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Cancer remains the leading cause of human death worldwide. Compared to traditional therapies, tumor
immunotherapy has received a lot of attention and research focus due to its potential to activate
both innate and adaptive immunity, low toxicity to normal tissue, and long-term immune activity.
However, its clinical effectiveness and large-scale application are limited due to the immunosuppression
microenvironment, lack of spatiotemporal control, expensive cost, and long manufacturing time. Recently,
nanomaterial combined engineered bacteria have emerged as a promising solution to the challenges of tumor
immunotherapy, which offers spatiotemporal control, reversal of immunosuppression, and scalable production.
Therefore, we summarize the latest research on nanomaterial-assisted engineered bacteria for precise tumor
immunotherapies, including the cross-talk of nanomaterials and bacteria as well as their application in different
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immunotherapies. In addition, we further discuss the advantages and challenges of nanomaterial-engineered
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1. Introduction

In 2020, the World Health Organization reported that cancer
was the leading cause of human fatality under the age of 70 in
112 countries.” The most common methods for treating tumors
are surgery, chemotherapy, and radiotherapy (RT), but their
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bacteria and their future prospects, inspiring more novel and intelligent tumor immunotherapy.

effectiveness is not satisfactory due to limited tumor targeting,
insufficient tumor penetration, unfavorable prognosis, and a
high probability of recurrence and metastasis.” Surgical resec-
tion of tumors is a simple and direct method of treating
tumors, but due to the low rate of local surgical resection and
incomplete tumor resection, it is easy to cause tumor recur-
rence and metastasis.® Chemotherapeutic drugs are susceptible
to abnormal accumulation in normal tissues such as the liver,
kidneys, and lungs due to poor targeting and selectivity,
resulting in toxicity to healthy tissues and the immune
system.” Moreover, the poor tumor penetration and early
multi-drug resistance of chemotherapy drugs further limit their
clinical effectiveness.® Similarly, although 77% of lung cancer
patients have indications for RT, radiation toxicity due to
accidental irradiation of adjacent tissues still exists, which
would limit the application of RT in cancer treatment.® Tumor
immunotherapy is now considered a milestone in cancer treat-
ment, due to its safety in normal tissues, potential to activate
innate and specific immunity, and long-term immune
memory.” However, many difficulties and challenges still limit
the effectiveness of immunotherapy in clinical treatment. For
example, PD-L1 inhibitors are ineffective in most patients
(more than 70%) due to the tumor immunosuppression micro-
environment and immune escape mechanisms.® Although chi-
meric antigen receptor T cell (CAR-T) therapy has achieved
breakthrough success in treating hematological malignancies,
its efficacy in solid tumors remains limited and requires further
improvement.® Therefore, further understanding of tumor
immunology and novel approaches such as engineered bacter-
ial oncotherapy are needed to improve cancer immunotherapy.
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The use of bacteria as an anti-tumor therapy has a long
history.'® As early as 1863, W. Busch and his colleagues first
discovered that infection with Streptococcus pyogenes could
cause a patient’s tumor mass regression. However, due to the
inability to control the further infection of bacteria, the patient
ultimately died."" In 1898, William Coley and his colleagues
further explored the reasons behind the bacteria’s ability to
shrink tumors, as well as the cause of the patient’s death. Coley
administered a mixture of heat-inactivated Serratia marcescens
and Streptococcus pyogenes bacteria (now known as “Coley’s
toxin”) to many patients with unresectable soft tissue
sarcomas.'>"'® This treatment was surprisingly effective, but it
caused a strong fever reaction, with patients’ temperatures
reaching 38-40 °C."* After this discovery, the use of microor-
ganisms, such as Clostridium, Listeria, Escherichia, and other
bacteria, as a new tumor immunotherapy ignited the enthu-
siasm of researchers in the early 20th century."> However, this
first-generation bacterial therapy, mainly relying on natural or
inactivated bacteria, did not continue to be researched due to
its tendency to cause toxic shock and infection risks."® With the
development of molecular biology technology, second-
generation bacterial therapy can use DNA recombinant tech-
nology to enable precise modification of bacterial DNA, thereby
achieving precise regulation of bacterial behavior and
function."” Some genetically engineered bacteria can achieve
reduced systemic toxicity by selectively knocking out virulence
factor genes, such as Salmonella VNP20009."® The others can be
genetically programmed to express genes encoding antibodies
or cytokines to regulate the tumor microenvironment (TME),
such as programmed cell death 1 ligand 1 (PD-L1)," eytotoxic T
lymphocyte associate protein-4 (CTLA-4),>° and tumor
necrosis factor-o. (TNF-o)*! nanobodies. There are also some
engineered bacteria that can kill tumor cells by disrupting
tumor metabolism and producing their own metabolites. For
example, engineered bacteria producing 5-ALA can convert it
into protoporphyrin in tumor cells, which can then be ablated
by near-infrared light irradiation.>> However due to the serious
biosafety concerns and lack of spatiotemporal control, second-
generation bacterial therapy is still not an ideal and intelligent
therapy.

The third generation bacterial tumor therapy uses
nanoparticle-assisted engineered bacteria, and has solved the
dilemma of previous bacterial therapy and provided a new
avenue for intelligent tumor immunotherapy.>® Recently, the
development of nanotechnology has advanced bacterial therapy
to a higher level by integrating multifunctional nanomaterials
on or inside the bacteria. Yu and his colleagues encapsulated
hematoporphyrin monomethyl ether (HMME) in ZIF-8, and
then constructed MHS nanoparticles by adsorbing Cas9/sgRNA.
These nanoparticles were subsequently combined on the
surface of Lactobacillus plantarum, which in response to the
acidic TME releases the CRISPR/Cas9 system and induces
the enhancement of immunogenic cell death (ICD) and the
maturation of dendritic cells (DCs), finally reversing the
tumor immune microenvironment to ablate the tumor.”*
Polydopamine-coated Escherichia coli Nissle 1917 (EcN) bearing
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CRISPR-Cas9 plasmid-loaded liposomes (Lipo-P), which
could improve therapeutic agent penetration in tumor centers
and reduce the thermal resistance of cancer cells, is
utilized to enhance immunotherapy in deep tumors by activat-
ing both innate and adaptive immunity.>> A metal-based
photosensitizer-bacteria hybrid Ir-HEcN, obtained by covalently
labeling an iridium(m) photosensitizer to the surface of geneti-
cally engineered bacteria, was capable of inducing pyroptosis
and ICD in tumor cells under a 525 nm laser.>® Interesting,
bioluminescent bacteria transformed with the Luc-S.T.AppGpp
plasmid serve as an internal light source, enabling effective
photodynamic therapy (PDT) due to continuous light genera-
tion to excite photosensitizer chlorine6, enhancing antitumor
immunity and effective suppression in opaque melanoma and
large rabbit tumors.”” In summary, the nanoparticle-assisted
engineered bacteria play a crucial role in cancer immunother-
apy by enabling spatiotemporal control, enhancing tumor
targeting, expanding the functionality of bacteria, and enabling
real-time detection.

Hence in this review, we have focused on the cross-talk
between nanomaterials and engineered bacteria, then summar-
ized the latest research on nanoparticle-assisted engineered
bacteria in different types of cancer immunotherapy, including
immune checkpoint therapy, tumor vaccination, CAR-T, and
nonspecific immunity (Scheme 1). Moreover, we have discussed
the advantages and limitations of the current nanoparticle
combined engineered bacteria hybrid system. In the end, we
have proposed a possible future perspective on the third
bacterial therapy, hoping to inspire novel ideas and methods
to modify the engineered bacteria to enhance the efficacy of
immunotherapy.

2. The cross-talk roles of
nanomaterials and bacteria
2.1 The effect of nanomaterials on bacteria

Engineering bacteria have achieved significant progress, but
clinical translation remains unsatisfactory, primarily due to the
challenge of effectively controlling bacterial behavior and func-
tion within a biological organism. Nanomaterial modification
on bacterial surfaces or within bacteria via different reactions
could allow bacteria to respond to external signals, such as
light, magnetic, electric, acoustic, and radiation signals for
imaging, activation of promoters, and precise spatiotemporal
control of drug release (Table 1).

2.1.1 Response to light. Among these external stimuli,
light has been widely exploited for nanomaterial-bacteria
hybrid systems due to its non-invasive nature, spatiotemporal
precision, and ease of manipulation.’® In particular, photo-
thermal therapy (PTT) based on light-responsive nanomaterial-
engineered bacteria has emerged as a promising approach for
targeted tumor ablation. The efficacy of PTT primarily hinges
on a photothermal transduction agent (PTA) that converts NIR
energy into thermal energy, thereby inducing hyperthermia in
malignant cells.”® However, while nanocarriers have been

This journal is © The Royal Society of Chemistry 2024
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Scheme 1 Nanoparticle combined engineered bacteria applied in cancer immunotherapy. Created with BioRender.com.

engineered to mitigate some physiological barriers due to the
enhanced permeability and retention (EPR) effect, traditional
nanocarriers still face challenges in effectively targeting hypoxic
tumor tissues due to their limited tumor-targeting capacity. To
address this challenge, Chen et al. have developed a novel
biotic/abiotic hybrid system that involves the binding of indo-
cyanine green (ICG)-loaded nanoparticles (INPs) to Salmonella
typhimurium YB1 (YB1) for precise tumor therapy. This strategic
approach enables for the effective penetration of INPs into
hypoxic tumor tissues facilitated by YB1’s tumor-homing abil-
ity. Upon NIR irradiation, the photothermal effects of INPs lead
to the lysis of tumor cells, loosening the tumor tissues and
releasing nutrients from the destroyed cells. This process, in
turn, promotes the further penetration of YB1 in the TME, and
results in a 14-fold increase in INP accumulation at tumor sites
compared to conditions without NIR irradiation.?® Utilizing the
unique attributes of bacteria as above, employing specific
strains to fabricate photothermal agents on their surfaces
emerges as a promising strategy for PTT.

However, the inherent heat resistance of tumor cells
and energy dissipation in deep tumor tissues may lead to the
adaptation of certain resilient tumor cells to high-temperature
thermal treatments.’® To overcome this limitation, Chen et al.
developed a self-mineralized photothermal bacterium (PTB)

This journal is © The Royal Society of Chemistry 2024

using Shewanella oneidensis MR-1 to biomineralize palladium
nanoparticles on its surfaces, and it was found to exhibit
superior photothermal properties under NIR irradiation. They
further constructed a hybrid bacterial system by conjugating
ZIF-90-encapsulating MB to the bacterial surface (PTB@ZIF-90/
MB). Under NIR irradiation, MB generated reactive oxygen
species (ROS) to inhibit adenosine triphosphate (ATP) produc-
tion and downregulate heat shock proteins by interfering with
mitochondrial redox equilibrium. This hybrid system com-
bined the precise tumor-targeting ability of the self-
mineralized bacteria with the mitochondrial dysfunction-
inducing capability of MB, providing a new approach for
enhanced PTT.>® By overcoming tumor heat endurance and
achieving precise tumor targeting, this strategy could poten-
tially improve the efficacy of PTT. Similarly, Luo et al. employed
the polydopamine-coated EcN bearing CRISPR-Cas9 plasmid-
loaded liposomes (Fig. 1A), which could improve therapeutic
agent penetration in tumor centers and reduce the thermal
resistance of cancer cells, thus enhancing the PTT effect and
immunotherapy in deep tumors.”® Moreover, Wang et al. devel-
oped a photothermal hybrid bacterial system (EM@Au) by
using E. coli MG1655 to self-mineralize gold nanoparticles (Au
NPs) on the bacterial surface. The E. coli was transformed with
plasmids containing thermally sensitive promoters and the
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Table 1 Summary of research on nanomaterials promoting engineered bacteria responsive to external signals

External
signal Nanomaterial Bacteria Tumor type Cargo Anti-tumor mechanism Ref.
Light INP Salmonella typhimur- MB49 ICG PPT/PDT 28
ium (YB1)
ZIF-90 Shewanella oneidensis CT26 Prussian PPT and downregulate HSP90 29
blue
PDA-liposome EcN 4T1 HSP90 HSP90 knockdown and enhanced PPT 25
plasmid
Au NPs E. coli MG1655 CT26 ClyA PPT and ClyA expression 30
plasmid
Polydopamine EcN CT26-OVA  OVA and o- Enhanced ICD and activation of T cells 31
PD-1
MC38-OVA
Au nanodot EcN 4T1 5-FU and  PPT, chemotherapy and polarization of macrophages 32
ZOL
HAS/ICG Synchronous 7942 411 ICG Oxygen generation and enhanced PDT 33
UCNP EcN H22 and 4T1 FlaB Activation of TLR5 and polarization of macrophages 34
plasmid
Magnetic  Fe;0,@lipid E. coli BL21 CT26 and CD47 Nb  Release of CD47 Nb and reactivation of macrophages 35
field nanocomposite 4T1
Magnetic EcN CT26 NDH-2 Magnetothermal ablation and NDH-2-induced ROS 36
nanoparticle
Fe;0, NPs S. platensis 4T1 Chlorophyll Chlorophyll-induced ROS enhanced RT 37
INP Magneto spirillum MCF-7 ICG PTT/PDT 38
magnetism
Ultrasound — E. coli MG1655 4T1 and IFN-y Apoptosis of cancer cells and polarization of 39
H22-Luc macrophages
DOX-PFP-PLGA E. coli MG1655 4T1 — Ultrasound-trigger drug release and enhanced 40
nanodroplets chemotherapy
Gas vesicle E. coli BL21 4T1 Gas vesicle Mechanical damage of cancer cells 41
IPA-CLs E. coli BL21 4T1 Gas vesicle Hypoxia-activated chemotherapy 42
Radiation Bi,S; NPs E. coli MG1655 4T1-Luc ClyA Arrest cancer cell cycle and enhanced RT 43
plasmid
GTe Fusion membrane  4T1 GTe Sensitizing RT and enhanced ICD 44
— EcN 4T1 Catalase Oxygen sensitive RT with improved ROS generation 45
Nanovesicles Bacterial membrane CT26 Catalase Long-term tumor hypoxia relief and enhanced RT 46
Electricity y-Fe,O; S. putrefaciens CN32 — — Improved extracellular electron transfer and bioelec- 47

Carbon dots

Polydopamine
PCC6803

gene for ClyA, enabling precise control over the expression of
therapeutic proteins. Upon NIR irradiation, the heat generated
by Au NPs triggered the expression of ClyA, resulting in the
targeted killing of tumor cells.®

Many studies have demonstrated that the complete elimina-
tion of residual tumor cells post-PTT primarily hinges on
the stimulation of antitumor immune responses. However,
elevated local inflammatory reactions, exacerbated by inflam-
matory factors and immune cells like tumor-associated macro-
phages (TAMs) recruited due to high temperatures, accelerate
the development of an immunosuppressive microenvironment
and immune evasion processes.’® Therefore, combining PTT
with other modalities to activate immune systems and remodel
the post-PTT microenvironment offers a viable strategy to
enhance therapeutic outcomes. Bacteria with superior tumor
site tracing and colonization capabilities are valuable for effi-
cient multidrug loading and precise release regulation, further

9798 | U Mater. Chem. B, 2024, 12, 9795-9820

S. oneidensis MR-1 — —

Synechocystis sp. — —

tricity generation

Boosted bacterial metabolism, electron transfer, and 48
bioelectricity generation

Enhanced charge transfer 49

improving PPT treatment efficacy. Li et al. have developed a
method to enhance tumor-specific immunotherapy using bac-
teria decorated with tumor-specific antigens and checkpoint
blocking antibodies via polydopamine nanoparticles, which not
only serve as a linker but also have a photothermal agent. When
administered to tumor-bearing animals, the decorated bacteria
show long tumor retention and demonstrate potent antitumor
effects in tumor models. This approach presents a versatile
platform for delivering tumor antigens, activating DCs, and
reversing the immunosuppressive microenvironment through
immune checkpoint inhibitors in a synergistic PPT-immu-
notherapy.®* Xie et al. developed a bacterial navigation hybrid
system EcNgzy@Au by incorporating 5-fluorouracil (5-Fu) and
zoledronic acid (ZOL) into EcN, followed by Au nanodot mod-
ification on the EcN surface. EcNzy@Au autonomously navi-
gated to tumor sites, and in situ transformed into biofilm-like
granules (BGs) under the photothermal effect of Au nanodots

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 The nanomaterial-assisted engineered bacteria responded to external signals due to extracellular or intracellular nanoparticles. (A) A
polydopamine-coated EcN hybrid system bearing CRISPR-Cas9 plasmid-loaded liposomes (Lipo-P) responded to NIR.>* Reproduced from ref. 53 with

permission from ACS Publication, copyright 2023. (B) An engineered Esch

erichia coli with FezO,@lipid nanocomposites responded to the magnetic

field.>® Reproduced from ref. 35 with permission from Springer, copyright 2023. (C) E. coli BL21 was genetically engineered by introducing a gene cluster
encoding GVs and it responded to acoustic tweezers.** Reproduced from ref. 41 with permission from Springer, copyright 2023. (D) An integrated
nanosystem (Bac@BNP) composed of engineered bacteria (Bac) and Bi,S3 nanoparticles (BNPs) responded to radiation.*® Reproduced from ref. 43 with

permission from ACS Publication, copyright 2022.

triggered by NIR irradiation. In addition to the chemothera-
peutic effect of FU, ZOL released from BGs promoted the
polarization of TAMs from the M2 phenotype towards the
antitumor M1 phenotype. And then these M1 TAMs secreted
proinflammatory cytokines, reversing the immunosuppressive
microenvironment and enhancing the synergistic efficacy of
PTT, chemotherapy, and immunotherapy.*

PDT is a promising emerging technique due to its minimal
invasiveness, low systemic toxicity, and limited drug resistance,
making it a viable option for cancer treatment. It relies on the
generation of ROS from photosensitizers (PSs) under laser
exposure, which subsequently induces oxidative damage, apop-
tosis, and necrosis in tumor cells.”> However, the severe
hypoxia in the TME poses a significant challenge in ROS
generation, limiting the therapeutic effectiveness of PDT. Thus,
numerous studies have attempted to alleviate tumor hypoxia to
achieve efficient ROS generation in PDT. These approaches

This journal is © The Royal Society of Chemistry 2024

include using oxygen-evolving nanomaterials (e.g.,, MnO,
NPs),>® oxygen-cartying vectors (e.g., perfluorocarbon),”” and
biocatalyzers (e.g., CAT).>® Moreover, Liu et al. developed an
engineered Synchronous for tumor-targeted delivery of ICG and
in situ oxygen generation to facilitate photosynthesis-assisted
PDT. In this system, ICG and human serum albumin (HSA)
were first assembled into HSA/ICG NPs via disulfide bonds.
Then, these NPs were coupled onto the Syne cell wall via amide
bonds, creating the biomimetic system S/HAS/ICG. This system
could effectively target tumor sites and increase local O, levels
through photosynthetic reactions, significantly enhancing the
therapeutic efficacy of PDT and immune stimulation under
660 nm laser irradiation.>?

In addition, optogenetics has emerged as a novel method to
control molecular and cellular behaviors by combining optical
and genetic technologies.”® Zhang et al. constructed a light-
controlled engineered bacteria system using upconversion

J. Mater. Chem. B, 2024, 12, 9795-9820 | 9799
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nanoparticles (UCNPs) for accurate tumor diagnosis and ther-
apy in colorectal cancer. The system achieves co-localization of
engineered bacteria and UCNPs in tumor tissues, improving
diagnostic accuracy, and triggers tumor cell death by releasing
tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL) upon blue light irradiation. In vitro and in vivo experi-
ments demonstrate the effectiveness of the system in accurate
tumor diagnosis and light-controlled cancer therapy.®® More-
over, Wu et al. developed a two-step therapy platform for
treating primary and distant tumors using UCNPs and engi-
neered bacteria. Firstly, erbium ion (Er’*)-doped UCNPs acti-
vate the photosensitizer ZnPc to target primary tumors by
generating 'O,. Secondly, thulium ion (Tm**)-doped UCNPs
emit blue-violet light upon NIR excitation, triggering engi-
neered bacteria to produce interferon (INF-y) in the intestine.
This dual approach not only directly treats tumors but also
enhances the immune response, synergistically inhibiting the
growth of distant tumors through joint immunotherapy.®*
2.1.2 Response to the magnetic flied. NIR-inducible heat
promoters (pL/pR)*> and blue light-inducible promoters
(pDawn)® can also realize spatiotemporal control, but the
tissue penetration of near-infrared or blue light is shorter than
several millimeters with limited clinical application. Therefore,
the magnetic flied, a noninvasive energy form that targets
specific anatomical sites like solid tumors, proves to be an
effective tool for manipulating bacterial gene expression in vivo,
activating therapeutic microbes and significantly suppressing
tumor growth. Zoher Gueroui et al. have used synthetic biology
to engineer E. coli into MagEcoli, which can be manipulated
spatially when exposed to magnetic fields to achieve targeted
cell capture and regulate invasion of human cells.>® In addi-
tion, Nie et al. developed alternating magnetic field (AMF)-
manipulated tumor-homing bacteria (AMF-Bac) by genetically
modifying an E. coli BL21 attenuated strain with a Fe;O,@lipid
nanocomposite. The AMF-Bac, equipped with five functional
modules similar to machinery robots, actively navigates to
orthotopic colon tumors, decodes magnetic signals, processes
and releases immunotherapeutic drugs, such as the anti-CD47
nanobody, specifically targeting tumors and avoiding hemato-
logic toxicity (Fig. 1B).*® Similarly, the EcN@MNPs hybrid
system possesses the capacity for magnetic actuation to direct
themselves to tumor sites. The magnetic nanoparticles (MNPs)
act as a magnetothermal switch, collaborating with a thermally
sensitive promoter to activate the expression of mCherry and
NDH-2, thereby improving the therapeutic effectiveness against
tumors.*® Furthermore, Zhong et al. utilized Fe;0, NP modified
S. platensis to construct magnetic biohybrid nanoswimmers.
These nanoswimmers could be guided to tumor sites by
an external magnetic field, where they generated oxygen
through photosynthesis to alleviate tumor hypoxia, and facili-
tated a synergistic antitumor effect through chlorophyll-
induced ROS generation under laser irradiation. This work
combined S. platensis with Fe;O, NPs for precise diagnosis
and synergistic therapy, integrating RT and PDT.?” Xing and
colleagues have introduced a novel biomicrorobot, actuated by
magnetism and triggered optically, consisting of Magneto
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spirillum magnetism (AMB-1) and ICG NPs. This biomicrorobot
has successfully achieved both fluorescence and MRI bimodal
imaging, allowing for real-time detection of its in vivo
distribution.®®

2.1.3 Response to ultrasound. Focused ultrasound, with
excellent tissue penetration and localization capabilities, can
transmit energy through superficial tissues and can be focused
on target tissues at specific depths, eliciting biological effects
that expedite the rapid recovery of pathological tissues.®*
Additionally, the dosage of focused ultrasound therapy is easily
controllable, ensuring high safety. Following treatment, only
transient congestion and edema are observed in treated areas,
while superficial cells remain intact, leading to fast postopera-
tive recovery.®® These advantages make focused ultrasound
an excellent non-invasive, remotely regulated tool for the
treatment of various diseases, particularly in the field of
oncology. In recent years, researchers have explored the
potential of combining focused ultrasound with engineered
bacteria for targeted cancer therapy. For instance, Abedi et al
developed an ultrasound-thermal responsive promoter Tcl42
and a GFP reporter gene construct in EcN, which could express
and release the immune checkpoints CTLA-4 and PD-L1 nano-
body to suppress tumor growth.®® Similarly, an engineered
ultrasound-responsive bacterium (URB) can induce exogenous
gene expression in a controlled manner via ultrasound. By
exploiting the tissue penetration of ultrasound, bacterial gene
expression can be remotely controlled with a temperature-
actuated genetic switch. In testing with the immune regulatory
cytokine IFN-vy, focused ultrasound-induced hyperthermia pro-
moted IFN-y gene expression, enhancing anti-tumor efficacy
both in vitro and in vivo, offering a novel approach to bacteria-
mediated tumor immunotherapy.®® Du et al. introduced Sono-
BacteriaBot (DOX-PFP-PLGA@EcM), composed of doxorubicin
(DOX) and perfluoro-n-pentane (PFP) encapsulated in polylactic
acid-glycolic acid (PLGA) to form ultrasound-responsive nano-
droplets. The nanodroplets are further conjugated with E. coli
MG1655, demonstrating high tumor-targeting efficiency, con-
trolled drug release, and ultrasound imaging capabilities. The
acoustic phase change property of nanodroplets enhances
ultrasound imaging while facilitating DOX release, enabling
efficient tumor accumulation without organ damage upon
intravenous injection.*’

Furthermore, it is possible to engineer bacteria to form
nano-scale gas vesicles inside their bodies, enabling them to
undergo real-time ultrasound imaging and spatiotemporally
controlled lysis. Mikhail et al. have creatively developed a
non-invasive, real-time “ear” for monitoring bacterial descent
within the body using ultrasound imaging technology. By using
genetic engineering, the “acoustic reporter genes” were intro-
duced into E. coli and Salmonella, enabling the engineered
bacteria to form a protein nanostructure called ‘“‘gas vesicles.”
In these engineered bacteria, these gas vesicles can reflect
ultrasound waves, helping to detect and locate these bacteria
deep within the tumor. The detection depth exceeds 10 cm,
with a resolution smaller than 100 pm, allowing for the detec-
tion of engineered bacteria with a volume density of less than

This journal is © The Royal Society of Chemistry 2024
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0.01%.°° Yang et al. have developed genetically engineered
bacteria that produce numerous sub-micron gas vesicles in
the cytoplasm via the heterologous expression of specific gene
clusters (Fig. 1C). These gas vesicles significantly enhance the
acoustic sensitivity of the bacteria, enabling their manipulation
by ultrasound. Using phased-array-based acoustic tweezers,
these bacteria can be trapped and manipulated in vitro and
in vivo using electronically steered acoustic beams, enabling
controlled flow in the vasculature of live mice. This technology
improves the aggregation efficiency of the bacteria in tumors,
providing a platform for the in vivo manipulation of live cells
and advancing cell-based biomedical applications.*' In addi-
tion, Wang et al. developed a biological targeting system using
genetically engineered bacteria and multi-functional nano-
particles to treat malignant tumor. E. coli, which can target
the tumor hypoxic microenvironment, was genetically engi-
neered to carry an acoustic reporter gene responsible for gas
vesicle (GV) formation. After the GV-producing E. coli (GVs-
E. coli) colonized the tumor tissue, ultrasound imaging and
focused ultrasound-acoustic synergy (FUAS) were performed.
Subsequently, cationic lipid nanoparticles containing IR780 (a
NIR dye), perfluoro hexane (a phase-change contrast agent),
and banoxantrone dihydrochloride (AQ4N, a hypoxia-activated
prodrug) were enriched in the tumor tissues via electrostatic
adsorption, achieving targeted multimodal imaging and enhan-
cing the curative effect of FUAS.**

2.1.4 Response to radiation. Among the various therapeu-
tic approaches, RT is widely used in clinical tumor manage-
ment. However, its efficacy is significantly hindered by the
development of radioresistance in tumor cells and the unavoid-
able radiation damage to surrounding normal tissues caused by
high-energy-ionizing radiation.®” Consequently, there is a grow-
ing interest in exploring various strategies to enhance radio-
therapeutic sensitivity and minimize off-target effects. One
promising approach that has emerged in recent years is the
combination of bacteria-mediated therapy with RT. The dis-
tinctive biological attributes of bacteria can be harnessed to
enhance tumor-related biological characteristics, thereby
further augmenting the radiotherapeutic sensitivity of tumors.
For instance, Pan et al. engineered E. coli MG1655 with a ClyA
plasmid and modified Bi,S; NPs on the bacterial surface to
create a smart bacteria hybrid nanosystem (Bac@BNP) for
enhanced RT sensitivity (Fig. 1D). The engineered bacteria
selectively accumulated in tumor sites, transported BNPs into
tumor tissues, and regulated the tumor cell cycle from a radio-
resistant phase to a radiosensitive phase by overexpressing
bacterial ClyA. Moreover, BNPs acted as efficient radiosensiti-
zers, generating cytotoxic ROS and inducing DNA damage in
tumor tissues, which significantly enhanced RT sensitivity with
low-dose X-ray irradiation.** Furthermore, Pan et al. developed
a hybrid nanoplatform (MGTe) consisting of GTe (glutathione-
decorated Te nanoparticles), fused tumor cell membranes
(TM), and bacterial outer membranes (BM). This nanoplatform
was designed to enhance RT sensitivity through two main
mechanisms. First, under X-ray irradiation, the high-Z element
tellurium in GTe can improve the production of ROS and
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induce ICD in cancer cells. Second, the fusion of TM and BM
is expected to amplify antitumor immune responses by matur-
ing antigen-presenting cells (APCs) and stimulating cytotoxic T
lymphocytes (CTLs).** The combination of these effects, namely
the enhanced radiosensitivity and the triggered antitumor
immunity, makes MGTe a promising approach for improving
the efficacy of RT.

In addition to cell cycle regulation, various strategies have
been devised to enhance radiotherapeutic efficacy, particularly
by remodeling the unfavorable TME, which differs from the
normal internal microenvironment in terms of weak acidity,
hypoxia, and high interstitial pressure.®® To address this issue,
Huang et al. engineered a strain of EcN to express catalase with
an NSP4 signal peptide under the tac promoter. The engineered
bacteria specifically secreted catalase within the TME due to
their hypoxic tropism, increasing oxygen availability and tumor
susceptibility to RT. In vivo, these engineered bacteria com-
bined with RT could inhibit tumor growth by up to 90%.*’
Furthermore, Zai et al. developed catalase-containing E. coli
membrane nanovesicles (EMs) with outstanding protease resis-
tance, providing long-term relief from tumor hypoxia. Even
when treated with a 100-fold excess of protease, EMs exhibited
higher catalase activity than free catalase. When injected into
tumors after 12 hours, EMs maintained their ability to relieve
hypoxia, whereas free catalase lost its activity. Meanwhile,
benefiting from their immune-stimulating properties, EMs
could effectively enhance RT and induce antitumor immune
memory.*®

2.1.5 Response to electricity. Recent studies have shown
promising results in using electric fields for cancer therapy.
Compared to traditional chemotherapy and RT, electric field
therapy offers advantages such as higher precision, minimal
damage to normal tissues, and fewer side effects. For instance,
Kirson et al. introduced tumor treating fields (TTFields), a
method that employs low-intensity, intermediate-frequency
alternating electric fields to inhibit cancer cell mitosis. Related
clinical trials have demonstrated that TTFields shows signifi-
cant efficacy in treating glioblastoma with fewer side effects.®

Although there are few studies on using electric fields to
regulate nanomaterial-modified engineered bacteria for cancer
therapy, numerous articles demonstrate that nanomaterial-
modified bacteria can enhance electron transfer efficiency
and bioelectricity. For example, Wang et al. developed the
hybrid bacteria CN32@7y-Fe,0;, formed by self-assembling
magnetic nanomaterials y-Fe,O; with S. putrefaciens CN32,
showing significantly improved extracellular electron transfer
and bioelectricity generation, achieving a more negative anodic
peak potential and lower charge transfer resistance compared
to controls.”” Yang et al. used water-soluble carbon dots (CDs)
synthesized from sodium naphthalene reagent and triethyla-
mine to enhance the bioelectricity generation of S. oneidensis
MR-1.*® The CDs significantly boosted bacterial metabolism,
electron transfer, and bioelectricity generation, achieving
increases of approximately 7.34-fold in maximum current,
5.63-fold in total charge, 3.78-fold in maximum cell voltage,
and 6.46-fold in power output compared to the control group.
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Moreover, Reggente et al. engineered a polydopamine (PDA)
coating on the outer membrane of Synechocystis sp. PCC6803 to
enhance charge transfer, leading to a three-fold increase in
photocurrent compared to non-coated bacteria.”® These find-
ings may suggest that placing nanomaterial-modified bacteria
in electric fields for tumor treatment could potentially increase
reactive oxygen species (ROS) production through enhanced
electron transfer efficiency, possibly improving tumor-killing
effects. Moreover, the introduction of bacteria might stimulate
tumor immune activation, further coordinating and enhancing
antitumor activity. Although this idea has not been reported in
the literature, it presents a novel research direction to improve
the antitumor efficacy of electrodynamic therapy.

2.2 The effect of bacteria on nanomaterials

In 1989, Matsumura and Maeda discovered the enhanced
permeability and retention (EPR) effect, which triggered the
development of nanomedicine.”® Nanomaterials exhibit unique
characteristics that allow them to be used in cancer treatment.
For instance, nanoparticles show enhanced accumulation in
tumors and have extended half-lives in the body compared to
traditional small molecule drugs.”" However, despite these
advantages, the aggregation, penetration, and retention of
nanomaterials in the deep regions of tumor tissues remain
suboptimal, thereby hindering their full therapeutic
potential.””> To overcome these limitations, researchers have
explored the combination of nanomaterials with engineered
bacteria, leveraging the unique properties of both components
into promising combinatorial strategies for cancer therapy
(Table 2).

2.2.1 Tumor targeting. Engineered bacteria can effectively
target and penetrate tumors by utilizing their self-propulsion
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and guidance capabilities.®”®® These bacteria are guided by
gradients of physiological conditions, like hypoxia or nutrient
availability, enabling them to actively swim away from the
tumor vasculature and penetrate deep into regions where
conditions are more conducive to bacterial growth. This tar-
geted approach allows the bacteria to specifically target tumor
cells while minimizing harm to healthy tissue. Obligate anae-
robes, such as Bifidobacterium infantis®® and Clostridium
novyi,’® and facultative anaerobes, such as Salmonella typhimur-
ium®" and E. coli,® have been studied for tumor targeting. For
instance, Luo et al. constructed a lipo-PDA-EcN hybrid system
that could effectively improve the targeting of therapeutic
agents and plasmids in tumor centers.>> Similarly, Xing and
Yin et al. developed an interesting nanocarrier, which utilized
Magnetospirillum magneticum (AMB-1) bacteria containing mag-
netosomes susceptible to external magnetic fields. Due to the
hypoxia targeting and magnetostatic motility, the hybrid sys-
tem autonomously navigated and accumulated in the tumor.
Following laser irradiation, the bionanosystem reached a max-
imum temperature of 58 °C, successfully ablating the tumor.”®
Moreover, Sun et al. introduced a bacteria-based drug delivery
system, named ’Trojan bacteria’, loaded with glucose polymers
and photosensitive ICG silicon-nanoparticles for glioblastoma
(GBM) (Fig. 2A) photothermal immunotherapy. In an orthoto-
pic GBM mouse model, intravenously injected bacteria could
effectively target GBM tissues by bypassing the blood-brain
barrier (BBB).” Bacteria related components, mainly bioactive
components isolated from natural bacteria, including bacterial
membranes, bacterial outer membrane vesicles (OMVs), bacter-
ial ghosts (BGs), and some other related microorganisms such
as microalgae, also present a favorable tumor targeting effect.
For example, Qin et al. leveraged OMVs derived from EcN to

Table 2 Summary of research on engineered bacteria optimizing nanomaterial performance

Characteristic =~ Engineered methods Bacteria Mechanism Ref.
Tumor targeting — EcN Facultative anaerobic and the aid of flagella 25
— Magnetostatic bacteria Enhanced magnetic sensitivity 73
Naturally secreted EcN OMVs EPR effect and ligand modification 74
Coextrusion Fusion membrane structure  EPR effect and tumor homing effect 44
Tumor Expressing ClyA-Hy fusion Hypervesiculating Escherichia Break down the dense extracellular matrix 75
penetration protein coli Nissle
Expressing Hase Attenuated S. typhimurium Degrade extracellular matrix and decrease fluid pressure 76
Naturally secreted Clostridium butyricum spores  Penetrate the extracellular matrix 77
TME Secrete tumstain Bifidobacterium longum Induces apoptosis of tumorous vascular endothelial cells 78
reprogramming Secretes tLLO-CD105 Listeria Combats angiogenesis 79
Deliver STAT3 siRNA Salmonella typhimurium Inhibit angiogenesis 80
endostatin
Expressing HIyE Salmonella typhimurium Induction of tumor cell apoptosis 81
Expressing o-hemolysin Escherichia coli strain y6212 Kill cancer cells 82
Express oxidoreductase Pseudomonas aeruginosa Triggering tumor cell apoptosis 83
azurin
Immune Express ADP-heptose Yersinia pseudotuberculosis Activate the NF-kB signal pathway and induce Alpk1- 84
activation dependent inflammation
With flagellin Salmonella Activate the TLR5 signal pathway and the innate immunity 85
Accumulate -Arg EcN Activate T cells 19
Express melanoma tumor  Staphylococcus aureus Activate CD4" and CD8" T cells 86

antigens
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Fig. 2 The nanomaterial-assisted engineered bacteria exhibited favorable features compared to the nanoparticles. (A) Bacteria loaded with the glucose
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loaded CaP/SiO, nanoparticles exhibited the ability of enhancing tumor immunity.?® Reproduced from ref. 96 with permission from ACS Publication,

copyright 2023.

fabricate biomimetic CuS-OMVs for synergistic photo-
immunotherapy. CuS-OMVs exhibited superior photothermal
conversion efficacy, specific tumor-targeting capacity, and good
photostability, resulting in remarkable inhibition of tumor cells
under NIR light irradiation.”* Compared with natural bacteria,
bacterial ghosts encompass intact bacterial outer membrane
structure without pathogenicity. They can be utilized as
immune adjuvants and biological drug delivery systems, indu-
cing robust antitumor immune responses and improving the
therapeutic efficacy of antitumor agents.**

In addition to hypoxia and nutrient targeting, recent studies
have demonstrated immune cell-mediated bacteria delivery to
enhance tumor targeting. Neutrophils and macrophages, as key
components of the immune system, can be harnessed to
transport nanomaterial-engineered bacteria to tumor sites.
For instance, inspired by the targeting properties of inflamma-
tory neutrophils, Liu et al. constructed a VNP delivery system.
In this system, neutrophils first uptake the VNPs and subse-
quently release them into the tumor core, balancing safety and
therapeutic efficacy.”” With a PD-1 nanobody-secreting VNP
strain, the system significantly remodeled the tumor microen-
vironment, increasing activated dendritic cells, cytotoxic T
cells, and antitumor macrophages. Similarly, Li et al. reported
a nano-pathogenoid (NPN) system coated by bacteria-secreted

This journal is © The Royal Society of Chemistry 2024

outer membrane vesicles to hitchhike circulating neutrophils
to supplement photothermal therapy (PTT).”® These hitchhiked
neutrophils migrate to inflamed tumors and release NPNs,
which respond to inflammation and are taken up by
tumor cells, ultimately completely eradicating tumors in all
treated mice.

Macrophages, particularly tumor-associated macrophages
(TAMs), are abundant in the tumor microenvironment and
can be reprogrammed to deliver therapeutic bacteria. For
instance, Zhang et al. proposed a bacteria-based backpack
(Mg@bac) that attaches bacteria to macrophages to guide
cellular polarization in vivo by leveraging Dbacterial
immunogenicity.”® Escherichia coli, coated with polysaccharides
to form an adhesive nanocoating, promote macrophage inte-
gration and sustainable M1 phenotype activation, repolarizing
endogenous TAMs and remodeling the immunosuppressive
TME. Additionally, Wu et al. developed “dead” yet “functional”
Salmonella-loaded macrophages using liquid nitrogen cold
shock, achieving an average loading of approximately 257 live
bacteria per 100 cells. This “Trojan horse” strategy enhances
bacterial tumor enrichment and activates the tumor microen-
vironment by increasing M1-like macrophages and decreasing
M2-like macrophages while maintaining biosafety.>® These
research studies demonstrate innovative approaches to

J. Mater. Chem. B, 2024, 12, 9795-9820 | 9803


https://doi.org/10.1039/d4tb00741g

Published on 14 August 2024. Downloaded on 7/17/2025 7:31:48 PM.

Review

leveraging immune cell properties for improved tumor target-
ing and therapeutic delivery of nanomaterial-engineered
bacteria.

2.2.2 Tumor penetration. Owing to the presence of flagella,
bacteria can move spontaneously and continuously to the
hypoxic center of the tumor, greatly improving the effectiveness
of nanomedicine. However, tumors tend to evolve ways to lock
down the biological activity of these live carriers. The vectors
vary in their ability to penetrate tumors, so the physical barriers
mainly formed by the dense extracellular matrix in some solid
tumors may hinder the penetration of certain carriers. To
address this issue, Thomas et al. transfected EcN with
plasmid-encoding cytolysin A (ClyA)-hyaluronidase fusion pro-
tein (AECHy), so bacteria and their OMVs could degrade
extracellular hyaluronic acid and fuse to the membrane-
anchoring protein ClyA, which also has a cytolytic effect on
mammalian cells to remodel the TME (Fig. 2B). Moreover, the
engineered bacteria also promote anticancer agents and
immune cell penetration, achieving enhanced immunotherapy
and targeted therapy.”” Kim et al. devised a strategy combining
chemotherapy with engineered Salmonella typhimurium that
secretes HysA protein, effectively degrading hyaluronan in the
tumor extracellular matrix and inhibiting tumor growth in
mouse models of pancreatic adenocarcinoma and breast can-
cer. This approach increased tumor apoptosis when combined
with DOX or gemcitabine by reducing interstitial fluid
pressure and modulating proliferation- and apoptosis-related
signal pathways through decreased CD44 receptor binding.”®
Han et al. demonstrated an enhanced pancreatic cancer
chemotherapy method utilizing a probiotic spore-based oral
drug delivery system, facilitated by gut-pancreas axis transloca-
tion. Gemcitabine-loaded mesoporous silicon nanoparticles
(MGEM) were covalently conjugated with extracted Clostridium
butyricum spores, which are resistant to external stress. As the
spores served as drug carriers, this PORE-MGEM system signifi-
cantly increased intratumoral drug accumulation by approxi-
mately threefold compared to using MGEM alone. It also
migrated upstream from the gut into pancreatic tumors, effec-
tively suppressing tumor growth in two orthotopic pancreatic
ductal adenocarcinoma (PDAC) mouse models without notable
side effects.””

2.2.3 TME reprogramming. The TME refers to the sur-
rounding microenvironment where tumor cells exist, including
surrounding vascular endothelial cells, immune cells, cancer-
associated fibroblasts, bone marrow-derived inflammatory
cells, various signaling molecules, and extracellular matrix."*
For regulating tumor surrounding vascular endothelial cells,
Wei et al. engineered Bifidobacterium longum to secrete tum-
statin, a potent endogenous angiogenesis inhibitor, and
designed it as a novel Tum delivery system, enabling precise
tumor targeting and enhanced drug delivery. This engineered
bacterium effectively inhibits tumor endothelial cell prolifera-
tion and induces tumor cell apoptosis in the CT26 tumor-
bearing mouse model.”® Similarly, Wood et al. developed a
detoxified vaccine from monocyte proliferative Listeria mono-
cytogenes that secretes the tLLO-CD105 fusion protein,
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comprising cholesterol-dependent cytolysin LLO and TGF-§
receptor family member endoglin (CD105), which combats
angiogenesis and suppresses tumors, alleviating primary and
metastatic breast cancer in mice.”® For regulating tumor-
related signaling molecules, Jia et al. found that a modified,
detoxified strain of Salmonella typhimurium can deliver STAT3-
specific siRNA and endostatin in an in situ liver cancer mouse
model. The combined application of these two payloads can
effectively inhibit tumor proliferation and metastasis, reduce
tumor proliferation and inflammation, and decrease the num-
ber of tumor microvessels.*’

Using bacteria to produce cytotoxic proteins at tumor sites is
also a way to reprogram the TME to treat cancer. This design
primarily exploits the ability of bacteria to migrate to hypoxic
foci within tumors and then release or secrete specific anti-
tumor drugs through lysis, achieving targeted drug delivery to
the tumor and inhibiting tumor growth. Jean et al. designed
hemolysin E (HIyE)-expressing Salmonella typhimurium, which
increased the necrosis rate of mouse mammary tumors and
reduced tumor growth.®! St et al. showed that engineering the
Escherichia coli strain 36212 (Aasd) with Staphylococcus aureus-
derived a-hemolysin (SAH) could cause tumor regression in 4T1
tumor-bearing mice and promote tumor necrosis.*> Yamada
et al. used Pseudomonas aeruginosa to express low-toxicity
oxidoreductase azurin, an anticancer protein whose intracellu-
lar translocation to the nucleus depends on p53. Azurin forms a
complex with p53, stabilizing p53 and increasing the levels of
intracellular p53 and Bax, leading to the release of mitochon-
drial cytochrome ¢ into the cytoplasm and triggering tumor
apoptosis.®® In particular, Canale et al. utilized synthetic biol-
ogy to create a modified EcN strain, which resides in tumors
and converts ammonia into r-arginine continuously (Fig. 2C).
This bacterial colonization elevates intertumoral r-arginine
levels, boosts tumor-infiltrating T cells, and enhances the
effectiveness of PD-L1 blocking antibodies in tumor elimina-
tion, demonstrating the potential of engineered microbial
therapies for improving immunotherapy efficacy by altering
the TME metabolically.’®

2.2.4 Activating immunity. Lipopolysaccharides (LPS),
important components of the outer membrane of Gram-
negative bacteria, induce inflammatory injury involving the
TLR4/NF-xB p65 inflammatory signaling pathway.'*’ After
TLR4 encounters LPS, it activates the MyD88-dependent
signaling pathway, triggers the NF-xB p65 transcription
response, and induces proinflammatory cytokine secretion in
macrophages, DCs, and some epithelial cells.'> Zhou et al.
conducted biochemical analyses and transposon screens in
Yersinia pseudotuberculosis, identifying ADP-Hep as a mediator
of type III secretion system-dependent NF-kB activation and
cytokine expression, which enters the host cytosol to activate
NF-kB. Activation of NF-xB by ADP-Hep involves the ALPK1-
TIFA axis, where ADP-Hep binds the N-terminal domain of
ALPK1, activating TIFA via phosphorylation. Furthermore, ADP-
heptose 7-P, transformed from HBP by host adenylyl trans-
ferases, also activates ALPK1, although to a lesser extent than
ADP-Hep, inducing Alpkl-dependent inflammation during
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bacterial infection, highlighting ALPK1 and ADP-Hep as a
pattern recognition receptor and a potent immunomodulator,
respectively.5*

As for specific immunity, Fernando et al. have developed an
engineered probiotic EcN strain using synthetic biology meth-
ods, which can colonize tumors and continuously convert
accumulated nitrogenous metabolic waste in tumors into r-
arginine. The specific accumulation of L-arginine at the tumor
site can promote the activation of tumor-infiltrating T cells, and
thereby in combination with PD-L1 inhibitors have a powerful
anti-tumor effect."® Moreover, Chen et al. have engineered
Staphylococcus aureus to stimulate CD4 and CD8 positive cells
both in vitro and on the skin to kill melanoma without dama-
ging the skin barrier or causing skin inflammation.®® He et al.
engineered Bifidobacterium bifidum (Bi) by covalently attaching
DOX-loaded CaP/SiO, nanoparticles (DNPs@Bi) for tumor ther-
apy, inducing chemotherapy and ICD within the TME via pH-
responsive drug release (Fig. 2D). Additionally, tumor-targeting
Bi enhances antigen presentation to DCs via Cx43-dependent
gap junctions, promoting DC maturation and CTL infiltration.
In vivo antitumor experiments demonstrated that this approach
leads to prolonged survival, inhibited tumor progression, and
reduced metastasis, highlighting the potential of this bacterial-
driven, hypoxia-targeting delivery system for tumor chemo-
immunotherapy.®®

2.3 The binding methods of engineered bacteria and
nanoparticles

For effective synergistic therapy, both nanoparticles and engi-
neered bacteria must accumulate within the tumor region. The
binding methods of combining nanomedicines with engi-
neered bacteria, such as physical, chemical, biological, and
indirect methods, form the core of the synergistic anti-tumor
therapy.

Physical methods such as electroporation, electrostatic
adsorption, mechanical extrusion, and so on are extensively
utilized to achieve effective modification of engineered bacteria
with nanoparticles. Electroporation, which temporarily
increases cell membrane permeability via an electrical field,
demonstrates high efficiency in incorporating drugs and nano-
particles into bacteria. For instance, Xie et al. employed elec-
troporation to integrate 5-fluorouracil and zoledronic acid into
E. coli Nissle 1917, followed by surface decoration with gold
nanorods to create a hybrid system (EcNZ/F@Au), enhancing
drug delivery and tumor targeting capabilities.*® Electrostatic
adsorption is a widely used method for bacterial modification,
exploiting the charge interactions between negatively charged
bacterial surfaces and positively charged nanoparticles.'®**%*
Furthermore, Zhong et al. illustrated the application of this
method by modifying photosynthetic bacteria with Fe;O4 nano-
particles, resulting in improved tumor imaging and therapeutic
efficacy.'® Furthermore, mechanical extrusion with cell mem-
branes, as demonstrated by Cao et al., significantly enhances
the circulation time and tumor-targeting potential of the engi-
neered bacteria by coating with red blood cell membranes."®
Collectively, these physical modification methods significantly
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enhance the interaction between engineered bacteria and
nanoparticles, thereby augmenting the efficacy of targeted
cancer therapy.

Owing to the diverse array of functional groups present on
bacterial surfaces, various chemical methods, such as Schiff
base reaction, carbodiimide chemistry, in situ growth techni-
ques, and so on, are employed to functionalize bacteria with
nanoparticles. For instance, Luo et al. conjugated upconversion
nanorods and gold nanorods to Bifidobacterium breve and
Clostridium difficile through Schiff base reaction, facilitating
hypoxia-specific delivery for tumor imaging and therapy.'®”
Similarly, carbodiimide chemistry enables the formation of
stable amide bonds between carboxyl and amine groups on
bacterial surfaces and nanoparticles. Xu et al. demonstrated the
binding of nano-photosensitizers to Salmonella bacteria via
carbodiimide chemistry, enhancing their hypoxia-targeting
and photothermal properties for solid tumor therapy.'®® Addi-
tionally, Chen et al reported in situ biomineralization
of palladium nanoparticles on Shewanella oneidensis MR-1,
creating a photothermal bacterium that hybridizes with
mitochondria-targeted metal-organic frameworks, significantly
augmenting photothermal tumor therapy.'%

Furthermore, engineered bacteria can be effectively modi-
fied with nanoparticles using a range of biological methods,
including exploiting biotin-streptavidin interactions, utilizing
antigen-antibody reactions, and harnessing biofilm secretion
processes. For instance, Suh et al conjugated PLGA nano-
particles to Salmonella VNP20009 using biotin-streptavidin
interaction, creating nanoscale bacteria-enabled autonomous
drug delivery systems (NanoBEADS), which significantly
enhanced the intratumoral transport of nanomedicine."*° Simi-
larly, Chowdhury et al. used antigen-antibody reaction to
program Escherichia coli with anti-PD-1 antibodies, inducing
durable tumor regression and systemic antitumor immunity.'**
Additionally, Wang et al. described the development of carci-
noma cell-mimetic bacteria (CCMB), a set of multimodal onco-
Iytic living agents, by coating them with tumor cell-derived
biofilms.""> Under external stimulations, intracellularly pre-
harbored bacteria are spontaneously coated with an extra
membrane by forming apoptotic bodies from invaded tumor
cells. This strategy significantly improves resistance, adhesion
capacity, and targeting, which can be applied to cancer therapy
for better targeting and retention.

Another effective modification of engineered bacteria with
nanoparticles can be achieved using various indirect methods,
including nanoparticle encapsulation and polymer cross-
linking. For example, Wang et al. developed biohybrid bacterial
microswimmers by encapsulating bacteria with metal-organic
framework (MOF) exoskeletons.™*® This method provided cyto-
protection and enabled active drug delivery in harsh environ-
ments, significantly improving therapeutic efficacy in tumor
treatment. Similarly, Xiong et al. demonstrated that a triple-
layered nanogel cross-linked to bacterial surface accumulated
in tumors. This nanogel, loaded with doxorubicin, selectively
degraded in the bacteria-accumulated tumor environment,
resulting in targeted drug release and enhanced cancer
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therapy.""* These indirect methods enhance the stability and
functionality of engineered bacteria, thereby improving the
efficiency and specificity of targeted cancer therapy.

3. Nanomaterial combined engineered
bacteria and cancer immunotherapy

Compared to the second-generation bacterial therapy (engi-
neered bacteria alone) for tumor therapy, combining nanoma-
terials with engineered bacteria offers enhanced tumor
targeting, improved imaging capabilities, and better spatiotem-
poral control, making it a promising approach for intelligent
tumor immunotherapy. Currently, cancer immunotherapy can
be broadly categorized into four major classes: immune check-
point inhibitors, tumor vaccines, cell-based immunotherapy,
and nonspecific immunomodulators (Table 3).**

3.1 Nanomaterial combined engineered bacteria for immune
checkpoint therapy

Immune checkpoint therapy, which has emerged as a pivotal
immunotherapy, targets molecules involved in coinhibitory
signaling pathways, which typically help maintain immune
tolerance but are frequently exploited by cancer cells to escape
immune surveillance.’®* The presence of bacteria may either
sensitize or inhibit the effectiveness of immune checkpoint
inhibitors. In preclinical models, the effectiveness of anti-
CTLA-4 therapy was shown to depend on Bacteroides species,
as germ-free mice or mice treated with antibiotics did not
respond to anti-CTLA-4 antibody; however, the response was
restored by administering Bacteroides fragilis through
gavage.'®® Similarly, the gut microbiota can modulate the
effectiveness of PD-L1 inhibitors against melanoma and cuta-
neous tumors."**"?

To address these issues, immune checkpoint inhibitors,
antibodies, or plasmids can also be encapsulated in nano-
particles or modified on the surface of bacteria or OMVs,
thereby achieving enhanced efficacy of immune checkpoint
therapy. Abedi et al. developed an ultrasound-thermal respon-
sive promoter TcI42 and a GFP reporter gene construct in EcN
(Fig. 3A), which could express and release the immune check-
points CTLA-4 and PD-L1 nanobody to suppress tumor
growth.®® Liu et al. proposed a dual engineered approach to
modify live bacteria through genetic engineering and surface
chemistry. The genetically engineered E. coli expressed melanin
and used in situ polymerization of dopamine to modify the
surface with anti-programmed death-1 antibodies (o-PD-1).
This dual immunomodulatory approach, mediated by photo-
thermal stimulation and checkpoint blockade, achieves a spa-
tiotemporal release of anti-PD-1 antibodies and synergistic
reprogramming of the immunosuppressive TME (Fig. 3B).""”

Similarly, Liu et al. modified model antigen ovalbumin
(OVA) and o-PD-1 antibodies simultaneously on the surface of
bacteria using the same method. After the live bacteria reach
the tumor site, the photothermal properties of polydopamine
convert TAMs from the pro-tumor M2 phenotype to the anti-
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tumor M1 phenotype (Fig. 3C). The OVA antigen promotes the
maturation of DCs, and activates antigen-specific T cell
responses, while o-PD-1 antibodies block immune checkpoints
to trigger anti-tumor immunity. This synergistic immunomo-
dulation results in an 80% survival rate in animals within 40
days, whereas mice in other groups did not survive beyond 26
days.*’ Nie et al. developed a tumor-homing, magnetically
controlled bacterial system for precise ICB immunotherapy.
Upon in situ accumulation of the Fe;O,@lipid nanocomposite
engineered E. coli in colon tumors, the superparamagnetic
Fe;0, nanoparticles allow the engineered bacteria to receive
magnetic signals and convert them into heat, thereby initiating
the expression of lytic proteins under the control of a heat-
sensitive promoter. Subsequently, the pre-expressed anti-CD47
nanobody within the bacteria is released. The potent immuno-
genicity of bacterial lysates, combined with the anti-CD47
nanobody, activates innate and adaptive immune responses.
The gene expression and drug release behaviors of tumor-
homing bacteria can be spatiotemporally controlled in vivo by
magnetic fields, achieving tumor-specific CD47 blockade and
precise tumor immunotherapy.®> Pan et al designed and
engineered E. coli expressing the target peptide LyP1 and then
extracted LyP1 modified OMVs. By encapsulating the PD-1
plasmids inside, the LyP1-OMVs@PD-1 nanocarriers were
obtained (Fig. 3D). Upon intravenous injection, these nanocar-
riers accumulate at tumor sites through the targeting ability of
OMVs and are internalized into tumor cells via LyP1 mediation.
Subsequently, the PD-1 plasmids are delivered to the cell
nucleus and induce the expression of PD-1 in tumor cells.
The PD-1-expressing tumor cells bind to the overexpressed
PD-L1 on the surface of neighboring tumor cells, achieving
self-blockade and relieving immune suppression. Meanwhile,
the extracellular protein components of OMVs recruit CTL and
NK cells to the tumor tissue and stimulate their secretion of
IFN-y, further enhancing the anti-tumor activity of the PD-1/PD-
L1 pathway blockade. Additionally, OMVs promote the differ-
entiation of CTL into Tcm, forming a persistent immune
response.''®

3.2 Nanomaterial combined engineered bacteria and tumor
vaccine

Cancer vaccines have garnered significant attention due to
their potential to counteract the immune system’s tolerance
to tumor-specific antigens.'*® Due to the efficient secretion or
presentation of tumor-associated antigens (TAAs) on bacterial
cell surfaces, bacteria have been harnessed as potential vaccine
vectors to deliver antigens in diverse forms for activating
antitumor immunity.’*® Furthermore, nanomaterial-modified
bacteria, as a kind of new tumor vaccine, can facilitate tumor-
targeted delivery of anti-tumor genes or drugs, enhance immu-
nogenicity, enable real-time imaging, potentiate photothermal/
photodynamic therapies and so on. For instance, Hu et al.
developed an oral cancer vaccine (NP/SAL) comprising live
attenuated Salmonella coated with VEGFR2 plasmid-loaded
cationic nanoparticles through electrostatic interactions. The
orally administered Salmonella facilitated the delivery of the

This journal is © The Royal Society of Chemistry 2024
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Table 3 Summary of research on nanomaterial-assisted engineered bacteria for intelligent tumor immunotherapy
Tumor
Type Nanoparticles Bacteria Cargo type Therapeutic strategy Ref.
Immune F. nucleatum- F. nucleatum Colistin-loaded CT26 and Killing tumor-colonizing F. nucleatum and 116
checkpoint mimetic liposomes MC38 alleviating ICB inhibition
therapy nanomedicine
Polydopamine  E. coli Melanin and o-PD-1 4T1 Spatiotemporal release of o-PD-1 through 117
photothermal effect and reverses the immu-
nosuppressive TME
Polydopamine EcN OVA and o-PD-1 CT26-OVA Enhancing ICD and reversing the immuno- 31
and suppressive TME
MC38-
OVA
Fe;0,@lipid E. coli BL21 CD47 Nb CT26 and Spatiotemporal release of CD47 Nb and 35
nanocomposites 4T1 reactivation of macrophages
OMVs E. coli LyP1 peptide and PD-1 B16-F10  Self-expressing o-PD-1 and self-blocking PD- 118
plasmid and CT26 L1
Tumor Cationic Attenuated Salmonella VEGFR2 plasmid B16-F10  Inhibiting angiogenesis and activating T cells 119
vaccine nanoparticles
HA-IR780 NPs Vibrio vulnificus Flagellin B TC-1 Suppressing immune-suppressive regulatory 120
T cells (Tregs) and increasing the fraction of
CD103" migratory DCs
Artificial bacterial E. coli Monophosphoryl lipid — Inducing greater pro-inflammatory via co- 121
nanoparticle A and CpG presentation of CpG and MPLA
OMVs Bacillus CpG and OVA E. G7 Enhancing antigen uptake and resulting in 122
stronger immune activation for cancer
vaccines
Hybrid E. coli — CT26, 4T1, Inducing DC maturation and activating 123
membrane B16, and splenic T cells
nanocarriers EMT6
Bacterial M. smegmatis PC7A/CpG B78 and  Capturing cancer neoantigens and enhan- 124
membrane- NXS2 cing the uptake of DCs
coated
nanoparticle
Eukaryotic-pro-  Attenuated Salmonella Poly(lactic-co-glycolic ~ B16F10 Stimulate the immune system and trigger the 125
karyotic vesicle acid)-ICG antitumor immune response
nanoplatform
Adoptive — Brucella melitensis 16M  Combined with CAR-T MC38 Polarize tumor macrophages and elevate 126
cell therapy AvjbR CD8" T cells
— EcN Heparin binding CT26, A20 Release ProCAR-Target by EcN and recruit 127
domain and CXCL16 and MC38 ProCAR-T cell into the tumor site
Nonspecific — Staphylococcus Melanoma non-active B16-F10- Generate tumor-specific T cells 86
immunity epidermidis antigens OVA
GP-ICG-SiNPs Attenuated Salmonella ICG U87MG  Bypass the BBB, targeting, penetrating and 93
strain VNP20009 and thermally ablating GBM tissues
Escherichia coli 25922
OMVs Salmonella DOX C6 glioma Bypass the BBB, selectively recognized by 128
neutrophils and enhance chemo/bacterial
therapy
OMVs E. coli Tumor antigen MC38 and Cross the intestinal barrier into the lamina 129
CT26 propria and activate DC cells
Au nanorod EcN 5-FU and macrophage 4T1 Enhance M1 polarization of macrophages 32
phenotype regulator and produce pro-inflammatory cytokines
zoledronic acid
PLGA NPs E. coli MG1655 DOX and R848 4T1 Polarizing macrophages and enhancing ICD 130
Polydopamine EcN STING agonists B16F10  Activate the STING pathway and elevate the 131
levels of IFN-I
OMVs E. coli BL21 (DE3) IL-10 and E7 CT26 and Increase systemic and intratumoral propor- 104
B16F10  tions of CD8" T cells
UCNPs-YS L. lactis MG5267. IFN-y B16F10 Release IFN-y, enhanced ICD and activation 61
CT26 of T cells
— Salmonella enterica TNF-o — Increase TNF-o in blood and promote the 132
tumor-colonization of bacteria
— Salmonella VNP TNF-o. Nb B16F10 Secrete TNF-o. Nb, stimulate DC maturation 133

nanoparticles into immune cells, which were readily engulfed
by macrophages due to their pathogen-like characteristics. At

This journal is © The Royal Society of Chemistry 2024

and activate CD8" T cells

J. Mater. Chem. B, 2024, 12, 9795-9820 |

the same time, the cationic nanoparticles facilitated the endo/
lysosome escape of the live bacterial vector. Experimental
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Fig. 3 The nanomaterial-assisted engineered bacteria and immune checkpoints. (A) FUS-activated therapeutic bacteria could express immune checkpoint
inhibitors such as CTLA-4 and PD-L1 nanobodies.®® Reproduced from ref. 65 with permission from Springer, copyright 2022. (B) An engineered E. coli was dually
modified to concurrently carry photothermal melanin and immune checkpoint inhibitor aPD-1 by combining genetic manipulation and interfacial
polymerization*” Reproduced from ref. 117 with permission from John Wiley & Sons, Inc, copyright 2022. (C) The bacteria with triple immune nanoactivators
are described for the creation of a tumor-resident living immunotherapeutic agent, wherein polydopamine nanoparticles, tumor-specific antigens and
checkpoint-blocking antibodies are conjugated onto the bacterial surface.3! Reproduced from ref. 31 with permission from John Wiley & Sons, Inc, copyright
2022. (D) A novel LyP1 polypeptide-modified outer-membrane vesicle (LOMV) carrying a PD-1 plasmid is engineered to accomplish self-inhibition of PD-L1 in
tumor cells.™'® Reproduced from ref. 118 with permission from John Wiley & Sons, Inc, copyright 2022.

results demonstrated that the oral vaccines exhibited remark-
able antitumor efficacy, characterized by potent T-cell activa-
tion, cytokine production, and suppression of angiogenesis in
the tumor vasculature, ultimately leading to tumor necrosis.'*®
Similarly, Nie et al. engineered E. coli to establish an orally
administered tumor vaccine derived from genetically engi-
neered bacteria-based OMVs. Following oral administration
(Fig. 4A), these OMVs can be produced in situ in the intestinal
tract, carrying tumor antigens, which effectively traverse the
intestinal epithelial barrier and are recognized by immune cells
in the gut-associated lymphoid tissue.'*® Uthaman and collea-
gues combined PTT with immunotherapy by conjugating Vibrio
vuinificus flagellin B with photoabsorber (HIF) loaded micelles.
This approach demonstrated the vaccine-like properties of
flagellin B, which concurrently suppressed Tregs and increased
the secretion of antitumor cytokines, thereby achieving signifi-
cant immunostimulatory effects in combination with PTT-
produced TAAs."?° Siefert et al. proposed a biomimetic strategy
using antigen-loaded NPs displaying monophosphoryl lipid A
(MPLA) and encapsulating CpG, functioning as an artificial
bacterial vaccine platform. In vitro and in vivo experiments of
this approach demonstrated enhanced CpG potency and syner-
gistic effects with MPLA, leading to robust pro-inflammatory,

9808 | J Mater. Chem. B, 2024, 12, 9795-9820

Thi-skewed cellular, and antibody-mediated responses, parti-
cularly critical for CD8" T cell immunity.**! Ni et al. developed a
demi-bacteria cancer vaccine, retaining bacterial PAMP mole-
cules and pathogen-like physical properties inherited from its
parental bacteria, essential for immune activation. By modify-
ing Bacillus into a porous structure to load CpG and OVA, this
optimal engineered nanoarchitecture allows multiple immu-
nostimulatory elements to be integrated in a pattern closely
resembling that of bacterial pathogens and elicits robust cel-
lular and humoral immune responses for cancer
immunotherapy.'*> Moreover, Chen et al. developed a perso-
nalized cancer vaccine by modifying inactivated EcN with
tumor antigens and B-glucan, an inducer of trained immunity
(Fig. 4B). Upon subcutaneous injection, the vaccine (BG/
OVA@ECN) accumulates at the injection sites, promoting pha-
gocytosis by macrophages to induce trained immunity, facil-
itating DC maturation, T cell activation, and differentiation of
M1-like macrophages in tumor tissues, ultimately demonstrat-
ing strong prophylactic and therapeutic efficacy against tumor
growth through potent adaptive antitumor immunity and long-
term immune memory."*’

In addition, a variety of cell membranes, including those
from erythrocytes, platelets, macrophages, neutrophils, and

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d4tb00741g

Published on 14 August 2024. Downloaded on 7/17/2025 7:31:48 PM.

Journal of Materials Chemistry B

A

engineered E. coliand Ara

‘ Oral administration of

|

oli
~ e i N 7 l

OMV-Ag-mFc production in situ by
genetically engineered E. coli

|

|

B fn
Epithelial penetration
of OMV-Ag-mFc

o
Mature DCs ° &
DCs S °

tumour inhibition

CD80/86 @
\_/C;\/ Cytotoxic T Pri 3

—

MHCI~ Ag TCR
Long-term immune

Memory T cells surveillance

Lymph nodes

Immune stimulation
by OMV-Ag-mFc

View Article Online

Review
B > == )
BG/AQ@ECN

Live EcN

Inactived EcN

MJQ

[
£ .}.§<\

Tald

o Monocytes/
macrophages

& MatureDCs @ MiTAMs

) Trained monocytes/

Ges ® Teels {8 immature DCs

» Tumorcets () Dead tumor celis @ Memory T cells

Fig. 4 The nanomaterial-assisted engineered bacteria and tumor vaccines. (A) The genetically engineered bacteria produced antigen-bearing outer
membrane vesicles as tumor vaccines.'?® Reproduced from ref. 128 with permission from Springer, copyright 2022. (B) A personalized cancer vaccine is
developed by engineering the inactivated probiotic EcN to load tumor antigens and p-glucan.*?® Reproduced from ref. 129 with permission from John

Wiley & Sons, Inc, copyright 2024.

tumor cells, have been suggested to enhance the therapeutic
effectiveness and safety of hybrid bacterial systems. Chen et al.
developed a novel approach to create a hybrid membrane-based
tumor vaccine using E. coli cytoplasmic membranes (EMs) and
tumor cell membranes (TMs). TMs, obtained from surgically
resected autologous tumor tissues, carried tumor neoantigens,
which could trigger tumor-specific immune responses. Mean-
while, EMs acted as immune adjuvants, stimulating innate
immune responses. This personalized tumor vaccine, combin-
ing antigens and adjuvants in a co-delivery hybrid membrane,
showed superior efficacy in enhancing antitumor immune
responses.'”® Navi et al. have constructed a multifunctional
bacterial membrane-coated nanoparticle (BNP) comprised of
an immune activating PC7A/CpG polyplex core coated with the
bacterial membrane and imide groups enhancing antigen
retrieval. This BNP can capture cancer neoantigens following
RT, enhance their uptake by DCs, and facilitate their cross-
presentation to stimulate an anti-tumor T cell response. In
mice bearing syngeneic melanoma or neuroblastoma, BNP + RT
treatment results in activation of DCs and effector T cells,
marked tumor regression, and induction of tumor-specific
anti-tumor immune memory. This BNP facilitates in situ
immune recognition of a radiated tumor, enabling a novel
personalized approach to cancer immunotherapy using off-
the-shelf therapeutics.'* Chen et al. engineered an eukaryo-
tic-prokaryotic vesicle (EPV) nanoplatform by merging mela-
noma cytomembrane (CMVs) and attenuated
Salmonella outer membrane vesicles (OMVs) together. The
EPV inherits the beneficial properties of its parent components,
integrating melanoma antigens with natural adjuvants to pro-
vide robust immunotherapy while allowing for easy functiona-
lization with complementary therapeutics. In the melanoma
model, the poly(lactic-co-glycolic acid)-ICG moiety (PI)-
implanted EPV (PI@EPV) in combination with localized PTT
exhibits synergistic antitumor effects as a therapeutic vaccine.

vesicles

This journal is © The Royal Society of Chemistry 2024

This eukaryotic-prokaryotic fusion strategy offers novel
insights for designing tumor-immunogenic, self-adjuvating,
and expandable vaccine platforms.'*

3.3 Nanomaterial combined engineered bacteria and adoptive
cell therapy

Despite the success of chimeric antigen receptor (CAR)-T cells
in treating hematologic malignancies, their effectiveness in
targeting solid tumors has been limited. The challenge lies in
the expression patterns of the tumor antigen, which makes
identifying optimal targets for solid tumor therapies difficult
and hinders the development of new CAR-T therapy."****" The
majority of TAAs identified in solid tumors are not exclusive to
tumors, increasing the risk of severe on-target, off-tumor toxi-
city due to cross-reactivity with proteins present in vital
tissues.'*>'** Furthermore, even if a safe target can be identi-
fied, TAAs are often expressed heterogeneously. Consequently,
the application of targeted therapies exerts selection pressures,
which can ultimately result in antigen-negative relapse.'**'*>
Bacteria can be effectively integrated into chimeric antigen
receptor (CAR)-T cell therapies. For instance, an attenuated
bacterial strain, Brucella melitenis, was found to enhance proin-
flammatory M1 polarization of tumor macrophages and elevate
the presence of CD8" T cells within tumors. When administered
alongside CAR-T cells in a murine model of colon cancer, this
approach led to a decrease in tumor burden and a notable
improvement in survival rates for the treated mice.'*® More-
over, Vincent et al. developed probiotic-guided CAR-T cells
(ProCARs) with engineered bacteria encoding a synthetic anti-
gen recognized by CAR-T cells (Fig. 5). The synthetic antigen
facilitated communication between the bacteria and ProCARs,
enabling spatiotemporal CAR activation within tumors after
bacterial release. In mouse models with human tumor xeno-
grafts, ProCARs significantly slowed tumor growth, outperform-
ing a combination of bacterial vehicles and CAR-T cells.
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Increased ProCAR activation was observed due to synthetic
antigen presence and TLR stimulation by bacteria, highlighting
the potential of programmable medicine communities."*’

Additionally, Stein-Thoeringer and colleagues have revealed
the role of gut microbiota in influencing the effectiveness of
CD19 CAR-T cell therapy for patients with B-cell leukemia and
lymphoma. Their findings suggest that prior treatment with
broad-spectrum antibiotics before administering CD19-
targeted CAR-T cell therapy could lead to suboptimal efficacy
and other unfavorable outcomes. In this prospective study, the
largest of its kind to date, researchers tracked 172 lymphoma
patients who had previously failed multiple chemotherapy
treatments, from before they began CAR-T cell therapy to two
years after treatment. The 20% of patients who received broad-
spectrum antibiotics (high-risk antibiotics) before CAR-T cell
therapy showed poor clinical prognosis compared to patients
who did not receive antibiotic treatment. Patients who received
broad-spectrum antibiotics before CAR-T cell therapy tended to
have higher tumor burden and systemic inflammation, and
these adverse pre-treatment conditions resulted in poorer out-
comes of subsequent CAR-T cell therapy. Several key gut
microbiotas were further identified that played a curial role,
including Bacteroides, Ruminococcus, Eubacterium, and Akker-
mansia, with Akkermansia being associated with higher baseline
peripheral T cell levels before patients received CAR-T cell
infusion.'® Therefore, it is expected that developing these
identified gut microbiotas into nanohybrid systems or bacterial
outer-membrane vesicle nanocarriers may help to predict and
enhance the effectiveness of CAR-T therapy.

3.4 Nanomaterial combined engineered bacteria and
nonspecific immunity

Nonspecific immunity encompasses tissue barriers, innate
immune cells, and molecules. These tissue barriers comprise

the skin, mucosal system, BBB, placental barrier, and intestinal

9810 | J Mater. Chem. B, 2024, 12, 9795-9820

barrier. The skin, functioning as the body’s largest immune
organ, acts as a protective barrier against pathogens and
initiates immune responses, while also orchestrating a series
of processes, including inflammation and tissue regeneration,
to facilitate wound healing.'*” As it is known that CD8" T cells
induced by Staphylococcus epidermidis promote skin homeos-
tasis and expedite wound closure, Chen et al. constructed a
strain of Staphylococcus epidermidis capable of expressing mel-
anoma tumor antigens, which could stimulate antigen-specific
CD8" and CD4" T cells both in vitro and on the skin, without
disrupting the skin barrier or inducing skin inflammation.®®
Bacteria have the capability to bypass the BBB, suggesting their
potential in addressing central nervous system diseases like
glioma. Hence, Sun et al. introduced a bacteria-based drug
delivery system, named 'Trojan bacteria’, loaded with glucose
polymers and photosensitive ICG silicon-nanoparticles for
GBM photothermal immunotherapy. In an orthotopic GBM
mouse model, the constructed Trojan bacteria could effectively
penetrate GBM tissues by bypassing the BBB. Upon 808 nm
laser irradiation, the photothermal effects of ICG destroy
bacterial and tumor cells, while the resulting bacterial debris
and TAAs trigger antitumor immune responses, leading to
prolonged survival in GBM-bearing mice.”® Similarly, Mi et al.
described a bacteria-based drug delivery approach for BBB
transportation, glioma targeting, and chemo-sensitization.
The Salmonella first colonizes selectively in hypoxic tumor
regions, modulating the TME and then facilitating targeted
delivery of DOX via neutrophil-mediated transport of bacterial
outer membrane vesicles (OMVs/DOX), resulting in enhanced
drug accumulation in gliomas and complete tumor eradication
with 100% survival in treated mice.'*® Furthermore, Zhu et al.
developed the first NIR optogenetic activation platform, com-
bining EcN with UCNPs for cancer immunotherapy (Fig. 6A).
The engineered EcN, transfected with a blue-light-activated
plasmid encoding flagellin B (flaB), a potent immunoactivator

This journal is © The Royal Society of Chemistry 2024
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activating Toll-like receptor 5 (TLR5) signaling, preferentially therapeutic efficacy of flagellum-deficient Salmonella against
colonizes tumors and secretes flaB upon NIR photoirradiation, melanoma, suggesting the potential application of TLR5 ago-
leading to tumor-associated macrophage repolarization and nists in cancer immunotherapy.'*® Wei et al. loaded E. coli
cytotoxic T cell infiltration.** MG1655 with PLGA-R848 nanoparticles and PLGA-DOX NPs

Natural immune cells include macrophages, natural killer through electrostatic absorption. Leveraging their hypoxic
cells, and DCs, which would be activated through some tumor-targeting ability, the bacteria deliver these two nano-
signal pathway such as TLR5, TLR7/8, STING, and so on. For particles to tumor sites. Afterward, the released TLR7/8 agonist
instance, Chen et al. demonstrated that the tumor-suppressive  R848 could reprogram TAMs into M1 macrophages alongside
effects of Salmonella were significantly reduced in flagellum- E. coli, and Dox could function as a chemotherapeutic to kill
deficient strains, even with higher bacterial doses, highlighting cancer cells while inducing ICD simultaneously.”*° He et al.
the crucial role of flagella in activating immune cells via used non-pathogenic EcN to efficiently load the STING agonist
the flagellin/Toll-like receptor 5 (TLR5) signaling pathway. MSA-2 through the oxidative polymerization reaction of dopa-
The exogenous activation of TLR5 signaling enhanced the mine to construct a new biological agent PDMN for targeted
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immunotherapy of tumors (Fig. 6B). This study also combined
anti-PD-1 therapy to induce long-term protective immune
responses in the body, thereby effectively preventing tumor
recurrence and metastasis.’*! More recently, Daniel et al. uti-
lized non-pathogenic E. coli as a multifunctional platform
(SYNB1891) to develop an immunotherapy for cancer treat-
ment. This engineered bacterium can target and activate the
STING pathway of APCs in tumors and activate the innate
immune pathway, which can generate effective anti-tumor
immunity and form immunological memory in mouse tumor
models."*°

Innate immune molecules include complement, cytokines,
cytotoxins, and enzymes. The commonly used cytokines in anti-
tumor immunotherapy include interleukin-2 (IL-2), interleukin-
12 (IL-12), interferon-gamma (IFN-y), and tumor necrosis factor
(TNF)."" These cytokines play important regulatory roles in the
immune system, activating, enhancing, or inhibiting the activ-
ity of immune cells, thereby enhancing anti-tumor immune
responses. Bacteria possess a diverse array of pathogen-
associated molecular patterns (PAMPs), such as LPS and fla-
gella, which act as natural immune adjuvants to stimulate
antitumor immunity."” LPS primarily engages with TLR4 on
DCs and macrophages, leading to the release of IL-2, tumor
necrosis factor-alpha (TNF-o), and type I interferon (IFN-I),
thereby triggering a T-cell-mediated antitumor response.'”?
Wei et al. engineered a glycol chitosan-coated E. coli MG1655,
a nonpathogenic bacterium, by electrostatically absorbing resi-
quimod (R848)-loaded PLGA (PR848) onto its surface (Fig. 6C).
This construct, known as Ec-PR848, was designed to actively
target hypoxic tumor sites and induce polarization of TAMs.
The hybrid system also led to a significant increase in the levels
of TNF-o and IL-6, further enhancing immune responses.'®*
Yan et al. developed a novel tumor immunotherapy technique
that leverages focused ultrasound to regulate bacterial gene
expression by incorporating an ultrasound-responsive gene
expression circuit into tumor-targeting bacteria. This approach
takes advantage of ultrasound’s non-invasiveness, focusability,
high tissue penetration, and acoustic-thermal conversion to
regulate gene expression at the tumor site. In preclinical
models, this system effectively controlled IFN-y expression,
demonstrating potential for effective immunotherapy in sub-
cutaneous breast cancer and orthotopic liver cancer.*”

In addition, Leschner et al. found that there was a rapid
surge of TNF-o. in the bloodstream following intravenous
injection of Salmonella enterica serovar typhimurium in an
ectopic transplantable tumor model. This led to vascular dis-
ruption, causing a significant influx of blood into the tumors,
which might be crucial in the initial stages of bacterial tumor
colonization."*® Furthermore, Hua et al. developed a novel
Salmonella-based delivery system expressing an anti-TNF-o
nanobody (VNPoryr.,), which significantly enhanced delivery
efficiency by continuously releasing the nanobody within the
hypoxic tumor environment (Fig. 6D). VNPoyp, promotes
antitumor immune responses by mobilizing the tumor
immune response in several ways, reducing tumor angiogen-
esis, and stimulating the maturation of DCs, leading to
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upregulation of granzyme-B and Ki67 and subsequent induc-
tion of tumor apoptosis.'**

3.5 Nanomaterial combined engineered bacteria and
chemotherapeutic agents

In addition to the aforementioned nanomaterial-modified engi-
neered bacteria combined with immune checkpoint inhibitors,
tumor vaccines, and adoptive cell therapy, nanomaterial-
modified engineered bacteria can also be synergistically com-
bined with chemotherapeutic drugs that elicit direct or indirect
antitumor immune responses. Such a therapeutic strategy not
only enhances the tumor-targeting capabilities and bioavail-
ability of chemotherapeutic drugs but also augments immune
responses within the tumor microenvironment, synergistically
improving antitumor efficacy.

Certain chemotherapeutic agents directly induce antitumor
immune responses mainly by interacting with immune
cells or modulating immune signaling pathways. When these
agents are combined with nanomaterial-modified bacteria, a
multi-pronged strategy is established that enhances tumor-
specific targeting, improves drug bioavailability, and amplifies
immune-mediated antitumor effects. For instance, Leventhal
et al. utilized non-pathogenic E. coli Nissle 1917 to develop
a STING agonist-producing live therapeutic (SYNB1891)
using synthetic biology, which targets STING activation in
phagocytic APCs and activates complementary innate immune
pathways."* Similarly, Chen et al. improved therapeutic effi-
cacy by using nonpathogenic E. coli Nissle 1917 for tumor-
targeted delivery of the STING agonist MSA-2, enhancing type I
interferon levels and proinflammatory cytokines, inducing DC
maturation, and showing profound tumor regression in mice,
especially when combined with anti-PD-1 therapy."*' Moreover,
Wei et al. developed a cancer treatment by loading PLGA-R848
(PR848), a toll-like receptor 7/8 (TLR7/8) agonist, onto the
surface of MG1655b (Ec-PR848) to induce tumor-associated
macrophage polarization therapy.’®> The PR848/bacteria
complex can effectively target tumors and polarize M2 macro-
phages to M1 macrophages. When supplemented with PLGA-
DOX (PDOX)-induced ICD, this approach can reduce tumor
immunosuppression and significantly enhance immunother-
apy efficacy.

Nanomaterial-modified engineered bacteria can also be
combined with chemotherapeutic agents that indirectly elicit
antitumor immune responses. These agents include those that
induce ICD of tumor cells, thereby activating DCs and subse-
quently indirectly triggering antitumor immunity. This
approach harnesses the potential of engineered bacteria to
enhance chemotherapeutic delivery and efficacy, while the
ICD mechanism facilitates the activation of the immune sys-
tem, leading to a synergistic enhancement of antitumor immu-
nity and therapeutic outcomes. For example, Zhang et al. co-
loaded an intelligent autophagy inhibitor hydroxychloroquine
(HCQ) and chemotherapeutic drug doxorubicin (DOX) into
“bulldozer” (HD@HH/EcN) driven by anoxic bacteria for
PDAC chemo-immunotherapy.'®*® The probiotic E. coli Nissle
1917 carries hyaluronidase-hybridized albumin nanoparticles
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(HD@HH) to the PDAC tumor tissue, where the high GSH levels
induce precise release of HCQ and DOX, enhancing DOX-
induced ICD and improving the immunosuppressive tumor
microenvironment by increasing MHC-I expression and CD8"
T cell recruitment. Du et al proposed the ultrasound-
responsive SonoBacteriaBot (DOX-PFP-PLGA@EcM), which
encapsulates DOX and perfluoro-n-pentane (PFP) in PLGA
nanodroplets, amide-bonded to the surface of E. coli
MG1655.">” This system demonstrated high tumor-targeting
efficiency, controlled drug release, increased tumor ICD, and
enhanced ultrasound imaging, showing significant potential
for real-time monitoring and chemotherapeutic agents’ delivery
in clinical settings. Similarly, Liu et al. used a “biotin-strepta-
vidin strategy” to combine live BCG with drug nanoparticles
(PLGA-DOX) for improved bladder cancer treatment.'”® This
system precisely targets tumor cells, enhances drug transport,
and inhibits cancer progression through the synergistic effects
of BCG-immunotherapy, DOX-chemotherapy, and DOX-
induced ICD, showing potential for clinical translation with
improved tolerance and antitumor immunity.

4. Challenges and perspectives

Immunotherapy has significantly improved cancer survival
rates by reactivating the immune system to eliminate tumors.
Bacteria and their derivative-based hybrid nanocarriers have
shown promise due to their ability to target tumors specifically
and modulate the immune system. However, despite the
potential advantages of this third-generation bacterial oncology
approach, there are still challenges that need to be addressed.
In this section, we will discuss the strengths and limitations of
utilizing bacteria and their derivative-based hybrid nanocar-
riers for cancer immunotherapy, as well as explore future
prospects in this field.

4.1 Advantages

4.1.1 Tumor targeting. Among the current array of anti-
tumor drugs, on the one hand, small molecules often exhibit
potent cytotoxicity but are often plagued by low selectivity,
leading to indiscriminate cell killing and potential severe
adverse effects. On the other hand, monoclonal antibodies,
while offering improved cancer cell selectivity, face significant
challenges in tumor penetration due to physical and biological
barriers, thereby limiting their overall bioavailability."*® More-
over, off-target effects are inevitable, as antibodies may also
recognize targets expressed on normal cells.'®® Oncolytic vir-
otherapy (OVT), where wild-type (WT) or engineered viruses
selectively replicate to target and eliminate tumor cells while
preserving normal ones, holds promise. However, the limited
distribution of oncolytic viruses within tumors, largely due to
neutralization in the bloodstream, hinders their efficiency."®!
Although most nanoparticles can passively accumulate at
tumor sites via transcytosis'®” or the enhanced permeability
and retention (EPR) effect,"®* there is still not enough accumu-
lation of them in tumor sites due to the existence of multiple
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biological barriers, such as the reticuloendothelial system and
mononuclear phagocyte system.

Engineered bacteria, benefiting from their inherent anaero-
bic and facultative anaerobic characteristics, can efficiently
infiltrate the TME with minimal impact on healthy tissues.
For instance, Hua et al. developed an engineered Salmonella
strain that exhibits a 1000-fold increase in tumor targeting
compared to the WT strain, with minimal distribution observed
in the liver and kidneys.>' Moreover, under UV stimulation,
bacteria within the cells are enclosed within apoptotic bodies
released by tumor cells. Utilizing the homing ability of apopto-
tic bodies, a tenfold increase in the accumulation of bacteria
within tumor cells has been achieved.'®® By leveraging the
tumor-targeting and infiltrating capabilities of engineered bac-
teria, more efficient and specific delivery of therapeutic agents
can be achieved, potentially enhancing the efficacy and safety of
cancer treatment.

4.1.2 Immune activation and immune memory. The tumor
immunosuppressive microenvironment poses a significant
challenge to the efficacy of immunotherapy. For instance, only
about 30% of patients benefit from immune checkpoint ther-
apy, mainly those with “hot tumors” with abundant tumor-
infiltrating lymphocytes (TILs).”> Immune checkpoint inhibi-
tors work by blocking the interaction between immune check-
point molecules on T-cells and their ligands on tumor cells,
which is effective in hot tumors with high T-cell infiltration and
immune checkpoint molecule expression. In contrast, ‘“cold
tumors” have low levels of T-cell infiltration and immune
checkpoint molecule expression, leading to T-cell exhaustion
and poor response to immune checkpoint inhibitors in a large
percentage of patients.’®® Owing to bacterial LPS and flagella,
engineered bacteria have emerged as a promising approach to
activate antitumor immunity and convert cold tumors into hot
ones. Upon interaction with LPS, the MyD88-dependent signal-
ing pathway was activated, leading to the induction of the NF-
kB p65 transcription response and the secretion of proinflam-
matory cytokines in macrophages, DCs, and certain epithelial
cells.'*?

In addition, nanomaterial-modified bacteria can enhance
the immunostimulatory effects of bacteria by delivering addi-
tional immunomodulatory agents or by protecting the bacteria
from the harsh tumor microenvironment. For example,
nanoparticle-coated bacteria can deliver immune checkpoint
inhibitors or other immunostimulatory molecules directly to
the tumor site, thereby enhancing the activation of antitumor
immunity.35’65‘117’166

Furthermore, in conventional cancer therapy, metastasis is
the predominant cause of cancer-related morbidity and mor-
tality, responsible for up to 90% of cancer-associated deaths,"®”
while poor prognosis and tumor recurrence significantly con-
tribute to diminishing cure rates.'®® Therefore, it is crucial to
consider the optimal prognostic outcomes of effectively inhibit-
ing tumor metastasis and recurrence when evaluating the
value of a therapy. Conventional therapeutics’ reliance on
cytotoxic effects often leads to incomplete tumor eradication,
posing a hidden risk for recurrence and metastasis,'®® whereas
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biomaterial-derived drug carriers have been reported to educate
the immune system, establishing long-lasting immune memory
through fusion with tumor antigens or adjuvant molecules,
especially nanoparticle-assisted engineered bacteria playing
crucial roles in supporting memory cell function.'?®'7°7172
Additionally, nanomaterials can improve the stability and
persistence of bacteria within the tumor, allowing for pro-
longed immune stimulation and more effective tumor
eradication.

4.1.3 Large-scale production feasibility. Unlike many tradi-
tional drugs that have achieved industrial-scale production,
most existing immunotherapies are custom-tailored to a
patient’s specific physiological and pathological conditions.
This customization often involves a complex preparation pro-
cess, and occasional challenges may arise due to the unique
physiological characteristics of each patient.'”® CAR-T therapy,
for instance, requires the extraction of a patient’s white blood
cells through leukapheresis for subsequent reprogramming.
However, tumor patients are often treated with chemotherapy
or RT initially, which can temporarily inhibit tumor growth and
lead to lymphopenia. This condition can pose challenges in
collecting enough lymphocytes and harvesting T-cells with
preserved functions after in vitro expansion.'’* In contrast to
CAR-T therapy, the manufacturing of engineered bacterial
therapeutics focused efforts on process development, scale-
up, and defining critical quality attributes, particularly due to
the unique characteristics of live bacteria. Developing robust
fermentation and downstream processes, along with imple-
menting predictive assays for strain activity, is essential to
ensure therapeutic potency and balance biomass production
with engineered circuit expression. In recent years, automated
parallel bioreactor systems have expedited fermentation pro-
cess development by amalgamating smaller volumes with
higher throughput. This approach has facilitated larger scale
production of engineered bacteria compared to traditional
benchtop bioreactors, making a significant advancement in the
field."”

Furthermore, the cost of CAR-T therapy is much higher than
that of bacterial therapy due to the complex preparation
process and strict transportation and preservation conditions,
rendering it unaffordable for most patients. The CAR-T therapy
currently costs $373 000 per patient, significantly higher than
conventional chemotherapy agents. It is important to note that
additional costs like hospitalization and supplemental drugs,
not included in this figure, may add another $150000 to
$200000 to the overall expense.'”® For bacterial tumor treat-
ment, in situ synthesis and delivery of anti-tumor agents via
bacteria offer advantages over engineered immune cells. Bac-
teria can produce different drugs for synergistic treatment,
minimizing the need for multiple dosing and eliminating the
necessity for drug purification and storage, thereby signifi-
cantly reducing treatment costs.'””"'78

4.2 Shortcomings

4.2.1 Safety. One significant distinction between bacterial
hybrid systems and other drug vectors is their living nature.
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This inherent property allows for large-scale expansion, but it
also raises safety concerns due to the potential for excessive
proliferation. Given that the immunoactive materials are not
only beneficial for antitumor responses but are also prone to
inducing immune hyperactivation-related side effects, includ-
ing but not limited to CRS,"”® untargeted immune killing,"®°
and pathogen-associated inflammation,'®" their use may
exacerbate the challenges faced by tumor patients already
battling autoimmune diseases and poor health. Crucially, due
to their biocompatibility, the majority of these bioactive car-
riers are likely to evade body clearance easily, posing the risk of
unwanted proliferation, mutation, and long-term toxicity."®?
The intricate compositions of nanomaterial-assisted engi-
neered bacteria represent a secondary trigger for potential side
effects. While the bioactive vectors show improved tumor
selectivity, sporadic off-target distribution can still occur due
to the nonspecific nature of the tumor target. To address this,
surface engineering of bacteria has emerged as a promising
solution by significantly decreasing the infection potential and
non-specific colonization of bacteria at normal organs, thereby
achieving high in vivo biosafety.'®7'8°

4.2.2 Efficacy. The fundamental features of NPs, encom-
passing their shape, size, and charge, together with their
interaction with bacteria, exert a substantial impact on hybrid
bacterial systems. In general, bacteria modified with nonsphe-
rical nanomaterials exhibit a superior ability to evade the
immune system compared to those modified with spherical
nanomaterials, thereby circumventing the rapid clearance by
macrophages.'®® Moreover, the size and quantity of NPs trans-
ported by bacteria also influence the targeted migration, meta-
bolism, and proliferation of bacteria. Therefore, various factors
should be taken into account to enhance the efficacy of hybrid
bacterial systems. Additionally, certain therapeutic approaches
such as PDT and RT necessitate external physical stimuli.
Exposing bacteria to exogenous physical stimuli, such as laser,
ultrasound, or radiation, may diminish their intrinsic thera-
peutic efficacy and hinder their typical division and
proliferation.

4.2.3 Stability of manufacturing. For a therapeutic formu-
lation, ensuring stability and quality is essential for its wide-
spread clinical application. As most of these bioactive vectors
like bacterial hybrid systems consist of various biological
components and are still in the early stages of research and
application, there are currently no reliable or standardized
guidelines to ensure their consistency and repeatability in
large-scale manufacturing.'® The lack of quality assurance
complicates the determination of drug dosages. This is one of
the reasons why only a few cell therapies have been approved
for clinical use to date. The majority of clinical oncology
treatments still rely on traditional genotoxic therapies like
chemotherapy and RT, as their dosages and procedures are at
least guided by reliable standards.

Even in laboratory research, stability and quality concerns
such as inconsistent drug loading, therapeutic concentration,
and antitumor efficacy are the common challenges faced by
scientists. In cancer therapies, most of the bacterial vectors are
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considered drug carriers for delivering small molecules or
nanomaterials through surface modification, gene technology,
membrane coating, etc. Regardless of the method used for drug
loading, there is no assurance that the loading efficiency of the
resulting product is consistent across each preparation. This
results in medication being cumbersome and unpredictable.
However, the excessive injection of empty bacterial vectors,
lacking successful drug loading, may result in side effects,
while isolating and purifying vectors with successful drug
loading remains challenging. Furthermore, the proliferative capa-
city of live bacteria enables large-scale expansion but also intro-
duces uncertainty regarding product quality, as the density of
mechanically combined therapeutics may decrease with bacteria
division."®® Hence, after achieving consistent production, overcom-
ing the challenge of maintaining an effective concentration of
drugs both in vitro and in vivo is a hurdle that requires research
breakthroughs in the future. Finally, apart from the loaded cargos,
the nanomaterial-assisted engineered bacteria also play a role in
the tumoricidal capacity of these antitumor therapies. However,
tumors have a tendency to develop mechanisms to block the
biological activity of these live carriers. The vectors differ in their
capacity to penetrate tumors, with physical barriers primarily
formed by the dense extracellular matrix in certain solid tumors
potentially hindering the penetration of carriers with limited
infiltration ability."®®

5. Conclusion

In conclusion, we have provided an overview of recent advance-
ments in nanomaterial combined engineered bacteria for
intelligent cancer immunotherapy. The hybrid system’s super-
ior immunogenicity, tumor-targeting capabilities, and spatio-
temporal control offer promising strategies for future cancer
treatments. However, it is crucial to address challenges such as
immune overactivation, cytotoxicity, production stability, and
cost-effectiveness of them. By combining with other therapies
such as PTT, PDT, chemotherapy, and RT, these nanomaterial
combined engineered bacterial systems have the potential to
counteract the immunosuppressive TME and play a pivotal and
indispensable role in cancer immunotherapy in the future.
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