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A living therapeutic system based on attenuated Salmonella was
developed via metabolic engineering using an aggregation-induced
emission (AIE) photosensitizer MA. The engineered bacteria could
localize in the tumor tissues and continue to colonize and express
exogenous genes. Under light irradiation, the encoded VEGFR2
gene was released and expressed in tumor tissues, which can
suppress angiogenesis induced by a T cell-mediated autoimmune
response and inhibit tumor growth.

Introduction

Engineered living therapeutic systems are renowned as the next
generation of therapeutics for a broad range of indications
from treating and preventing infections to suppressing tumors
and curing metabolic disorders." Compared with traditional
systemic treatment such as gene delivery systems mediated by
viral and non-viral vectors, living therapeutics serve as factories
that autonomously self-replicate, generate and pump out
therapeutics inside the body.” The use of live bacteria as living
therapeutics for cancer regression has been recognized and
practiced, in which programmable attenuated bacterial strains
express extraneous genes or generate products in vitro and
in vivo like enzymes, proteins, and immunotoxins.®* Although
bacteria have been used as therapeutic agents for many years,
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New concepts

Living bacteria therapeutic systems are living factories that autonomously
self-replicate, generate and pump out therapeutics inside the body. The
main limitation of living bacteria therapy is the inefficient release of
therapeutics from bacteria, especially for bactofection delivery of
therapeutic genes, which mostly depends on spontaneous lysis or
exogenous molecules, making it difficult to realize on-demand control
of the process. Herein, a living therapeutic system was developed based
on attenuated Salmonella via metabolic engineering using an
aggregation-induced emission (AIE) photosensitizer MA to realize light-
controlled gene release for breast cancer therapy. The labeling of MA does
not inhibit Salmonella reproduction so that the administered MA-
engineered Salmonella carrying vascular endothelial growth factor
receptor 2 (VEGFR2) plasmids can be localized in the tumor tissues and
continue to colonize and express exogenous genes. Following an
appropriate treatment schedule, the constructed plasmid could
undergo controlled-release into the cytoplasm of the host cells under
light irradiation. The designed expression of VEGFR2 proteins could then
block the immunological tolerance to VEGFR2 and induce a T cell-
mediated autoimmune antiangiogenic response. Through a series of
in vitro and in vivo experiments, prominent tumor suppression
performance was validated with the engineered living therapeutic
system, demonstrating its great potential in precise tumor treatment.

pathogenic effects and ineffective therapeutic drug release from
intracellular bacteria are issues that remain to be addressed.
Taking an intracellular live bacterium, attenuated Salmonella,
as an example, it has many desirable properties, such as specific
tumor targeting, and being able to proliferate inside tumor
tissues and induce tumor regression.>® Genetically engineered
Salmonella is able to deliver therapeutic proteins or produce
therapeutic cytokines, tumor-specific antigens, and antibodies
or transfer genes in eukaryotic vectors for bactofection.” The
main shortcoming of the Salmonella strategy is the ineffective
therapeutic drug release from the intracellular bacteria, especially
for bactofection delivery of therapeutics genes. Bactofection is a
method of using bacteria as a vector to deliver genes directly into
the target cells in vivo.'>'> After the bacteria enter the target cells,
the plasmid encoding the therapeutic gene is released and finally
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transferred into the cell nucleus, where the therapeutic gene is
expressed by the host cell’s expression system. Currently, gene
release from intracellular bacteria is mostly dependent on spon-
taneous bacterial lysis or exogenous molecules to trigger drug
release by membrane degradation, which may cause undesirable
side effects on the body and cannot be controlled on demand."***
Programed lysis of bacteria based on lysis genes is a promising
solution, but it requires more complex genetic engineering of
Salmonella, which adds time and cost for the process.' Therefore,
a simple and biocompatible system with controlled gene release is
vital for living bactofection therapeutics.

Vascular endothelial growth factor receptor 2 (VEGFR2) is
overexpressed in activated endothelial cells during angiogenesis
in the tumor vasculature, which plays an important role in
tumor growth, invasion and metastasis.'”> Therefore, it can be
applied as a potential therapeutic target for anti-angiogenesis
and tumor growth suppression.'®™ In the present study, we
construct a living therapeutic system based on attenuated
Salmonella (strain VNP20009) with light controlled VEGFR2 gene
release ability, which can suppress angiogenesis induced by a
T cell-mediated autoimmune response against self-antigens
expressed by proliferating endothelial cells. As shown in
Scheme 1, VEGFR2 plasmid transduced live Salmonella can be
engineered by a metabolic labeling strategy with MeTTPy-D-Ala
(MA). MA exhibits low emission in aqueous media due to the
hydrophilicity of pyridinium and D-Ala. The far-red/near-
infrared (FR/NIR) fluorescence would turn on once the MA
molecules were attached to bacterial peptidoglycan through
metabolic labeling.>*** The metabolically incorporated MA can
also serve as a photosensitizer to generate ROS under light
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Scheme 1 Schematic illustration of (A) the synthetic route to target

compound MA and (B) Salmonella encoding the VEGFR2 plasmid engi-
neered with MA and its anti-angiogenesis therapy of breast cancer in vivo.
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irradiation. VNP20009 is a bacterial strain genetically modified
by depleting the purl genes, creating an auxotrophic mutant for
adenine that bacteria can obtain from necrotic areas inside
tumors, making bacteria replication more tumor-specific.>*>*
As tumor-targeting bacteria, the intravenously administered
MA-engineered Salmonella carrying VEGFR2 therapeutic plasmids
can be localized in the tumor tissues and continue to colonize and
express exogenous genes. Applying light irradiation would
destruct the bacteria cell membrane by generating singlet oxygen
('0,) from MA to facilitate on-demand plasmid release into the
host cell cytoplasm. The released plasmid could express the
VEGFR?2 protein inside the host cells, which is considered as a
foreign antigen to break immunological tolerance to VEGFR2 and
induce a T cell-mediated autoimmune antiangiogenic response

leading to the suppression of tumor growth.>*2°

Results and discussion

The synthetic route to MA is shown in Scheme 1A. Briefly, 4,4'-
dimethyltriphenylamine was brominated with N-bromosuccinimide
(NBS) and further reacted with 5-formyl-2-thienylboronic acid
via a Suzuki reaction to give compound 2 in 71% yield.
A Knoevenagel condensation reaction between compounds 2
and 3 yielded the intermediate compound 4, which was further
reacted with D-Ala via a copper(i)-catalyzed azide-alkyne
cycloaddition reaction to give MA in 32% yield. The chemical
structures of MA and the intermediates were well characterized
by NMR and mass spectroscopy (Fig. S1-S6, ESIt) and the purity
was verified by reverse-phase HPLC (Fig. S7, ESIY).

MA has a donor-n-acceptor (D-n-A) structure comprised of
methyl substituted triphenylamine (as the D), thiophene (as the
D and = bridge), a carbon-carbon double bond (as the © bridge)
and pyridinium (as the A), which shows an absorption peak at
480 nm and maximum emission located at 710 nm in DMSO/
water (v/v = 1/99) solution (Fig. 1A). As shown in Fig. 1B, MA has
low fluorescence when the fraction of poor solvent toluene is
between 0 and 70% but becomes highly emissive when
90% (v/v) of toluene is added, which displays a typical AIE
property. MA also shows photosensitizing capability to generate
singlet oxygen ('0,).>” The ROS generation capacity of MA was
evaluated using 9,10-anthracenediyl-bis(methylene)dimalonic
acid (ABDA) as the indicator, which was further compared with
commercial photosensitizer Rose Bengal. As shown in Fig. 1C
and Fig. S8 (ESIT), the degradation rate of ABDA was about
15 nmol min~" by MA and 10 nmol min~" by Rose Bengal
under the same light illumination (30 mW cm™?), revealing
highly effective 'O, production capability of MA.

We next investigated whether MA could be used to label
bacteria through a metabolic pathway. After incubating
Salmonella cells with MA (20 uM) for 30 min, almost all the
bacteria were effectively labeled by MA without any washing
procedure needed (Fig. 1D). The covalent ligation of MA in
peptidoglycan was further validated by MALDI-TOF mass
analysis of MA-treated Salmonella cell lysate (Fig. S9, ESIT).
MA was anticipated to be included in the peptidoglycan
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Fig. 1 (A) Normalized absorption and fluorescence (FL) spectra of MA in DMSO and water (v/v = 1/99) solution. (B) FL spectra of MA (10 pM) in DMSO/

toluene mixtures with different toluene fractions (v:v); Aex: 488 nm. (C) Decomposition rates of ABDA induced by ROS generated from MA (10 pM) under
white light irradiation (30 mW cm™2) in DMSO/water (v/v = 1/99) solution. [ABDA] = 5 x 10~° M, time interval for recording the UV-vis spectra: 30 s.
(D) Confocal microscopy images of metabolically labelled Salmonella (20 uM MA for 30 min). (E) Field emission scanning electron microscopy images of
Salmonella labelled with various concentrations of MA. The control group is the untreated Salmonella. (F) The bacterial growth of MA labelled Salmonella

in fresh LB solution. (G) Confocal microscopy images of MA labelled Salmonella at different cell generation cycles in fresh LB solution.

biosynthesis process, during which MA would be inserted into
bacterial peptidoglycan to emit strong fluorescence as a result
of the restricted intramolecular motions."’ Interestingly, when
compound 4 without the D-Ala segment was used as a control
to label Salmonella, no light-up fluorescence was observed
(Fig. S10, ESI{). MA release assay from MA®@SV conducted in
PBS at 37 °C also showed the excellent stability of MA@SV
(Fig. S11, ESIY). These indicated that the red signal was produced
from metabolically labeled bacteria but not by nonspecific
interactions. When Salmonella was incubated with various
concentrations of MA for 30 minutes, the confocal images
(Fig. S12, ESIt) and flow cytometric analysis (Fig. S13, ESIt) results
were observed to be dose dependent. As the Salmonella upon
incubation with 20 pM of MA showed the highest brightness,
20 uM was selected as the optimal concentration to label
Salmonella in the following experiments. Meanwhile, MA labeling
of Salmonella was noticed to be time-dependent and most
bacteria were stained effectively in 30 min (Fig. S14, ESIY).

To evaluate whether the metabolic labeling method would
affect the functions of Salmonella, scanning electron microscopy
(SEM) was used to observe the bacteria morphology after MA
labeling. Salmonella displayed a typical rod form with a smooth
membrane exterior when labeled with 5-20 uM MA, and no

1456 | Mater. Horiz., 2021, 8, 1454-1460

significant morphological changes were found in the SEM
images compared with the control Salmonella (Fig. 1E).
No nanoaggregates were found to adhere on the surface of
MA:-labeled Salmonella (Salmonella VEGFR2@MA, or, for short,
SV@MA), indicating that MA dissolved well and existed as a
monodisperse molecule at 5-20 pM in aqueous media.

As a living therapeutic system, the ability of the engineered
Salmonella to autonomously self-replicate and produce the
therapeutic inside the body is critical for disease treatment.
Therefore, the effect of the MA labeling method on bacterial
growth was studied with various concentrations of MA. As
shown in Fig. 1F, the growth curve of Salmonella clearly
described the lag, log and stationary phase at a concentration
of 20 pM, demonstrating that MA exerted no significant
inhibitory effects on the growth of Salmonella. After SV@MA
growing in fresh LB solution for 5 generations, bright red
fluorescence could still be observed on the cell membrane of
each bacterium (Fig. 1G), indicating that MA metabolic labeling
is a biocompatible and lasting engineering method for
construction of a living therapeutic system.

The inefficient release of therapeutic genes from bacteria
into the host cells is an obstacle faced in bactofection due to
the weak membrane crossing of genes in the majority of cases.

This journal is © The Royal Society of Chemistry 2021
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Recent papers revealed that the bacterial membrane can be
damaged by ROS generated from membrane-bound
photosensitizers.>*3® We next studied whether the MA
engineering method could facilitate therapeutic gene release.
Firstly, live/dead co-staining assays were performed. When
labeled with 5-20 uM MA, most Salmonella remained alive in
the dark (Fig. 2A), indicating good biocompatibility of the
staining method. Under light irradiation (30 mW cm™?) for
10 min, substantial cell death was caused by the generated ROS
from MA (Fig. 2A), which resulted in a high level of bacterial
membrane weakening with 20 uM SV@MA (Fig. 2B). The live
and dead assay results demonstrated that the ROS generation
of intracellular SV@MA would not contribute to cytotoxic
effects on the host cells (Fig. S15, ESIt). Since extensive
bacterial membrane damage was verified, the supernatant
absorbance at 260 nm was detected to allow quantification of
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Fig. 2 (A) Live and dead assays of Salmonella stained with different
concentrations of MA with or without white light irradiation (30 mW cm™2,
10 min). (B) Field emission scanning electron microscopy images of
SV@MA (20 pM) with or without light irradiation (30 mW c¢cm™2, 10 min).
(C) DNA release studies of Salmonella stained with different concentra-
tions of MA with light irradiation (30 mW cm™2, 10 min). (D) Confocal
fluorescence images of 4T1 cells incubated with SV@MA for 4 h. (E) TEM
images showing the intracellular position of SV@MA in the ultrathin cell
slices of 4T1 cells. (F) Western blot analysis of VEGFR2 expression in 4T1
cells after different transfection treatment. Light irradiation: 30 mW cm™2,
10 min. (G) Quantitative analysis of VEGFR2 protein expression in 4T1 cells
after different treatment.
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the released DNA.*" Concentration-dependent release profiles
were observed in DNA release (Fig. 2C), where the amount of
DNA released in 20 pM labeled SV@MA was 1.5-fold higher
than that of 5 uM labeled SV@MA and 9-fold higher than that
of the control Salmonella, showing an effective light-controlled
gene release capability. The cellular uptake of SV@MA by 4T1
cells (murine breast cancer cell line) was analyzed with fluorescence
microscopy. Red signals were observed in the cytoplasm of 4T1
cells in the confocal images (Fig. 2D) and the transmission
electron microscope (TEM) images of ultrathin cell slices
showed that SV@MA was able to invade eukaryotic cells
(Fig. 2E). Next, protein expression of VEGFR2 was confirmed
by western blotting of transfected 4T1 cells (Fig. 2F). The
SV@MA treated cells with light irradiation showed 4-fold
higher VEGFR2 expression compared with the other groups
(Fig. 2G). These results collectively demonstrate that SV@MA is
able to enter the target cells and realize light-controlled plasmid
DNA release and protein expression inside the target cells.

Encouraged by the effective proliferation and light-
controlled gene release capability of the living SV@MA
therapeutic system in vitro, we then investigated whether the
labeled Salmonella could be used as a bactofection vehicle
in vivo. BALB/c mice were subcutaneously inoculated with 4T1
cells at the right abdomen, where tumors were allowed to grow
to a volume of approximately 100 mm?. Fig. 3A shows the
detailed treatment schedule. The tumor targeting efficacy of
SV@MA was evaluated by monitoring the fluorescence signal of
MA using an IVIS spectrum imaging system. As shown in
Fig. 3B, MA showed unsatisfactory tumor targeting capacity,
and was mainly distributed in the liver and kidneys. A notable
fluorescence signal was observed in the tumor area 4 h post-
injection of SV@MA (Fig. 3C and Fig. S16, ESIT), demonstrating
the intrinsic tumor-targeting capability of MA-labeled Salmonelia.
Next, the amount of Salmonella in tumors was respectively
counted at days 1, 3, 7 and 22 after intravenous injection of
SV@MA. At day 3 before the 1st light irradiation, the bacterial
concentration in tumor tissue was increased 2.6-fold compared to
that on day 1 (Fig. 3D),**”® indicating that the bacteria retain their
proliferation characteristics in the target tissue. After the 2nd light
irradiation treatment, the bacterial concentration in tumors at day
7 was reduced dramatically as compared with that of day 3 and
subsequently became undetectable at day 22 (Fig. 3E). This was
due to the bacterial death caused by the light-generated ROS
followed by body clearance. However, the bacteria in tumors of
the SV@MA(—L) and SV(+L) treated mice multiplied to signifi-
cantly higher bacterial contents at day 7 (Fig. S17, ESIt). The above
results indicate that SV@MA could preferentially accumulate and
proliferate to a high level in tumor tissues, and the bacterial
growth could be inhibited in a light-controlled manner.

Under light irradiation, the ROS generated from SV@MA
was expected to destroy the bacterial membrane, and cause the
release of therapeutic plasmids into the host cells.** Western
blotting was used to analyse the protein expression of the
released plasmid inside the host cells (Fig. 3F). There was an
increase in VEGFR2 expression in SV@MA(+L) treated tumors,
which was 5.0-fold and 1.6-fold higher than the PBS and
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Fig. 3 (A) Schematic illustration of the treatment schedule for anti-angiogenesis tumor therapy mediated by SV@MA in a 4T1 tumor model.
(B) Fluorescence imaging of the SV@MA and MA distributions in 4T1 tumor-bearing BALB/c mice in vivo. Fluorescence images were taken 4 h after
the mice were injected with SV@MA or MA. (C) Average fluorescence intensities in main organs and tumor tissues 4 h after intravenous injection of
SV@MA or MA (n = 3). (D) Selective Salmonella growth and (E) Salmonella counts in tumor tissues. Tumor tissue homogenates of SV@MA(+L) at different
days were cultured on solid LB agar at 37 °C for 24 h. 1 d and 3 d represent the 1st and 3rd day after injecting SV@MA. 7 d and 22 d represent the 1st and
14th day after the second light irradiation. (F) Western blot analysis and (G) quantification of VEGFR2 protein expression in tumor tissue after treatment
with different formulations (n = 5). (H) Quantitative flow cytometry analysis of CD4* and CD8" T cells in 4T1 tumor model BALB/c mice immunized with
different formulations. The cells were isolated from the blood and stained with FITC-CD4 and PE-CD8 antibodies. (I) Quantification and (J)
immunohistochemical analysis of CD31 in the tumor slices of the 4T1 tumor model at day 22 after treating with different formulations.

SV@MA(-L) treated group (Fig. 3G), respectively, indicating the
high-efficiency of controlled gene release and expression under
light irradiation.

Normally, the tumor vascular epithelial cells are immune
tolerant to T cell killing due to the down-regulation of major
histocompatibility (MHC) antigens required for T cell-mediated
antitumor responses in tumors.***® Several preclinical studies
have shown that xenogenic VEGFR2 as a foreign antigen can
break the immunological tolerance against VEGFR2 and evoke
an antiangiogenic response by inducing a T cell-mediated
immune response against VEGFR2 overexpressed endothelial
cells in the tumor vasculature.”*>*?*” Here, we explored the
potential of expressed VEGFR2 proteins as a foreign antigen to
stimulate T cell responses including polyfunctional cytokine-
secreting CD4" and CD8" T cells. As shown in Fig. 3H,
significant infiltration of CD8" T cells (34.6%) was found inside
the serum of SV@MA(+L) treated mice, much higher than the
control mice treated with PBS (6.75%). In the case of CD4"
T cells, the population of CD4" T cells in the serum of mice
treated with PBS was only 18.6%, while 51.8% CD4" T cells were
observed when the mice were administered with SV@MA(+L)
(Fig. S18, ESIT). The above results showed that SV@MA with

1458 | Mater. Horiz., 2021, 8, 1454-1460

light irradiation can break the immunological tolerance against
VEGFR2 and activate the CD4" and CD8" T cells, which can
induce a T cellmediated autoimmune response against
VEGFR2 overexpressed in proliferating endothelial cells. The
impact of the activated CD4" and CD8" T cells on the suppression
of angiogenesis through T cell-mediated killing of endothelial
cells was further studied. Immunohistochemical staining with an
antibody reactive to CD31 was used to identify the microvessels in
4T1 tumors. The number of microvessels in the SV@MA (+L)
group was observed to be significantly less than the SV@MA (—L)
and SV (+L) groups (Fig. 3I and J), indicating the important role of
the light-controlled gene release ability in anti-angiogenesis. All
the above results showed that SV@MA could simultaneously
remain and proliferate in the tumor tissue and suppress
angiogenesis effectively by a T cell-mediated autoimmune
response under light irradiation.

The in vivo tumor inhibition effect of SV@MA was assessed
in a 4T1 tumor-bearing BALB/c mouse model by monitoring the
tumor volumes. As expected, SV@MA(+L) showed excellent
efficiency for tumor inhibition as indicated by the best tumor
suppression outcome based on the tumor size (Fig. 4A) from
mice on day 22. The tumor growth trends of the SV(—L),

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 (A) Tumor growth curve of BALB/c mice with 4T1 xenografts after treatment with different formulations (n = 5). Quantification analyses of
(B) TUNEL and (C) Ki-67 of tumor tissues from BALB/c mice after different treatments. (D) HE, TUNEL and Ki-67 analyses of tumor tissues of BALB/c mice
bearing 4T1 tumors after different treatments. (E) HE analyses of liver and spleen tissues of BALB/c mice bearing 4T1 tumors after different treatments.
(F) Liver and renal function results of mice administered with PBS (gray) or SV@MA (red) (n = 3).

SE@MA(—L), SV@MA(—L) and SV(+L) groups were similar to
that of the PBS control, suggesting a poor anti-tumor effect
during the treatment. Furthermore, the immumohistochemical
staining results, such as terminal deoxynucleotidyl transferase
dUTP nick end labeling (TUNEL) (Fig. 4B and D), Ki67 assay
staining (Fig. 4C and D) and hematoxylin-eosin (H&E) (Fig. 4D),
of tumor tissues from mice after the specified treatment further
confirmed the prominent anti-tumor performance of SV@MA(+L),
in which significant cell apoptosis and proliferation inhibition
were found as compared with the other treatment groups.

As a bacteria-based therapeutic system, biosafety-related
concerns may be raised due to the administered Salmonella.
Therefore, a series of biosafety tests were conducted. Fig. S19
(ESIT) shows that Salmonella in the blood can be effectively
cleared within one week. Meanwhile, at day 1, there were
bacteria distributed in the liver and spleen via blood circulation,
but the bacterial concentrations in the liver and spleen were
found to be continuously decreasing until undetectable at day 7,
showing good biosafety of such an approach. Notably, no
obvious body weight loss was observed in all the treatment

This journal is © The Royal Society of Chemistry 2021

groups throughout the observation period (Fig. S20, ESIt),
indicating low systemic toxicity of SV@MA treatment. This was
further confirmed by the negligible toxicity found in H&E staining
of major organs (the heart, liver, spleen, lungs, and kidneys)
(Fig. 4E and Fig. S21, ESIT) and the negligible changes observed
in blood biochemistry analysis including liver functions and renal
functions (Fig. 4F and Fig. S22, ESIt) of mice on the 22nd day. All
the biosafety results demonstrate that the bacteria-based therapy
is well-tolerated by animals with excellent biocompatibility as a
living bacteria therapeutic system.

Conclusion

In conclusion, we developed a living therapeutic system based
on attenuated Salmonella via a metabolic engineering method
using an AIE photosensitizer to realize light-controlled gene
release for breast cancer therapy. The MA labeling method had
no inhibitory effects on Salmonella reproduction, and thus the
administered MA-engineered Salmonella carrying VEGFR2

Mater. Horiz., 2021, 8,1454-1460 | 1459
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plasmids was able to be localized in the tumor tissues and
continue to colonize and express exogenous genes. Following
the treatment schedule, the constructed plasmids could be
released into the cytoplasm of the host cells under light
irradiation. The expression of the released plasmid was
then demonstrated to be capable of blocking immunological
tolerance to VEGFR2 and inducing a T cell-mediated auto-
immune antiangiogenic response. Through in vitro and in vivo
experiments, prominent tumor suppression performance was
validated with our designed living therapeutic system, which is
encouraging for broad therapeutic biomedical research fields,
especially for cancer treatment. It’s noteworthy that the excita-
tion wavelength of MA was in the visible region, which limited
its light penetration in in vivo applications. Future work will
focus on the improvement of the metabolic engineering
method using two-photon photosensitizers or NIR photo-
sensitizers to further extend the theranostic applications.
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