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Abstract

Bacterial outer membrane vesicles (OMVs) are spherical microbubbles that contain biological content and are
produced by gram-negative bacteria. The use of OMVs as adjuvants for cancer immunotherapy or as drug carriers
for targeted therapies has attracted the interest of many scholars. However, it is unclear whether OMVs can exert
direct antitumor effects and whether OMVs can inhibit pediatric tumors. Here, we explore the potential of Es-
cherichia coli-derived OMVs to directly suppress neuroblastoma. Our results demonstrate the antitumor effects of
OMVs in vitro and in vivo, and no serious adverse reactions were observed. OMV uptake into the cytoplasm and
nucleus directly decreases cell stemness, DNA damage, apoptosis and cell cycle arrest, which may be the me-
chanisms by which OMVs suppress tumors. Our results demonstrate the potential of bacterial OMVs to be used as
antitumor adjuvant therapies, increasing the number of candidates for the development of cancer therapies in the
future. More relevant studies are urgently needed to demonstrate the efficacy and safety of OMVs.
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Introduction has provided a new platform for the use of bacteria in cancer

Cancer is the greatest health problem that threatens humankind, as
tens of millions of people die from cancer each year [1]. The
identification of newer and more effective treatments is one of the
most significant missions of scholars in the medical field. Today, a
large number of studies have shown that changes in the gut
microbiome are intricately linked to the development of cancers [2].
Some species of intestinal flora and their biological products have
been used in cancer therapy, especially in immunotherapy, and
have shown surprising results [3,4]. Outer membrane vesicles
(OMVs) are vesicle-like substances that resemble cellular exosomes
and contain a variety of bioactive substances, including proteins,
lipids, nucleic acids and metabolites. OMVs have been found to be
safe and efficient in tumor therapy. The discovery of bacterial OMV's

therapy [5-7].

Currently, the exploration of bacterial OMVs focused more on
their use as either adjuvants for immunotherapy or drug carriers for
targeted therapies [8,9]. Kim et al. [10] reported that Escherichia
coli-derived OMVs (E. coli-OMVs) exert unique antitumor effects in
mice with colon cancer via IFN-y. OMVs derived from Salmonella
typhimurium have significant abilities to kill human colon, breast
and hepatocellular carcinoma cells [11]. However, current studies
on the antitumor effect of OMVs focused mostly on adult cancers,
and little attention has been paid to their effects on pediatric tumors.
It is interesting to explore whether bacterial OMVs can exert
antitumor effects on pediatric tumors independently.

Neuroblastoma (NB) is one of the most common extracranial
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solid tumors diagnosed in early childhood, accounting for 7% of all
solid tumors in children [12]. Due to the biological characteristics of
NB and its clinical presentation including its early onset, some
children have metastatic lesions at the first diagnosis. A significant
proportion of high-risk patients have a low survival rate even after
undergoing comprehensive therapy with traditional surgery,
chemotherapy, radiotherapy and other therapies [13,14]. Therefore,
new approaches for the treatment of NB are urgently needed.

In this study, we explored the antitumor effects of OMVs derived
from E. coli on human NB cells in vitro and performed a preliminary
exploration of possible inhibitory mechanisms. We established a
human NB subcutaneous xenograft tumor model in nude mice and
explored whether E. coli-OMVs could exert antitumor effects in
vivo. Further exploration of the antitumor activity of bacterial
OMVs will benefit countless cancer patients, and we believe it will
contribute to the broader picture of cancer treatment.

Material and Methods

Bacterial strain and E. coli-derived OMV preparation
Escherichia coli strain ATCC 11775 was obtained from the
Laboratory Clinical Department of the Children’s Hospital of
Chongqing Medical University who purchased the strain from
American Type Culture Collection (ATCC, Manassas, USA). E. coli
was cultured in LB liquid growth medium (GA15KA7279; Sangon
Biotech, Shanghai, China) at 37°C with shaking (180 rpm). Once
the absorbance of an E. coli culture suspension reached 1.0, the
suspension was centrifuged at 6000 g for 20 min at 4°C, and then,
the supernatant was filtered through sterile membrane filters (0.45-
um pore size; Millipore, Billerica, USA) twice to remove bacterial
sediments. E. coli-derived OMVs were obtained from the filtrate by
ultrafiltration (2500g/min, 10 min, 4°C) using 100-kDa Centrifugal
Filter Unit (UFC910096; Millipore), followed by ultracentrifugation
(110,000 g, 70 min, 4°C) with the Optima L-80xp ultracentrifuge
(Beckman, Pasadena, USA). The precipitate containing the OMVs
was collected and dissolved in phosphate-buffered saline (PBS).
The purified OMVs were filtered through a 0.45-pum pore size filter.
The protein concentration was measured using a BCA protein assay
kit (P0012; Beyotime, Shanghai, China). The sample was aliquoted
and stored at -80°C until use.

Characterization of E. coli-OMVs

The size and shape of E. coli-OMVs were evaluated with an S-3000N
transmission electron microscope (Hitachi, Tokyo, Japan). The size
distribution was evaluated with nanoparticle tracking analysis
(NTA), which was performed at VivaCellBiosciences (Shanghai
China) with ZetaView PMX 110 (Particle Metrix, Meerbusch,
Germany) and the corresponding software ZetaView 8.04.02. A
bacterial lipopolysaccharide (LPS) ELISA kit (Fengbin Technology,
Wuhan, China) was used to quantify the LPS levels in the extracted
E. coli-OMVs following the manufacturer’s instructions.

Cell culture

The human neuroblastoma cell line SK-N-SH was purchased from
ATCC and preserved in our laboratory. The HEK293 cell line and
human neuroblastoma cell line SH-SY5Y were purchased from
Procell Life Science & Technology (Wuhan, China) and preserved in
our laboratory. SK-N-SH cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) nutrient mixture F-12 (DMEM/F12)
(Gibco, Carlsbad, USA) supplemented with 10% fetal bovine serum
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(2045686 CP FBS; Gibco) at 37°C in 5% CO,. HEK293 cells and SH-
SYSY cells were cultured in DMEM supplemented with 10% fetal
bovine serum at 37°C in 5% CO,.

E. coli-OMV internalization assay

E. coli-OMVs were incubated with the fluorescent lipophilic tracer
PKH26 (PKH26 Red Fluorescent Cell Linker Kit; Sigma-Aldrich, St
Louis, USA). PKH26-labelled E. coli-OMVs were incubated with SK-
N-SH cells for 6 and 12 h. After incubation, the cells were fixed with
4% paraformaldehyde. DAPI was added to label the nuclei and
incubated for 60 min in the dark at room temperature. Then, the
samples were examined using a C2 Plus confocal microscope
(Tokyo, Japan).

Cell proliferation and ICsq assay

Cell proliferation was examined by CCK-8 assay using a Cell
Counting Kit-8 (HY-K0301; MedChemExpress, Shanghai, China).
Briefly, different concentrations of E. coli-OMVs were added to the
cells, and the optical density (OD) was measured to calculate the
cell viability and the half maximal inhibitory concentration (ICsy) of
E. coli-OMVs. SK-N-SH, SH-SY5Y and HEK293 cells were cultured
for 12 h. Then, the culture medium was replaced by complete
medium supplemented with or without E. coli-derived OMVs at
concentrations of 2, 4, 8, 16, 32, 64, 128, 256, and 512 pg/mL
(1.8 x 108 particles/ug), and the cultures were incubated for 48 h. At
the indicated time points, CCK-8 reagent was added and incubated
with the cells for 2 h at 37°C. Finally, the optical density (OD) was
measured at 450 nm with a microplate reader (Bio-Rad, Hercules,
USA). Cell viability was calculated as follows: Cell viability (%) =
ODyreated/ ODcontrot X 100% . The half maximal inhibitory concentra-
tion (ICsg) of E. coli-derived OMVs was determined based on dose-
response curves. In all, the dose of 3.15 x 10! particles/mL (ICs) of
E. coli-derived OMVs was chosen to repeat the assay described
above at the indicated time points (0, 24, 48, 72 h) three times.

Cell cycle analysis

The cell cycle was examined using propidium iodide (PI)/RNase
Staining Buffer Solution (550825; BD Pharmingen, Franklin Lakes,
USA) and a flow cytometer (BD Biosciences, San Jose, USA)
according to the manufacturer’s protocols. Briefly, SK-N-SH cells
were cultured with or without E. coli-OMVs (ICs,) for 48 h, and then
the samples were incubated with PI/RNase staining buffer solution.
Finally, the fluorescence intensities of the cells were measured on
the flow cytometer and analysed with ModFit LT (version 3.2).

Cell apoptosis analysis

Apoptotic cell death was measured using a FITC Annexin V
Apoptosis Detection Kit I (556547; BD Pharmingen) and One Step
TUNEL Apoptosis Assay Kit (C1090; Beyotime) according to the
manufacturer’s protocols. Briefly, SK-N-SH and SH-SYS5Y cells were
treated with E. coli-OMVs (ICs) for 48 h, and HEK 293 cells were
treated with E. coli-OMVs (ICs, of SK-N-SH) for 48 h. Then, all the
cells were stained with Annexin V. SK-N-SH cells were treated with
E. coli-OMVs (ICsg) for 48 h and then stained with TUNEL. SK-N-SH,
SH-SYS5Y and HEK293 cells were cultured for 12 h and subsequently
incubated with or without E. coli-derived OMVs for 48 h. After the
cells were trypsinized and washed with PBS, they were resuspended
in binding buffer and treated with Annexin V-fluorescein isothio-
cyanate (FITC) and PI. The mixture was incubated for 15 min at
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room temperature in the dark, and then the cells were analysed with
the flow cytometer. The apoptosis rate was analysed using FlowJo
software (version 10). In the TUNEL assay, E. coli-derived OMVs
were incubated with SK-N-SH cells plated on circular cell slides for

48 h. Then, the samples were washed, fixed and covered and
incubated with 0.3% Triton X-100 in PBS for 30 min at room
temperature. Then, the samples were treated with TdT detection
reagent for 60 min at room temperature in the dark. After extensive
wash, the samples were incubated with DAPI for 60 min in the dark.
Then, the samples were examined using the C2 Plus confocal
microscope.

Migration and invasion assay

The migration capacity of cells was assessed by wound healing and
Transwell assays. A scratch was made through monolayers of fully
confluent SK-N-SH cells to create wounds. The culture medium was
replaced by serum-free medium supplemented with or without E.
coli-OMVs (ICsp). At 0, 24 and 48 h after scratching, the wound area
was observed under an ECLIPSE Ti microscope (Nikon). Cell
invasion was examined with 24-well Transwell chambers (353097;
FALCON, San Diego, USA) coated with Matrigel. Cells in serum-free
medium supplemented or without E. coli-OMVs (ICso) were seeded
into the upper chambers, and medium supplemented with 10% FBS
with or without E. coli-OMVs (ICs) was added into the lower
chamber. After 24 and 48 h, the invaded wells were fixed in
methanol and stained with crystal violet. The numbers of invaded
cells were counted under the ECLIPSE Ti microscope after image
acquisition. All the picture data were analysed with ImageJ software
(version 1.53j).

Western blot analysis

Cells and tissues were lysed in RIPA buffer (P0013C; Beyotime)
supplemented with 0.1mM phenylmethanesulfonyl fluoride (329-
98-6; MedChemExpress). The lysed cells and tissues were centri-
fuged. A mitochondrial/cytoplasmic protein isolation kit (Sangon)
was used to separately extract mitochondrial proteins and
cytoplasmic proteins following the manufacturer’s instructions.
Equal amounts of proteins were subjected to 6%-12.5% SDS-PAGE
(EpiZyme, Shanghai, China) and then transferred to polyvinylidene
fluoride membranes (Millipore). The membranes were blocked
with 5% fat-free milk. Immunoblotting was performed with
antibodies targeting the following proteins: CD24, NANOG and
OCT-3/4 (1:400; sc-19585, sc-374103 and sc-5279; Santa Cruz
Biotechnology, Santa Cruz, USA); SOX-2 and MMP-9 (1:1000;
EPR3131-ab92494 and EP1254-ab76003; Abcam, Cambridge, UK);
BAX, BCL-2 and cleaved caspase-3, Cyt ¢, P21 and APAF (1:1000;
#2772, #15071, #9661, #11940, #2947, and #8723); Cell Signaling
Technology, Beverly, USA); MMP-2, PCNA, N-myc, GAPDH and
VDACI (1:1000; 380817, 200947-2E1, 861964, R24404 and 380506;
ZENBIO, Shanghai, China); VEGF (1:500; 19003-1-AP; Proteintech,
Chicago, USA); and CDK2, cyclin A, phospho-P53, and P53 (1:500;
WLO01543, WL01841, WL02504 and WL01919; Wanleibio, Shang-
hai, China). The secondary antibodies were obtained from ZSGB-
Bio (Shanghai, China). The enhanced chemiluminescence substrate
(34075; Thermo Scientific, Waltham, USA) was used to visualize
the protein bands. Images were captured with a ChemiDoc MP
Imaging System (Bio-Rad), and densitometry analysis was carried
out using Image Lab software (Version 3.0). The western blot
images shown are representative of three independent repeats.

Therapeutic efficacy in vivo

BALB/c nude mice were purchased from SPF Biotechnology
(Beijing, China) and housed under specific pathogen-free condi-
tions. BALB/c mice were purchased from the Animal Experiment
Center of Chongqing Medical University and housed under specific
pathogen-free conditions. The study was performed according to
international, national and institutional guidelines regarding the
ethical treatment of animals, and the protocol was approved by the
Ethics Committee of Chongging Medical University. A total of
2x10% SK-N-SH cells suspended in 200 pL of medium were
subcutaneously injected into the right axilla of 4-week-old mice.
After the tumor volume reached 90-100 mm?, the mice were
randomized into five groups (n=6 per group) according to the
tumor size. The mice were treated intravenously every 2 days with
250, 500, or 1000 pg/mL E. coli-OMVs (0.15 mL per mouse) for a
total of 8 days (four injections). The control groups were
administered either PBS alone or nothing. The tumors were
measured once a day with Vernier callipers, and the tumor volumes
were calculated with the formula: (length x width?)/2. At the end
point, the mice were sacrificed by cervical dislocation, and the
subcutaneous tumors and other tissues were immediately har-
vested. Half of the tissues from each tumor were frozen in liquid
nitrogen and stored at -80°C, and the other halves were fixed in 4%
paraformaldehyde (PFA) for histopathological analysis. Blood was
collected from the orbit, and the serum was separated and stored at
-80°C. The serum was sent to the Laboratory Department of
Children’s Hospital of Chongging Medical University for liver and
kidney function tests, including ALT, AST, Cr and BUN measure-
ments.

BALB/c mice (5 mice per group) were used to investigate whether
OMVs induce a systemic inflammatory response. The mice were
given tail vein injections of 1000 pg/mL OMVs (containing 0.07 EU/
L LPS) or 1000 pg/mL standard LPS solution (containing 1.04 EU/L
LPS) in 0.15 mL. The mice in each group were observed for 24 h,
and anal temperature, mental status, hair color, urine and stool,
activity and death were monitored. Blood was collected from the
orbits; a 100-uL sample was used to count and sort leukocytes, and
the rest of the blood was used to measure blood glucose levels.

E. coli-OMVs were labelled with DIR fluorescent dye (20757ES25;
Yeasen Biotechnology, Shanghai, China) according to the manu-
facturer’s protocol. DIR-fluorescently labelled E. coli-OMVs were
injected into tumor-bearing mice via the tail vein, and the animals
were subject to in vivo imaging at 24 and 48 h. Then, the tumors
and other organs were harvested for fluorescence quantification
under a NightOWL II LB 983 In-vivo Imaging System (Berthold, Bad
Wildbad, Germany) to observe the distribution of OMVs. Images
were obtained by indiGO software (version 2.0.5.0).

Histopathological evaluation

For hematoxylin and eosin (HE) staining, tumors fixed with 4% PFA
were embedded in paraffin. The samples were sliced into 4-pm-
thick sections and then deparaffinized and rehydrated. The slides
were treated with hematoxylin, eosin, a graded series of alcohol,
and xylene. All images were observed and captured under an
ECLIPSE Ci microscope (Nikon). For the immunohistochemical
staining of PCNA, MMP-9, and VEGEF, sections were deparaffinized
and subjected to heat-induced epitope retrieval in citrate solution.
Then, the samples were treated with 3% hydrogen peroxide to
block endogenous peroxidase activity and blocked with 0.5%
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bovine albumin (A8020; Solarbio, Beijing, China). Anti-PCNA,
MMP-9 and VEGF antibodies (as mentioned previously) were
incubated with the sections for 12 h at 4°C, followed by incubation
with an HRP-conjugated secondary antibody. The reaction product
was detected by using a DAB Horseradish Peroxidase Color
Development Kit (P0202; Beyotime), and the nuclei were stained
with hematoxylin. All the samples were observed under the
ECLIPSE Ci microscope, and images were captured.

TUNEL assay

The sample slides were deparaffinized and rehydrated as described
for immunohistochemical analysis. Then, the samples were treated
with proteinase K (20 ug/mL) and incubated with TdT detection
reagent. Next, the samples were incubated with DAPI. All images
were viewed and captured with an ECLIPSE 90i fluorescence
microscope (Nikon).

A
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PKH26-
OMVs

Merge
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Figure 1. Identification of E. coli-OMVs and internalization of E. coli-OMVs
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Statistical analysis

Data are presented as the mean+standard deviation (SD) as
calculated with GraphPad Prism software (version 10). Statistical
difference between two groups was determined using Student’s t-
test, and differences among more than two groups were determined
using one-way ANOVA. A P value less than 0.05 was considered
statistically significant.

Results

Characterization of E. coli-OMVs

Transmission electron microscopy (TEM) showed that E. coli-OMVs
were nanospherical particles with different diameters in the
nanometer range (Figure 1A). NTA examination showed that the
diameter distribution of the nanospheres ranged from 45 to 280 nm,
and the median size was 119.5+2.95nm (Figure 1B). The
concentration of E. coli-OMVs was 1.83 x 10% particles/uL in a
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(A) Spherical structure of E. coli-OMVs as observed by TEM. Scale

bar: 200 nm. (B) NTA measurement of size and concentration distribution revealed a mean particle diameter of 119.5 +2.95 nm and concentration
of 1.83x10% particles/ul, n=3. (C) Internalization of E. coli-OMVs into SK-N-SH cells. Red fluorescence indicates PKH26-labelled
E. coli-OMVs, and A indicates E. coli-OMVs in the nucleus. Scale bar: 20 pm.
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1 pg/uL suspension according to the BCA assay. We used a bacterial
Lipopolysaccharide (LPS) ELISA kit to quantify the LPS level in the
extracted E. coli-OMVs, and the results suggested that the 1 mg/mL
E. coli-OMYV suspension contained 0.07 EU/mL of endotoxin LPS.
Confocal microscopy showed that cells treated with PKH26-labelled
E. coli-OMVs presented notable red fluorescence in the cytoplasm
and nucleus, and tumor cells exhibited some specific morphological
changes, such as chromatin condensation. Red fluorescence was
first observed at 6 h; then, the intensity became stronger at 12 h
(Figure 1C).

Cytotoxicity of E. coli-OMVs in vitro

E. coli-OMVs exhibited dose-dependent cytotoxicity (Figure 2A);
the ICsq value of E. coli-OMVs for SK-N-SH cells was 177.5 pug/mL
(3.15 x 10'° particles/mL), the ICsy, value for SH-SY5Y cells was
149.5 ug/mL (2.74 x 10'° particles/mL), and the ICs, value for
HEK293 cells was 251.8 pg/mL (4.61 x 10'° particles/mL). The
cytotoxicity of E. coli-OMVs at the ICsy concentration for SK-N-SH
cells exerted a stable suppressive effect on cell proliferation, which
was verified at 24, 48, and 72 h (Figure 2A). Therefore, the dose of
177.5 ug/mL (3.15 x 10'° particles/mL) E. coli-OMVs used to treat
SK-N-SH cells in all the in vitro experiments in this study.

The protein expression of PCNA in cells was measured after
treatment with E. coli-OMVs for 48 h, and this expression was
significantly suppressed compared to that observed in the control.
To explore whether the attenuated proliferation capacity is related
to changes in cell pluripotency, the expressions of the following
proteins were measured: N-myc, SOX-2, OCT-4 and NANOG.
Similar to the trend of PCNA expression, the expressions of these
proteins were obviously decreased after treatment with E. coli-
OMVs (Figure 2B).

The cell cycle distribution results showed an increase in the
percentage of cells in the S phase and significant decreases in the
percentages of cells in the G0/G1 and G2/M phases after treatment
with E. coli-OMVs. Moreover, there was a distinct increase in the
number of apoptotic cells in the E. coli-OMV-treated group (Figure
2C). Accordingly, western blot analysis results indicated that the
protein expressions of cyclin A and CDK?2 in the intervention group
were decreased, while the protein expression of P21 was increased
(Figure 2D). The change in the expressions of proteins related to the
S phase was consistent with the results of the cell cycle assay,
confirming that the cells were arrested in the S phase.

Proapoptotic effect of E. coli-OMVs

Annexin V was used to quantitatively measure the number of
apoptotic cells, and the results revealed distinct increases in the
number of apoptotic cells in both NB-cell lines. Among the E. coli-
OMV-treated cells, apoptosis occurred in 18.85% of SK-N-SH cells
and in 35.42% of SH-SYSY cells, while only 7.81% of HEK293 cells
underwent apoptosis. (Figure 3A). The TUNEL assay revealed
obvious chromosomal breaks in the E. coli-OMV-treated cells,
which indicated that the cells were induced to undergo apoptosis
(Figure 3B). Since apoptosis and DNA damage were observed after
treatment with E. coli-OMVs, the protein expression of p53 was
examined; however, no change was observed between the E. coli-
OMV-treated and control groups. Therefore, we measured the level
of phosphorylated P53 (phospho-P53), which was significantly
increased after treatment with E. coli-OMVs (Figure 3C). Moreover,
the mitochondrial apoptosis pathway was activated in the E. coli-

OMV-treated cells, and the expressions of proteins related to
mitochondrial apoptosis were changed significantly. The expression
of the antiapoptotic protein BCL-2 was downregulated, and the
expression of the proapoptotic protein BAX was upregulated. Cyt c,
a mitochondrial respiratory chain electron transfer-associated
protein, was detected at significantly high level in the cytoplasm
of E. coli-OMV-treated cells, while Cyt c protein expression was
extremely low in the cytoplasm of control cells. Compared to that of
the control group, Cyt c protein expression was significantly
reduced among the mitochondrial proteins of the E. coli-OMV-
treated group (Figure 3D). The expression of the downstream
protein Apaf was increased as expected. Finally, cleaved caspase-3,
a typical hallmark of apoptosis, was activated, indicating the
occurrence of apoptosis (Figure 3D).

The inhibitory effect of E. coli-OMVs on cell migration
and invasion

In the wound healing assay, the scratch area of the treated groups
was larger than that of the control groups at 24 h and 48 h (Figure
4A), which indicated that the migration of cells was decreased by E.
coli-OMVs. In addition, the Transwell invasion assay revealed that
the number of cells that penetrated through the Matrigel was
significantly lower in the E. coli-OMV group than in the control
group (Figure 4B). The western blot analysis results showed that the
expressions of MMP-2, MMP-9, VEGF, and CD24 were obviously
decreased in the E. coli-OMV-treated group compared to those in the
control group (Figure 4C).

Antineoplastic activity of E. coli-OMVs in vivo

We tested whether E. coli-OMVs cause a significant acute systemic
inflammatory response in BALB/c mice. The mice in the normal
group and E. coli-OMV group were active, with white, fine and
lustrous fur, shiny eyes, and brown-black and well-formed stools.
At 24 h after injection, the mice in the LPS group were curled up and
less active, with wet, sticky and less lustrous fur, slightly closed
eyes, and unformed stools. The anal temperature, white blood cell
(WBC) count and classification, and blood glucose levels of the
mice in the three groups are shown in Table 1.

There was no significant difference in body temperature between
the mice in all groups before injection, and 24 h after injection, there
was no significant difference between the E. coli-OMV group and
the control group; the rectal temperature of the mice in the LPS
group was significantly lower than that of the mice in the control
group (P<0.01). The WBC count, neutrophil ratio and blood
glucose level in the E. coli-OMV group were not significantly
different from those in the control group, while the mice in the LPS
group showed a significant decrease in the WBC count, an increase
in the neutrophil ratio and a decrease in the blood glucose level.

We injected DIR-fluorescently labelled E. coli-OMVs into BALB/c
mice with SK-N-SH tumors via the tail vein and performed in vivo
imaging experiments at 24 h and 48 h postinjection. We found that
E. coli-OMVs were delivered to the tumor site 24 h after injection. At
24 h, the sites to which the E. coli-OMVs were distributed in the
highest amounts in vivo were the liver, tumor, lung and spleen. At
48 h, fluorescence still significantly accumulated in the liver and
tumor, and basically disappeared from other sites (Figure. SA).

In BALB/c nude mice, after intravenous injection with E. coli-
OMVs, the total body weights of the mice showed no significant
difference among the five groups (Figure 5B). Daily monitoring of
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Figure 2. E. coli-OMVs induce cell proliferation inhibition and cell cycle arrest

(A) The viabilities of SK-N-SH, SH-SY5Y and HEK293 cells were

measured by CCK-8 assay after treatment with E. coli-OMVs (0, 2, 4, 8, 16, 32, 64, 128, 256 and 512 pg/mL) for 48 h. (B) Western blot analysis of
PCNA, N-myc, SOX-2, OCT-4, and NANOG expressions. (C) Cell cycle analysis. (D) Western blot analysis of cyclin A, CDK2, and p21 expressions.
Data are presented as the mean+SD, n=3. ¥*P<0.05, **P<0.01, and ***P<0.001 vs the control group. ns, no significant difference.

the tumor size revealed that the tumors in the treatment groups
grew significantly slower than those in the control groups, and this
reduction was dose-dependent within a certain range. Ultimately,
the average tumor volume in the high-dose group was less than half
of that in the control groups. The tumors were collected at the end
point, and the average weights of the tumors in the three treatment
groups were lower than those in the control group (Figure 5C,D).
The results of HE staining of tumors showed obvious tissue damage,
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such as hemorrhage and necrosis, in the tumors of the treatment
groups (Figure 6A). We also examined the damages to the liver,
kidney, heart and lung tissues, and no significant difference was
observed in the E. coli-OMV groups (Figure 6B). We analysed the
serum from the nude mice and measured the serum levels of ALT,
AST, AST/ALT, Cr and BUN, which are key indicators of liver and
kidney injury. No statistically significant differences were observed
between the treatment groups and control groups (Figure 6C). In
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addition, a liver with obvious nodules was observed in one of the
mice in the control group. We recorded a general picture and
performed a pathological examination of the tissue (Supplementary
Figure S1).

Antitumor activity of E. coli-OMVs

Immunohistochemical staining of the expressions of the prolifera-
tion marker (PCNA), invasion marker (MMP-9) and angiogenic
activity marker (VEGF) in tumor tissues were performed to
investigate the antitumor activity of E. coli-OMVs. The results
showed very weak staining for all three markers in tumors of the
treatment groups compared with those in tumors of the control
groups (Figure 7A). Additionally, the protein expressions of PCNA,

MMP-9 and VEGF were measured by western blot analysis, and the
results showed significant decreases in the E. coli-OMV groups
(Figure 7B). The above results indicated that OMV intervention
reduced the growth, invasiveness and angiogenic activity of tumor
tissues. Moreover, the TUNEL assay indicated that tumors treated
with E. coli-OMVs displayed a higher fluorescence intensity of
dUTP, which indicated that apoptosis occurred at higher rates in
tumors from the treatment groups than in those from the control
groups (Figure 7C).

Discussion

The use of bacteria as antitumor drugs has been discussed since the
last century, but this treatment has some drawbacks, namely, a high
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Table 1. Inflammatory response in BALB/c mice

Group n Rectal temperature (°C) WBCs (% 10° cells/L) Neutrophils (%) Glucose (mM)
Before After

Control 5 36.0+£0.27 35.8+0.14 5.82+0.61 4.8+1.33 9.4+2.68

OMVs 5 35.7+0.22™ 35.7+0.32"™ 5.67+0.9™ 4+£0.67™ 9.1+£2.6"™

LPS 5 36.1+0.38™ 32.5+0.32** 4.21+0.78* 24.0+6.98** 3.3+£0.74**

*P<0.05, ** P<0.01 compared with the control group. ns, not significant.
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risk of systemic bacterial infection and increased toxicity [15-17].
Bacterial OMVs have been found to have advantages in adjuvant
immunotherapy and targeted drug delivery [18]. Initially, De [19]
identified a vesicular substance from Vibrio cholerae; subsequently,
Knox et al. [20] discovered a vesicular material with a lipid bilayer
structure of approximately 20-500 nm in diameter that is secreted
by E. coli; this material was defined as extracellular vesicles. Upon
binding to a target cell, the bioactive substances within these
vesicles can be transported into the host cell, thereby altering its
biological activity.

In this study, E. coli was selected for the extraction of OMVs. The
academically accepted methods of OMV identification involve TEM
to observe their morphology and NTA to measure their diameter.
The extracted components were found to have a circular membrane
vesicle structure, contain material of variable density, and have a
diameter distribution from 45 to 285 nm, which are consistent with
the definition of bacterial OMVs, indicating that we successfully
extracted E. coli-OMVs. Then, we examined the levels of endotoxin
LPS contained in these E. coli-OMVs.

OMVs can be taken up by tumor cells and exert biological
functions. Previously, it was found that tumor cells can phagocytose
OMVs into the cytosol after 2 to 4 h [21,22]. In this study, E. coli-
OMVs were found to be taken up by SK-N-SH cells after 6 h, and
intracellular OMVs became more abundant at 12 h. In addition,

some OMVs were observed to enter the nucleus. Bielaszewska et al.
[23] reported that E. coli-OMVs, after being internalized into cells,
can be intracellularly transported via processes that are dependent
on intracytoplasmic solute transfer complexes and the endoplasmic
reticulum and can eventually reach the nucleus and cause DNA
damage. Our study verified that E. coli-OMVs can be internalized,
translocate within the cell and further localize to the nucleus.

We examined the cytotoxicity of E. coli-OMVs on SK-N-SH cells,
and E. coli-OMVs at the ICs, concentration was used in all the
subsequent in vitro experiments. We found that E. coli-OMVs
inhibited the proliferative activity of cells. It is believed that some
cells in cancers have the ability to self-renew and produce
heterogeneous tumor cells; which are known as cancer stem cells,
and they have been shown to play an important role in tumor
survival, proliferation, metastasis, and recurrence [24]. Therefore,
we measured the expressions of multiple proteins associated with
cell pluripotency, including SOX2, OCT4 and NANOG [25-27], and
the expressions of all of these proteins were significantly decreased.
Some studies have reported that the N-myc protein is associated
with the activation of stem cell-like properties of cells [28,29]. The
expression of this protein was also decreased after treatment with E.
coli-OMVs. N-myc is a member of the MYC family of transcription
factors, and enhanced or dysregulated expression of N-myc
promotes the development of a variety of tumors [30]. Over-
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expression of the N-myc protein in NB is the initiating factor that
drives the development of high-risk NB and is usually associated
with poor prognosis [31]. Although SK-N-SH cells are a non-MYCN-
amplified NB-cell line, we still found a significant decrease in N-myc
protein expression in the treated cells. This led us to wonder
whether E. coli-OMVs can be used to suppress high-risk NB with
MYCN gene amplification. Overall, the decrease in cell stemness
could lead to the inhibition of cell proliferation.

Significant DNA damage and apoptosis were observed in treated
cells. DNA damage causes P53 activation; the latter can activate the
former, which can lead to cell cycle arrest and apoptosiss [32]. We
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measured P53 expression; however, its expression was not
significantly altered. Considering that P53 exists in a dynamic
balance between continuous translation and constant degradation
in cells, we focused on its posttranscriptional modifications. We
measured the levels of phospho-P53 and observed a significant
increase of phospho-P53 in treated cells. It has been well established
that phospho-P53 can regulate apoptosis by activating the BCL-2
family of proapoptotic genes [33]. We observed a significant
decrease in the expression of the suppressor protein BCL-2 and a
significant increase in the expression of the proapoptotic protein
BAX. The key protein Cyt c was activated, followed by Apaf protein
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in the cytoplasm. Theoretically, the combination of activated Cyt ¢ changes indicate that the mitochondrial apoptotic pathway is
and Apaf could reactivate the downstream caspase-3 to eventually activated. Therefore, we conclude that treatment with E. coli-OMVs
cause apoptosis, and our results showed that the expression of induces DNA damage and mitochondria-mediated apoptosis in
activated cleaved caspase-3 was significantly increased. The above tumor cells.
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In addition, P53 is an important regulator of the cell cycle and
proliferation. Excessive levels of phospho-P53 can activate the P21
protein and inhibit the PCNA protein, leading to cell cycle arrest and
inhibition of cell proliferation [34,35]. In this study, E. coli-OMVs
resulted in significant S-phase arrest, suggesting a possible
impairment of cellular DNA replication. The cyclin A/CDK2
complex acts as a regulator of the S phase [36], and downregulation
of the expression of cyclin A and CDK2 was observed, while that of
the P21 protein (a repressor of the cyclin A/CDK2 complex) was
significantly upregulated [37,38]. Thus, E. coli-OMVs may affect
DNA replication, resulting in cell cycle failure. The protein
expression of PCNA was significantly inhibited in the treated
groups in vitro and in vivo. When cells experience DNA damage, the
PCNA protein plays an important stabilizing role in cellular DNA
replication and serves as a scaffolding protein for organizing DNA
repair and providing bypass pathways. Furthermore, PCNA has
been shown to be involved in the regulation of cell cycle proteins
(such as p53 and P21) to maintain the cell cycle [39,40]. Thus,
dysfunction of PCNA could mitigate cell proliferation.

Combining the above results, we infer that treatment with E. coli-
OMVs reduces the proliferative activity of tumor cells, most likely
due to the following three reasons: first, the pluripotent potential of
treated tumor cells is inhibited, and their self-renewal ability is
diminished; second, some of the viable cells show signs of
apoptosis, resulting in a decrease in overall cell activity; and third,
treated cells are unable to successfully complete the cell cycle due to
the occurrence of DNA damage, failure of the Cyclin A/CDK2
complex and inhibition of PCNA.

This study showed that treatment of SK-N-SH cells with E. coli-
OMUVs inhibited the migratory and invasive abilities of these cells.
CD24 expression is specifically increased in a variety of cancers and
is associated with the malignant proliferation and invasion of
tumors. The expression level of CD24 is elevated in NB, and CD24
expression is associated with NB invasion and poor prognosis [41].
Our study indicated that cells treated with E. coli-OMVs showed
significant downregulation of CD24, MMP-2, and MMP-9 protein
expressions; these proteins are closely associated with tumor
invasion and metastasis [42]. In addition, tumor growth and
invasion are closely related to tumor neovascular formation, and
VEGF expression is downregulated [43]. Suppression of MMP-9 and
VEGF expression was observed in tumors of the three treatment
groups, which suggests that E. coli-OMVs can still inhibit tumor
invasive capacity and angiogenic activity in vivo. We conclude that
E. coli-OMVs can inhibit the malignant metastasis and invasive
abilities of NB. Refractory NB often has the malignant manifesta-
tions of early distant metastasis and recurrent metastasis after
treatment, and new therapeutic ideas are required for the early
prevention of NB distant metastasis. However, although we
observed that the invasive ability of tumor tissues was inhibited,
we only observed liver metastasis in the control groups, which was
not enough to support our point. This may be attributed to the
termination of the treatment experiment when the tumor volume
reached a certain size based on animal ethical considerations, and
this termination may have occurred before the tumor reached the
metastasis stage. Therefore, we think that the inhibitory effect of E.
coli-OMVs on invasive metastasis may need to be demonstrated in
additional follow-up studies, and this study can provide support for
these future studies.

We further verified the inhibitory effect of E. coli-OMVs on NB in
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vivoin a subcutaneous heterograft tumor model established in nude
mice. The size of the monitored subcutaneous masses, the tumors
observed at biopsy, and the excised tumor tissue provided
encouraging results: all three doses of E. coli-OMVs exerted an
inhibitory effect on the growth of the tumors, and this effect was
dose dependent. However, compared to previous findings by Kim et
al. [10], we did not observe complete clearance of NB, which may
be due to the differences in the experimental protocol: we used
immunodeficient nude mice as a model, and E. coli-OMVs may be
more effective against intestinal tumors. We observed a trend of
weight loss in the nude mice, but the difference was not statistically
significant. Additionally, we performed HE staining of several vital
organs, including the heart, liver, lung, and kidney, to observe their
morphologies. We did not observe significant differences between
the groups. We demonstrated that the effective doses we used did
not cause acute systemic inflammatory reactions and did not
significantly impair liver or kidney function in mice. These findings
at least indicate that the starting dose we used did not cause serious
side effects.

In conclusion, we present the use of E. coli-OMVs as an adjuvant
therapy for NB without significant adverse effects. Our mechanistic
studies suggest that these nanosized vesicles can enter the cell
cytoplasm and nucleus. and decrease cell stemness, DNA damage,
apoptosis and cell cycle arrest to exert a combined antitumor effect.
An approach to cancer treatment based on bacterial OMVs may
provide new directions in future research.
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