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Abstract

Cancer is associated with a comprehensive burden that significantly affects patient’s quality of life. Even though patients’
disease condition is improving following conventional therapies, researchers are studying alternative tools that can pen-
etrate solid tumours to deliver the therapeutics due to issues of developing resistance by the cancer cells. Treating cancer is
not the only the goal in cancer therapy; it also includes protecting non-cancerous cells from the toxic effects of anti-cancer
agents. Thus, various advanced techniques, such as cell-based drug delivery, bacteria-mediated therapy, and nanoparticles,
are devised for site-specific delivery of drugs. One of the novel methods that can be targeted to deliver anti-cancer agents is
by utilising genetically modified non-pathogenic bacterial species. This is due to the ability of bacterial species to multiply
selectively or non-selectively on tumour cells, resulting in biofilms that leads to disruption of metastasis process. In preclini-
cal studies, this technology has shown significant results in terms of efficacy, and some are currently under investigation.
Therefore, researchers have conducted studies on bacteria transporting the anti-cancer drug to targeted tumours. Alternatively,
bacterial ghosts and bacterial spores are utilised to deliver anti-cancer drugs. Although in vivo studies of bacteria-mediated
cancer therapy have shown successful outcome, further research on bacteria, specifically their targeting mechanism, is
required to establish a complete clinical approach in cancer treatment. This review has focused on the up-to-date understand-
ing of bacteria as a therapeutic carrier in the treatment of cancer as an emerging field.
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by the uncontrolled proliferation of abnormal cells that are
invasive and possess the potential to spread from the primary
site to normal healthy tissues (1, 2). The spread of cancer is
known as metastasis. Globally, cancer is the second leading
cause of death, with an estimated 9.6 million deaths in 2018
(3). Statistics in 2017 reported 1,688,780 cancer cases and
approximately 600,920 cancer-related deaths (4). There are
three common types of cancer treatment strategies, which
include surgery, radiotherapy, and chemotherapy. Recently,
efforts were taken to further improve cancer treatment
strategies. Biological therapeutics, for example, antibod-
ies, peptide-mimetics, and a few cytokines showed target-
specific effects, and they are relatively safer to be used in
cancer treatment (5). Furthermore, studies also showed that
engineered nanoparticles have selectivity in detecting and
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destroying tumour cells (6-9). However, physiological and
physical limitations for incorporating engineered nanopar-
ticles in cancer treatment still exist. These include protein
adsorption, phagocytic sequestration, diffusion, flow, and
shear forces which reduce the extent of diffusion of nano-
particles to the tumour cells (6, 10).

On the other hand, the use of bacteria in cancer treatment
has been acknowledged many decades ago. William Coley,
an American physician, was the first scientist to document
the use of bacteria and bacterial toxins in cancer treatment
in 1890 (11). He observed that the neck cancer of one of his
patients started to recover in the presence of an erysipelas
infection. On top of that, he experimented by using a vaccine
constructed from killed Streptococcus pyrogens and Serratia
marcescens to produce an infection along with fever and
found that this vaccine successfully cured sarcomas, lym-
phomas, carcinomas, and melanomas. Besides, bacterially
derived toxins, known as ‘Coley toxins,” also proved to have
anticancer activity (11). In addition, an obligate anaerobe
Clostridium novyi and several facultative anaerobic bacterial
strains have been observed to localise and grow selectively at
the tumour site (12, 13). Although the precise mechanism of
selective homing is not well explained, it is believed that the
tumour microenvironment may be more suitable for bacterial
growth due to the protection from the host immune system
and the availability of nutrients (5).

Although it is understood that bacterial use in cancer
treatment is workable, there are limitations to this approach.
For example, a study demonstrated that some bacterial spe-
cies could enter and grow inside the tumour cells while
carrying the therapeutic agent and the elimination of the
bacteria with the administration of antibiotics (14). Stud-
ies also showed that using bacteria in treating cancer only
provides short-term benefits, and there might be a risk of
tumour recurrence. Safety is always a concern for the use of
bacteria in biomedical applications due to its pathogenic-
ity. Thus, attenuated bacterial strains are recommended as
a carrier in cancer therapy. Intratumoural injection is also
recommended to replace systemic injections to minimise the
immunogenicity risk (5, 15).

Researchers believe that bacteria can be used as a pre-
cisely controlled and highly specific drug delivery carrier by
improving its natural characteristics to colonise in tumours
and preferentially implement genetic circuitry. This target-
specific feature helps in improving cancer therapy by signifi-
cantly reducing the toxic side effects. Other advantages of
using bacteria in cancer treatment include patient tolerance,
and intensive immune stimulation by inducing cytotoxic T
cells through major histocompatibility complex class I path-
way (16).

Researchers have discussed the mechanism behind the
use of bacteria as a carrier in cancer treatment. It is estab-
lished that certain bacterial species such as Salmonella,

@ Springer

Clostridium, and Escherichia coli have natural adhesion
properties to tumours (12, 17). Upon intra-tumoural or sys-
temic injection, it was found that the bacteria were able to
trace the tumour microenvironment, propel and accumulate
or even colonise at the tumour site, contributing to regres-
sion of cancer (18). Thus, scientists utilised this approach to
incorporate/attach drugs to bacteria so that targeted cancer
treatment can be achieved. Moreover, researchers also found
that mutation in the purl gene, which makes the modified
strain unable to synthesise purine, results in tumour-specific
localisation. This is because bacteria with mutated purl gene
requires external sources to support their replication while
cancer cell has a highly detectable rich source of purine
as compared to healthy tissues; therefore, tumour-targeted
expression can be done by mutating purl gene in bacteria
(17, 19). The most commonly used bacteria in treating
tumours are Salmonella typhi, Bifido bacterium, Salmonella
choleraesuis, Vibrio cholerae, Listeria monocytogenes, and
Escherichia coli. Another study revealed the successful
application of the attenuated Salmonella strain in suppress-
ing melanoma (11, 20). Besides, liposomes attachment to
different types of bacteria also showed fruitful outcomes
in cancer treatment and/or diagnosis. For example, bacteri-
abots created by Kojima ef al. consisting of attachment of
Vibrio alginolyticus to 20 pm liposomal particles showed
significant improvement in the motility function (21). Simi-
larly, researchers developed a bactriobot combined with
liposomes loaded with paclitaxel. Liposomal bactriobot was
constructed by binding streptavidin on liposomes with biotin
molecules on the outer membrane of bacteria. The result of
motility analysis showed higher velocity of bacteria-actuated
liposomes (3.09 +0.44 pm/s) compared to only liposomes as
bacteria could drive drug-loaded liposomes to tumour cells.
Concurrently, bat robot has shown better tumour killing and
tumour targeting properties on breast cancer cells than pacli-
taxel-loaded liposomes (22). Some concept of on-demand
bacterial activation by nanocoating has also been explored
to enhance therapeutic effectiveness (23). Thus, the present
review highlighted the mechanisms of drug delivery through
bacteria, use of live, non-living bacteria, and minicells as
activators of carrier for drug delivery with higher specificity
than nontargeted nanodrug or conventional anticancer drug
formulation in cancer treatment. We have also highlighted
the outstanding challenges and clinical implications of bac-
teria as a drug delivery carrier.

Mechanism of Drug Delivery Through
Bacteria

The major concern in bacterial therapeutics is the selection
of potential species without pathogenicity. Few bacterial
species have been identified, which usually colonise in the
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tumour region due to the supportive microenvironment from
the tumour and protection from the host cells. Although
the precise mechanism of bacterial therapeutics is not well
understood, there are four different mechanisms have been
predicted which might be involved in the process to cause
tumour suppression. All these mechanisms of controlling
cancerous cells have been summarised in Fig. 1. In addi-
tion, literature revealed several evidences of cancer treat-
ment using bacteria-based drug delivery. Such recent stud-
ies in the field of bacteria synchronised delivery in cancer
therapy have been summarised in Table I (24). These studies
are evidencing advancement of this novel deliveries, where
numbers of bacteria have shown their potential to deliver
therapeutics in cancer microenvironment to control the dev-
astating disease condition.

Endogenous Cell Death-Inducing Agents

Using endogenous cell-death-inducing molecules will be
one of the options as it can be delivered in a localised and
controlled manner (e.g., spatio-temporal control). However,
it is difficult to reach this objective due to the natural tumour
tropism of S. typhimurium to concentrate around tumour. A
secreted cytokine is known as the TNF-related apoptosis-
inducing ligand (TRAIL) actuate the cell death of tumour
cells by activating the route of extrinsic apoptosis (45).
TRAIL has been involved in several clinical trials to access
the antitumour potential of recombinant human TRAIL, and

it emanated as a potential therapeutic agent. This is because
of the extraordinary properties of selectively inducing cell
death in cancer cells without affecting the normal cells (46).
It is a ligand for death receptors 4 and 5 (DR4 and DR5) that
will trigger the initiator caspase-8 to stimulate downstream
effector caspases (—3, —6, and — 7), which will eventually
promote apoptosis (47). The mechanism is elucidated by
Fig. 2.

Immune Effectors

The host immune system controls the transformed or malig-
nant cells from forming a firm basis for further progression
or development. The proper function of the immune system
is based on the organised arrangement of cytokine signalling
events. Most of the cytokines are not the option to be selected
for cancer therapy due to the effects of systemic toxicity
that have been identified. However, some cytokines such
as interleukin-4 (IL-4), IL-18, and TNFSF14 (or LIGHT)
delivered by S. typhimurium have been shown to signifi-
cantly reduce the tumour growth upon localised synthesis
through the triggering of immune response in the region
of juxta-tumoural. The activation of IL-4 and/or IL-18 in
tumours increase serum IFN-y. The growth of stromal fibro-
blast, the major source of angiogenic factors, is inhibited by
IL-18 through tumour neo-vascularisation. TNFSF14 is one
cytokine from the TNF family that functions to stimulate T

4. Vector for active delivery of molecules
-Antigen, Antibodies, Cytokines, Death Ligands
-Cytotoxic Agents
- Prodrug Converting Enzymes

3. Immunostimulation
-Neutrophil recruitment, and NK, CD4+ and
CD8+lymphocytes activation.

1. Selective colonisation
-Hypoxic and necrotic regions
-Molecular gradient in nests
Chaotic Vasculature
Pro-inflammatory response

2. Motility
-Movement with use of flagella

G

Fig.1 The mode of action of bacteria in anti-cancer therapy.
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Fig.2 Mechanism of apoptotic
induction of cancer cells by

TNF-related apoptosis-inducing / —

ligand. TRAIL actuate tumour & -~
cell death via acting as ligand
for DR4 and DRS that will
trigger the initiator caspase-8 to / /
promote apoptosis. Abbrevia- /

tions: the TNF-related apop- / /
tosis-inducing ligand (TRAIL, /
cellular FLICE-inhibitory

protein (cFLIP), death receptors |

—— — — —
—~—
— -~

TRAIL SR N
N
DR4 /DR S N
N
Caspase-8 NS \
Vy \
cFLIP il \‘

~ \

\

4 and 5 (DR4 and DRS5), Bcl-2 ‘ l . 7/ | ,'
homology 3 interacting-domain \ \ e ‘ ‘ o
death agonist. \ /
\ l l Cancer cell / /'/
N /
N s
N A ~ — -~
3 =~ - <«
~ — — —— — -

cell proliferation, promote the growth of dendritic cells, and
activate apoptosis of cancer cells (5, 19).

Tumour Immunization

Stimulation of the immune system is another choice that can
be used to limit and or suppress tumour growth. Based on
recent studies, the researchers suggested that the stimula-
tion of an adequate innate immune system is essential to
efficiently maintain an acquired immune system response.
Besides, the researchers also have suggested that those
tumours developed in vivo should undergo a process called
‘immunoediting’. There are 3 ‘E’s of cancer immunoedit-
ing, which represents elimination, equilibrium, and escape.
In the first phase of elimination, the immunogenic tumours
are eradicated aggressively in which the size of tumour cells
is restricted significantly. However, not all the tumour cells
are being killed and the remaining such cells and immune
effectors that are specific to the tumour would enter the
equilibrium phase. In the equilibrium phase, none of the
tumour cells can grow aggressively or is susceptible to attack
by the immune system. This forms a small population of
immune-attack-resistant tumour cells due to the conse-
quences of clonal evolution. On the other hand, recruiting
immune suppressor cells functions to reconfigure the tumour
microenvironment. This monitors killer cells and the types
of angiogenic cells that engage in proliferation, increasing
cancer cells’ survival. Escape represents the last phase in
the immunoediting process. This stage is established when
tumour undergoes complete mutation to evade the elimi-
nation phase and further growth. Hence, antigenic protein

@ Springer

might need to resupply to the immune system during the
elimination phase to eradicate most of the tumour (48).

S. typhimurium was involved in the formation of CD8*
cells with significant response. Based on studies, the find-
ings suggested CD8™ cells that are specific to the tumour
were found in tumour milieu but it was in an inactive state.
However, when S. typhimurium is expressed to antigen, the
immune system was activated. This resulted in the re-activa-
tion of CD8* and CD4™" T cells in which the tumour growth
was able to be controlled. Other than that, the principles of
delivery antigen from S. typhimurium type-3 secretion sys-
tem (T3SS) would benefit in cancer immunotherapy because
advanced, in-depth knowledge regarding the composition
of tumour antigen is not required. Based on studies, tumour
destruction is dependent on the immune system. A recent
report declared that B cells were important in controlling the
S. typhimurium (19, 49). For example, heat-killed S. typh-
imurium given to cancerous mice showed no improvement
in the outcome. This is because the oncolytic activity of S.
typhimurium and immune serum completely inhibits S. typh-
imurium from affecting cells in culture due to the formation
of neutralising antibodies. However, they show synergism
with adoptive T cell therapy in tumour eradication (50). This
process has been illustrated in Fig. 3.

Tumour Growth Control Mechanism

It has been assessed and the advantages have been indicated
in the use of mouse models. S. typhimurium can excrete
plasmids into the host cytosol. Then the plasmids express
the recombinant gene product from vertebrate promoters
when it moves into the cell nucleus. As a result, none of
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Fig.3 Presence/absence of S.
typhimurium and the responses
of CD4" and CD8* T cells in
tumour burden. S. typhimurium
triggers the infiltration of the Inhibitory receptor
immune cells in cancer cells and \
persuades self-destruction with
delay in tumour cell migration.

C S. Typhimurium

cDs* cb4*

cD8*

%@@ Reduced tumor

burden

the bacteria can be cultured from such cells. Another role
of S. typhimurium is to diminish tumour mass by trans-
porting recombinant DNA into it. For instance, mice were
orally vaccinated against S. typhimurium through actuation
plasmids which involved full-length vascular endothelial
growth factor receptor 2 (Vegfr2) cassette. Vegfr2 is known
as tyrosine kinase receptor and is activated when Vegf binds
to it. Vegfr2 upregulation is required for endothelial cells
to undergo angiogenesis effectively to control the tumour
growth and transmit to another part of the tissues. Almost
all tumour mass can be controlled independently of protein
cancer cell expression because Vegfr2 is initiated by the
non-cancerous cells in tumour. An interruption of periph-
eral tolerance against a self-antigen occurred due to the
presence of Vegfr2-specific spleen-derived CTLs. A recent
update claims that another version of Vegfr2, which is in its
mini-gene form, can result in T cell mediated retardation of
the formation of new blood vessels, together with a tumour
protective immunity (13, 51).

Research evidences of potential cancer treatment using
engineered bacterial tool should require further investigation
to demonstrate importance of combination therapy, which
might be more effective than only bacteria-based therapy
and to enhance the possibilities in clinical translation.

Bacteria in Cancer Therapy

This section is focused on three categories of bacterial use in
cancer therapy. The first subsection describes the use of bac-
terial for activation of anticancer prodrug delivery at targeted
site, role of bacteria in immunoediting, and bacterial exo-
toxins as antitumour agents. Second subsection emphasised

the use of ghost bacteria as a carrier for the delivery of drug
and genetic material. The last subsection describes the use
of bacterial as carrier for anticancer nanocarriers.

Bacteria as Activator, Therapeutic Agent, and Carrier
for Delivery of Anti-cancer Drug

To develop bacterial therapeutics for cancer, the identifica-
tion of species with minimal pathogenicity to host as well as
maximised selectivity to malignant cells is required. Many
Gram-positive and -negative bacteria have been isolated, and
its colonising ability in animal tumours has been compared
with that in host normal tissues. Although specific mecha-
nisms are unknown, it is found that the microenvironment
in the tumour is more bacteria-friendly, as it protects the
microorganism from the host’s defences (2, 17).

Unlike normal tissue physiology, tumour cells have
leaky capillaries that pose a challenge for the penetration
of drugs. Thus, in cancer therapy, the administration of
pro-drugs is usually preferred in overactive forms due to
increased penetration power. However, upon reaching the
tumour site, the pro-drug must be activated by an enzyme
(reductase) and the active form should be retained in the
tumour site to allow the exertion of its effects. To facilitate
the conversion of a pro-drug into its active form, hypoxia,
is a significant characteristic of tumour cells that can be
exploited. The hypoxic environment activates nitro reduc-
tase, which certain bacteria strains can secrete. Anaero-
bic bacteria such as strains of Clostridium and Salmo-
nella sp. are known to prosper in hypoxic and necrotic
tumour areas as they can specifically target oxygen-poor
cancerous tissues. Strains of Clostridium sp. have been
employed to convert pro-drugs to nitrogen mustard, which
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has cytotoxic properties and has shown a good effect in
mouse cancers (11, 17). In a recent study, bacterial nitro
reductase enzyme was explored for the conversion of prod-
uct to its active form. They have engineered abroad-range
nitroreductase, E. coli NfsA, for better activity against
dinitrobenzamide aziridine CB1954; duocarmycin ana-
logue nitro-CBI-DEI and 5-nitroimidazole metronidazole.
The co-culture of bacteria with CB1954 and nitro-CBI-
DEI showed significant fluorescence after conversion of
non-florescent prodrug into active fluorescent metabolite.
Moreover, cytotoxic study on HEK-293 cells was per-
formed to compare prodrug activation efficacy among wild
NfsA and other engineered enzymes and results showed
variant 11_78 have significant efficiency towards all three
prodrugs with higher reduction in cancer cell viability.
This research offers targeted cellular ablation with higher
therapeutic outcomes (52).

Some bacterial species of the genus Clostridium are
spore-forming. A strategy called ‘combination bacteriolytic
therapy’ (COBALT) has been utilised to combine these bac-
terial spores with therapeutic drugs like docetaxel and mito-
mycin C. The spores effectively multiply and germinate once
they reach the hypoxic tumour, after which the chemothera-
peutic agent gets activated (12). To increase its specificity
to cancerous tissues, the Clostridial spores’ activity can be
genetically engineered to achieve increased 5-fluorouracil
concentration. Together with a specific concentration of
chemotherapeutic drugs, it would lead to minimal damage
to healthy cells. However, bacterial spores have their limita-
tions when treating small metastases (53).

Enterica serovar typhimurium, a flagellated subspecies
of the Salmonella enterica (hereafter referred as S. typhimu-
rium), although is not spore-forming, has a natural tendency
to concentrate around tumour cells. Since it is not exclu-
sively anaerobic, S. typhimurium is known to pose a threat
to both healthy cells as well as cancerous tissues. However,
incorporating the bacteria strain with a hypoxia-inducible
promoter can overcome its natural lack of specificity to
malignant cells. VNP20009, one of the most significant
strains of attenuated S. typhimurium has shown a prefer-
ence for tumour cells over healthy tissues at ratios of 1000:1
(54, 55).

To further enhance the localisation to tumour site, tumour
homing peptides can be engineered onto bacterial strains.
This protein expressed on the outer membrane of the bacte-
rial cells aids in recognition of subsequent recruitment of
antigen to the tumour site. Affibodies (Proteins designed to
bind targets such as upregulated receptors in cancer cells)
like HER?2 are utilised to bind to upregulated receptors on
cancer cells, whereas synthetically formulated adhesion mol-
ecules called adhesins when expressed in tumour-bearing
mice, proved more effective in colonisation compared to
natural bacteria (55).
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Moreover, several amino acids released by tumours in
mice metastatic cancer, such as leucine and arginine have
high specificity and sensitivity between Salmonella strains
which decreases angiogenesis and enhances tumour necro-
sis. The local synthesis and delivery of cytokines such as
IL2, IL4, IL18 and LIGHT activates the immune response
in juxta-tumoural regions and precipitates the synthesis of
other immunological agents, which eventually leads to bet-
ter infiltration into tumour cells and enhanced functions of
cytokines. Furthermore, another cytokine known as TRAIL
(TNF-related apoptosis-inducing ligand) induces apoptosis
by the stimulation of downstream caspases (-8, —3, —6,
—7), which was proven when the murine TRAIL expressed
by attenuated S. typhimurium effectively reduced the growth
of breast tumour in BALB/c mice under certain promoters
(46, 56). In another study researcher investigated the intra-
cellular delivery of protein drug to specific tumour site and
results indicated the significant reduction in tumour growth
(57).

Since the immune system of a healthy individual nor-
mally suppresses tumour growth, the tumour cells when
grown in vivo, have exhibited a phenomenon called ‘immu-
noediting’ which is a process that involves elimination, equi-
librium, and escape. Following a natural weakening of the
immune system, the last stage of the process happens when
the tumour cells undergo a sufficient level of mutation, evad-
ing elimination and ‘escaping’ the effect of immune cells.
Prior to the final stage, supplementing the immune system
with appropriate immunogenic proteins may be beneficial.
S. typhimurium can be utilised as a carrier to deliver these
proteins via the T3SS mechanism, in which the assembled
components resemble a syringe and needle. When the fusion
protein, sopE-NY-ESO-1 was delivered via T3SS by S. typh-
imurium, the CD8+ cell-mediated response against mela-
noma-expressed antigen was significantly enhanced (5, 19).

Other than the utilisation of bacterial spores as a delivery
agent, some bacteria strains induce tumour necrosis via more
than one mechanism, as studied thus far. Bacteria strains
like Bifidobacteria, Clostridium and Salmonella sp. secrete
molecules called exotoxins using their T1SS machinery for
self-survival. These exotoxins express anti-tumour activity
by CD8+ cell - mediated response as observed when the
T1SS mechanism was used to introduce chimeric human
PSA into mouse mastocytoma. Recombinant S. typhimurium
was also used to induce tumour necrosis by secreting Shiga
toxins in the tumour microenvironment (5).

On the same concept, Zeng et al. conjugated aptamers
on the bacterial surface (ApCB) via cytocompatible amida-
tion procedure to enhance its tumour specific accumulation
which may result in better therapeutic efficacy after systemic
administration. Averagely, 2.8 X 105 aptamers conjugated
per bacterial cell and showed 2—4 fold enhanced accumula-
tion at tumour site in comparison to unmodified E. coli. This
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Fig.4 (a) SEM images of 4 T1 cells after incubation with ApCB and EcN cell, bacteria is circled by red dotted lines (b and ¢) Flow cytometric
analysis of 293 T cells after co-incubation for 2 h with EcN and SApCB (error bar represent standard deviation at n=3 independent experi-
ments), Student’s t test (two-tailed), ns- no significance, (d) LSCM images of 293 T cells after incubation with EcN and 5ApCB, green colour
denote green fluorescent protein production in EcN (e) Confocal images of tumour tissues sectioned at 12h after intravenous injection of bacte-
ria. Blue and green colour indicate nuclei stained with 4',6-diamidino-2-phenylindole and EcN stained with FITC-labelled anti-Escherichia coli,
respectively. The adopted figure is under common creative licence and used with permission from Geng et al. (58).

was directly evident from SEM illustration that more bacte-
rial attachment to the surface of 4 T1 cells with ApCB after
co-incubation compared to Escherichia coli Nissle 1917
(EcN) (Fig. 4a) which is consistent with flow cytometric
analysis results. However, no significant difference in flow
cytometric analysis was observed when EcN and ApCB cells
were co-incubated with 293 T cells (Fig. 4b, ¢). The LCMS

results also showed that the binding efficiency of ApCB is
same for 293 T cells and EcN cells (Fig. 4d). Additionally,
binding efficiency of ApCB was further investigated on a
4 T1 tumour model mice after IV dose. After 12 h of injec-
tion, tumour were sampled and stained with 4',6-diamidino-
2-phenylindole (DAPI), and FITC-labelled anti-Escherichia
coli. A higher accumulation was evident on tumour tissue
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which was stained with FITC-labelled anti-Escherichia coli
(green florescence), which represent specific binding effi-
cacy of ApCB (Fig. 4e). This research supports that ApCB
is capable in enhancing cancer cell biotherapy and intertu-
moural localisation (58).

On the other hand, bacteria are used to enhance the dura-
bility and uniform distribution of anticancer drug through-
out the tumour. In this study researchers used bacteria to
reprogram the immune microenvironment by spatiotempo-
rally controllable distribution of therapeutics entrapped in
bacterial cells. In-vivo mouse and the ex vivo human study
indicates the colonisation of bacteria with drug in tumour
due to intertumoural hypoxic condition (59).

Non-Living Bacteria as a Vehicle in Anti-Cancer
Therapy

The Bacteria Ghost (BG) is a newer technology to transport
drugs, vaccines and DNA via delivery vectors. BGs are non-
living, non-denatured empty bacteria that are enclosed by an
envelope of gram-negative bacteria by controlled expression
of the cloned lysis gene. E.BGs do not contain any cytoplas-
mic content which includes chromosomal and plasmid DNA
but it preserves its’ cellular surface morphological structure;
outer membrane, inner membrane and peptidoglycan (56,
60). In 1966, the function of gene E in the lysis of Escheri-
chia coli was well studied and understood. Gene E was the
first lethal gene in bacteria that could be silenced within the
plasmid. Gene E has the ability to produce a membrane pro-
tein with the capability to oligomerise into a transmembrane
tunnel structure (61). Thus, there is an analysis conducted
on the primary structure of protein E, hydrophobic region at
its N-terminal end is involved in co-translational integration
to be part of the cytoplasmic membrane of E. coli (62). The
analysis of the hydropathicity regions of protein E showed
an E-specific lysis tunnel spanning the inner membrane (IM)
and outer membrane (OM) adhesion sites within the host
cell. Lysis initiated by gene E will cause the release of the
entire cytoplasmic content and the drug into the host cell.
In contrast, periplasmic content will remain in the empty
cell envelope. Schon et al described a three-phase model for
the process of E-mediated tunnel formation. Firstly, protein
E will be integrated into the IM with C-terminal region.
Secondly, protein E will undergo conformational changes
which translocates the C-terminal domain to the periplasmic
space accompanied by oligomerisation. Lastly, the fusion of
IM and OM at the membrane adhesion sites is initiated by
the exposition of C-terminus of protein E to the cell surface
(63).

Besides E. coli, there are many other gram-negative bac-
teria which can undergo E-lysis and including Salmonella
typhimurium, Klebsiella pneumonia and Pseudomonas
putida. Moreover, BGs which contain DNA, tend to have
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a higher chance of being engulfed by antigen-presenting
cells (APC) and tumour cells (64, 65). BG is relatively safe
because it is a non-living bacterium that does not contain
any internal harmful chemicals to produce cytotoxic and
genotoxic effects. BGs also do not have the ability to revert
to their pathogenic form to cause harm. Thus, it is thought
to be a good alternative for vaccine development. The inner
compartment of BGs can be inserted with single or multiple
components of peptides, drugs or DNA. BGs have excellent
DNA loading capacity which varies from 4000 to 6000 plas-
mid copies per BG depending on the concentration of the
solution used (66). BGs can deliver their content to mono-
cyte derivative dendritic cells, melanoma and macrophages.
Cross-presentation of antigens delivered by BGs to dendritic
cells will stimulate the activation of CD4+ and CD8+ T
cells, producing an immune response. The outer membrane
of a bacteria contains a layer of lipopolysaccharide which
aids in enhancing maturation of dendritic cells, affecting
endosomal acidification of dendritic cells and helping in
refining cross-presentation of antigen (60, 67). For example,
Chlamydia trachomatis BG vaccine prevents trachomatous
conjunctivitis and blindness (68). Besides stimulating CD4+
and CD8+ T cells, BGs intact envelope provides stimulatory
effects on tumour cells. Melanoma cells are known to have
a similar ability as non-professional APC cells and undergo
phagocytosis on both living and apoptotic cells. Melanoma
cells have been recently shown to have an active response
upon exposure to BGs, resulting in a higher rate of phago-
cytosis (69). Thus, gene delivery by BGs to immunocompe-
tent cells can restore or initiate an immune response against
tumour-associated antigen and induce the expression of the
target gene by APC and tumour cells.

BGs will have to deliver the chemotherapy medications
specifically to the directed site to exert its action, as these
medications have cytotoxic properties. Thus, BGs are non-
living and empty bacteria that preserve their morphologi-
cal structure. Bacteria tend to have the pathogen-associ-
ated molecular patterns (PAMP) expressed on the surface.
PAMPs are essential in enhancing the targeting properties
toward tumour cells. A study revealed that melanoma cells
have the ability to bind and internalise BGs without sig-
nificantly influencing their viability and proliferation (69).
Thus, a study was conducted on the efficiency of BGs loaded
with DOX to bind and internalise in carcinoma cells and
leukaemia cells. In this study, BGs, Mannheimia haemo-
lytica, were loaded with DOX to deliver the medication to
human colorectal adenocarcinoma cells (Caco-2 cells). It
was assumed that DOX binds non-covalently to the inner
membrane through the interaction between the amine sugar
region of DOX and the charged membrane protein of BGs
or BGs inner membrane and anthraquinone region of DOX.
At the site of action, DOX exhibited efficient endocytosis
ability after incubation with colon carcinoma cells and
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leukaemia cells. DOX was released from endo-lysosomal
compartment and accumulated in the nucleus. The result
obtained from this delivery system was positive where it sig-
nificantly decreased the viability and proliferative ability of
the cancer cells. The efficacy of BGs was two magnitude of
order more cytotoxic ability than free DOX in a medium at
a similar concentration. Furthermore, the differences in cell
proliferation inhibitory effect is clearly seen when both free
DOX and BGs loaded with DOX were removed from the cell
culture. The free DOX was found to be accumulated at target
cells after several hours while BGs were able to pass through
the target cells to release their contents into the cytoplasmic
region (70). The concentration of DOX in colon carcinoma
cells delivered by BGs increased 42 times higher than the
cells incubated in equivalent concentration of DOX solution.
These results indicated that the loading and delivery capaci-
ties of BGs are sufficient to deliver a cytotoxic drug to cells
that expresses p-glycoprotein to overcome resistance. P-gly-
coproteins are atypical translocating ATPase which exhib-
its low affinity towards ATP and high constitutive ATPase
activity. P-glycoprotein tends to have unusually broad speci-
ficity for a hydrophobic compound, a common characteristic
of chemotherapeutic drugs. Binding of drugs and ATP to
p-glycoprotein will induce conformational changes on the
transport protein, leading to the removal of drugs from the
cells. Thus, detailed analysis conducted showed that BGs
loaded with DOX are 300 times more effective in inhibiting
cell proliferation at inhibitory concentration, when compared
to free DOX. This may occur because BGs loaded with DOX
are degraded within the endo-lysosome which allows it to
escape from the p-glycoprotein efflux pump and accumulate
in the cytoplasm. On the other hand, the free DOX will be
pumped out from the cells leading to a lower concentration
in the cell and ultimately lower efficacy on the prolifera-
tive inhibitory effect (70). In this study, the non-covalently
bounded DOX was released from BGs in water for a period
of 8 days. It was found that approximately 40% of DOX was
released during the initial 24 h and 10% was released con-
stantly for the remaining days. 40% release on the first day
was surprisingly a high value because DOX was thought to
strongly associate with the cells when the experiment was
conducted on standard lysis buffer. BGs were suspected of
having a large pore size which could have led to this situa-
tion. Thus, the limitation of this delivery system is limited to
drugs that are strongly associated with bacterial membrane,
membrane protein, and cell wall to achieve sufficient reten-
tion of the drug in the body. Drugs that interact weakly with
the bacterial membrane, membrane protein, and cell wall
of BGs will result in loss of the drug. To prevent loss of
a weakly associated drug, the drug needs to interact with
bacterial DNA which has been removed initially to create
an empty BG, to increase the retention time of the drug in
the BG system. This will provide a longer lasting effect and

a better therapeutic response as large doses can accumulate
in the cells (70).

Besides DOX, a recent study on oxaliplatin loaded in BGs
to treat colorectal carcinomatosis is also found. Oxaliplatin
is a commonly use systemic medication to treat colorectal
cancer, but its usage has declined due to drug resistance.
Thus, the study aimed to use the BGs delivery system to
deliver the medication by passing the resistance mecha-
nism. In vitro study on BGs loaded with oxaliplatin man-
aged to induce the production of calreticulin. Calreticulin is
an integral protein for the production of MHC class I pro-
tein. Besides calreticulin, release of ATP is also a classical
indication of immunogenic cell death. The in-vitro study
showed an increase in the release of ATP during the usage
of BGs as a delivery system compared to oxaliplatin mono-
therapy. Interestingly, empty BGs do not induce significant
increase in ATP release. On the other hand, an in vivo study
shows a high tumour burden of approximately 1.6 g in the
peritoneum of the control and BGs treated rats. Oxaliplatin
monotherapy treated rats showed a lower tumour burden of
approximately 0.5 g in the rat peritoneum. The combination
of oxaliplatin and BGs loaded with oxaliplatin remarkably
were tumour free. In addition, an increase in spleen size
and mass were clearly seen in BGs treated rats. This may be
due to the lipopolysaccharide layer of BGs that activates the
immune system through toll-like receptor 4. In short, based
on the in vivo study, combination of BGs and oxaliplatin
may be a promising immunochemotherapeutic strategy to
eliminate colorectal cancer (71).

BGs are potential envelope structures that do not only
possess delivery properties for cancer but can also act as
adjuvant and potent vaccine. There are currently many stud-
ies on the effectiveness of BGs for the delivery of cytotoxic
drugs, biotherapeutics, and vaccine. However, the potential
of BGs depends on the effectiveness of the delivery sys-
tem to targeted cells. The possible potential of BGs is the
replacement of live or attenuate vaccine with BGs to reduce
risk of infection. BGs are empty bacteria which does not
possess cytotoxic or genotoxic ability. Thus, it is a safer
option as a vaccine. However, BG can mediate immunisa-
tion due to their envelope region. It may induce the release
of many proinflammatory compound. These effects of BGs
may not be suitable for immunocompromised patients (60).
Besides that, loss of drugs due to large pores of BG is a
concern. Thus, many studies and research can be conducted
on improving the mechanism of delivery of BGs.

In conclusion. BG is a novel delivery system that helps to
deliver content such as peptides, nucleic acid and drugs into
a cell. BGs can also aid in vaccination because it possesses
immunostimulatory effects. The lipopolysaccharide layer of
the BG could interact with toll-like receptor 4 to induce and
activate immune cells such as CD4+ and CD8+ T cells.
There are many advantages of using BG drug as delivery
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system. Firstly, BGs are relatively safe due to absence of
cytotoxic and genotoxic properties. Next, BG has a large
storage capacity to store one or many peptides. BG is also
an essential element that is needed to prevent drug resistance
because it has the capability to prevent efflux of chemothera-
peutics by p-glycoprotein. Furthermore, the concentration of
chemotherapeutic drugs in BG can be reduced to produce a
similar effect as the free drug, which ultimately reduces the
risk of chemotherapy’s potential adverse effects.

Bacterial Minicells for Drug Delivery

Severe toxicity remains a major setback and a limiting factor
in cancer chemotherapeutics, despite advancements in the
pharmaceutical industry (72). Frequent high-dose adminis-
tration of chemotherapeutic agents is considered necessary
in chemotherapy to exhibit sufficient clinical response due to
its low specificity towards cancerous cells, rapid clearance,
and indiscriminate drug distribution. The development of
targeted drug delivery systems (DDSs) such as liposomes,
polymers, and nanoparticles envelop chemotherapeutic
agents in a vehicle and targets receptors on the surface of
tumour cells allowing an increased degree of specificity
for the cells, at the same time reducing the side effects of
chemotherapy (73). Targeting nanoparticles involves the
integration of target sections such as antibodies and ligands
onto the surface of nanosized carriers that are specific to
cancer cell-surface receptors, allowing more selectivity
and reduced toxicity resulting from the evasion of nonspe-
cific binding, as well as a reduced multidrug resistance for
chemotherapeutic agents. Recent researchers have revealed
the potential of bacteria as carriers for chemotherapeutic
agents in cancer therapy, whereby they specifically target
primary and metastatic tumours (74). New technology has
emerged for the packaging of various cytotoxic agents into
nanosized particles (diameter of 100-400 nm) derived from
bacteria, also known as minicells, a promising approach for
the intracellular and selective targeted delivery to cancer-
ous cells (74). In 1967, Howard Adler and colleagues were
the first to describe minicells as non-living, nanosized cells
that are anucleate, and produced by mutations in genes that
regulate bacterial cell divisions, thereby suppressing cell
fission sites. In studying various cellular processes such as
isolating bacterial cell plasmid DNA, synthesis of proteins
and viral infections, minicells were widely used as a vehicle
(75). Recently, the focus of minicells has been shifted to
their potential in drug delivery and vaccines that activate
the immune system, largely due to its ability to preserve the
parent cells’ virulence properties and without the ability to
proliferate (75).

Generally, minicells are non-living spheres generated
from mutated Gram-positive and Gram-negative bacteria
such as S. typhimurium, E. coli, and S. flexneri. They are
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achromosomal and anucleate, allowing chemotherapeutic
drugs to be loaded within its structure to target specific
tumours. Minicells harbour only RNA, proteins, ribosome,
membranes, plasmid DNA and peptidoglycans, hence cell
division is absent. However, cellular processes such as rep-
lication and transcription of plasmid DNA and translation
of mRNA may still be continued (73, 75). The spherical
structure of minicells is described as small enough to slither
out of the vessels inside the tumours, but large enough to be
contained within normal blood vessels. Drugs are loaded
into minicells by entrance through the nonspecific porin
channels on the membrane of minicells, down the concen-
tration gradient (76).

Minicells specifically target tumour cell surface recep-
tors by using bispecific antibodies (BsAbs). One arm of the
antibody is attached to the O-polysaccharide component on
the surface of minicells. In contrast, the other arm is directed
to the receptors on the surface of tumours. The targeted anti-
bodies bind to the tumour-cell surface receptors, resulting in
endocytosis of minicells by the tumour cell. Consequently,
the intracellular cells breakdown and the drug is released
into the cell (75, 76).

DOX-loaded minicells have exhibited successful tumour
growth inhibition in mice breast, lung, leukemia or ovarian
in the in vivo experiments (77). In the first human trial, mini-
cells proved to be significantly safe and tolerable. The phase
I trial involving patients with stage IV cancer and the infu-
sion of paclitaxel-packaged minicells coated with antibodies
targeting the epidermal growth factor receptor (EGFR) pro-
tein, ten out of twenty-eight patients showed disease stability
after 6 weeks of treatment. Side effects reported were fevers
that were short-lived and chills in some cases. Reducing
the endotoxins presence in the membranes of minicells may
help reduce the associated side effects of the treatment (78).
DOX-loaded minicells were continuously tested in dogs
with last-stage brain cancer (79). Biodistribution studies
were performed to determine the distribution of minicell
in brain tumours after systemic administration. Therefore,
123]odine (*#’I) radiolabelled minicells were administered to
dog with brain tumour and imaged using SPECT and MRI to
locate the accumulation of minicells in the brain. Post con-
trast MRI clearly showed the location of brain tumour mass
(Fig. 51). Although SPECT images illustrate the focal point
of accumulated radiolabelled micelles (Fig. 5ii). SPECT/
MRI overlay images (Figure 5 iii) revealed the colocalization
of minicells on tumour cite in brain (79).

In contrast to other DDSs, minicells are able to package
various chemotherapeutic agents with varying charge read-
ily, structure, solubility and hydrophobicity such as cisplatin,
DOX, 5-fluorouracil, vinblastine and carboplatin monastrol
within its structure, where efforts to package these cytotoxic
drugs into liposomes required the vehicle or drug to undergo
heavy alterations, leading to reduced potency. It is revealed
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Fig.5 Biodistribution of A
systemically administered

1231 labelled minicells Dox in
dogs with brain cancer. Arrow
showed the tumour location at

3 h post minicells administra-
tion. Minicell accumulation
was evident with single-photon
emission computed tomography
(SPECT) imaging. Merge of
MRI and SPECT illustrate the
location of minicells at the core
of brain tumour. Figure adopted
with permission from MacDiar-
mid et al. (79).
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Fig.6 Dynamics of Minicell Attachment. Figure adopted with permission from MacDiarmid et al. (80).

that as large as 10 million drug molecules can be packaged
within minicells, as compared to liposomes’ ability to pack-
age only 10,000 drug molecules. Compared to conventional
chemotherapy, different BsAbs are able to bind onto the
minicell surface, allowing it to target various solid tumours
and exhibit efficacy. To determine the targetability, minicells
were incubated with MDA-MB-468 human breast adenocar-
cinoma cells and monitored for 48 h by confocal microscopy.
MDA cell membrane was visualised by green fluorescence,
Dox by its red autofluorescence and blue fluorescence is
for DAPI staining of nuclei. As depicted from Fig. 6, non-
targeted minicells did not internalised that was confirmed by
absence of green or red fluorescence (Fig. 6a), in contrast
BsAb attached to the minicell showed significant internali-
zation (Fig. 6b). This may attributed to EGFR-mediated
endocytosis into MDA cells. At 4 h overlaid image (Fig. 6e)
showed blue nucleus, similar to DAPI-stained nucleus in
Fig. 6d. However, the yellow colour in Fig. 6e suggest

that the drug has not yet been released from the minicells.
However, colonization and nuclear presence of DOX were
confirmed at 24 h via violet fluorescence (Fig. 6j). In addi-
tion, minicells allow intracellular delivery of drugs within a
tumour cell, steer clear of any leakage of drug from the vec-
tor when administered systemically, and provide a signifi-
cant increase in therapeutic index of drugs with little or no
toxic side effects. However, only four to ten drug molecules
can be conjugated with one armed antibody. (80).

The packaging of drugs into minicells is reliant on the
time of incubation and the concentration of drug in the solu-
tion (Fig. 7). The most common method used for packag-
ing drugs and genetic material in minicells is co-incubation.
Various studies showed that incubating drug or siRNA with
minicells for a specific period leads to effective packaging
of API into minicells (72, 80, 81). Moreover, electroporation
was also explored for drug packaging via creating a pore
in the cell membrane with the application of high voltage
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across the cell membrane. Sonication and Co-Extrusion
methods are also significantly considered for drug packag-
ing in minicells (82).

Clinical Trial

Despite various setbacks such as complex and limited pro-
duction, side effects, stability, and mutation; several bac-
terial drug delivery systems for cancer treatment is under
clinical trial. Firstly, Dr. William B. Coley in 1891 used
Streptococcus pyogenes for treatment of cancer (83). Later,
among several bacterial species, Listeria vaccine strains
showed promising outcome used alone or in combination
in human trial (84). The Vion Pharmaceutics designed S.
typhimurium VNP20009 strain which was tested on 24
patients with metastatic melanoma in phase I trial. The
maximum tolerated dose was noticed at 3.0 x 108 CFU/m?
after IV administration. No objective tumour regression was
found, although several proinflammatory cytokines were
increased (85). Another trial on four patients with meta-
static melanoma treated with S. typhimurium VNP20009
also showed no objective tumour response (86). Therefore,
VNP20009 was modified to express E. coli CD to enhance
its therapeutic efficacy. The expressed E. coli CD has the
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potential to convert 5-FC to toxic 5-FU. Patients suffering
from oesophageal adenocarcinoma and neck squamous car-
cinoma were treated with these bacteria via intratumoural
injection and oral route with the frequency of three times a
day for multiple cycles. The results showed bacterial colo-
nisation at tumour was 3-folds higher compared to noncolo-
nised patients. Moreover, no significant adverse effects were
reported after 6 cycles of treatment. The discrepancies were
also observed between clinical (human model) and preclini-
cal (animal model) outcomes owing to different growth rates
and structures of tumour that can alter the bacterial invasion,
proliferation and clearance. The VNP20009 strain failed to
colonise in tumour effectively, due to lack of lipid A function
as discussed earlier (87).

On the other hand, application of Clostridium novyi-NT
spores has entered Phase I clinical trial, where the study
results revealed the promising therapeutic effect on tumour
after intratumoural injection. The extensive tumour destruc-
tion was observed via the formation of gas pockets by C.
novyi-NT spores. However, Clostridium cells was unable
to eradicate whole cancerous cell which results in tumour
relapse. Therefore, clinical trial on combination of C. novyi-
NT strain with pembrolizumab was started to treat refrac-
tory advanced solid tumour patients (88). Similarly, bacterial
minicell designed to deliver paclitaxel into cancer cells were



Pharmaceutical Research (2022) 39:1115-1134

1129

Table Il On going and Previous clinical trial details on bacterial strain alone or in combination for cancer treatment. This table is adopted and

updated with permission from Duong et al. (89)

Bacterial strain Phase Cancer type

Number of patients References

Salmonella typhimurium VNP20009 1 Metastatic melanoma; metastatic renal cell 25 (85)
(attenuated Salmonella typhimurium) carcinoma
S. typhimurium VNP20009 I Melanoma 4 (86)
(Live genetically modified S. typhimurium

(VNP 20009).
S. typhimurium VNP20009 (attenuated Salmo- 1 Head and neck or esophageal adenocarcinoma 3 (90)

nella bacterium expressing the E. coli cytosine
deaminase gene

S. typhimurium VNP20009 (Live, Geneti- I Patients with advanced or metastatic solid Not provided NCT00004216
cally Modified Salmonella Typhimurium tumours On
(VNP20009)

S. typhimurium VNP20009 I Unspecified adult solid tumours Not provided NCT00006254

(Live, Genetically Modified Salmonella Typh- (92)
imurium)

S. typhimurium VNP20009 1 Neoplasm or neoplasm metastatic tumours 45 NCT00004988

(Live, Genetically Modified Salmonella Typh- 93)
imurium)

S. typhimurium (IL-2 Expressing, Attenuated S. [ Liver cancer 22 NCT01099631
typhimurium) (94)

S. typhimurium Ty21a VXMO1(live attenuated | Pancreatic cancer 26 95)

S. typhi carrying an expression plasmid encod-
ing VEGFR)
Clostridium Novyi-NT Spores 1 Colorectal cancer 2 NCT00358397
96)
Clostridium Novyi-NT Spores I Solid tumour malignancies 5 NCTO01118819
(CO)
Clostridium novyi-NT I Solid tumour malignancies 24 NCT01924689
98)
C. novyi-NT spores Ib Refractory advanced solid tumours 18 NCT03435952
99

Listeria monocytogenes 1I Metastatic pancreatic tumours 90 (100)

L. monocytogenes I Cervical cancer 109 (101)

L. monocytogenes 1 Cervical cancer 450- NCTO02853604

(102)

evaluated for their safety for the first time in human phase
I clinical trial on patients with advanced solid tumours.
5 weekly infusions were administered to patients. Dose-
escalation design was used for the evaluation of seven dose
levels and to determine the safety, tolerability and antitu-
mour effects. Rigors and pyrexia were reported as common
treatment-related adverse events; however, no death was
reported during the treatment. Results revealed that bacte-
rial minicells are safe to use with modest clinical efficacy
(78). Other previous and ongoing clinical trial details are
summarized in Table II.

As discussed, these clinical data showed many key obsta-
cles for clinical application, however, new combination
strategies with bacterial drug delivery will improve better
intratumoural bacterial colonisation with enhanced thera-
peutic output.

The Obstacle of Bacterial Therapy

Some of the challenges we may face by using bacteria as a
therapeutic or delivery agent in cancer are the adverse effects
of introducing an antigen into the human system, may it
be live, attenuated or genetically engineered. The toxicity
that follows a bacterial systemic infection after administra-
tion of live bacteria as carrier is a major cause for concern,
especially in immunocompromised patients. This undesired
biodistribution of bacterial in normal cells (off target dis-
tribution) rather than tumour colonisation can cause side
effects and off-target release of anticancer drug.

The extent of toxins uptake dictates the success of cancer
therapy into normal cells and its selectivity to tumour cells.
Recent advances in biotechnology have suggested that non-
pathogenic bacteria and their products deliver components
that may result in the necrosis of tumour cells. There has
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been evidence of strains of viruses carrying altered genes
and several bacterial species expressing therapeutic proteins,
all of which selectively replicate in malignant cells. How-
ever, the effectiveness of microorganisms in the treatment
of cancer is still lagging due to several factors as the human
body sometimes manages to fight against and eliminate these
microorganisms and their anti-tumour effects by producing
neutralising antibodies (2).

Another key issue with bacterial drug delivery is the lack
of proper understanding of the exact mechanism of pref-
erential tumour colonisation of bacterial cells that showed
innate anti-tumour effects. The insufficient colonisation of
bacterial was observed in clinical studies that may denote
robust immune reaction, which counteracting bacterial accu-
mulation. Other attributes such as rapid clearance of bacte-
rial from the blood before reaching to tumour site. Contrast
results were observed in clinical and preclinical data on
maintenance of bacteria in the bloodstream for longer dura-
tion. Preclinical data showed a high percentage of bacteria
maintained in blood after administration for longer period.
Other than that, the limited cytotoxic properties of bacte-
ria requiring conjugation with chemotherapeutic agents as
well as the risk of mutation due to genetic modification are
also obstacles that need to be overcome to utilise bacteria
as a potential therapy in cancer patients (5, 103, 104). On
the other hand, BGs has its limitation as a delivery system.
For example, weakly bound drugs to bacterial membrane,
membrane protein, and cell wall can cause significant drug
loss due to the large pores on the BG surface. Besides that,
immunocompromised patients may not be a suitable can-
didate for the usage of BG, because BG can induce potent
proinflammatory cytokine among immune cells Besides that,
bacterial clearance, systemic infection, mutation and toxic-
ity results in losing their therapeutic effects. Additionally,
physiochemical and structural complexity of formulation is
one of the factors for the slow pace of clinical transition
of bacterial drug delivery system. It may require complex
fabrication procedures which may have scale-up limitations
in large-scale manufacturing (105, 106).

Conclusion

The resistance of cancer cells towards chemotherapy has led
to various studies for alternative methods to deliver drugs
into the tumour cells. Bacteria-mediated cancer therapy has
shown promising benefit of being a controllable and targeted
anti-cancer delivery system and is able to alleviate major
problems associated with currently available therapy. Thus,
the utilisation of bacterial spores, bacteria ghost and combi-
nation of bacteria with nanoparticles have been found to be
beneficial as anti-cancer agents. However, despite numerous

@ Springer

potential benefits offered by these methods, notable chal-
lenges are still observed in terms of its distribution as well
as toxicity associated with the use of bacterial products in
preclinical studies. Hence, future development of bacteria-
mediated therapeutic delivery should not only focus on treat-
ing cancer but also protect healthy cells from the toxicity of
the chemotherapy and the bacterial products/by-products.
Therefore, more comprehensive future investigations are
required to help overcome current challenges and improve
presently available cancer treatments.
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