDa protein present in the DNA insertion element. Cag path-
ogenicity island (cagPAI) induces malignancy by translocating into the
host cells. After translocation, CagA is phosphorylated by two tyrosine
kinase Abl and Src (cytoplasmic tyrosine kinase) on tyrosine residue at
four distinct glutamate-proline-isoleucine-tyrosine-alanine (EPIYA)
motifs present at the C-terminal region of the protein, inducing cell
migration (Chen et al., 2016; Krisch et al., 2016; Epiya-motifs, 2019;
Stein et al., 2002). Along with the CagA protein, peptidoglycan is also
transmitted into host cells, triggering the nucleotide-binding oligomer-
ization domain-containing protein 1 (NOD1) dependent nuclear factor
kappa light chain enhancer activated B cells (NF-kp) mediated inflam-
mation leading to chronic inflammation in gastric epithelial cells. Inside
the host cells, peptidoglycan can activate the phosphoinositide-3-kina-
se-protein kinase B/Akt (PI3K-PKB/Akt) signalling in an Src-EGFR
(epidermal growth factor receptor) dependent pathway that induces
cell proliferation, migration/metastasis, and apoptosis prevention,
leading to carcinoma, (Viala et al., 2004; Suarez et al., 2015; R.C.
Migration, and Apoptosis By Activation of Pi3K Signaling 2010).
Cyclooxygenase-2/prostaglandin E2 pathway and IL-1p are other crit-
ical factors that induce chronic active gastritis and adenocarcinoma
(Zhang et al., 2017; Echizen et al., 2016). Fig. 6 shows the schematic
illustration of cancer development and progression by CagA and pepti-
doglycan from H. pylori.

E-cadherin is an epithelial adhesion protein that maintains proper
cellular barriers associated with p120, p-catenin, and cytoskeletal
components. Following H. pylori infection translocated CagA binds with
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E-cadherin and forms the complex E-cadherin-f-catenin. The impaired
function of E-cadherin loosens the epithelial junction and enhances the
nucleo-cytoplasmic accumulation of p-catenin, activating the f-catenin
dependent carcinogenesis. Downregulation of p-catenin enhances the
cytoplasmic/nuclear expression of p120, which further interacts with
Ras-related C3 botulinum toxin substrate 1 (Racl), p21l-activated ki-
nases (PAKs), Rho GTPases (Ras homologue family member A guanosine
triphosphatase) and upgrades cellular motility and metastasis (Hu et al.,
2018; Oliveira et al., 2009; Li et al., 2015). A high level of reactive ox-
ygen species with H. pylori infection in gastric cells fuels the DDBs (DNA
double-stranded breaks), DSBs (DNA single-stranded breaks), and
impaired cell cycle checkpoint function, further leading to the devel-
opment of malignancy (Shi et al., 2019).

3.3. Oral cancer

Oral cancer, also called oral squamous cell carcinoma (OSCC),
originates from the oral mucosa. Nearly 377,713 new cases and 177,757
new deaths due to cancer in the lips and oral cavity were reported
globally in 2020 (Sung et al., 2021). The oral cavity homes more than
700 bacterial species, and bacteria like Fusobacterium, Dialister, Peptos-
treptococcus, Filifactor, Peptococcus, Catonella, and Parvimonas were
associated with oral squamous cell carcinoma (Ferlay et al., 2019;
Chattopadhyay et al., 2019; Zhao et al., 2017).

The bacteria interact with oral mucosa by binding with toll-like re-
ceptors (TLRs). These bacterial-host cell interactions induce chronic
inflammation in the oral cavity by secreting IL-6 (interleukin-6), NF-kp
(nuclear factor-kf), IL-8 (interleukin-8). In addition to these, upregula-
tion of the cell survival factors: MYC (Master Regulator of Cell Cycle
Entry and Proliferative Metabolism), JAK1 (Janus kinase 1), STAT-3

(Signal transducer and activator of transcription 3) and mesenchymal
transition markers: ZEB 1(zinc finger E-Box binding homeobox 1), TGF-f
(transforming growth factor f3)) were observed. These factors drive cell
survival, proliferation, invasion, metastasis, and development of oral
carcinoma (Harrandah et al., 2021; Gallimidi et al., 2015). Several
causative factors, like tobacco, alcohol, etc., also alter the oral cavity’s
microbial composition, influencing microbial dysbiosis and making oral
mucosa susceptible to carcinoma (Bornigen et al., 2017).

3.4. Colon cancer

The human gastrointestinal tract (GIT) contains a diverse micro-
organisms called the intestine’s normal microflora. Almost 1148,515
new cases and 576,858 new deaths due to colon cancer were reported in
2020 across the globe (Sung et al., 2021). Approximately 100 trillion
bacteria are present in the human gut. These microflorae control the
intestine’s homoeostasis by regulating metabolic functions, developing
immunity, and preventing pathogenic attacks (Gensollen et al., 2016;
Claesson et al., 2012; Gagniere et al., 2016). However, when these
flora’s regular population alters (bacterial dysbiosis), it results in path-
ogenic conditions like cancer. The colon is the most heavily
bacterial-populated part of GIT and is 12 folds more prone to cancer than
the small intestine (Gagniere et al., 2016).

Fusobacterium nucleatum is a harmful gram-negative bacteria,
generally found in the oral cavity and associated with colorectal cancer.
F. nucleatum has a highly conserved adhesion protein FadA that binds to
E-cadherin and activates p-catenin signalling. This further triggers the
inflammatory genes NF-kf}, pro-inflammatory cytokines like IL-6, IL-8,
and IL-18 in the colon epithelial cells inducing colorectal cancer (CRC)
(Rubinstein et al., 2013). Furthermore, Fusobacterium nucleatum was also
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Table 1
Summary of cancer-causing major virulence factors of bacteria and post-infectious state in host cells.
Name of the Cancer-causing major virulence factors Post-infectious changes in the host. Developed References
bacteria cancer
Helicobacter cag pathogenicity island (cagPAI). Impaired tight junction function, high invasion,  Gastric cancer (Sugimoto et al., 2011; Stein et al.,
pylori membrane proteins OipA (outer secretion of proinflammatory cytokines (IL-4, 6, 2017; Dadashzadeh et al., 2017;
inflammatory protein OipA) and BabA 10, 11, TNF-a), STAT-3 and NF-kf activation, Bounder et al., 2020; Hu et al., 2018)
(blood group antigen binding adhesin) cell survival, proliferation, chronic
inflammation.
Fusobacterium Surface adhesion protein FadA Downregulation of tight junction protein Colorectal (Rubinstein et al., 2013; Kostic et al.,
nucleatum (fusobacterium adhesin A) cadherin, recruitment of tumour-infiltrating cancer 2013)
immune cells (tumour-associated neutrophils
and macrophages) secretion of IL-1f, IL-6, IL-8,
NF-kp1, NF-KB2, TNF-a, chronic inflammation,
cell proliferation.
Porphyromonas Lipopolysaccharides (LPS) Altered oral epithelial interconnections, Oral cancer (Katz et al., 2011; Chen et al., 2019;
gingivalis enhanced inflammatory response (IL-1p, TNF-a, Zhang et al., 2008)
and IL-6), epithelial cell proliferation, and
differentiation.
Chlamydia LPS(lipopolysaccharides) and Heat shock Prolonged chronic inflammation with iNOS, IL- Lung cancer (Jupelli et al., 2013; Kriill and
pneumonia protein 60 (HSP60) 12, IL-23, and TNF-a. Suttorp, 2007; Chaturvedi et al.,
2010)
Chlamydia Plasmid encoded protein Pgp3/4 (P- Inhibit apoptosis, trigger inflammation, cell Cervical cancer (Safaeian et al., 2010; Zou et al., 2019;
Trachomatis glycoprotein 3/4) invasion, and malignancy Sigar et al., 2014; Song et al., 2013)
Campylobacter HtrA (high-temperature requirement Disruption of tight junction proteins (claudin, Small intestine (Harrer et al., 2019; Alzheimer et al.,
Jjejuni protein A) protease occludins) and loss of intestinal barrier function cancer 2020; Abfalter et al., 2016;
enhance cellular invasion, transmigration, Heimesaat et al., 2014; Jing et al.,
proinflammatory cytokines such as TNF-o 2021; Bartlett, 2004)
(tumour necrosis factor alpha) and IFN-y
(interferon gamma), and the matrix-degrading
enzyme matrix metalloproteinase-2 (MMP-2),
proliferation.
Campylobacter Genotoxin, cytolethal distending toxin DNA double-strand breaks through the ATM Colon cancer (He et al., 2019; Pons et al., 2020)
Jjejuni (CDT) (ataxia-telangiectasia mutated) -CHK2 (check
point kinase 2), and ATR (ATM- and Rad3-
Related) -CHK1 (check point kinase 1),, cell
cycle arrest, promote the secretion of
proinflammatory mediators IL-1, IL-6, and IL-8,
activate cell proliferation.
Staphylococcus Clumping factor B (ClfB) protein Increased expression of human p-defensin-2 Skin carcinoma (Madhusudhan et al., 2020; Lacey
aureus (hBD-2) protein and AMP (antimicrobial et al., 2019; Marcinkiewicz and
peptides) causing chronic inflammation, tumour Majewski, 2016)
cell proliferation, and growth.
S. Typhi Genotoxin (typhoid toxin) DNA damage, chronic inflammation, epithelial Gall bladder (Del Bel Belluz et al., 2016;
hyperplasia. cancer Walawalkar et al., 2013;
Gonzalez-Escobedo and Gunn, 2013)
Neisseria Outer membrane protein Opc Enhanced bacterial transcytosis through the Astrocyotmas/ (Cunha et al., 2010; Pereira et al.,
meningitidis endothelial barrier, increase secretion of glioblastomas 2011)

inflammatory cytokines and chemokines,
activation of caspase-3.

reported to enhance tumour multiplicity by recruiting
tumour-infiltrating myeloid cells that promote colorectal malignancy
(Kostic et al., 2013).

Some E.coli strains (B2 E.coli 11G5) can produce cyclomodulins/
genotoxins, breaking host cells’ DNA and inducing colorectal cancer. In
addition, these bacterial strains can induce inflammation, cause colon
epithelial damage, enhance cell proliferation, progress colonic neoplasia
(Raisch et al., 2014; Buc et al., 2013). Furthermore, various other bac-
teria like Streptococcus gallolyticus (ex S. bovis) (Amado et al., 2015),
Enterococcus faecalis (Escola-Vergé et al., 2020), Clostridium septicum
(Nanjappa et al., 2015) were also found to be associated with colorectal
carcinoma.

3.5. Breast cancer

A diverse population of bacteria exists in breast tissue irrespective of
lactation. Around 2261,419 new cases and 684,996 new deaths due to
breast cancer were reported globally in 2020 (Sung et al., 2021). Pro-
teobacteria and Firmicutes (mainly the class Bacilli) are the primary spe-
cies found in breast cells. Breasts, being fatty tissues with wider
vasculature, support bacterial growth. Bacterial composition plays an
essential role in building immunity in neonates (Urbaniak et al., 2014).

The commensal bacteria in the human body plays a vital role in main-
taining the various physiological functions, but microbial dysbiosis in-
duces inflammation leading to cancer. The increased bacterial
population (high abundance of genus Alistipes) in the nipple was re-
ported to progress breast cancer by modulating therapeutic responses
(Chan et al., 2016).

Bacillus, Enterobacteriaceae, and Staphylococcus were found in
great numbers in breast cancer tissues. These bacteria caused DNA
double-stranded breaks in HeLa cells (Urbaniak et al., 2016). A strong
association between gut microbiota and breast cancer has also been
observed. The steroid hormone oestrogen is a prominent risk factor in
breast cancer, particularly in post-menopausal women. Gut microbes are
capable of encoding oestrogen deconjugating enzymes like p-glucuron-
idase and hydroxysteroid dehydrogenase. These enzymes can activate
oestrogen metabolism, enhance their excretion, and propel them into
hepatic circulation in an active form leading to hormonal imbalance and
breast cancer (Rebecca et al., 2011; Yang et al., 2017).

4. Role of bacterial pathogens in epithelial to mesenchymal
transition (EMT) leading to metastasis

Epithelial cells act as a functional interface between adjacent cells of
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Fig. 6. Cytotoxin-associated gene A (Cag A)
and peptidoglycan of H. pylori triggers sig-
nalling pathways leading to cancer pro-
gression. Cag A, phosphorylated by Abl and Src
tyrosine kinase on tyrosine motif EPIYA
(glutamate-proline-isoleucine-tyrosine-alanine)
induces cellular proliferation. Peptidoglycan
induces proliferations, metastasis, inhibition of
apoptosis by activation of NODI1- NF-kp
(nucleotide-binding oligomerization domain-
containing protein one- nuclear factor kappa
light chain enhancer activated B cells), PI3K-
PKB/Akt(phosphoinositide-3-kinase-protein ki-
nase B/Akt), Src-EGFR (epidermal growth fac-
tor receptor) signalling pathway.
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our body distinguishing different organs. These cells are tightly bound to
their surrounding cells and basement membrane by multiple junction
proteins like tight junctions, adherens junctions, desmosomes, and
hemidesmosomes (FARQUHAR and PALADE, 1963). However, the
epithelial barrier loses its static phenotype during the developmental
process, fibrogenesis or tumorigenesis and gains drastic migratory
behaviour, leading to metastasis (Jechlinger et al., 2003). Loss of tight
junction proteins cadherin/E-cadherin, cytokeratin and gain of vimen-
tin, matrix metalloprotease, fibronectin and integrin avp3 are the
characteristics of EMT (Lamouille et al., 2014). Multiple
kinase-mediated  signalling pathways like TGFp—1/Smad2/3,
Wnt/Notch, Ras>Raf>Mek>Erk>NF-k p signalling contribute majorly
to initiate the EMT and metastasis (Zhang et al., 2016; Olea-Flores et al.,
2019).

Although the microbes are crucial in protecting host cells, an alter-
ation in their composition and distribution disrupts homoeostasis in host
cells. This altered relation favours inflammatory disorders promoting
EMT (Y. and Belkaid, 2015). The bacterial lipopolysaccharide (LPS), a
major component of gram-negative bacteria’s outer membrane, induces
EMT. TGF p1 is one of the most potent instigators of EMT and liver
fibroblast. Smad 2/Smad 3 are the direct downstream signalling mole-
cules in the TGF f1 transduction pathway. Activated TGF p1 receptor
induces Smad2/3 phosphorylation forming a heteromeric complex with
Smad 4. This complex further translocates to the nucleus for regulating
specific gene expression (Schiffer et al., 2000). Zhao et al. demonstrated
that stimulation of human intrahepatic biliary epithelial cells (HIBEp-
iCs) with LPS resulted in phenotypic changes producing bipolar cells
with fibroblastic morphology. Downregulation of E-cadherin and upre-
gulation of mRNA along witha protein expression of TGF 1 were also
observed. The expression of mesenchymal markers like S100A and

a-SMA (a-smooth muscle actin) was also increased significantly. Their
study concluded that LPS triggers EMT via TGF pl/ Smad 2/ Smad 3
pathway (Zhao et al., 2011).

Loss of epithelial polarity is one of the major hallmarks of EMT and
cancer metastasis, as illustrated in Fig. 7. Transcriptional repressor Snail
acts as a potent inducer of EMT suppressing E-cadherin transcription/
expression. Lee et al. showed that infections with cytotoxin-associated
gene A (CagA) positive H.pylori strain 60,190 downregulate the
epithelial tight junction protein E-cadherin in gastric cancer cells with
increased tyrosine phosphorylation. The glycogen synthase kinase 3
(GSK 3) is a serine/threonine kinase that induces proteasomal degra-
dation of oncogenic protein Snail, c-Myc (cellular myelocytomatosis
oncogene), Mcl-1 (induced myeloid leukaemia cell differentiation pro-
tein). The CagA infections showed the destruction of GSK 3 (glycogen
synthase kinase 3), confirming the stability of Snail protein and down-
regulation of E-cadherin, leading to EMT. The CagA induced excessive
cellular transformation with cell motility, scattering, and metastasis
known as ‘hummingbird phenotype’ was also observed. CagA was also
found to induce in-vivo invasive progression of non-invasive MCF-7 cells.
The cells crossed the basement membrane in the chick chorioallantoic
membrane (CAM) assay (Lee et al., 2014).

Chow et al. exhibited that incubation of non-small lung cancer
(NSCLQC) cells with heat-inactivated E.coli elevated cell adhesion, pro-
liferation, migration and metastasis via TLR4 (toll-like receptor 4) sig-
nalling. TLR4 is a pathogen recognition receptor. Incubation of NSCLC
cells with E.coli showed the inhibition of TLR4, leading to the malignant
characteristics. They also revealed that NSCLC cells have increased in
vivo adhesion to hepatic sinusoids using the C57BL/6 mice model after
incubation with E.coli. All these observations confirm the influence of
bacterial infections in metastasis both in vitro and in vivo (Chow et al.,
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Fig. 7. Bacterial infections downregulate epithelial tight junction proteins leading to cancer-metastasis. Multiple kinase-mediated signalling pathways like
TGFp—1 (tumour growth factor beta one) /Smad2/3 (intracellular mediator, translocate TGF-p from cytoplasm to nucleus), GSK-3 (Glycogen synthase kinase three)
are activated which downregulates the tight junction proteins E-cadherin and promotes EMT (epithelial mesenchymal transition).

2015).

Wiele et.al. also deciphered certain quorum sensing peptides pro-
duced by bacteria like Phr0662 (Bacillus sp.), EntF metabolite (Entero-
coccus faecium), and EDF-derived (Escherichia coli) peptides interact with
mammalian cells leading to cancer metastasis. It was observed from
multiple confirmation assays that bacterial quorum sensing peptides
activate the Ras/raf/MEK/MAPK, PI3K/Akt, STAT intracellular signal-
ling cascades in mammalian cells, leading to genetic alterations and
cancer metastasis. Hyper phosphorylation of epidermal growth factor
receptors (EGFR) and activation of Smad2/Smad3 protein linked with
cell cytoskeleton rearrangement and cell migration were also noticed.
Histidine 4 (HIST1H4) protein is a well-known histone protein associ-
ated with increased Notch 1 stimulation, NF-kp production, contributing
to cell proliferation, angiogenesis and metastasis. In the presence of
bacterial quorum sensing peptide upregulation of HIST1H4 was
observed. All these observations confirm that bacterial infections can
lead to uncontrolled metastasis in mammalian cells through activation
of several signalling cascade mechanisms (Van De Wiele et al., 2015).

5. Application of bacteria for cancer therapy

Cancer is neither a transmissible disease nor an infectious disease,
but bacterial infections increase the chances of cancer development.
Though conventional cancer therapies like radiotherapy, chemotherapy,
etc., has been exceptional in improving survival rates over the years,
there are several drawbacks and limitations. Bacteriotherapy, the
application of bacteria for therapeutic purposes, is a novel strategy to
overcome the limitations of conventional therapy and offers effective
cancer therapy. Bacteriotherapy can be used as a stand-alone therapy or
in combination with conventional therapies. The application of bacteria
for the delivery of therapeutics, genes, and drugs broadens its
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application in cancer therapy. Researchers demonstrated the successful
application of bacteriotherapy for regression of tumours and inhibition
of metastasis (Riglar and Silver, 2018; Enejiyon et al., 2020; Yan et al.,
2015). Examples of few bacteria used for cancer therapy are E.coli (Yan
et al., 2015), Salmonella (Gao et al., 2020), Pseudomonas (Chang et al.,
2015), Bifidobacterium (Parisa et al., 2020), and Lactobacillus (Sentiirk
et al., 2020). Table 2 lists the summary of bacteriotherapy for cancer
treatment.

In this part of the review, the application of bacteria for drug de-
livery, immunotherapy, and combinational therapeutic approaches are
discussed in detail.

5.1. Drug delivery

Poor vascularization and high interstitial fluid pressures are the
characteristics of solid tumours, hindering the penetration of anticancer
drugs into the tumour core and reducing their efficacy. Several drug
carriers like liposomes, micelles, etc., accumulate in the perivascular
region following their leakage from the vasculature. However, the
released drug still does not penetrate the hypoxic tumour core due to the
absence of arteries and high interstitial fluid pressure (Muthu et al.,
2014; Ogihara, 2013). Bacteria can be one of the robust platforms for
anticancer drug delivery under both in-vitro and in-vivo conditions, as
shown in Fig. 8. Research shows that bacterial species like
S. typhimurium (Yu et al., 2012), E. coli Nissle 1917 (EcN) (Stritzker et al.,
2007) can colonize and proliferate in the tumour’s hypoxic region.
Therefore, bacteria and bacteria-derived cells can be emerging carriers
for targeted drug delivery applications. Zhang et al. designed and
developed a drug delivery vehicle by genetically engineering E. coli
Nissle 1917 (EcN) with pHLIP (pH-(low)-insertion-peptide). The in-vitro
and in-vivo experiments showed doxorubicin-loaded minicellspHLIP
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Bacterial strain

Treated cancer cell
line

Significant
outcome

E. coli Nissle 1917
(EcN)

Salmonella
enterica

Salmonella
enterica

Listeria
monocytogenes

E. coli MG1655

Bifidobacterium
breve UCC2003
and Clostridium
difficile CCUG
37,780

Clostridium

perfringens

MCEF-7, 4T1 (Breast
cancer cell).

K1735, B16F10
(murine melanoma),
4T1 (murine breast
cancer).

B16F10 (mouse
melanoma) and 4T1
(mouse breast
cancer).

501 Mel, A375, and
SK-Mel-28 melanoma
cells.

CT26 (colon), RENCA
(renal), and
TRAMPCI1 (prostate)
cancer cell

A549 (lung cancer
cell).

Caco-2 (colon
adenocarcinoma),
MDA-MB-231
(mammary
adenocarcinoma),
OE-33 (oesophageal

Rapid
internalization and
drug release in the
tumor’s hypoxic
region; significant
tumour regression;
no adverse effects.
upregulation of
connexin 43 (Cx43)
expressions in
tumour cells; a
significant increase
in mitogen-
activated protein
kinases (MAPK);
enhanced tumour-
intracellular
communication &
chemo sensitization.
Reduced expression
of immune tolerance
helping rate-
limiting enzyme
indoleamine 2, 3-
dioxygenase 1
(IDO), phospho-
protein kinase B (P-
AKT), phospho-
mammalian targets
of rapamycin (P-
mTOR), and
phospho-p70
ribosomal s6 kinase
(P-p70s6K), tumour
cell lysis.

Enhanced ROS
production;
activated caspase-3
dependent apoptosis
of tumour cells;
increased cytokines
(e.g., IL-2),
differentiation of
CD8+ T cells; and
inhibited metastasis
and tumour cell
growth.

Secretion of TNF-a,
IL-12, IL-6, and IL-
10; inhibition of
cancer cell
proliferation and
metastasis.

Rapid delivery of
hypoxic region-
specific anti-
cancerous
nanomaterials;
inhibition of
epidermal growth
factor receptors, and
HIF-1a (hypoxia-
induced factor);
regression of
tumour growth.
Dysregulated
expression of
claudin-3,4 and 7;
increased apoptosis;
significant tumour
cell killing.

Bacterial strain Treated cancer cell Significant References
line outcome
References adenocarcinoma),
Kyse140
(Zhang (oesophageal
et al., 2018) squamous
carcinoma), Hela
(cervix carcinoma)
S. typhimurium BxPC-3, Capan-1, Inhibition of (Hiroshima
Al-R Hs766T, MiaPaCa-2 vascular endothelial et al., 2014)
and Panc-1 growth factor
(Chang (Pancreatic cancer (VEGF) and
et al., 2013) cell line) angiogenesis;
prevents metastasis
and tumour growth.
Streptococcus HROGO02, HROGO05 Induction of (Fiedler
pyogenes and HROG10, ADI apoptosis, inhibition et al., 2015)
and Palomid 529 of proliferation and
(glioblastoma cell) cancer cell growth.
Lactococcus lactis SW480 (colon cancer Cytotoxic effects on (Ahmadi
epithelial cell) colorectal cancer et al., 2017)
cells; apoptosis
induction by
(Kuan and increasing the bax/
Lee, 2016) bcl-2 ratio in both
mRNA; protein
levels and induction
of pro-apoptotic
stress protein
CHAC1 (cation
transport regulator-
like protein 1); cell
cycle arrest; tumour
growth inhibition.
Bacillus subtilis MCF-7, MDA-MB-231 Downregulation of (Park et al.,
(breast cancer cell) MMP-9 (matrix 2013b)
metalloprotease-9)
expression;
activation of nuclear
factor-xB (NF-xB),
(Vitiello activator protein-1
et al., 2019) (AP-1); inhibition of
phosphorylation of
Akt, extracellular
signal-regulated
kinase (ERK),
tumour cell
invasion, migration
and proliferation.
Clostridium 253J-BV cells (human  Endogenous release (Shinnoh
butyricum bladder cancer), of tumour necrosis et al., 2013)
(Murphy MIYAIRI 588 H460 (human lung factor-related

et al., 2017)

(Luo et al.,
2016)

cancer), 786-O
(human renal cancer),
HEK293 (human
embryonic kidney)
and MBT-2 cell lines
(murine bladder
cancer)

apoptosis-inducing
ligand (TRAIL),
release of cytokines
and chemokines,
tumour cell lysis.

selectively targeted the tumour acidic micro-environment. Mini-
cellspHLIP were observed to penetrate the tumour core, releasing
doxorubicin in a controlled fashion, killing the cancer cells (Zhang et al.,

2018).

The bacterial outer membrane can also be used as a drug carrier for
targeted cancer therapy. Gujrati et al. used mutant E. coli strain to
develop outer membrane vesicles (OMVs), loaded with siRNA (model
drug) and decorated with human epidermal growth factor receptor 2
(HER2)- specific antibody (targeting ligand). In-vivo studies using siRNA
loaded OMVs showed rapid extravasation and accumulation selectively
in the tumour tissues. In-vivo anti-tumour efficacy of HER2-targeted,
siRNA-carrying OMVs demonstrated that a small amount of siRNA was
sufficient for substantial inhibition compared to the non-targeted carrier

(Becker
et al., 2018)
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Fig. 8. Bacteria derived vehicles for targeted drug delivery. Bacterial microswimmer, membrane coated vesicles, minicell delivers anticancer drug to hypoxic

core of tumour microenvironment and prevent the tumour reoccurrence.

or free siRNA. Further in-vitro and in-vivo data revealed no non-specific
binding, uptake, or toxicity against normal cells (Gujrati et al., 2014).
In addition to the bacterial minicells and OMVs, bacteria-driven
microswimmers were developed for target-specific drug delivery.
Microswimmers are hybrid microsystems integrated with bacteria that
can swim like Serratia marcescens (S. marcescens), E. coli (E.coli), etc. The
inherent physical and chemical features of bacteria like flagella,
chemotaxis and viscoelasticity support micro swimming (Park et al.,
2017; Zhuang and Sitti, 2016). Park et al. demonstrated the design and
application of bacterial microswimmers for targeted drug delivery. A
microswimmer was engineered by attaching a single E. coli bacterium to
the surface of doxorubicin-loaded polyelectrolyte multilayer (PEM)
microparticles embedding magnetic nanoparticles. The in-vitro studies
demonstrated the drug delivery efficacy of these bacterial micro-
swimmers, suggesting the valuable and significant contribution of bac-
teria to developing target-specific drug carriers (Park et al., 2017).

5.2. Immunotherapy

Immunotherapy is a powerful strategy to fight cancer and has greater
advantages than chemotherapy or radiotherapy. However, the clinical
outcome of immunotherapy for various tumours is limited by immune
toxicity, recurrence, lack of initial response to therapy, etc. A successful
tumour immune response is generated when a) tumour antigens are
taken up by antigen-presenting cells (APC like dendritic cells), b) APCs
are properly matured to be differentiated further, c¢) tumour-specific T
cells are generated, and d) anti-tumour T cells are infiltrated into the
tumour cells (Sagnella et al., 2020). Fig. 9 shows the role of bacterial
vectors in activating several immune cells and tumour cell lysis.

Sagnella et al. developed the EnGeneIlC Dream Vector (EDV): a
bacteria-derived delivery system conjugated with target-specific anti-
body and loaded with a super cytotoxic drug PNU-159,682 (682). In
addition to delivering the drug to the target site, EDV also induces the
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tumour-specific immune response, triggers the in-vivo priming and
maturation of dendritic cells within the tumour micro-environment. Up-
regulation of tumour-specific CD4+ T cells, CD8+ T cell, CD80, and
CD86 in response to clear cancer cells were also detected. Natural killer
cells (NK) and interferon-y (IFN-y) have the inherent ability to kill the
cancer cell by releasing perforin and granzyme. The EDV treatment also
resulted in a remarkable production of NK cells, recruitment of IFNs to
the target site, lysis of the cancer cells, and inhibition of tumour relapse.
Thus, the bacteria-derived vector is indeed a novel and significant
contribution to cancer immunotherapy (Sagnella et al., 2020).

Chen et al. designed nanoformulations with bacterial outer mem-
brane vesicles (OMVs) to improve immunotherapy’s efficacy. In this
study, OMVs of attenuated Salmonella were functionalized with poly-
ethylene glycol (PEG). These functionalized OMVs were loaded with
tegafur, a fluorouracil prodrug (5-FU), and were conjugated with
tumour-specific ligand Arg-Gly-Asp (RGD) peptide. This nano-
formulation was observed to be immune-stimulatory, demonstrated
improved blood circulation and tumour specificity. In-vivo bio-
distribution studies showed target-specific accumulation, and histolog-
ical examinations of the liver, spleen, and kidney showed no
pathological abnormalities, indicating biocompatibility. Furthermore,
TNF-a, interferon-y (IFN-y), interleukin-12 (IL-12), IL-4, IL-17, CD4+,
CD8+ T cells were upregulated, resulting in the death of cancer cells and
inhibiting metastasis. This study demonstrated that bacteriotherapy
could be a valuable strategy for cancer immunotherapy (Chen et al.,
2020).

5.3. Combinational therapy

The combination of bacteriotherapy and conventional therapy has
shown significant and sustained therapeutic potential. Conventional
chemo/radiotherapy is associated with a relapse of tumours and adverse
side effects due to their lack of specificity and systemic toxicity



S. Khatun et al.

Current Research in Microbial Sciences 2 (2021) 100078

EDVs/OMVs

», -"“

NK cells
'l N S
{ * Perforins/
granzymes

Macrophages

i
~
&
i
]
L]
]
L]

L]

L]

(]
(]
.
]
.
L]

"

L]

"

L)
.
.
.
.
.
.
.
.

‘e, cells

P bbb L LT T
'.

»

.

e

Fig. 9. Bacteria mediated immune cell activation promotes the lysis of tumour cells. Drug loaded EDVs (EnGenelC Dream Vector)/OMVs (outer membrane
vesicles) activates the host immune cells like DCs (dendritic cells), NK (natural killer) cells, CTLs (cytotoxic T lymphocytes and stimulate secretion of perforins/
granzymes, TNFs (tumour necrosis factors), ILs (interleukins) causing lysis of tumour cells.

(D’Alterio et al., 2020). Bacteria therapy combined with chemo/-
radiotherapy can be a new approach to overcome these drawbacks. The
combination of bacteriotherapy with conventional therapy can prevent
cancer cells’ growth, as demonstrated in Fig. 10.

The chemotherapy is limited by high dosages and low penetration, in
addition to the poor vasculature and hypoxic micro-environment. Jia
et al. demonstrated the improved efficacy of cyclophosphamide (CTX), a
chemotherapeutic drug combined with tumour-targeting bacteria Sal-
monella VNP20009. This combinational therapy also showed reduced
toxicity and payload of the drug. Also, more bacteria were found to be
infiltrated at the tumour region. The vascular endothelial growth factor
(VEGF) at the tumour site was also reduced as compared to individual
treatments, suggesting the clinical importance of this combined cancer
therapy (Jia et al., 2007).

Another dominant problem in chemotherapy is the development of
drug resistance.

P-glycoprotein 1 (P-gp) is the multidrug resistance protein 1 (MDR1)
present on the plasma membrane, fluxing out chemo drugs. The
expression of P-gp is controlled by phospho-protein kinase B (P-AKT),
phospho-mammalian targets of rapamycin (P-mTOR), and phospho-p70
ribosomal s6 kinase (P-p70s6K). Salmonella with a chemo drug (5-
Fluorouracil) was observed to downregulate P-gp by inhibiting the
protein kinases, making the cancer cells sensitive to chemo drug. This
finding demonstrates that the bacteria combined with chemotherapy

13

could prevent drug resistance and improve cancer therapy (Yang et al.,
2018).

In addition to chemotherapy, the application of bacterial vectors also
improved radiotherapy. Jiang et al. designed a cytotoxic protein cyto-
lysin A (ClyA) producing E. coli strain K-12 and combined it with
radiotherapy. Individual treatments resulted in reduced tumour growth,
but re-growth of tumours was observed post-treatment. The novel
combined therapy (E.coli-radiotherapy) reduced tumour growth and
metastasis in colon cancer significantly, depicting the significance and
efficacy of combinational treatment (Jiang et al., 2010).

6. Conclusions

Bacteria inhabited in our body plays a vital role in a) maintaining the
digestive system’s normal physiological health (intestine, colon, stom-
ach), b) protecting the immune system and c) preventing the coloniza-
tion of pathogens. However, an imbalance in these organisms, i.e.,
bacterial dysbiosis, modulates several host cellular signalling pathways,
leading to cancer development, eventually causing death. In this review,
we have discussed several inherent bacterial characteristics that can
trigger carcinogenesis. H.pylori containing cagPAI can activate PI3K-Akt
kinase pathway, increase oxidative stress, cause disruption of E-cad-
herin/p-catenin/p120 interactions, damage host cell DNA, and develop
gastric cancer. Bacterial dysbiosis can be associated with several cancers
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(oral cancer, colon cancer, and breast cancer) due to excessive ROS conventional treatment. Furthermore, there is a great need for under-

generation, genomic instability, inhibition of apoptosis and excessive standing the mechanism by which bacteria targets, penetrates, and

cell proliferation. colonizes the tumour. This understanding would lead to the develop-
Researchers, over the years, have successfully understood several ment of more effective treatment strategies. Research on the application

mechanisms like chronic inflammation, immune system evasion, and of bacteria in combinational with conventional treatment can open up a

genomic instability, triggering cancer. Bacterial dysbiosis can modulate new door for researchers to develop safe, biocompatible, and target

the host cell signalling by enhancing the secretion of several pro- specific cancer therapies.

inflammatory cytokines like NF-kf, IL-6, IL-8, IL-10, IL-18, etc. NF-kp

is the central player of inflammation/ chronic inflammation, instigating CRediT authorship contribution statement

hyper-proliferation of host cells leading to cancer. These inflammatory

cytokines are also indirectly associated with a high level of free radicals Sajmina Khatun: Data curation, Formal analysis, Writing — original

and DNA mutations, enhancing chronic inflammation by damaging draft, Writing — review & editing. Tejaswini Appidi: Data curation,

proteins and cell membranes. Bacterial infections also provoke malig- Formal analysis, Writing — original draft, Writing — review & editing.

nancy by their surface modification, immune receptor activation/ Aravind Kumar Rengan: Resources, Writing — review & editing.

evasion forming DNA double-strand break, and genomic instability by
secreting genotoxins (CTD). Though researchers have linked bacterial
infections and cancer, the number of bacterial-mediated host cell
transformations leading to cancer development is enormous than re-
ported. Furthermore, it is crucial to understand the association between
bacterial infections and cancer to develop alternative and novel thera-
peutic approaches.

Bacterial infections lead to cancer progression by various mecha-
nisms, but bacteria significantly improve cancer therapy when applied
as a vector or drug carrier. Bacterial minicells, microswimmers, and
outer cell membrane vesicles (OMV) deliver the drug into the tumour’s
hypoxic region, resulting in tumour regression. Bacterio-
immunotherapy is emerging as an important therapeutic approach
addressing the immunotherapy mediated toxicity and recurrence of tu-
mours. The combinational therapy of bacteria and chemo/radiotherapy
is also evolving as a dominant scheme for overcoming the limitations of
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