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KEY WORDS Abstract Chemotherapy is an important adjuvant treatment of glioma, while the efficacy is far from
satisfactory, due not only to the biological barriers of blood—-brain barrier (BBB) and blood-tumor bar-
rier (BTB) but also to the intrinsic resistance of glioma cells via multiple survival mechanisms such as up-
regulation of P-glycoprotein (P-gp). To address these limitations, we report a bacteria-based drug delivery
strategy for BBB/BTB transportation, glioma targeting, and chemo-sensitization. Bacteria selectively

Glioma;
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Outer membrane vesicles; colonized into hypoxic tumor region and modulated tumor microenvironment, including macrophages
Doxorubicin; repolarization and neutrophils infiltration. Specifically, tumor migration of neutrophils was employed
P-glycoprotein; as hitchhiking delivery of doxorubicin (DOX)-loaded bacterial outer membrane vesicles (OMVs/
Salmonella DOX). By virtue of the surface pathogen-associated molecular patterns derived from native bacteria,

OMVs/DOX could be selectively recognized by neutrophils, thus facilitating glioma targeted delivery

*Corresponding authors. Tel./fax: +86 0731 82650250 (Wenhu Zhou), +86 0731 88618701 (Pengfei Rong).
E-mail addresses: zhouwenhuyaoji@163.com (Wenhu Zhou), rongpengfei66 @ 163.com (Pengfei Rong).
TThese authors made equal contributions to this work.
Peer review under responsibility of Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical Sciences.

https://doi.org/10.1016/j.apsb.2022.09.016
2211-3835 © 2023 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical Sciences. Production and hosting
by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
mailto:zhouwenhuyaoji@163.com
mailto:rongpengfei66@163.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsb.2022.09.016&domain=pdf
https://doi.org/10.1016/j.apsb.2022.09.016
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.elsevier.com/locate/apsb
http://www.sciencedirect.com
https://doi.org/10.1016/j.apsb.2022.09.016
https://doi.org/10.1016/j.apsb.2022.09.016

820

Ze Mi et al.

of drug with significantly enhanced tumor accumulation by 18-fold as compared to the classical passive
targeting effect. Moreover, the P-gp expression on tumor cells was silenced by bacteria type III secretion
effector to sensitize the efficacy of DOX, resulting in complete tumor eradication with 100% survival of
all treated mice. In addition, the colonized bacteria were finally cleared by anti-bacterial activity of DOX
to minimize the potential infection risk, and cardiotoxicity of DOX was also avoided, achieving excellent
compatibility. This work provides an efficient trans-BBB/BTB drug delivery strategy via cell hitchhiking

for enhanced glioma therapy.

© 2023 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical
Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Glioma is the most common form of brain tumor, which is char-
acterized by poor prognosis, short lifetime, and high mortality'-*.
Chemotherapy is one of the main clinical methods to combat
glioma. However, the current treatment efficacy is severely limited
by both biological barriers of brain and multiple drug resistances
of glioma cells. For example, the blood—-brain barrier (BBB) and
blood—tumor barrier (BTB) restrict the entrance of the vast ma-
jority of drugs into tumor tissue’ . Even after being delivered
inside cells, the cunning tumor cells could still pump out the drugs
via up-regulation of P-glycoprotein (P-gp), leading to treatment
failure®. To this end, extensive efforts have been made to the
design of multi-functional nanomedicines with multiple surface
modification’ "', which could not only enhance the BBB/BTB
transportation and deep tumor penetration but also reverse drug
resistance'>'7. While diverse nanoparticles have been developed
with high drug loading, versatile surface modifications and smart
drug release, tumor targeting efficiency and therapeutic outcomes
still remain unsatisfactory for most of them'®'". One critical
reason is that, compared to other types of tumors, the enhanced
permeability and retention (EPR) effect in glioma is rather poor
for nanoparticles due to the compact anatomical structures of
brain tissue’”?'. Although several active targeting strategies have
also been attempted to simultaneously bypass BBB/BTB and
target tumor tissue for improved anti-glioma efficacy, the in vivo
performance is still suboptimal because of the negative effect of
protein corona®> >*. Therefore, next generation of drug delivery
systems is deemed necessary for targeted glioma therapy.
Besides nanoparticle optimization, great research interest has
been attracted on the employment of biochemotactic effect to
realize tumor-targeted delivery, which is considered to be much
more efficient”?°. For example, the early stage of tumor is
featured with an inflammatory microenvironment, which recruits a
large number of immune cells homing to tumor tissue through a
process known as chemotaxis®"">*. The migration of these immune
cells can be adapted as hitchhiking delivery strategy to facilitate
tumor-targeted delivery, among which neutrophils as the most
abundant subtype have been widely used by virtue of the capa-
bility to penetrate inflamed tissues” . However, with the pro-
gression of tumor, the established tumor microenvironment
instead is converted to immune-suppressive microenvironment,
which attenuates such biochemotactic effect®*>>. To reinforce this,
various attempts have made to enhance the inflammation in tumor
tissue by external photodynamic and photothermal therapies®® >°,
while the limited tissue penetration of the light strongly restricts
their clinical applications. Notably, the neutrophils have also been

exploited as vehicles to deliver anti-cancer drugs into glioma
attributable to intrinsic activity of neutrophils to cross BBB/BTB
and penetrate into glioma tissue*’. However, surgical intervention
was required to induce an inflammation reaction in the brain,
which cannot be generalized applied to all glioma patients.
Moreover, such a delivery system was prepared by assembling
nanoparticles into neutrophils ex vivo, which is rather difficult to
realize industrialization due to the complicated process of
neutrophil isolation, short lifetime of neutrophils (only a few
hours), premature intracellular degradation, as well as the risk of
in vitro contamination. Therefore, alternative methods that can
hitchhike neutrophils in sifu during blood circulation are needed
for real-world applications. Nevertheless, there is a still lack of
mild and generalizable method to trigger glioma inflammation for
neutrophil-mediated hitchhiking drug delivery.

Recently, we reported the used of anaerobic bacteria of Sal-
monella as a “Trojan horse” to enable tumor homing of nano-
particles by virtue of the selective colonization and growth of
Salmonella in hypoxic region of tumor®'. Owing to the faculta-
tive anaerobic nature, Salmonella could achieve more than 1000-
fold accumulation in tumor tissue than in normal organs®’, and
exert anti-tumor effect via various mechanisms for bacteria-
mediated tumor therapy, such as inducing tumor cell apoptosis
and autophagy, and regulating tumor immune micro-
environment™ . Interestingly, we found that, in addition to
damaging tumors, Salmonella could also trigger significant
infiltration of neutrophils into tumor®'. While the neutrophil
migration might compromise the therapeutic efficacy of the
bacteria by eliminating bacteria or restricting the bacteria within
the central necrotic areas of tumor’®*’, such unwanted effect
might also be transformed into an advantage of neutrophil-
mediated hitchhiking drug delivery.

Herein, we proposed a bacteria-based drug delivery strategy
via hitchhiking circulating neutrophils (Scheme 1). The bacteria
used in this work were engineered Salmonella typhimurium (S.t-
ApG™®®) we reported previously*®, which are defective in gua-
nosine 5'-diphosphate-3’-diphosphate synthesis (AppGpp S.
typhimurium) and express therapeutic gene of Vibrio vulnificus
flagellin B (FlaB). The excretion of FlaB not only re-educated
macrophage for M2-to-M1 repolarization, but also promoted the
recruitment of neutrophils™ ", To hitchhike the neutrophils
in vivo, the doxorubicin (DOX) was facilely loaded into outer
membrane vesicles of S.-ApG™®® (forming OMVs/DOX). This
design was inspired by the natural functions of neutrophils to
fight invading pathogens through selective recognition of
pathogen-associated molecular patterns (PAMPs)’'~>°. Because of
heritage of PAMPs from the native bacteria, OMVs/DOX were
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Schematic illustration showing the bacteria-based drug delivery system to enable tumor homing delivery and enhanced anti-glioma

therapy. The injection of bacteria could selectively colonize into hypoxic glioma tumor tissue to exert triple functionalities: repolarizing M2
macrophages into M1 phenotype, down-regulating P-gp protein on glioma cells, and most importantly, recruiting neutrophils. The DOX was
loaded into the bacterial outer membrane vesicles (OMVs), which can be captured and engulfed in vivo by neutrophils by recognizing the PAMPs
with toll-like receptor 4 (TLR4). Through hitchhiking neutrophils, the OMVs/DOX could effectively transport blood—brain barrier (BBB) and
accumulate into tumor. The enhanced chem/bacterial therapy achieved complete tumor eradication with high compatibility.

effectively recognized and phagocytized by neutrophils, thus
hitchhiking circulating neutrophils for subsequent BBB/BTB
penetration and tumor-targeted delivery’*>. Through the bio-
chemotaxis of bacteria, the tumor accumulation of drug was
markedly enhanced by 18-fold as compared to OMVs/DOX
delivered solely by passive targeting effect. Strikingly, S.r-ApG@2
could silence the expression of P-gp via type III secretion effector
of SipA to sensitize the anti-tumor effect of DOX, achieving
complete tumor eradication and 100% survival of all treated mice.
Moreover, the potential bacterial infection risk has been mini-
mized by antibacterial activity of DOX, and the cardiotoxicity of
DOX was also reduced due to targeted drug delivery. Taken
together, this bacteria-based cell hitchhiking strategy holds great
potential for targeted and enhanced glioma therapy.

2. Materials and methods
2.1. Materials

Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine
serum (FBS) and penicillin-streptomycin solution were purchased
from Gibco Life Technologies, Inc. (Grand Island, NY, USA).
Paraformaldehyde was purchased from Biosharp (Hefei, China).
4’ ,6-Diamidino-2-phenylindole (DAPI) and LB broth were pur-
chased from Solarbio Biotech Co., Ltd. (Beijing, China), and 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetra zolium bromide
(MTT) was from Sigma—Aldrich Co., Ltd. (St.Louis, MO, USA).
Doxorubicin hydrochloride was purchased from Luoen (China).
Fluorescence labelled antibodies against CD45, CD11b, F4/80,
CD206, Ly6G and CD86 were purchased from Abcam

(Cambridge, England). The murine monoclonal P-gp C219 and
TLR4 Polyclonal antibody were purchased from Abcam (Cam-
bridge, England). XenoLight D-Luciferin Potassium Salt were
purchased from PerkinElmer (Waltham Mass, USA).

2.2.  Tumor cell lines and bacteria

The C6 cell (rat glioma cells) line was cultured in DMEM con-
taining 10% FBS and 1% penicillin-streptomycin in a 37 °C
incubator with 5% CO,. The RAW 264.7 (mouse macrophage
cells) was cultured in 1640 containing 10% FBS and 1%
penicillin-streptomycin in a 37 °C incubator with 5% CO,. The
primers, plasmids, and bacterial strains used in this study (S.z-
ApG™/S.1-ApG™®®) were kindly provided by Shengnan Jian from
Chonnam National University of Korea. The bacteria were grown
in LB medium at 37 °C with shaking at 200 rpm.

2.3.  Animals

Healthy female nude mice (6—8 weeks) were purchased from the
Department of Laboratory Animals, Central South University
(Changsha, China) and were housed in environmentally controlled
conditions (22 °C, 12 h light/dark cycle) with ad libitum access to
standard laboratory chow and water. The study protocol was
approved by the local Institutional Ethics Review Committee and
the animal study was carried out in accordance with the estab-
lished ethical guidelines for animal use and care at Central South
University. To create the brain tumor model, the mice were
intracranially inoculated with 1 x 10° C6 cells suspended in PBS
(5 pL).
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2.4.  Isolation, purification, and characterization of OMVs

The S.+-ApG were inoculated into sterilized LB and cultured
overnight at 37 °C with shaking at 200 rpm. The culture medium
was centrifuged (4 °C, 5000 rpm, Fresco21) for 10 min to obtain
the supernatant, which was filtered using a 0.22 mm filter to
remove maternal bacterial debris and other contaminants. The
supernatant was then concentrated using 100 kDa ultrafiltration
tubes (Millipore Amicon) and washed twice with phosphate
buffered saline (PBS) to obtain crude OMVs. Purified OMVs were
obtained by ultracentrifugation using density gradient centrifu-
gation for 2 h (4 °C, 200,000xg), and stored at —80 °C. The
concentration of OMVs was analyzed by BCA protein kit. The
morphology and size of OMVs were observed by transmission
electron microscopy (TEM) and dynamic light scattering (DLS),
respectively.

2.5.  Preparation and characterization of OMVs/DOX

DOX and OMVs were gently mixed in PBS at an appropriate mass
ratio, followed by 4 h incubation at 37 °C. The unloaded DOX was
removed by using a 100 kDa ultrafiltration tube (5000x% g, 10 min),
and the obtained OMVs/DOX was then washed several times with
PBS. The concentration of entrapped DOX in OMVs was quan-
tified by a fluorescent microplate reader (E,/E,, 480/590 nm) after
cracking the OMVs using methanol emulsion (adding
10 x volume of methanol for 30 min ultrasonication and then
centrifugation at 10,000xg for 10 min). The drug loading effi-
ciency (LE) and encapsulation efficiency (EE) of OMVs/DOX can
be determined as following Eqgs. (1) and (2):

EE (%) = (The mass of DOX encapsulated in OMVs)/(Total mass
of DOX used to prepare the OMVs) x 100 (1)

LE (%) = (The mass of DOX encapsulated in OMVs)/(Total mass
of OMVs) x 100 2)

The zeta potential, particle size, and polydispersity index (PDI)
of OMVs/DOX were measured by DLS, and the morphology was
examined using TEM. To study the drug release profile, OMVs/
DOX was added into a dialysis bag (MWCO:3500) for dialysis
under various PBS buffers. At predetermined timepoints, 1 mL
sample was collected and replaced with 1 mL fresh PBS. The
DOX concentration in the release medium was quantified using a
fluorescent microplate reader at E,/E}, 480/590 nm.

2.6.  Cellular uptake of OMVs/DOX in vitro

A density gradient centrifugation method was employed to isolate
neutrophils from peripheral blood in the orbital venous plexus of
mice. Neutrophils or HBMEC cells (1.0 x 10° per dish) were
seeded in confocal dishes and incubated with DOX or OMVs/
DOX for 1 h, followed by washing three times with PBS. Cells
were fixed with 4% paraformaldehyde for 20 min, and the nuclei
were stained with DAPI (1 pg/mL) for 10 min, followed by
visualization using a confocal laser scanning microscopy (CLSM).
For flow cytometry (FCM) quantification, the cells (2.0 x 10° per
well) were placed into a 6-well plate and incubated with DOX or
OMVs/DOX for 1 h, and then the cells were collected into a
centrifuge tube and washed twice with PBS, followed by adding
0.5 mL PBS for FCM.

2.7.  Cytotoxicity assay

C6 cells (5 x 10% cells per well) were seeded into a 96 well plate and
incubated overnight. After washing twice with PBS, different
concentrations of drugs were added for another 24 h incubation.
Then, the cells were treated with 100 uL. MTT solution (0.5 mg/mL)
for 4 h. After removing the medium, 100 pL. DMSO was added to
dissolve the formazan crystals. The absorbance at 490 nm was
measured by a microplate reader (Inf nite M200 PRO, TECAN,
Austria).

2.8.  Bactericidal effect

S.t-ApG was grown at 37 °C to the mid-logarithmic phase in LB
broth, and then diluted to a concentration of 2 x 10* colony
forming units (CFU)/mL with sterile saline. Then, different con-
centrations of DOX or OMVs/DOX was added. Afterwards, the
sample was dotted onto solid LB agar plates and cultured at 37 °C
for 24 h, followed by counting the colonies on the plates to
calculate the inhibition rate.

2.9.  Invitro macrophage repolarization induced by S.t-ApG*'*8

The macrophage repolarization effect of S.--ApG™® was inves-
tigated by flow cytometry and Western blot. For flow cytometry,
RAW 264.7 cells (2 x 10° cell/well) were seeded into 6 well
plates and stimulated with IL-4 (100 ng/mL) for 24 h to allow M2
polarization. After being treated with S.-ApG™® (the bacteria
were pre-stimulated with 0.2% L-arabinose) for 48 h, the cells
were collected, washed with PBS several times, and then resus-
pended in PBS. FITC labeled anti-CD80 or CD206 antibodies
were added and incubated at 4 °C for 1 h. Finally, the fluorescence
intensity was detected by flow cytometry (facsverse, BD, USA).
For Western blot analysis, the cells were received the same
treatments as above. Then, total proteins were extracted with
RIPA lysate and quantified by BCA protein assay kit. Samples of
equal amounts of protein were separated on sodium dodecyl sul-
fate polyacrylamide gel electrophoresis (SDS-PAGE) and then
transferred to PVDF membranes. Membranes were blocked with
5% fetal bovine serum (FBS) and then incubated overnight at 4 °C
with primary antibodies against CD80, CD206, and (-actin. After
further incubation with HRP conjugated secondary antibody for
2 h, the membrane was visualized by ECL.

2.10.  P-gp expression analysis

C6 cells (2 x 10° cells/well) were incubated in 6-well plates
overnight. Then, the PBS, S.--ApG™® as well as S.r-ApG™*®
supernatants were added to well plates for 24 h incubation. After
treatments, total proteins were extracted with RIPA lysate and
quantified using a BCA protein assay kit. Samples of equal
amounts of protein were separated on SDS-PAGE and then
transferred to PVDF membranes. Then, the membranes were
blocked with 5% fetal bovine serum (FBS) and then incubated
overnight at 4 °C with anti-mouse P-gp monoclonal antibody and
B-actin. After incubation with HRP conjugated secondary anti-
body for 1 h, the membrane was visualized by ECL.

2.11.  Cytotoxicity effect of DOX on C6 cells

C6 cells (5000 cells/well) were incubated in 96-well plates over-
night. Then, the cells were incubated with PBS, OMVs/DOX, S.t-



Salmonella-mediated brain tumor homing and microenvironment regulation for glioma therapy 823

ApG™™®, DOX, S.--ApG™ + DOX, S.--ApG™ + OMVs/DOX for
24 h respectively. Then, the cells were treated with 100 pL. CCK8
solution (0.5 mg/mL) for 2 h. The absorbance at 450 nm was
measured by a microplate reader (Inf nite M200 PRO, TECAN,
Austria).

2.12.  Uptake of DOX by C6 cells

The C6 cells (4 x 10* cells/well) were seeded into confocal dishes
and incubated overnight, treating with or without S.-ApG™® su-
pernatant for 24 h. After removing the supernatant, the cells were
washed with PBS twice, and then incubated with DMEM, DOX, or
OMVs/DOX for 4 h. After various treatments, the cells were
washed with PBS twice, and placed into the CLSM for observation.

2.13.  Optical bioluminescence imaging of S.t-ApG™ in vivo

Nude mice (n = 5) were intravenously injected with 0.2 mL of
sterile saline containing 8 x 10° CFU of S.--ApG™*. After anes-
thetization of the mice with 4% chloral hydrate, bioluminescence
imaging was performed with the IVIS 100 system (Caliper Life,
Sciences, Hopkinton, MA, USA) at 0, 24, 48 and 72 h after S.z-
ApG™ injection.

2.14.  Immunofluorescence for macrophage and neutrophil

Nude mice were intravenously injected with 0.2 mL of sterile
saline containing 8 x 10° CFU of S.-ApG™®. Tumor tissues were
harvested at 72 h after injection, followed by being embedded in
paraffin and sliced. After deparaffinization and rehydration, the
slices were incubated with primary antibodies against CD86,
CD206, CD11b and Ly6G at 4 °C overnight, and then fluorescent-
labeled secondary antibodies for 30 min. The slices were observed
by CLSM after being counterstained with DAPI.

2.15.  Flow cytometry

The proportion of neutrophils, M1 and M2 macrophages in the
tumor tissues were investigated by flow cytometry analysis.
Briefly, tumor tissues were dissociated into single cell suspen-
sions. Then the cells were stained using fluorescence-labelled
antibodies CD45, CD11b, Ly6G, F4/80, CD206 and CD86 ac-
cording to the manufacturer’s instructions. Samples were analyzed
using BD LSR Fortessa analyzer (BD Biosciences). Data were
analyzed by FlowJolnit.

2.16.  Biodistribution of DOX

The mice were randomly divided into 4 groups (n = 3): (1) S.t-
ApG + OMVs/DOX; (2) OMVs/DOX; (3) DOX; (4) S.r-
ApG + DOX. Each group were intravenously injected with 0.2 mL
of sterile saline containing 8 x 10° CFU of S.t-ApG. After two
days, each mouse received an equivalent dose of DOX (2 mg/kg).
After anesthetization of the mice with 4% chloral hydrate, excita-
tion light imaging was performed with the IVIS 100 system
(Caliper Life, Sciences, Hopkinton, MA, USA) at 8 h after DOX or
OMVs/DOX injection.

2.17.  In vivo antitumor efficacy

The mice were randomly divided into six groups as described in
main text. The equivalent dose of S.-ApG™® and DOX was

8 x 10° CFU and 2 mg/kg, respectively. The body weights of the
tumor-bearing mice were monitored every other day throughout
the study. On Day 15 after the tumor cells injection, the tumor
sizes were monitored using a 7.0T micro-MRI scanner (Bruker
BioSpec, Germany). At the end of the experiment, the mice were
euthanized, and the tumors were collected to calculate the volume
by the following equation: (length x width®)/2. Serum was
collected to measure the levels of IL-6, CXCL10, TNF-«, IL-12,
LPS by ELISA, and the expression levels of IL-6 and TNF-« in
brain, liver, spleen and kidney were measured by ELISA.

2.18.  Biodistribution of S.t-ApG™™® after treatment in vivo

The colony formation assays were performed to study the bio-
distribution of S.:-ApG™® in vivo. The collected tissues of brain,
liver, spleen and tumor were homogenized in sterile water and
then diluted. The serially diluted homogenates were plated onto
solid LB agar plates and cultured at 37 °C. After 24 h, the colonies
on the plates were counted. The biodistribution of S.-ApG™'*E was
calculated according to the following Eq. (3):

Counting CFUs (CFU/g) = Bacteria count x Dilution
factor/Tissue weight 3)

2.19.  Biochemical analysis

The myocardial enzyme spectrum, hepatic and renal function
of mice were analyzed by blood biochemical analysis. On
Day 15 after treatments, serum was collected to measure the
levels of lactate dehydrogenase (LDH-L, LDHI), creatine
kinase (CK), serum aspartate transaminase (AST), alanine
transaminase (ALT), serum creatinine (Cr) and blood urea ni-
trogen (BUN), and the untreated mice were used as the control

group.
2.20. Haematoxylin and eosin (H&E) staining

The collected the major organs including brain, heart, liver,
spleen, lung and kidney were fixed with 4% paraformaldehyde for
24 h, and embedded in paraffin and sliced. Then, the sections were
stained with H&E and the images were obtained by a light
microscope.

2.21.  Hemolysis rate assay

The suspension of RBCs was added with an equal volume of
PBS, OMVs/DOX, S.+-ApG™E, $.+-ApG™E 4+ DOX, S.t-
ApGFlaB + OMVs/DOX, and 1% tritox aqueous solution,
respectively. After 3 h incubation, the sample was centrifuged
(Fresco21) at 10,000 rpm for 5 min, and 100 pL of supernatant
was collected to measure the absorbance at 540 nm with a
microplate reader.

2.22.  Statistical analysis

All results are presented as mean =+ standard deviation. The two-
tailed Student’s 7-test was used to compare the means of pairs of
groups. Differences were regarded as statistically significant at
*P < 0.05, ¥**P < 0.01, ***P < 0.001. Data are presented as
mean + SD.
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3.  Results and discussion
3.1.  Preparation and characterizations of OMVs/DOX

The OMVs were derived from Salmonella by multiple centrifu-
gation and ultrafiltration, and then purified by density gradient
ultracentrifugation. The obtained OMVs had an average diameter
of 94 nm with narrow particle size distribution (PDI = 0.212)
(Fig. 1A), and a negative surface charge of —9.72 mV (Fig. 1B).
The OMVs showed a typical spherical morphology based on TEM
observation (Fig. 1C), and the structure had the same protein
profile as the original bacteria according to SDS-PAGE analysis
(Fig. 1D). All these features were consistent with previous
report’®, confirming the successful preparation of OMVs. Then,
various concentrations of DOX were added into OMVs to allow
drug loading, and the optimal loading capacity was achieved at
DOX to OMVs weight ratio of 1:1 (Fig. 1E), reaching ~25%
DOX loading. Such loading capacity was markedly higher than
many liposomal-based nanomedicine’’. After DOX loading, the
OMVs/DOX complex did not show an obvious morphology
change (Supporting Information Fig. S1), while the surface
became less negative owing to DOX adsorption. In addition, the
DOX loading can be easily observed by virtue of intrinsic red
fluorescence of DOX (E, = 485 nm) (Fig. 1F). The drug exhibited
a two-phase release profile at both physiological pH of 7.4 and
acidic pH of 5.0 (Fig. 1G). Within initial 12 h, ~40% of the drug
was released, likely due to the detachment of surface adsorbed
DOX, followed by a much slower phase. Overall, the OMVs/DOX
displayed a sustained release profile, which is beneficial for pro-
longed in vivo circulation and targeted delivery into brain.

We then explored the bio-functions of the OMVs as drug de-
livery carrier. It is known that the bacteria-derived OMVs contain
several key components of bacteria such as pathogen-associated
molecular patterns (PAMPs), which can be recognized by neu-
trophils via Toll like receptors (e.g., TLR4) for neutrophil-
mediated delivery. To demonstrate this, we isolated the neutro-
phils from mouse and treated with OMVs/DOX. The neutrophils
exhibited a lobulated nuclear characteristic (Fig. 1H). After in-
cubation with OMVs/DOX, a bright red fluorescence of DOX was
observed inside cells, indicating the drug internalization. Inter-
estingly, the uptake of nanoparticles can be largely blocked by
TLR4 antibody (anti-TLR4) as evidenced by a significant decrease
of DOX signal, confirming the critical contribution of TLR4-
mediated OMVs/DOX delivery. We further quantified the in-
tensity by flow cytometry analysis, and the result was consistent
with above observation (Supporting Information Fig. S2). As a
control, we also incubated OMVs/DOX with human brain
microvascular endothelial cells (HBMEC), while in this case only
weak fluorescence was observed. Therefore, OMVs/DOX could be
selectively internalized into neutrophils, which acted as “hitch-
hike” to facilitate drug delivery into bacteria colonized brain
tumor. The free DOX, by contrast, showed strong fluorescence in
both neutrophils and HBMEC cells and was not influenced by
TLR4 antibody due to non-specific penetration of the DOX, which
may cause unwanted side-effects.

Next, the pharmacological activities of DOX were explored.
As an anti-tumor drug, a concentration-dependent inhibition of C6
glioma cells was observed for both free DOX and OMVs/DOX,
based on which the ICs( values were calculated (Fig. 11). Besides,
we further explored the anti-bacteria effect of DOX, and the in-
hibition curves were also obtained (Fig. 1J). Overall, the anti-
tumor and anti-bacteria activities of DOX were quite similar by

virtue of the same mechanism, resulting in comparable 1Cs, values
(Fig. 1K). Note that free DOX showed slightly higher activity than
OMVs/DOX at cellular level because it can directly diffuse into
cells and function without a release step. However, OMVs/DOX is
advantageous for in vivo applications owing to its superior BBB
penetration and tumor targeting activities (vide infra). After
accumulation into tumor tissue, OMVs/DOX could not only exert
the anti-tumor effect for tumor therapy, but also kill the colonized
bacteria to avoid the potential risk of bacterial infection.

3.2. Tumor colonized S.t-ApGFlaB to facilitate tumor homing
and tumor cell accumulation of OMVs/DOX

Having performed a systematic characterization of OMVs/DOX
and demonstrated its capability to selectively internalize into
“hitchhike” neutrophils, we next studied the functions of Salmo-
nella. Salmonella used in this study was S.-ApG™E, a type of
avirulent S. typhimurium strain with suppressed endotoxin gene
expression via relA and SpoT double mutation to inhibit ppGpp
synthesis®®. Such bacterium was tagged with FlaB, which can
overexpress and secrete heterologous bacterial flagellin (FlaB)
upon L-arabinose stimulation. The safety of such bacteria has been
significantly improved after detoxification®”, which has entered
clinical trial for tumor therapy®. From TEM, the S.r-ApG ™"
showed a typical ellipsoid shape with length of 3 um (Fig. 2A). To
track the in vivo biodistribution, S.--ApG™® was further labeled
with a luciferase gene, which was able to emit strong biolumi-
nescence in LB agar upon excitation (Fig. 2B). We then intrave-
nously injected the bacteria into mice, and observed at 48 h post-
injection by an in vivo IVIS image system. Interestingly, a bright
fluorescence was observed in brain tissue of orthotopic glioma
mice model as compared to normal mice (Fig. 2C), indicating the
tumor tropism. Such BBB penetration activity could be partially
attributable to the outer membrane protein A (OmpA), which
could interact with gp96 protein (also known as GRP94, which is
expressed at the surface of BBB endothelial cells) to facilitate
bacteria penetrating through the BBB’. We then performed a
dynamic monitoring on glioma mouse model, in which a signifi-
cant increase of fluorescence in the brain was seen over 48 h
(Fig. 2D). We further collected the tumor tissue and quantified the
fluorescence, in which the intensity rapidly enhanced in the first
48 h, followed by leveling-off (Fig. 2E). Therefore, the bacterial
could successfully penetrate BBB and colonize into glioma tissue,
which acted as “Trojan horse” to elicit a strong inflammation at
tumor site®'%%,

As “Trojan horse”, the most critical role of tumor colonized
S.-ApG™® was to recruit neutrophils as “hitchhike” to facilitate
the accumulation of OMVs/DOX into tumor. To demonstrate this,
the infiltration of neutrophils in tumor was explored by fluorescent
co-staining of CD11b/Ly6G, the specific biomarkers of neutro-
phils. The tumor tissue in brain can be localized by H&E staining
with an obvious pathological change, and the DAPI staining of the
cell nuclei further confirmed the abnormal proliferation of the
tumor tissue (Fig. 2F). Without treatment, almost no fluorescence
was observed in tumor tissue because of minimal neutrophil
infiltration. With pre-treatment of S.-ApG ™, on the contrary, a
strong CD11b/Ly6G co-localized signal was observed in the
tumor tissue (producing merged orange fluorescence), attributable
to the bacteria-mediated neutrophils infiltration. We further
quantified the neutrophil infiltration, and the CD11b/Ly6G dual-
positive fluorescence was enhanced by 8.6-fold after bacteria
colonization, demonstrating the strong neutrophil recruitment
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Figure 1

Characterization and bio-functions of OMVs/DOX. (A) The size distribution and (B) zeta potential of OMVs and OMVs/DOX DLS.

= 3. (C) The TEM image showing the morphology of OMVs (scale bar: 100 nm). (D) SDS-PAGE of Salmonella and Salmonella derived
OMVs. (E) Drug loading efficiency and encapsulation efficiency of OMVs/DOX at different drug feeding ratios. (F) The fluorescence intensity of
DOX, OMVs and OMVs/DOX. (G) The drug release profile of OMVs/DOX under different pH conditions. (H) CLSM images of neutrophils and
HUVEC cells incubated with PBS, DOX, or OMVs/DOX for 1 h (Scale bar = 20 um). (I) The cell viability of DOX and OMVs/DOX against C6
cells evaluated by MTT assay. n = 6. (J) Antibacterial activity of DOX and OMVs/DOX. n = 3. (K) ICs, of DOX and OMVs/DOX towards

tumor cells and bacteria. Data are presented as mean + SD.

(Fig. 2G and H). Next, we tested whether such high level of
neutrophil infiltration could promote tumor-targeted delivery of
OMVs/DOX. The OMVs/DOX was intravenously injected at 48 h
post-administration of bacteria, and the mice were sacrificed to
collected main organs. Benefited from the intrinsic fluorescence of
DOX, the biodistribution of OMVs/DOX was conveniently visu-
alized by ex vivo IVIS image (Fig. 2I). As the major drug meta-
bolism/elimination organs, both liver and kidneys emitted bright
fluorescence. Specifically, we focused our attention on brain tis-
sue, and no fluorescence was found after single injection of free

DOX or OMVs/DOX, ascribed to the BBB that prevents drug
penetration into the brain. Such biological barrier is the critical
limitation to most anti-glioma drugs. Notably, the combination of
S.t-ApG™® and OMVs/DOX showed a remarkable fluorescence at
brain tumor site, suggesting the successful BBB penetration and
tumor-targeted delivery. In contrast, the fluorescence in the brain
was still rather weak when combining S.--ApG™® and free DOX.
Therefore, the OMV carrier was important for DOX delivery,
which can be loaded into neutrophils via TLR4-mediated recog-
nition and then transported into bacteria-colonized tumor via
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neutrophil infiltration. We further quantified the intensity, and S.z-
ApG™®® + OMVs/DOX could achieve about 18-fold enhancement
of drug accumulation into brain as compared to the other groups
(Fig. 2J).

After tumor-targeted delivery, the next critical step for
chemotherapy is effective accumulation into tumor cells. While
various nanomedicines have been equipped with specific ligands
to achieve effective internalization into tumor cells, the cunning
tumor cells could still resist drugs treatment by up-regulation of
the multidrug resistance transporter P-glycoprotein (P-gp). P-gp
pumps out drugs from cells and thus compromises the therapeutic
outcome. Fortunately, previous work has indicated Salmonella can
downregulate P-gp through the Salmonella type III secretion
effector®, and we therefore expected the tumor colonized S.r-
ApG™®® could reverse DOX resistance. To test this, the culturing
media of S.-ApG™® were collected via centrifugation, and then
incubated with C6 tumor cells for 24 h. Based on the WB analysis,
the cells showed a high level of P-gp, while the protein was almost
completely suppressed upon treatment with the S.z-ApG™® su-
pernatant (termed S.-ApG**?) (Fig. 2K). The S.t-ApG precipitant,
however, did not show much influence on P-gp expression, con-
firming the mechanism of P-gp down-regulation via secretion
effector. The secretion protein of SipA is the key factor respon-
sible for P-gp regulation, which interacts with a transmembrane
receptor to induce a CASP3 dependent cleavage of P-gp®. We
next explored the benefits of P-gp inhibition on DOX delivery and
anti-tumor efficacy. After incubation with free DOX and OMVs/
DOX, red fluorescence was clearly seen inside cells owing to drug
internalization (Fig. 2L, Supporting Information Fig. S3). How-
ever, such fluorescence was strongly intensified when the cells
were pre-treated with the supernatant of S.t-ApGFlaB, attributable
to P-gp downregulation through bacteria secretion effector to
block drug efflux. As a result, an enhanced anti-tumor effect was
observed for DOX upon combination with S.t-ApGF]aB superna-
tant (Supporting Information Fig. S4).

3.3.  Tumor microenvironment regulation effect of the bacteria

In addition to promoting drug delivery, another function of bacteria
is to modulate tumor immune microenvironment (TIE). It is known
that TIE has a strong influence on tumor progression, growth,
metastasis, as well as the anti-tumor efficacy of various treatment
modalities®* . In established glioma tissue, macrophages are the
most abundant immune cells, which are mainly polarized into M2
phenotype to promote tumor growth®>°”. Therefore, repolarization
of M2 macrophage into M1 phenotype is a highly promising
strategy to remodel TIE for enhanced anti-tumor effect. To achieve
such goal, we tagged the FlaB gene into bacteria, which is an
excellent adjuvant for immunoregulation to activate innate immune
responses via Toll-like receptor 5 (TLRS5) signaling pathway*’. The
FlaB gene was cloned into pBAD plasmid vector by fusing pelB
leader sequence to the upstream of flaB to guide extracellular
secretion, in which the gene expression from plasmid [pBAD-pelB-
FlaB (pFlaB)] was induced in the presence of L-arabinose (Fig. 3A).
After system construction, the potential of bacteria to educate
macrophage was evaluated by measuring the typical phenotype
biomarkers, including CD80 (M1 marker) and CD206 (M2
marker). At cellular level, the RAW264.7 cells were employed as a
macrophage model, which were initially polarized into M2
phenotype with IL-4 pre-incubation. After S.z-ApG treatment, an
obvious upregulation of CD80 and decrease of CD206 was
observed (Fig. 3B), demonstrating the M2-to-M1 phenotype

switch. Such effect was further strengthened upon treatment with
S.--ApG™B, consistent with previous report that the excretion of
FlaB promotes M1 macrophage polarization*®. To further validate
this result, the surface CD80/CD206 expression was measured by
flow cytometry, and the intensity was quantified (Fig. 3C—F). After
bacteria treatment, the fluorescence of CD80 became stronger
accompanied by reduce level of CD206, in which the general trend
was in agreement with the above protein expression results.

Motivated by the above result, we then studied the TIE mod-
ulation activity of the bacteria in vivo by using orthotopic glioma
model. To visualize the macrophage polarization, CD86 and
CD206 were stained by green and red fluorescence, respectively.
A notable red fluorescence of CD206 was observed at the tumor
while the green fluorescence of CD86 was rather weak (Fig. 3G).
This can be explained by the immune suppressive microenviron-
ment of tumor where the tumor associated macrophages are
mainly polarized into pro-inflammatory M2 phenotype. Interest-
ingly, the bacteria treatment could effectively promote the
macrophage polarization into M1 phenotype, as evidenced by the
increase of CD86 fluorescence and reduction of CD206 signal. For
quantitative analysis, the fluorescence-activated cell sorting
(FACS) was performed to count each phenotype of macrophage
(Fig. 3H-J). After S.--ApG™® therapy, the M1/M2 amount ratio
improved by about 20-fold, and the amount of M1 macrophages
markedly increased from 16.07% to 47.27%. Notably, the M1
polarized macrophages could restore their anti-tumor activity by
both innate (e.g., engulfing tumor cells, excreting anti-tumor cy-
tokines) and adaptive (e.g., antigen presentation) immunity, thus
promoting the final therapeutic efficacy®®%.

3.4.  The combination of Salmonella and OMVs/DOX inhibits
the growth of glioma in vivo

Having demonstrated the tumor-targeted delivery of OMVs/DOX
and tumor microenvironment regulation effect of S. t-ApGFl"‘B, we
then investigated the anti-tumor activity of their combination.
After intracranial injection of tumor cells to develop orthotopic
glioma model, the mice were randomly divided into 6 groups,
each receiving one of the following treatments (Fig. 4A): (1) PBS;
(2) OMVs/DOX, (3) S.--ApG™B, (4) free DOX, (5) S.t-
ApG™®B + free DOX, and (6) S.--ApG™®B + OMVs/DOX. To
monitor the tumor process, a luciferase-expressing isogenic C6
cell line was employed, and the dynamic tumor growth was
visualized via an IVIS imaging system (Fig. 4B and C). For the
PBS control, the bioluminescence in brain gradually intensified,
indicating a rapid growth of tumor. Three mice died on Day 20
and all of the mice died on Day 25 due to the high mortality of
glioma. Interestingly, free DOX achieved considerably higher
tumor inhibition effect than that of OMVs/DOX. The single in-
jection of S.l—ApGF]aB also suppressed tumor to some extent,
owing to the intrinsic anti-tumor effect via different mechanisms,
such as systematically modulating the TIM and nutrition compe-
tition with tumor tissue*>’’. For example, we have demonstrated
the macrophages repolarization activity of S.--ApG™™B. To
confirm the bacteria-mediated immunotherapy, several represen-
tative anti-tumor cytokines (IL-6, TNF-«, and IL-12) and
chemotactic factor (CXCL10) in serum were measured, all of
which were elevated after treatment with S.--ApG™*®-containing
groups (Fig. 4D). Note that the efficacy was further enhanced by
combining S.--ApG™® and free DOX, suggesting a synergistic
effect. This can be ascribed to the P-gp down-regulation activity of
S.t-ApG™® to sensitize the DOX efficacy. Among them, S.t-
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ApGFIaB plus OMVs/DOX achieved the best tumor suppression
effect. On Day 25 post-treatment, the tumor was completely
eradicated in four mice, and one remaining mouse only emitted
marginal signal.

To accurately monitor the tumor growth in vivo, T,-weighted
magnetic resonance imaging (TIW-MRI) of mouse brains was
scanned on Day 15 (Fig. 5E), through which the tumor tissue can
be clearly seen in the brain. Compared to the PBS control, all
DOX and bacteria groups could inhibit tumor growth to centain
extent, and obviously, the best efficacy was seen for S.--ApG"'*?
plus OMVs/DOX group, with obvious inhibition of tumor in

samples. We then calculated the survival rate, the most impor-
tant parameter to evaluate the treatment outcome (Fig. 5F).
Notably, all mice were still alive on Day 25 after S.--ApGF'*E
plus OMVs/DOX therapy, while none of the other treatments
could have all mice survived, giving the relative efficacy of S.z-
ApG™® 4+ OMVs/DOX > S.-ApG™® + DOX > S.t-
ApG™#E > DOX > OMVs/DOX > Control. After treatment, the
mice were sacrificed and the tumor tissue was extracted to
directly evaluate the tumor suppression effect, and again, S.z-
ApG™@E plus OMVs/DOX group displayed the best efficacy,
achieving complete tumor ablation.
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Figure 5  Biosafety evaluation of various treatments. (A) Dynamic monitoring of the body weight of the mice during various treatments. n = 5.

(B—D) Myocardial enzyme spectrum data of mice after various treatments. n = 3. (E) The bacteria colonization in tumor, brain, spleen, liver, and
kidneys after different treatments. n = 3. (F) Ratio of neutrophils/leukocytes in blood after various treatments. n = 3. (G) The hepatotoxicity and

nephrotoxicity of each treatment by measuring the levels of ALT, AST, BUN, and CRE. n =

3. (H) Histological analysis of the major organs

slices after various treatments (scale bar: 30 pm). 1 (black): the control; 2 (red): OMVs/DOX; 3 (pink): S.t-ApGFl‘"‘B; 4 (green): free DOX; 5 (blue):
S.--ApGT*B 4+ DOX; 6 (orange): S.--ApGT™® + OMVs/DOX. Data are presented as mean + SD. *P < 0.05, **P < 0.01, ***P < 0.001.

3.5.

Finally, the biosafety of various treatments was investigated. All
formulations showed less than 5% hemolysis (Supporting Infor-
mation Fig. S5), confirming their comparability for intravenous

In vivo biocompatibility and biosafety evaluation

injection. The body weight was the most direct index to reflect the
health condition of mice (Fig. 5A). Along with tumor growth, the
mice with PBS control showed a progressive decrease of body
weight, indicating the exacerbation of health condition. Among
various treatments, only S.--ApG™™® plus OMVs/DOX could
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rescue the body weight loss, and even an increase in body weight
was observed after 10 days. Specifically, DOX-based chemo-
therapy may cause cardiotoxicity’', while bacterial therapy has an
infection risk’?. We then tested these two factors side-by-side. For
free DOX treatment group, a significant increase of creatine ki-
nase (CK) (Fig. 5B) and lactate dehydrogenase (LDH1, LDH-L)
(Fig. 5C and D) were observed, indicating a strong cardiotox-
icity. After encapsulation into OMVs, such indexes were within
normal level after treatment, confirming the advantage of OMVs
vehicles to decrease the potential side effects of DOX. Therefore,
the nanosystem may not improve the therapeutic efficacy, but can
minimize the potential side effects. The S.+-ApG™® injection
groups, on the other hand, showed a large amount of bacteria
colonization in tumor tissue (Fig. 5SE), and the blood neutrophils
also increased significantly (Fig. 5F), which laid the basis for
neutrophils mediated tumor homing of OMVs/DOX. However,
non-specific distribution and colonization of bacteria was also
noticed in brain, spleen and liver upon single administration of S.z-
ApG™®, which may cause the risk of infection-related side ef-
fects. The combination of S.-ApG™® and OMVs/DOX, by
contrast, could minimize such potential with markedly reduced
bacteria levels in different normal organs. In addition, the LPS
content in serum (Supporting Information Fig. S6) and infection-
related cytokines (TNF-« and IL-6) in major organs (Supporting
Information Fig. S7) were measured, in which the combination of
DOX or OMVs/DOX could significantly decrease the endotoxin
activity of S.--ApGF'®B treatment, indicating the detoxification
effect on DOX on bacteria. Collectively, the combination of S.z-
ApG™®B and OMVs/DOX not only decreased side effects of DOX
via targeted drug delivery, but also cleared the bacteria by DOX-
induced disinfection, demonstrating the superiority of such com-
bination in terms of biocompatibility. Moreover, we also measured
several other routine biochemical parameters, including serum
alanine transaminase (ALT), aspartate transaminase (AST), blood
urea nitrogen (BUN), serum creatinine (CRE) (Fig. 5G), while
none of these indexes showed any significant change after
different therapies, suggesting the lack of hepatotoxicity and
nephrotoxicity. Finally, major organs of the mice were collected
for H&E staining, while no pathological change was observed
after various treatments (Fig. 5SH), indicating the lack of acute
organ damage of various treatments.

4. Conclusions

In summary, we have developed a bacteria-based drug delivery
system to address the key limitations of glioma chemotherapy. On
the one hand, the bioengineered S.--ApG™™® was fabricated to
effectively colonize into glioma tissue, which acted as Trojan
horse to regulate tumor microenvironment, including macrophage
repolarization, neutrophil recruitment, as well as P-gp down-
regulation on glioma cell surface. On the other hand, the S.t-
ApG™B derived OMVs were employed as loading cargo of DOX.
OMVs could encapsulate DOX with high efficiency, and more
importantly, hitchhike circulating neutrophils to enable BBB/BTB
bypassing and tumor-targeted accumulation. Compared to tradi-
tional nanoparticles that rely on EPR effect or surface modifica-
tions for tumor-targeted delivery, such chemotaxis mimic strategy
is much more efficient in a spontaneous manner. During this
process, bacteria-induced inflammation was critically important,
as evidenced by the significantly enhanced drug accumulation of
S.t-ApG™® 4+ OMVs/DOX in tumor than both S.t-

ApG™B 4+ DOX and OMVs/DOX groups, confirming the
contribution of neutrophil mediated hitchhiking delivery. The
OMVs/DOX delivery of DOX showed robust anti-tumor effect
with almost complete tumor eradication. This efficacy was supe-
rior to the previously reported neutrophil-mediated drug delivery
system owing to the P-gp suppression effect of bacteria to reverse
drug resistance™”. Moreover, such targeted drug delivery system
not only minimized potential side-effects of DOX, but also
decreased the key safety risk of bacteria-mediated tumor therapy,
i.e., bacterial infection. Overall, this work provides an effective
tumor microenvironment regulation method to enable brain
tumor-targeted delivery of drug via neutrophil hitchhiking for
enhanced glioma therapy with excellent biocompatibility.
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