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ABSTRACT

Microorganisms with innate and artificial advantages have been regarded
as intelligent drug delivery systems for cancer therapy with the help of
engineering technology. Although numerous studies have confirmed the
promising prospects of microorganisms in cancer, several problems such as
immunogenicity and toxicity should be addressed before further clinical
applications. This review aims to investigate the development of engineered
microorganism-based delivery systems for targeted cancer therapy. The
main types of microorganisms such as bacteria, viruses, fungi, microalgae,
and their components and characteristics are introduced in detail. Moreover,
the engineering strategies and biomaterials design of microorganisms are
further discussed. Most importantly, we discuss the innovative attempts and
therapeutic effects of engineered microorganisms in cancer. Taken together,
engineered microorganism-based delivery systems hold tremendous promise

for biomedical applications in targeted cancer therapy.
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Introduction

Microorganism-based cancer therapies have been
rapidly developed and their use has been reported
in numerous studies.”* The application of living
microorganisms to treat cancers is attracting
growing interest owing to their great anti-
cancer advantages compared with conventional
therapies.’ As is well known, microorganisms
have evolved special bio-functionalities to adapt
to changing environments,’ such as targeting
ability, immunogenic effects, and metabolic
behaviours, and these can be utilised for anti-
cancer therapies.>® Furthermore, microorganisms
have also reportedly been genetically engineered
to confer advantageous anti-cancer properties,
including reduced toxicity, activated metabolic
behaviours, and generation of anti-cancer drugs
or proteins.” Several types of microorganisms
have been observed to have significant
probiotic effects such as Clostridium butyricum,
Lactobacillus, and Bifidobacterium, and could
be utilised to treat disordered microbiota and

*Corresponding author:
Zengwu Shao,
szwpro@163.com.

#Author Equally.

http://doi.org/10.12336/
biomatertransl.2022.03.004

How to cite this article:
Huang, X.; Guo, H.;

Wang, L.; Shao, Z.
Engineered microorganisms-
based delivery systems for
targeted cancer therapy: a
narrative review. Biomater
Transl. 2022, 3(3), 201-212.

Biomater Transl. 2022, 3(3), 201-212

other diseases.”” Accordingly, microorganisms
with the above innate and artificial advantages
have been regarded as potential intelligent drug
delivery systems for cancer therapy with the help
of bio-engineering technology.”°

Although numerous studies have confirmed
the promising prospects of microorganism-
based cancer therapy, several problems need
to be addressed before this can be realised. For
example, microbial immunogenicity might lead
to rapid clearance from the blood circulation
as well as side effects in normal tissues.!’ Even
though a few types of microorganisms might be
appropriate for cancer therapy if their toxicity
was reduced, their therapeutic effects might
be weakened at the same time."”” Accordingly,
engineering technologies are warranted to
produce artificial microorganisms. Such an
approach could not only improve the anti-
cancer efficacy but also overcome such intrinsic
drawbacks. With the rapid development
of  nanotechnology,  microorganism-based
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biohybrid systems have been constructed to optimise the
bio-functionalities of microorganisms in cancer therapy.
Numerous studies have found that functional biomaterials can
be successfully integrated with microorganisms via techniques
such as chemical conjugation, physical adsorption, biological
assembly, and gene engineering.'** To sum up, engineering
of microorganism-based delivery systems may lead to good
anti-cancer effects and overcome existing limitations, which
could greatly expand the applications of functional materials-
combined microorganisms in anti-cancer therapies .

For this review, articles describing strategies involving
engineered microorganisms were retrieved using the search
terms: (Microorganism (MeSH Terms) OR Microbe (MeSH
Terms)) AND (Engineered OR Engineering OR Integration
OR Biomaterials (MeSH Terms)). Then, articles related
to various anti-cancer therapies mediated by engineered
microorganisms were retrieved using the search terms:
(Microorganism (MeSH Terms) OR Microbe (MeSH Terms)
OR Bacteria (MeSH Terms) OR Virus (MeSH Terms) OR
Fungi (MeSH Terms) OR Microalgae (MeSH Terms)) AND

S

Cancers
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(Cancer (MeSH Terms) OR Tumor (MeSH Terms)) AND
(Chemotherapy (MeSH Terms) OR Immunotherapy (MeSH
Terms) OR Phototherapy (MeSH Terms) OR Radiotherapy
(MeSH Terms) OR Oncolytic virotherapy (MeSH Terms)). All
these searches were performed on PubMed, Embase, Web of
Science, and CNKI databases up to August 2022. The results
were further screened by title and abstract. Irrelevant articles
were excluded.

This review aims to investigate developments of engineered
microorganism-based delivery systems for targeted cancer
therapy (Figure 1). The main types and characteristics of
microorganisms and relevant components are introduced in
detail. Moreover, the engineering strategies and biomaterials
design of microorganisms are further explained. Most
the
therapeutic effects of engineered microorganisms in cancer.

importantly, we discuss innovative attempts and
The concluded limitations and future research directions in this
study might help enhance the application of microorganisms

in cancer treatment.
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Figure 1. Schematic diagram of microorganism-based delivery systems for targeted cancer therapy.

The Advantages and Functions of
Microorganisms in Anti-Cancer Therapy

The advantages of microorganism-based delivery systems
in cancer therapy have been demonstrated in relation to
specific characteristics including active mobility or swimming
capability,”’ precise tumour targeting and penetrating
behaviours,® stable biological structures,? * flexible
survival and proliferation in tumour microenvironments,*
induction of innate immunity,” and easy engineering and
functionalisation.”***

Tumour targeting and penetration abilities
The major mechanisms allowing the targeted accumulation of

microorganisms in cancer are as follows: (a) active targeting and
movement toward tumour tissues in response to the hypoxic
nature of cancers by some obligate or facultative anaerobic
microorganisms because of their hypoxic environment tropism;
(b) chemotaxis of microorganisms toward compound gradients
produced by cancer cells; (c) trapping of microorganisms in
the blood circulation system due to the tumour’s vasculature,
contributing to their passive accumulation in cancers; (d) escape
from immune clearance by microorganisms which migrate
into cancer tissues, because cancers are commonly regarded as
immunologically-exempt compartments. Thus both active and
passive targeting abilities of microorganisms play a vital role in
enhanced anti-cancer efficacy.”

www.biomat-trans.com
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Intrinsic stability

Owing to the relatively intact and stable structure, most
microorganisms are able to live within the normal physiology
of the human body, instead of being influenced by changes in
the environment. More importantly, this structural stability
indicates that microorganism-based drug delivery systems
might remain stable and target delivery of drugs to cancers.”

Regulation of tumour metabolism

Microorganisms could stay and survive in cancer tissues
by taking up nutrients derived from necrotic cancer cells.
Therefore, only a one-dose treatment would be enough to
enable long-term anti-cancer efficacy. Microorganisms could
also play a role in tumour metabolism and further affect
tumour growth. In detail, microorganisms might compete for
nutritional resources, remodel the tumour microenvironment
and even dysregulate tumour metabolic activities.”’ Moreover,
microbial metabolites or components could function as tumour
vaccines or anti-cancer therapeutic agents.*> Microorganisms
can be genetically engineered to produce proteins, enzymes, or
drugs for cancer therapy."

Regulation of the disordered microbiota

It has been shown that a disordered microbiota participates in
the development and progression of various types of cancer.*
Forinstance, the overgrowth of certain microorganisms within
a disordered microbiota might contribute to tumorigenesis
accompanied by DNA damage, immune dysfunction, and
excess carcinogenic metabolites.’”> ** However, several
probiotic microorganisms might play an anti-cancer role by
regulating the disordered microbiota, which could be applied
in intelligent and effective anti-cancer therapies.”

The Engineering Strategies of Microorganisms
With regard to living microorganisms, their essential
advantages are mainly based on their active characteristics such
as directed tropism, metabolic activity, swimming capability,
easy modification, and natural anti-cancer capability,' which
equip them with powerful anti-cancer effects.

However, exogenous microorganisms are deemed to be quickly
inactivated and cleared by the immune system in the human
body, thereby weakening any therapeutic effects and leading
to unexpected adverse effects.”® Moreover, the human body is
also lacking in several indispensable elements for maintaining
the metabolic activity of microorganisms.? Accordingly, it
is necessary to combine the merits of microorganisms with
complementary merits of biomaterials. Several engineering
strategies employing microorganisms and materials are
designed for functionalisation, which include physical,
chemical, and biological integrations. In this way, enhanced
anti-cancer effects can be achieved by various strategies such as
improving microbial activity and avoiding immune clearance.
The three main integration methods are introduced below.

Physical integration strategies via electrostatic
interactions

It is well known that the surfaces of microorganisms are
often negatively charged. Based on this, microorganisms
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might be physically modified by attaching positively-charged
materials onto the surface via electrostatic absorption.”* One
study indicated that poly-lactic-co-glycolic acid-encapsulated
nanoparticles could be attached to bacteria by coating the
positive glycol chitosan on the surface of the bacteria® (Figure
2A). In another study, metal cations such as calcium ions
appeared to assist the assembly of extra lipid membranes and
reverse microbial surface charges.* The charged functional
groups enable the further modification of microorganisms
by charge-reversal layer-by-layer encapsulation*? and charge-
guided membrane intercalation.* For instance, alternating
layers on the surface of probiotic organisms were achieved by
sequentially depositing the cationic polysaccharide chitosan
and the anionic polysaccharide alginate, which then protected
the activity of probiotics and further promoted their oral
delivery.”

Moreover, the membrane-intercalating method by preparing
the side chains with specific functional groups was also utilised
to modify microorganisms.” One study constructed cationic
side chains containing organic semiconductors to enhance the
light-harvesting ability of bacteria. In this study, with the help
of cationic side chains, perylene diimide derivative and poly
(fluorene-co-phenylene) could be absorbed on the bacterial
surface by electrostatic interactions, and then intercalated into
cell membranes via hydrophobic interactions.**

To avoid the immune response caused by microorganisms,
cell membrane-coated nanotechnology has been widely
utilised for camouflaging the available microorganisms.*
The microorganism-delivered cell membrane nanovesicles
are often constructed by the physical extrusion method via
polycarbonate membranes.*

The present physical integration strategies are mainly based on
electrostatic interactions, which are relatively convenient to
integrate microorganisms with functional materials. However,
more positively-charged materials are needed to assist their
structural stability, which could be harmful to microorganisms
by perturbing their membrane stability. Accordingly, structural
stability and microorganism activity are two major problems
which need to be completely solved.

Chemical engineering strategies via covalent
conjugation

The chemical components of the microbial cell wall are mainly
peptidoglycans, polysaccharides, proteins, lipopolysaccharides,
and so on.” Therefore, it might be possible to modify the
microbial cell surface owing to the presence of various
functional groups such as amino, carboxyl, thiol, and hydroxyl
groups.” * Additionally, the high surface-to-volume ratios of
microorganisms largely reduce the adverse effects of surface
chemical modification against the host cells.® With the
primary amines on bacterial surfaces, the carboxyl-carrying
materials could be chemically conjugated onto bacteria via
carbodiimide-induced amido bond formation.*” ** Similarly,
the carbodiimide-induced conjugation between primary
amine-carrying materials and bacteria is achieved because
the bacterial cytoderm is rich in N-acetylmuramic acid and
carboxyl groups.”* Owing to the thiol-based crosslinking,
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the thiol on the microbial surface is deemed to be a common
method of covalently modifying microorganisms.**

Chemical groups including carboxyl, amine, and thiol
groups play a vital role in the chemical surface conjugation
of microorganisms.”® Conjugating functional materials
to microorganisms has the potential to greatly enhance
therapeutic efficacy when compared with microorganisms
alone (Figure 2B). More importantly, biodegradable materials
and environmentally-responsive linkers are considered to
minimise toxicity and promote spatiotemporal delivery.

Biological engineering strategies employing gene
editing

Biological engineering of microorganism-based delivery
systems is a rapidly-growing and well-developed technology.
For instance, siRNA or CRISPR-Cas9 techniques are widely
utilised to edit cell genes.”* When compared with chemical
engineering strategies, biological engineering strategies are
much more biocompatible and host cell-friendly because fewer
chemical molecules are involved. More importantly, unlike
the temporary modification of chemical engineering, the
functionality of microorganisms can be permanently changed
by biological engineering (Figure 2C).

As for microorganism-based delivery systems, genetic
engineering is widely utilised to construct safe microorganisms
by deleting virulence genes and customising microorganisms
with specific functions. Based on this, various bacterial
functionalities including targeting capability and synthesis of
metabolites might be enhanced to treat different diseases.”
Furthermore, engineered microorganisms could serve as the
“therapeutic factory” to produce desired therapeutic agents in
tumour tissues for improved anti-cancer efficacy and reduced
adverse effects. Another study constructed a genetic circuit
via computational modelling, allowing engineered bacteria
to activate anti-tumour immunity, which might resolve the
current clinical obstacles in anti-tumour immunotherapy.*® It
is also reported that non-invasive Escherichia coli (E. coli) could
be genetically modified through plasmid transfection to endow
E. Coli(p) with overexpressed human catalase for catalysing
H,0, into O, at the tumour site.”” Genetically engineered
microorganisms have been investigated in clinical trials to treat
various diseases including cancer.® However, the following
problems need to be resolved before further application in the
clinic: (a) it is of great importance to protect microorganisms
from harsh environments and sustain their viability and
ability to secrete therapeutic agents. The combination of
surface coatings and engineered microorganisms might be
useful to resolve this issue; (b) safety is the main concern
during the application of both living microorganisms and the
genetic engineering approach, which should be thoroughly
investigated before clinical applications.

Cell membrane coating strategy

Microorganisms play a vital role in the development of soft
microrobots because of their active targeting, robust self-
propulsion, and sensingabilities.®' However, their pathogenicity
and potential side effects greatly limit their safety and efficacy.
Cell membranes are characterised by superior biocompatibility
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and “self-recognition” in the human body, and so are used
for coating nanoparticles to protect them from the immune
system.®” Based on cell membrane-coating nanotechnology,
engineering microorganisms with cell membranes might
overcome the obstacles above. One study coated bacteria with
red blood cell membranes to prepare cell membrane-coated
bacteria by mechanical extrusion.” With the help of a low
immunogenic red blood cell membrane, cell membrane-coated
bacteria might preserve the inherent bioactivity of bacteria
while providing superior safety. Moreover, cell membranes
could also be attached to microorganisms via biotin-avidin
affinity (Figure 2D). One study designed a biohybrid
microswimmer by binding bacteria to red blood cells via the
biotin-avidin interaction.” In this way, this microswimmer
could load doxorubicin and superparamagnetic iron oxide
nanoparticles with immune evasion properties. In addition
to the motility of bacteria, sperparamagnetic iron oxide
nanoparticle-containing microswimmers might also move in
response to magnetic fields.

The above cell membrane coating or binding strategies
have expanded clinical use of microorganism-based delivery
systems. Additionally, hybrid membranes derived from
different cells can be applied in microorganism engineering to
provide multifunctionality,*® which might further promote the
potential clinical translation of microorganisms. Owing to the
advantages and disadvantages of each strategy, it is necessary to
combine the complementary merits of two or more strategies
according to the desired functions of the microorganisms.

Engineered Microorganisms for Various
Anti-Cancer Therapies

Chemotherapy

Bacteria-mediated chemotherapy

Although it is widely known that some bacterial infections can
result in malignancy or increase the risk of cancer, some bacteria
have long been regarded as potential agents for chemotherapy.
On the one hand, bacteria could exert a direct anti-tumour
effect via toxins, peptides, and bacteriocins. For instance,
Bovicin HC5 from Streptococcus devastates tumour cells by
drilling pores in the cell membrane which induce potassium
efflux,'? while Pyocin S2 destroys the DNA sequence of multiple
lines of cancer cells to induce cell death.** On the other hand,
they have been widely used as engineered vectors of peptides,
therapeutic drugs, or genes® (Figure 3). When the engineered
bacteria are administered systematically, bacteria accumulate in
the tumour sites rather than healthy tissues as a result of several
mechanisms. Generally, the bacteria disseminated in the healthy
tissues would be quickly cleared by the immune system, while
in tumour sites, the immunosuppressive microenvironment
protects the bacteria from immune clearance. The infiltrating
levels of T cells are decreased and the functions of T cells are
reduced in the local sites, a phenomenon which is also termed
T cell exhaustion. In addition, the macrophage phenotypes in
tumour sites are different compared with normal tissues, with
lower expression of M1 macrophages, leading to tolerance to
infection. These mechanisms would lead to the continuous
proliferation of bacteria. Several bacteria species such as
Salmonella spp., E. coli, or Listeria spp. have been attenuated via

www.biomat-trans.com



Microorganisms-based delivery systems

Biomaterials Translational

A Physical integration strategies via electrostatic interactions

Emulsification .
& evaporation AL
P + T e ;
DOX Emulsification PI?OX
i P
L % evaporation
¢ ¢ ;
R848 Electrostatic PR848
. adsorption =
. . — -
MG1655  Glycol chitosan

By

Electrostatic

.. adsorption & . &
—— v Z

Ec-PR848

Glycol chitosan-coated MG1655

B Chemical engineering strategies via covalent conjugation

5, 2
A
@ Magnetotactic bacteria

© Liposome

T Magnetic field

C Biological engineering strategies via genetic editing

° pH: 10.5 25°C
@ pH: 10.525°C Loading by -
[ ] [ Polymenzallon stackmg
oo

Dopamine Polydopamlne & , E;z‘;:?;:ii:lc
monomer Chlorm 6 pDA/Ceb
AA13871-1N379014
lasmid constructiol E. Coli(p)/pDA/Ce6
——
7
Plasmid Recombinant E. Coli(p)
plasmid %
E. Coli
D Cell membrane coating strategy
E. Coli E. faecalis

Bacteria - \

]
I O |
| Cell membrane |

Stealth bacteria

Extrusion

.“ r

Figure 2. Representative examples of (A) phy51cal integration strategies via electrostatic interactions, (B) chemical

S. aureus

engineering strategies via covalent conjugation, (C) biological engineering strategies via genetic editing, and (D) cell
membrane coating strategy. Scale bars: 1 pm. Ce6: chlorin e6; DOX: doxorubicin; E. Coli: Escherichia coli; E. Coli(p):
Escherichia coli with a plasmid expressing the catalase; E. faecalis: Enterococcus faecalis; Ec-PR848: PR848 nanoparticle-load
E. Coli; LP: liposome; MTB: magnetotactic bacteria; pDA: polydopamine; PDOX: DOX-loaded PLGA nanoparticles;
PLGA: poly(lactic-co-glycolic acid); S. aureus: Staphylococcus aureus. A was reprinted with permission from Wei et al.*
Copyright 2021 American Chemical Society. B was reprinted with permission from Taherkhani et al.*' Copyright 2014
American Chemical Society. C was reprinted from Deng et al.*” Copyright 2021, with permission from Elsevier Ltd. D

was reprinted from Cao et al.*

genetic deletion of their key virulence genes and they were then
used in phase I or phase II clinical trials as nanocarriers.” ¢
Besides, the hypoxic environment provides shelter for
anaerobic bacteria.” In addition, a recent investigation
revealed that microbiota from the gut may influence the body
responses to chemotherapies.”” These mechanisms endowed
the bacteria with tumour-targeting ability and satisfactory anti-
tumour efficacy, which make bacteria a potential choice for

chemotherapy'?¢*717> (Table 1).
Fungi-mediated chemotherapy

Fungi are widespread in the world and several chemicals
extracted from several species of fungi have exhibited anti-

Biomater Transl. 2022, 3(3), 201-212

tumour efficacy in vitro or in vivo (Table 1). All these fungi are
confirmed non-toxic and are well-tolerated. For example, an
active hexose-correlated compound has shown its potential
in clinical application.”® Fungal B-glucan modulates the
immune system, promoting the incretion of anti-tumour
cytokines and increasing the concentration of ROS in the
tumour microenvironment to kill the tumour cells” (Figure
4). In double-blind trials, a polysaccharide-peptide extracted
from mushrooms prolonged the 5-year survival rate in
oesophageal cancer,”® significantly relieved pain, and improved
patients’ quality of life. The significant efficacy, as well as the
good compatibility, make fungus a suitable choice for cancer
management.”’
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Figure 3. Two applications of bacteria in cancer chemotherapy. Reprinted from Cao and Liu.*® Copyright 2020 Elsevier
B.V.
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Figure 4. The modulatory mechanisms of the immune cells in the tumour microenvironment by fungal 3-glucan. DC:
dendritic cell; GrnzB: granzyme B; INF-y: interferon-y; M-MDSC: monocytic myeloid-derived suppressor cell; PMN-
MDSC: polymorphonuclear myeloid-derived suppressor cell; ROS: reactive oxygen species; TNF-o: tumor necrosis
factor-a; WGP: whole-glucan particles. Reprinted from Geller et al.”

Microalgae-mediated chemotherapy

Microalgae are a type of eukaryotic unicellular plant and some
of them are reported to have anti-tumour effects.*® Studies
reported that carotenoid extracted from Chlorella ellipsoidea
and chrysolaminaran from Synedra acus effectively devastated
colon or colorectal cancer®® (Figure 5). In addition,
eicosatetraenoic acid from Cocconeis scutellum was confirmed
to have anti-cancer effects in breast cancer.®’ These fractions
or compounds generated from the microalgae could exhibit
specific cytotoxic effects in cancer cells (Table 1).

Immunotherapy

The hypoxia targeting-ability of bacteria, as well as
their immunogenicity, makes them ideal candidates for
immunotherapy. The hypoxic environment and the nutrients
released from the dead tumour cells facilitate the growth and
proliferation of bacteria. Moreover, the immunosuppressive
microenvironment prevents the immune system from clearing
the injected bacteria in the tumour. These multiplied bacteria

finally activate the immune system, causing large numbers of
immune cells to infiltrate the tumours.* Bacteria-based cancer
immunotherapy exhibits anti-tumour effects in several ways,
including ways in which naive-living bacteria, engineered
bacteria, or components of bacteria regulate tumour-
associated immune systems.®* Bacterial components, such as
peptidoglycan, lipopolysaccharide, and lipoteichoic acid, can
be recognised by pattern recognition receptors expressed
on immune cells, which trigger an interaction between host
and bacteria and enhance the immune responses toward
malignancy. Among all the components, lipopolysaccharide
from the outer membrane of Gram-negative bacteria is a
strongly immunogenic microbial-associated molecular pattern
that can combine with Toll-like receptors on immune cell
membranes and up-regulate the expression of interleukin-6
in immune cells. Subsequently, interleukin-6 activates the
nuclear factor-xB signalling pathway, which promotes the
maturation and proliferation of immune cells, such as DCs,
thereby exerting anti-tumour immunity.*

www.biomat-trans.com
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Figure 5. Anti-tumour effects of chlorella extracts and lutein on human colon cancer cells. Reprinted with permission
from Cha et al.** Copyright 2008 American Chemical Society.

Fungi are rarely investigated in tumour immunotherapies, but
nevertheless some investigators have reported that certain fungi
exhibit special tumour-specific effects, i.e., the fungus promotes
tumour proliferation via fungal activation of the host’s C3
complement cascade in pancreatic cancer”” * (Table 1).

Phototherapy

Phototherapy consists of several kinds of light-triggered
killing strategies, especially photothermal therapy (PTT) and
photodynamic therapy (PDT). PTT and PDT are effective
and non-invasive therapy methods, due to their capabilities
of selective tumour ablation and satisfactory efficacy.
The subsequent immunological death of cancer cells after
phototherapy may lead to enduring antitumor immunological

reactions.® %

Either live attenuated bacteria or bacterial membrane-coated
nanoparticles can be used as targeting vehicles for phototherapy
of malignant carcinoma. These engineered bacteria or
membrane vehicles efficiently and safely express phototherapy
agents at the local tumour areas, thereby triggering a strong
anti-tumour effect within the near-infrared radiated position.
Deng et al. * integrated genetically-modified bacteria with
polydopamine (pDA) and chlorin e6 (Ce6), a photosensitiser.
Modified E. Coli(p) was coated with pDA@Ce6 to achieve the
final engineered bacterial vehicle, E. Coli(p)/pDA@Ce6. The
obtained system was administered and selectively accumulated
in the hypoxic tumour area. Near-infrared irradiation was
introduced to trigger PTT and PDT. The engineered bacteria
exhibited efficient anti-tumour effects in vitro and in vivo, which
suggested a promising application potential for precise tumour
inhibition® (Figure 2C and Table 1). In the future, bacterial
membranes could also be noted as potential nano-carriers for
photosensitisers, which may promote the targeting ability and
efficacy of PDT and PTT while lowering the possible side
effects of live bacteria.

Radiotherapy

Radiotherapy is an effective way to treat tumours, but large
variations exist among cancer patients in their response to
tumour radiotherapy and radiotherapy-induced side effects,
which limit its use as a treatment.”’ The gut microbiota is
considered an important factor in modulating the tumour

microenvironment, ultimately affecting the efficacy of

Biomater Transl. 2022, 3(3), 201-212

radiotherapy treatment. The interaction of microorganisms and
radiotherapy is bidirectional. Generally, radiotherapy interferes
with the microbiome and these disruptions in turn influence
the effectiveness of the treatment in a feedback loop. However,
limited data have shown positive interactions between
microorganisms and radiotherapy. On the other hand, the
gut microbiome influences radiation-induced gastrointestinal
mucositis through translocation and dysbiosis. Therefore,
radiation exposure can lead to radiation enteropathy in cancer
patients’" *? (Table 1). In that case, extrinsic microorganisms
can be introduced to modify the gut microbiome, which
may optimise the responses to radiotherapy and minimise
adverse effects.”” The most used approach to investigate
the distribution and diversity of gut microorganisms is 16S
many challenges
remain unknown, including the mechanisms by which the gut

ribosomal RNA-sequencing. However,

microbiome affects radiosensitivity, interactions between other
combination treatments, and the gut microbiome. In future,
the gut microbiome may be designed to provide predictive
and prognostic biomarkers of radiotherapy based on advanced
understanding of these questions.

Oncolytic virotherapy

Oncolytic virus (OV) therapy is an advanced biological therapy
with more physiological effects and is perfectly tolerated. Most
available OVsaregeneticallyattenuatedand modified to enhance
tumour tropism, which lowers the virulence of the healthy
host cells.” Compared with phototherapy and radiotherapy,
OV therapy could target tumour cells more precisely and pose
few risks to human health, since it relies on specific tumour
cells and is naturally present in many organisms. Besides, OV
therapy would be a sustainable and cascade strategy because
oncolytic viruses can self-replicate and spread to reach more
tumour cells. Therefore, transfection of oncolytic virus into
tumour sites induces infiltration of immune cells and results in
apoptosis, direct cell lysis, niche disruption, and phagocytosis®
(Figure 6). Moreover, they stimulate a pro-inflammatory
environment by enhancing antigen release and immune
activation to counteract the immune evasiveness of cancer cells.
OVs also take advantage of the tolerogenic microenvironment,
which facilitates the viral infection of tumour cells that are
not protected by the immune system. Theoretically, these
processes lead to a domino effect including chained viral
transfection and further immune activation. In addition,

207



Review

OV therapy can escape the adverse effects of chemotherapy
and maximise the anti-tumour efficacy of OVs via the most
optimal niche. Apart from the anti-tumour effect of the virus
itself, the immune system also exerts important effects in
OV therapy through OV-induced immunogenic tumour cell
death. The principle of OV cancer therapy aims at achieving
a balance between anti-tumour immunity, autoimmunity, and
antiviral immunity.”>* The first approved OV was T-VEC,
which targets tumour cells via recombinant herpes simplex
viruses with the transgene granulocyte-macrophage colony-

Table 1. The origin and anti-cancer mechanisms or effects of microorganism-based anti-cancer therapy

Shao, Z; et al.

stimulating factor’ * (Table 1). OV is also used in breast
cancer therapy, changing the tumour microenvironment from
“cold” to “hot”.”” The limitation of OV monotherapy could be
solved by the combination of radiotherapy or immunotherapy.
Wang et al. designed an oncolytic vaccinia virus co-expressing
amouse PD-L1 inhibitor and granulocyte-macrophage colony-
stimulating factor and exhibited and demonstrated it in breast
cancer therapy. This model provided a potent and individual
therapy that was able to activate tumour neoantigen-specific
T cell responses.”™

Therapy Microorganisms Substance Mechanisms/effects References

Chemotherapy ~ Streptococcus Bovicin HC5 Drilled pores in cell membranes 12
Pseudomonas aeruginosa Pyocin S2 Destroyed the DNA sequence 64
Escherichia coli Colicin E1/A Induced necrosis 71
Brevibacillus sp. Laterosporulin 10 Induced apoptosis or necrosis 72
Lactococcus lactis Nisin A/ZP Inhibited cell proliferation and angiogenesis 73, 74
Pediococcus acidilactici Pediocin CP2/K2a2 Induced apoptosis 75
Mushroom Polysaccharide- Prolonged the 5-year survival rate in 78

peptide oesophageal cancer

Chlorella ellipsoidea Carotenoid Devastated colon or colorectal cancer 81
Synedra acus Chrysolaminaran Devastated colon or colorectal cancer 82
Cocconeis scutellum Eicosatetraenoic acid ~ Exerted anti-cancer effect in breast cancer 83

Immunotherapy Gram-negative bacteria Peptidoglycan, LPS Triggered the immune responses toward 84,85
Gram-positive bacteria Peptidoglycan, LTA malignancy

Phototherapy E. Coli(p) Membrane Coated pDA@Ce6 to trigger phototherapy 59

Radiotherapy Gut microbiome Adjusted the responses to radiotherapy 91,92

OV therapy HSV T-VEC Targeted and killed the tumour cell 95,96

Note: E. Coli(p): Escherichia coli with a plasmid expressing the catalase; HSV: herpes simplex virus; LPS: lipopolysaccharide; LTA:
lipoteichoicacid; OV: oncolytic virus; pDA@Ce6: chlorin e6 conjugated poly(dopamine) nanosphere; T-VEC: talimogene laherparepvec.

Oncoviral
partidles

Induced tumour

B N apoptosis

C . Distant tumour T
cell infiltration

Figure 6. (A) Intratumoral inoculation of OV with transfection and immune cell recruitment. (B) Advanced transfection
of an oncolytic virus into the tumour and niche cells with induction of immune cells resulting in apoptosis, direct cell lysis,
niche disruption, and phagocytosis. (C) Distant tumour immune infiltration is induced by local immune conditioning.
Blue: immune cells; red: tumour; orange: OV particles; green: tumour niche. OV: oncolytic virus. Reprinted from Raja

et al.®
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Conclusions and Future Outlooks
Thisreviewthoroughlyexplorestheengineeredmicroorganism-
based delivery systems for targeted cancer therapy. First, the
main types and characteristics of microorganisms such as
bacteria, viruses, fungi, microalgae, and their components
are highlighted. Moreover, several engineering strategies for
creating microorganisms and functional materials have been
introduced, which include physical, chemical, and biological
integrations based on the methods of functionalisation.
Most importantly, we discuss the innovative attempts and
therapeutic effects of engineered microorganisms in cancer. In
summary, engineered microorganism-based delivery systems
hold tremendous prospects for biomedical applications in
targeted cancer therapy.

There are still several limitations and challenges before the
further application of engineered microorganism-based
delivery systems can be realised in targeted cancer therapy.
(a) The dynamic activities and final fates of microorganisms
and functional materials in the human body should be
further investigated, which is of great importance in clinical
applications. (b) Microorganisms could function as vaccines for
immune stimulation in anti-cancer immunotherapy. However,
it is important to balance the double-edged sword between an
appropriate immune response and a serious inflammatory
(c) Unlike microorganisms, the accompanying
functional materials cannot proliferate and duplicate, which
limits the therapeutic efficacy of customised material-assisted
microorganisms. To overcome this obstacle, bioengineering
technology could contribute to the synchronous proliferation
of functional materials with microorganisms by transfecting
genes encoding functional the target
microorganisms. (d) The indiscriminate clearance of beneficial
or pathogenic microorganisms might lead to unsatisfactory
anti-cancer effects and even cancer progression. Accordingly,
more precise and directed regulation of microorganisms is
critical in anti-cancer therapies.
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