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In situ tumor vaccination has aroused tremendous interest with its capability for eliciting strong and sys-
temic antitumor immune responses. Unlike traditional cancer vaccines, in situ tumor vaccination avoids
the laborious process of tumor antigen identification and can modulate tumor immunosuppressive
microenvironment at the same time. In recent years, bacteria have been used as both efficient tumor-
targeted delivery vehicles and potent adjuvants. Regarding the rapid development in this area, in this
review, we summarize recent advances in the application of bacteria for in situ cancer vaccination. We
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illustrate the mechanisms of bacteria as both efficient tumor immunogenic cell death inducers and
tumor-targeted delivery platforms. Then we comprehensively review the engineering strategies for
designing bacteria-based in situ vaccination, including chemical modification, nanotechnology, and
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1. Introduction

Cancer haunts public health with its high mortality rate.'
Though exhibiting certain therapeutic benefits, traditional
chemotherapy and radiotherapy are rarely capable of curing
such diseases and often correlate to severe side effects.’” As
an alternative approach, cancer immunotherapy builds on
priming endogenous immune systems to improve the reco-
gnition and elimination of tumors.”® Current cancer immu-
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genetic engineering. The current dilemma and future directions are discussed at the end of this review.

notherapy mainly includes four categories: cytokine-based
therapies, monoclonal antibody-based therapies, tumor vac-
cines, and cell therapies.® Among them, tumor vaccines have
received wide attention, due to previous success in using vac-
cines to treat various infectious diseases.” The formulation of
cancer vaccines consists of tumor antigens and adjuvants.
However, the laborious procedure of tumor antigen identifi-
cation, tumor heterogeneity, and tumor immunosuppressive
microenvironment significantly impact the therapeutic efficacy
of cancer vaccines.®

In recent years, the concept of tumor in situ vaccination
(ISV) has been put forward.” ISV strategies seek to induce
immunogenic cell death (ICD) of tumor cells and generate
immune responses against tumor antigens. During ICD,
tumor debris and diverse danger-associated molecular pat-
terns (DAMPs) are produced, which are capable of facilitating
dendritic cell (DC) uptake and tumor antigen presentation and
maturation, respectively.'® Compared to the traditional tumor
vaccines, the immune responses elicited by in situ vaccination
(ISV) could be more comprehensive and effective.'' In
addition, the arduous tumor antigen identification process is
also avoided at the same time. And during ICD, the released
DAMPs can regulate the tumor immune suppressive micro-
environment, which further facilitates the tumoricidal effects
brought about by the activation of the ISV-elicited DCs and
priming of tumor-specific cytotoxic T lymphocytes.'

During the development of in situ vaccination-oriented
strategies, diverse delivery platforms have been used, including
bacteria, nanoparticles, and cell components.”*™*> Among
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them, bacteria-based platforms have demonstrated unique
properties as a living therapeutic. In 1891, Coley utilized atte-
nuated Streptococcus pyogenes for the treatment of malignant
sarcoma and bacteria-based therapy demonstrated certain
therapeutic benefits.'® In 1898, the first bacteria-based formu-
lation of the Bacillus Calmette-Guerin (BCG) vaccine was
approved by the FDA for bladder cancer therapy.'” In the last
decade, the tumor-targeting capability of bacteria has been
unraveled and is employed for anticancer drug delivery.'® In
addition, bacteria contains diverse pathogen-associated mole-
cular patterns (PAMPs), which are immunomodulatory and are
capable of serving as vaccine adjuvants for boosting immune
responses.’® Summarizing the above, the tumor-targeting
potential and immunomodulatory capability of bacteria render
the possibility of their integration into in situ vaccination for-
mulation to augment cancer therapeutic efficacy.”’ In this
review, we first introduce the mechanisms of in situ vacci-
nation. Then we discuss how bacteria can engage in the
current process of ISV. Recent advances in developing bacteria
as ISV components are surveyed, including chemical engineer-
ing of whole cells, tailoring bacteria into the nanoscale, and
genetic engineering of bacteria to carry out therapeutic func-
tions in situ (Fig. 1). Current limitations and future avenues
are discussed at the end of the review.
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2. Mechanism: roles of bacteria in
in situ tumor vaccination

The tumor microenvironment (TME) of solid tumors is charac-
terized by the dense protection of the extracellular matrix,
abnormal angiogenesis, and disordered metabolism.>'*> How
to deliver drugs into the TME and maintain their efficacy have
been heated questions for decades. Bacteria demonstrated
strong capabilities for TME-targeted drug delivery. Their auto-
nomous nature endows them with mobility and adaptivity to
target and carry out certain functions within the TME. As for
in situ vaccination, engineered bacteria-based strategies
display superiority over other delivery strategies because of
their tumor selectivity and cell death induction characteristics.

2.1 Tumor targeting

Tropism, mobility, and anaerobic metabolism endow bacteria
with tumor-targeting properties. In the periphery, bacteria can
be rapidly cleared by lymphocytes and neutrophils, but the
TME features a lack of immune clearance due to the immuno-
suppression caused by tumor cells and immunosuppressive
cells.*® Compared with normal tissues, bacteria prefer to breed
and replicate in tumor tissue. Bacterial structures like flagella
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Fig. 1 Engineering strategies of bacteria for in situ tumor vaccination. Firstly, the surface of bacteria can be chemically modified with diverse func-
tional moieties through covalent linkage, electrostatic adsorption, and surface coating. Secondly, bacteria-derived membrane vesicles can be func-
tionalized via surface biomineralization, inner core insertion, and antibody integration. Thirdly, bacteria can be genetically engineered to perform
various functions, including quorum sensing lysis, metabolic modulatory capabilities, and morphology reconstruction.
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and pili enable engineered bacteria to acquire proactive target-
ing capabilities towards the tumor, which is a unique feature
of living bacteria-based strategies.>® With the help of these
bacterial flagellar motors, engineered bacteria could penetrate
the extracellular matrix of solid tumors, and execute their
therapeutic functions within the TME. Moreover, because of
the disordered vasculatures and high tissue density, the TME
usually lacks oxygen, which hinders the infiltration and pro-
liferation of many immune cells. Anaerobes like Salmonella,
Bacillus subtilis, and Escherichia coli (E. coli) favor the hypoxic
environment in solid tumors, while some of them can survive
in oxygenated conditions, permitting their spread into the
tumor periphery or distant tumors.>>>® Besides as tumor-tar-
geting vectors, engineered bacteria have also been explored as
tumor biosensors. Through genetic reconstruction, bacteria
can be equipped with biosensors that only permit their pro-
liferation in TME-specific environmental conditions. Acidity,
hypoxia, and TME-related metabolite biosensors are possibly
being integrated into the fundamental gene circuits in the bac-
terial genome, thereby developing platforms that target tumor-
specific delivery.?”

2.2 Immunogenic cell death induction

The crucial step in realizing ISV is to induce immunogenic cell
death (ICD) of cancer cells, which could be caused by bacteria
through either indirect immunogenicity enhancement or
direct cytotoxicity generation. Unlike conventional vaccine
preparation, which requires careful identification and isolation
of tumor antigens, ICD can provide more comprehensive
tumor-associated antigens (TAAs) directly from the dying
tumor cells. During ICD, the circulating TAAs are exposed on
the dying cancer cells, while DAMPs such as ATP and calreticu-
lin (CRT) are released, increasing the immunogenicity of cell
death. Thus, the attraction and activation of DCs are promoted
and followed by the priming of T cells. However, cancer cell
debris alone always fails to initiate sufficient immune response
and escape from immune surveillance. Living bacteria could
serve as an adjuvant to trigger immune responses in vivo.
Pathological components of bacteria such as flagellin B (FlaB)
and lipopolysaccharide (LPS) could activate the recognition of
PAMPs in solid tumors, which subsequently induces the
recruitment of T cells, NK cells, and macrophages into the
TME and potentiates them for exerting immune surveillance.*®
Local inflammation could be induced as innate immune path-
ways such as the toll-like receptor (TLR) and the stimulator of
interferon genes (STING) are activated. Levels of pro-inflamma-
tory cytokines like interleukins, IFN-y, and TNF-a increase.
And lymphocyte infiltration is promoted, converting a ‘cold
tumor’ into a ‘hot tumor’.?*3° A typical example of approved
bacteria-based ISVs is the BCG vaccine, which activates the
TLR2 and TLR4 pathways, improving the efficacy of bacteria-
induced ICD.*' Moreover, exotoxins secreted by the bacteria
colonized in the TME can damage the membrane structures of
cancer cells or disrupt normal cellular metabolism when inter-
nalized. In this way, the bacteria could kill cancer cells directly
through the activation of TNF-related apoptosis.*?

This journal is © The Royal Society of Chemistry 2023
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3. Engineering strategies

Despite the innate targeting property, the biosafety and body
circularity of bacteria are still of great concern. Different engin-
eering approaches can enhance the safety and efficacy of bac-
terial therapeutics, as well as moderate the immunogenicity,
and improve intratumor survival. Nowadays, various engineer-
ing strategies are being used, such as chemical modification of
the bacterial surface, harnessing nanotechnology to tailor bac-
teria into lifeless vesicles, or genetic modifications that endow
bacteria with desired functions.

3.1 Chemical modification

Due to the immunosuppressive and hypoxic tumor microenvi-
ronment and the motility of bacteria, therapeutic bacterial
agents exhibit outstanding tumor targeting capability, render-
ing them as capable of serving as delivery vehicles for cancer
in situ vaccination. The loading methods can be broadly
divided into four categories, electrostatic adsorption, covalent
binding, antibody-antigen specific interaction, membrane
coating, and metabolic labeling.”® In this part, we will briefly
introduce the engineering approaches and their mechanisms
of conjugating drugs with bacteria and emphasize how bac-
teria can be leveraged as adjuvants for augmented cancer
in situ vaccination.

Photothermal therapy has been clinically verified to possess
the ability to elicit anti-cancer immune responses.*® In situ
photothermal immunotherapy offers a feasible method for
inducing ICD in solid tumors.*® In addition, it can be com-
bined with other adjuvants for augmented cancer in situ vacci-
nation. For example, in 2020, Yi et al. unexpectedly discovered
that tumor thrombosis occurred and was darkened upon i.v.
injection of AppGpp S. typhimurium, which could be leveraged
for further photothermal therapy (Fig. 2A).*> The study first
verified the tumor-homing capability of AppGpp S. typhimurium
(Fig. 2B). Bacterial concentrations in all organs decreased
except for tumor tissue. And upon intravenously injecting over
5 x 10° CFU, the darkness of the tumor can be easily distin-
guished (Fig. 2C). In the CT26 tumor model, the bacteria with
the laser treatment group displayed increased DC maturation
ratios in tumor-draining lymph nodes (Fig. 2D). As a result,
the bacteria + laser + anti-CTLA4 treatment almost completely
eradicated both the primary and the secondary CT26 tumors.
Taking a further step, the bacterial surface can be modified
with photothermal agents for augmented photothermal immu-
notherapy, for example, polydopamine (pDA). Chen ef al. gen-
erated pDA-coated VNP20009 through surface dopamine oxi-
dation and self-polymerization.® With the advantage of the
inherent tumor homing capability of VNP20009, the photo-
thermal agents can be efficiently delivered to tumor site. With
a single injection and laser irradiation, B16F10 melanoma
tumors were completely eradicated by inducing tumor cell
apoptosis and necrosis (Fig. 2E). Apart from surface chemical
modification, bacteria can also be genetically engineered to
produce photothermal agents. Meanwhile, chemical modifi-
cations of the bacterial surface well collaborate with other
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Fig. 2 Leveraging bacteria for augmented in situ photothermal immunotherapy. (A) VNP20009 induced thrombosis in tumors and can be served for
photothermal immunotherapy. (B) VNP20009 colonization in mouse organs after i.v. injection. (C) Photographs of mice before and after i.v. injection
of different doses of VNP20009. (D) The maturation of DC cells in tumor-draining lymph nodes after different treatments. (a) Surgery; (b)
PLGA-PEG-ICG + surgery; (c) PLGA-PEG-ICG + laser; (d) bacteria + surgery; (e) bacteria + laser. Reproduced from ref. 35. Copyright 2020 American
Association for the Advancement of Science. (E) Hypoxia-targeting bacteria deliver polydopamine for cancer photoimmunotherapy. Reproduced
from ref. 36. Copyright 2018 American Chemical Society. (F) Spatiotemporal controlled distribution of bacteria, photothermal agents, and immune
checkpoint inhibitors can augment cancer in situ vaccination via photothermal immunotherapy. (G) Surface engineering strategy and TEM images of
engineered bacteria. Scale bar = 1 um. (H) 4T1 orthotopic tumor growth and survival curves after receiving different treatments. Reproduced from
ref. 37 Copyright 2022 John Wiley & Sons, Inc.

engineering approaches, for example, genetic engineering.
Wang et al transformed tyrosinase-encoded plasmids into
E. coli with surface modification of dopamine and anti-PD1
antibodies (Bac™®') (Fig. 2G).*” Intratumoral injection of Bac™M®!
exhibited uniform distribution inside 4T1 tumors. Such homo-
geneous distribution made the localization of photothermal

1140 | Biomater. Sci, 2023, 1, 137-152

agents (melanin) spatiotemporally controllable, resulting in a
moderate and uniform heating treatment of tumors (Fig. 2F).
As a result, this engineering strategy significantly suppressed
the growth of 4T1 orthotopic murine tumors (Fig. 2H).

Besides photothermal therapy, bacteria can also engage in
current radiotherapy to elicit therapeutic efficacy. According to

This journal is © The Royal Society of Chemistry 2023
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a clinic report, patients with melanoma receiving local
irradiation combined with CTLA-4 antibodies (ipilimumab)
exhibited dramatic abscopal responses.*® Recently, researchers
have poured their efforts into chemical engineering living bac-
teria to synergize with current irradiation therapy (IRT). For
example, Pei et al. loaded radioiodine (**°I or '*'I) labeled
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VNP20009 via the iodogen oxidation method (I-VNP)
(Fig. 3A).>° Intratumoral injection of I-VNP realized sustained
retention of irradiation-sensitizing agents for over 168 hours,
possibly due to the tropism of bacteria and the engulfing of
I-VNP by tumor-resident macrophages. However, in the control
group, radioiodine-loaded bovine serum albumin (BSA) exhibi-
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Fig. 3 Engineering bacteria for augmenting IRT-induced in situ tumor vaccination. (A) Therapeutic mechanisms of I-VNP for potentiating IRT-
induced adaptive anticancer immune response. Reproduced from ref. 39. Copyright 2022 American Chemical Society. (B) Antigen-capturing bacteria
transport IRT-induced tumor antigens from inner core in the tumor periphery for augmented in situ cancer vaccination. Reproduced from ref. 41.
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ted rapid clearance in vivo. After five days of post-irradiation
treatments, the spleens of the I-VNP group were found to
contain the highest content of 2',3-cGAMP, which correlated
with the signaling potency of the cGAS-STING pathway and
was beneficial for eliciting the subsequent adaptive anticancer
immune responses. In addition, they verified that abscopal
tumor cells upregulated expression of PD-L1 after IRT on
primary tumors, which was potentially induced by extracellular
vesicles released by the primary tumor cells. Accordingly, they
further combined ICB therapy and realized 60% survival for up
to 60 days in the CT26 tumor model, with none of the subjects
in the control group remaining to live on day 30. Recently,
Wang et al. taking a different perspective, leveraged bacteria as
a tumor antigen delivery vehicle for eliciting augmented sys-
tematic anticancer immune responses (Fig. 3B)."" The study
loaded positively charged nanoparticles (polyamidoamine den-
drimer) on VNP20009 through electrostatic adsorption.
Electrostatic adsorption could capture tumor antigens in situ
through ionic forces. VNP20009 are highly mobile through
converting chemical energy into mechanical energy via fla-
gella. After applying local IRT, tumor cells underwent immuno-
genic cell death and released tumor antigens along with
various DAMPs. Such antigen-capturing bacteria can transport
the tumor antigens derived from the inner necrotic core to
tumor marginal tissues, where a large number of normal DCs
are localized. This strategy enhanced the crosstalk between
tumor antigens induced by IRT and peripheral DC cells and
achieved a prolonged survival time of up to 265 days in the
CT26 tumor mouse model.

Overall, bacteria can be chemically engineered or geneti-
cally engineered to overcome the current limits of photother-
mal and irradiation therapy. Bacteria can serve as delivery
vehicles to transport acquired sensitive agents to the targeted
lesions for promoting therapeutic efficacy. Importantly, the
intratumoral motility of bacteria has been leveraged to
enhance the crosstalk between ICD-released tumor antigens to
DCs. This strategy has provided more options in using bacteria
to serve as novel adjuvants for cancer in situ vaccination.

3.2 Nanotechnology

Bacteria display various pathogen-associated molecular pat-
terns, which are immunostimulatory and can be leveraged to
reverse tumor local immune suppression.*” The recent
advancements in nanotechnology have facilitated vaccine
development in many aspects.*>** Bacteria can be tailored to
the nanoscale and termed bacteria-derived nanovesicles. Such
nanovesicles preserve the immune stimulatory properties of
whole bacteria. However, they are deficient in proliferation,
and hence are less pathogenic. Based on the sourcing and the
manufacturing process, bacteria-derived nanovesicles can be
divided into five categories, including membrane vesicles (G*
bacteria release), outer membrane vesicles (G~ bacteria
produce), double-layered membrane vesicles (via chemical/
physical breakdown), protoplast-derived nanovesicles (derived
from bacteria inner membranes), and minicells (originate
from abnormal bacteria division).*> Despite their different bio-

142 | Biomater. Sci, 2023, 11, 137-1152
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genesis routes, they all contain membrane proteins, lipopro-
teins, peptidoglycans, lipopolysaccharides, and nucleic acid,
with different composition ratios.*® Therefore, in this section,
we will not strictly distinguish the nanovesicle type, but
emphasize the nanotechnology-based engineering strategies
for strengthening these bacteria-derived nanovesicles for
cancer immunotherapy.

In 2017, Kim et al. explored the therapeutic capability of
bacteria-derived outer membrane vesicles (OMVs).*” In this
study, they genetically inactivated lipopolysaccharide
expression in E. coli (E. coli msbB™'~, AmsbB) for safety assur-
ance. The E. coli outer membrane nanovesicles derived from
the wild-type and AmsbB mutant strains exhibited similar dia-
meters of 38.6 + 3.6 nm and 38.7 + 4.2 nm, respectively
(Fig. 4A & B). Systematic administration of OMVs resulted in
strong tumor accumulation, possibly due to the enhanced per-
meability and retention (EPR) effect of the nanoparticle
(Fig. 4C). Different i.v. injection dosages of OMV induced vari-
able tumor inhibition, the highest of which (5 pg) almost com-
pletely regressed CT26 murine colon adenocarcinoma
(Fig. 4D). The therapeutic potential of OMVs was later discov-
ered to be interferon-y (IFN-y) dependent. However, IFN-y can
induce local immune suppression at the tumor site, which
may impact the final therapeutic potency of OMVs. Li et al.
genetically engineered ollie. Coli to produce OMVs that are
surface modified with mouse PD-1, denoted as OMV-PD1.*8
Such modified OMV-PD1 not only preserved immunostimula-
tory functions as bare OMVs but also could bind to the PD-L1
on tumor cells for internalization and reduction, and sub-
sequently avoided T cell exhaustion induced by the PD1/PD-L1
immune inhibitory axis (Fig. 4E).

Bacteria-derived membrane nanovesicles can also be com-
bined with other therapies for synergistic therapeutic effects,
such as photothermal therapy. Hwang et al. designed E. coli
mimetic AuNRs, which were made of Escherichia coli mem-
brane proteins and adhesion protein-encapsulated gold nano-
rods.*” Gold nanorods could convert near-infrared light
irradiation into heat for tumor local photothermal therapy. In
the study, they discovered that the E. coli adhesion protein
(FimH) increased the number of DCs and induced their matu-
ration in the tumor-draining lymph node. As a result, when
combined with direct tumoricidal efficacy of hyperthermia
induced by NIR irradiation, such combinatory therapy success-
fully inhibited CT26 tumors and could also protect the body
from tumor relapse. Intervening in the highly immunosup-
pressive tumor microenvironment often requires comprehen-
sive perspectives for the approaches. And it is inadequate to
simply focus on tumor local cytokine profiles. Tumor-resident
immune cells, serving as both the producers and receivers of
tumor-derived cytokines, also play a key role during tumor
progression.

Tumor-associated macrophages are typical targets for
immunomodulation, which usually exhibit the M2 phenotype
in the tumor microenvironment for promoting tumor pro-
gression. Qing et al. fabricated a calcium phosphate (CaP) bio-
mineralized, indocyanine green-loaded OMV (OMV@CaP-ICG)

This journal is © The Royal Society of Chemistry 2023
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(Fig. 5A).°° The highly pH-responsive CaP shell could effec-
tively neutralize tumor acidity, which led to strong tumor-
associated macrophage modulation from the M2 to the M1
phenotype. In wvivo experiment discovered that the

This journal is © The Royal Society of Chemistry 2023

OMV@CaP-ICG plus laser treatment elicited CRT expression,
ATP secretion, and HMGB1 release of 4T1 tumor cells
(Fig. 5B). Upon systematic injection, OMV@CaP-ICG accumu-
lated in the tumor due to the responsiveness of the CaP shell
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and EPR effect. When exposed to 808 nm irradiation, local
death,
together with the OMV adjuvant-induced tumor cell debris
uptake and maturation of DCs. As a result, the OMV@CaP-ICG
plus laser treatment completely inhibited 4T1 tumor growth in

hyperthermia-induced immunogenic tumor cell

M44 | Biomater. Sci, 2023, 11, 137-1152

mice (Fig. 5C). However, when applying photothermal therapy
to induce tumor cell ICD, the exposure of phosphatidylserine
(PS) on the outer tumor cell membrane leaflet exposes the ‘eat
me’ signals to the surrounding macrophages. And sub-
sequently, these macrophages release the immunosuppressive
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cytokines, transforming growth factor-# (TGF-§) and interleu-
kin-10 (IL-10) in particular, which suppress tumor local
inflammation and inhibit the maturation of DCs. To elicit a
stronger tumor immune response, Li et al. innovated an apop-
totic cell blockade strategy. In the study, they fabricated
annexin A5 (ANX5)-loaded, hyaluronate, and OMV-coated
hollow mesoporous organosilica nanocapsules (HMSeN-
ANX5@HOMV).>" ANX5 can bind to surface phosphatidylser-
ine (PS) of apoptotic tumor cells, which leads to secondary
necrosis and are more suitable for yielding a variety of tumor
cell antigens and DAMPs (Fig. 5D). Mechanistically, once laser
irradiation was applied, systematic injected HMSeN-
ANX5@HOMYV induced secondary necrosis in tumor cells. And
the debris of the primary tumor could act as an in situ tumor
antigen depot and activate systematic anticancer immune
responses together with the adjuvant DAMPs and OMVs. As a
result, the strategy achieved 50% tumor eradication in mice
with orthotopic breast tumors.

The abovementioned strategies all targeted tumor local
immune modulation. And the tumor antigens that dead tumor
cells release are unattached to the adjuvant OMVs. Empirical
experience indicates that vaccines are more potent when the
adjuvant and antigens are integrated into a tangible formu-
lation, although the mechanisms remain to be explored. And
the tumor antigen-capturing strategy sheds new light on OMV-
based in situ tumor vaccination. For example, Patel et al
designed bacterial membrane-coated PC7A/CpG polyplex core
nanoparticles with a surface display of imide groups denoted
as bacterial membrane-coated nanoparticles (BNPs).”> After
tumors are subjected to radiation therapy, cancer cells release
neoantigens. Intratumoral administration of BNPs could react
with the thiol group on the neoantigens to form the BNP-
neoantigen complex. The bacterial membrane coating stimu-
lated TLR2 on the DC membrane and facilitated highly
efficient DC uptake. The CpG inside could stimulate the matu-
ration of DC cells via engaging with TLR9 (Fig. 6A). Similarly,
Li et al. established 1-methyl-tryptophan-loaded OMVs joined
with maleimide groups (1-MT@OMV-Mal).>® After applying
photothermal therapy at the primary tumor, intratumoral
administration of 1-MT@OMV-Mal could capture tumor anti-
gens via the formation of stable thioether bonds. In addition,
1-MT could inhibit tumor immune suppression through sup-
pressing indoleamine 2,3-dioxygenase-mediated T cell regu-
lation post photothermal therapy (Fig. 6B). As a result, 54% of
mice in the 1-MT@OMV-Mal group survived for more than 42
days post drug injection, while mice in the other groups all
died before 35 days.

In conclusion, OMV-based in situ vaccination exhibits thera-
peutic potential when converged with advancing nanotechno-
logy. Firstly, bare OMVs can suppress tumor progression
through the IFN-y mediated way. Secondly, OMVs can be
further genetically engineered, or surface modified with other
functional moieties, for example, PD-1, and CaP nanoshell.
These groups can neutralize the tumor immunosuppressive
microenvironment, which can cooperate with the CD8" T cells
elicited by OMV-based in situ tumor vaccination for better
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therapeutic performance. Thirdly, OMVs can serve as mem-
brane coating materials to promote the uptake of nano-
particles by DCs. The OMV membrane can also directly engage
with the TLR2 of DCs to elicit their maturation. Fourthly,
OMV-based vaccines can be combined with current therapy
including chemotherapy and photothermal therapy for better
therapeutic performance. Apart from in situ vaccination,
researchers recently innovated a hybrid membrane strategy for
cancer vaccines. Chen et al. designed hybrid nanoparticles
with tumor cell membranes and E. coli cytoplasm mem-
branes.>® Tumor cell membranes provided tumor antigens,
and E. coli cytoplasm membranes acted as adjuvants. This
method avoided the need for identifying and isolating tumor
neoantigens, exhibiting great promise in serving as next-gene-
ration patient-specific cancer vaccines with high feasibility and
therapeutic efficacy. Besides, OMVs can be genetically engin-
eered using protein plug-and-display systems.>® Such systems
allow OMVs specifically binding with tagged neoantigens via
an isopeptide connection between the tag and the catcher,
forming viable off-the-shelf tumor vaccines.

3.3 Genetic engineering

Bacteria, with their tendency to colonize the TME and pro-
grammable genetic circuits, are versatile platforms that can be
genetically engineered to possess various functions. Bacteria
have available metabolic pathways that can be utilized for arti-
ficial modification.’®”” Notably, many of these pathways natu-
rally interfere with tumor metabolism processes such as the
tricarboxylate cycle, lactic acid metabolism, and transfer of
electrons. Combining the technologies of synthetic biology, we
can reconstruct the bacteria to realize diverse functions like
in situ syntheses of antitumoral molecules, responsive
secretion, and metabolic regulation in the tumor
microenvironment.

The most basic idea to achieve antitumoral function on
engineered bacteria is releasing genetically encoded cargos
into the TME, which may serve as antigens or adjuvants for
in situ vaccination. In 2016, Omar Din et al. engineered
Salmonella with a synchronized lysis circuit (SLC) to achieve
the controlled release of payloads and to limit their popu-
lation.>® The Salmonella were programmed to attain synchro-
nized cycle lysis via the bacteriophage lysis gene (¢X174 E),
which is controlled by the autoinducer acyl-homoserine-
lactone (AHL) that co-expressed with a cytotoxic agent
(Fig. 7A). Once the bacteria reached the quorum threshold
according to critical AHL concentration, AHLs enable the tran-
scription of the ¢X174 E gene. Cytotoxic payloads like hemoly-
sin, pro-apoptotic peptides, and chemokines were incorpor-
ated into the engineered Salmonella strains for antitumoral
function. The SLC circuit enabled the bacteria to release its
cargo in a pulsatile delivery manner in vivo (Fig. 7B). The
engineered Salmonella could be orally administered alone or
as co-therapy with chemotherapeutic agents, exhibiting strong
efficacy in a mouse model. In another study, the SLC circuit
was deployed on a non-pathogenic E. coli strain for in situ syn-
thesis and release of CD47 nanobodies at the tumor site
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(Fig. 7C).>° The bacterial lysate alone is an adjuvant that
encouraged macrophage phagocytosis and TLR agonism.
When used in combination with CD47 nanobody blockade,
the total increase in phagocytosis was 90% higher, suggesting
a synergetic effect of the SLC-CD47 nanobody encoding ollie.
Coli strain (Fig. 7D). Consequently, the therapy induced robust
adaptive antitumor immune responses, and therefore inhib-
ited tumor growth in local and distant tumors upon intratu-
moral (i.t.) injection (Fig. 7E). In 2020, E. coli Nissle 1917
(EcN), a safe probiotic was engineered to express PD-L1 and
CTLA4 nanobodies in the same manner (Fig. 7F).°® The SLC
circuit was transcriptionally stabilized by replacing the pre-
vious two-plasmid system with a stretch of DNA that integrated
into the genome of EcN-lux (Fig. 7G). The copy number of
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different types of plasmids encoding quorum-sensing gene
were simulated and examined, and the plasmid resulting in
the optimal therapeutic release mechanism was selected. Two
strains of EcN encoding PD-L1 nanobodies and CTLA4 nano-
bodies were administered upon a single injection when the
tumor reached 150 mm?®, and the therapeutic efficacy of the
engineered bacteria was significantly stronger compared to
that of merely PD-L1 mAb and CTLA4 mAb co-therapy
(Fig. 7H).

Genetically modified bacteria also demonstrated strong
potency in metabolic modulation of the TME, either enhan-
cing antitumoral immune response or removing tumor cell
metabolites. Studies have revealed that EcN is a non-patho-
genic strain that colonizes a wide range of tumor types, which

This journal is © The Royal Society of Chemistry 2023
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makes it an ideal platform for sustained bacteria-based modu-
lation within the TME.®*~® Leventhal et al. reconstructed EcN
to stimulate the STING pathway for potentiating phagocytic
and antigen-presenting cell-related immune responses. The
engineered EcN strain, termed SYNB1891, could express cyclic
di-AMP (CDA)-producing enzymes when the tetracycline-indu-
cible promoter (P,) is activated, elevating the CDA level within
the TME to initiate macrophage phagocytosis (Fig. 8A).*!
Thymidine and diaminopimelic acid-related genes were
depleted from the EcN genome for safety and regulatory pur-
poses. IFN and other T cell-associated cytokines were found
spiked on B16-F10 tumor-bearing mice after being treated with
a single i.t. injection of 10° colony-forming units (CFUs) of

This journal is © The Royal Society of Chemistry 2023

SYNB1891. Consequently, SYNB1891 treatment slowed tumor
growth and eliminated tumors in some mice (Fig. 8B). Another
attempt to modulate tumor metabolism with genetically modi-
fied EcN focused on producing r-arginine in the TME to regu-
late T cell metabolism (Fig. 8C).°> Canale et al integrated
ArgA™" gene into EcN to continuously express N-acetyl gluta-
mate synthase without being suppressed by the high arginine
concentration.®® The high r-arginine level enhanced the survi-
val and antitumor activity of CD4'/CD8" T cells, resulting in a
nearly two-fold higher T cell population in MC38 tumor
models (Fig. 8D). When the r-arg bacteria therapy synergized
with PD-L1 blockade, it exhibited tumor-curing efficacy upon
i.t. injection. The co-therapy can be administered systemically,

Biomater. Sci, 2023, 11, 137-1152 | 1147
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showing its broader application prospects as complementary
strategies for adoptive T cell therapies.

As engineered bacteria for cancer immunotherapy are
under active research, scientists have been improving the tar-
getability and responsiveness of strains, hoping to build versa-
tile and tumor-penetrating platforms. Hypoxia and acidity are
the two most irrepressible traits of the TME. In a recent study,
bacteria were equipped with biosensors to preferentially
harbor tumors. Hypoxia-sensing promoters, pH-sensitive pro-
moters, and lactate promoters were constructed to control the
essential genes for bacterial amino acid biosynthesis
(Fig. 8E).”” An AND gate logic circuit was designed between
each of two biosensors to permit bacterial growth only when
two environmental conditions simultaneously occured. The

148 | Biomater. Sci, 2023, 11, N37-1152

multiplexed biosensor circuits augmented the specific coloni-
zation within the TME when orally administered to mice. Also,
the immunogenicity of bacteria induces an innate immune
response in vivo, which limits the maximum tolerated dose of
bacteria. To tackle this problem, Harimoto et al. designed a
programmable encapsulation system that allows the bacteria
to escape from immune attack temporarily, which resulted in a
10-fold increase in the maximum tolerated dose of the bacteria
(Fig. 8F).®” Capsular polysaccharides (CAPs) expressed on bac-
terial surfaces promote their survival and colonization by pro-
tecting bacteria from immune factors in the human body.
When the CAP expression system was constructed to regulate
the bacterial surface, bacterial immunogenicity and survival
ability were controlled and their in situ trafficking capabilities

This journal is © The Royal Society of Chemistry 2023
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Table 1 Clinical trials of representative engineered bacteria for cancer therapies

Bacteria strain Condition Phase Treatment Functionalization Status & Ref.

S. Typhimurium Melanoma or RCC Phase I i.v. infusion (1 dose) of the  Attenuated by genetic deletion of ~ Published””

VNP20009 engineered strain the purl and msbB genes

S. Typhimurium Head and neck SCC or Phase I i.t. injection (multiple cycle) Genetically modified to express Published”®

VNP2009 oesophageal with 5-FC administration cytosine deaminase to converse
adenocarcinoma 5-FC to 5-FU

S. Typhimurium Unspecified solid tumors ~ Phase I i.v. infusion with dose — Completed”®

TAPET-CD escalation

S. Typhimurium Liver metastases of solid Phase I Oral administration with Genetically modified to express Completed®®

SalpIL2 tumors dose escalation IL-2

Listeria CRS-207 Metastatic pancreatic Phase I  i.v. infusion combined with ~ Genetically modified to express Published®’
cancer cyclophosphamide mesothelin

Streptococcus NY-ESO-1 Expressing Phase I i.m. injection with dose — Published®

pyogenes, Serratia Cancer escalation

marcescens

C. novyi-NT Malignant solid tumors Phase I i.t. injection with dose — Published®®

escalation

C. novyi-NT Treatment-refractory Phase Ib  i.t. injection with anti-PD1 — Recruiting®*
Advanced solid tumors immunotherapy

B. longum APS001F Advanced/metastatic solid ~Phase I/Il  i.v. infusion with maltose Genetically modified to express Recruiting®
tumors and 5-FC cytosine deaminase

were augmented. The system was regulated with an external
inducer, which ensured safety and enhanced efficacy. When
treated with CAP-modified EcN in vivo, translocation of bac-
teria to distal tumors was observed and survival of the bacteria
was extended as well.

Using genetically engineered bacteria as drug delivery
vehicles is still in its infancy, and most current studies are
focused on the expression of therapeutic proteins or delivery of
nucleic acid-based drugs, while delivery of small molecule thera-
peutic agents is rare. Given the abundance of microbially
encoded small molecule natural product biosynthetic gene clus-
ters, it is hoped that the direct delivery of small molecule com-
pounds with engineered bacterial strains will eventually be poss-
ible, which should expand the function of genetically engin-
eered bacteria for ISVs. Meanwhile, genetic modifications are
expected to endow bacteria with stronger capabilities to target
tumor tissue, reduce toxicity and exhibit drug-like properties.

4. Conclusion and perspectives

With their unique properties, bacteria-based platforms have
demonstrated strong potential for cancer treatment through
various engineering strategies. Firstly, living bacteria can be
chemically engineered with diverse functional moieties. For
example, liposomes, oncolytic viruses, and dopamine can be
embedded on their surfaces.®”® With the intrinsic tumor
tropism of bacteria, these therapeutic agents can be carried
into tumor tissues, and further elicit robust tumor ICD.
Moreover, direct chemical editing of the bacterial surface
endows bacteria with more therapeutic functions as an emer-
ging strategy.”" Secondly, the bacteria-derived components can
also be used as a nanoscale delivery platform. For example,
OMVs preserved the bacterial characteristics like PAMPs on
their surface, while reducing the possibility of infection.

This journal is © The Royal Society of Chemistry 2023

Thirdly, genetic engineering provides bacteria with more capa-
bilities. For example, through genetic circuit programming,
bacteria are equipped with new functions like quorum-lysis,
drug production, and enhanced tropism into the TME. With
the help of these strategies, bacteria-based platforms are
endowed with extraordinary antitumor capacities. They can be
employed as adjuvants or antigenic carriers for ISVs to recon-
struct the TME and provide a relatively cell-friendly environ-
ment for CD8" T cells to eliminate tumor cells.””

In this review, we comprehensively summarized bacteria
being leveraged as therapeutic in situ tumor vaccination for
cancer treatments. Compared to other intratumoral immu-
notherapies including TLR agonist, glucan, cytokine, or nano-
particle-based formulations, bacteria as ‘living therapeutic
platforms’ can proliferate in the hypoxic tumor regions and
produce targeted-gene encoded therapeutic agents within
tumor sites, which could improve the local concentration of
drugs continuously for augmented therapeutic efficacy.”>”> In
addition, bacteria comprise diverse PAMP molecules like poly-
saccharides and nucleic acids, which can activate a broad class
of innate-sensing signaling pathways to sensitize the tumor
microenvironment. However, direct intravenous injection of
bacteria may induce sepsis and can cause death. The dosage
and administration route should be taken into careful con-
sideration. Besides, other living microorganisms like yeast can
also exert immunomodulation functions within the tumor
microenvironment with the help of the danger signals pro-
vided by p-glucan and chitin. In 2022, Xu et al. leveraged yeast
cell wall-derived nanoparticles (YCW NPs) for cancer immu-
notherapy. YCW NPs can effectively remodel both the environ-
ment of the tumor microenvironment and tumor-draining
lymph nodes for improved therapeutic efficacy against mela-
noma. This strategy inspires further exploration of existing
microorganism-derived cellular components as effective
immunomodulation agents for cancer immunotherapy.”®
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Although bacteria-based platforms have roused great inter-
est among researchers, their clinical applications still face con-
troversial arguments.”® The safety concerns for delivering
living bacteria into human bodies is one of the greatest uncer-
tainties for bacteria-based strategies. Chemically or genetically
engineered live microorganisms can multiply within the
internal environment and interact with other microbes in the
human body or gain unexpected mutations, which may
disrupt the human microbiomes.®® Besides, bacterial fractions
are usually antigenic substances, which may trigger an uncer-
tain degree of immune response. There might be excessive
immune responses like bacteremia and cytokine storm that
threaten patients’ lives and continuous infection for the
immunocompromised cancer patients. To tackle these pro-
blems, we need to choose bacterial strains for engineering
wisely, for example, some probiotics present in the human
body including E. coli, L. lactis and some yeasts, are more suit-
able for bacteria-based strategies.’”’*® Designing the bacteria
to survive in specific tissues or organs through genetic modifi-
cations, or using nanotechnology to engineer inanimate bac-
terial components, could minimize these problems. Genetic
modification can also endow bacterial therapeutics with
limited lifespan and responsiveness towards tumor-associated
molecules or exogenous signals, and further increase their
safety. In addition, for the manufacturing process of engin-
eered bacteria, quality control and production efficiency still
need optimization to generate more stable and reliable pro-
ducts. In the past two decades, a few engineered bacteria have
entered clinical trials for human (Table 1). Most of the strat-
egies include attenuated bacterial strains with various genetic
modifications, and the bacterial strains are mostly anaerobes.
Though small in number, these trials demonstrated that
engineered bacteria could be tolerated in the human body and
stressed the importance of robust colonization of the bacteria.
Clinical trials of bacteria-derived vesicles or chemically engin-
eered bacteria for cancer treatment are still lacking. However,
bacteria-derived vesicles have been extensively tested on
humans for infectious diseases such as respiratory diseases
and meningococcal diseases, and their safety and immuno-
genicity have been proven. Thus, their future applications for
tumor vaccination are promising. On the other hand, very few
chemically engineered bacteria have been administered on
humans. The effect of chemical modification on the innate
immune system needs further investigation.

Nowadays, advances in chemical engineering, nanotechno-
logy, and synthetic biology make it possible to obtain bacteria
with the desired functions to fight more types of cancers.
Some of these strategies have taken a further step to clinical
evaluation.®® The adjuvanticity and tumor-targeting capability
of bacteria make them attractive platforms for in situ tumor
vaccination, overcoming the heterogenicity of different
tumors. Moreover, the development of these technologies has
facilitated the production of bacterial therapeutics. Chemistry
approaches like click-chemistry and bioorthogonal chemistry
provide neat paths to modify selected strains in an efficient
and reliable manner.’® The developments in nanotechnology
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and microbiology provide more methods to assist the pro-
duction and quality control of bacteria-derived vesicles, while
other technologies could endow bacterial therapeutics with
brand new properties.”™*> For instance, the application of bio-
mineralization on biomaterials has provided an innovative
route to endow bacteria with magnetotactic characteristics. As
we are gaining a deeper understanding of the structure and
genome of bacteria, future bacteria-based engineering strat-
egies are oriented to safety, precision, and effectiveness. More
complex and precise bacteria-based strategies will undoubtedly
be developed for next-generation iz situ tumor vaccination.
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