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Background: Glypican-3 (GPC3), which is a membrane-associated antigen that is overexpressed in hepatocellular carcinoma (HCC).
hGC33, a humanized anti-GPC3 antibody, has been validated as a potential antibody drug with good antitumor activity by preclinical
studies and the Phase II clinical trial. However, free drug usually lack good tumor penetration. Outer membrane vesicles (OMVs) that
are secreted by Escherichia coli function as natural vectors for molecule delivery and mediators of biological signals across tissues.
Our study aimed to engineer E. coli for use as a platform to precisely deliver the hGC33 single-chain variable fragment (hGC33-scFv)
for the targeted treatment of HCC.

Methods: In this study, we utilized E. coli BL21(DE3) to express Hbp-hGC33-scFv fusion protein and generated E. coli hGC33-
OMVs. After isolation and characterization, we assessed their chemotaxis toward HepG2 cells by Transwell, coimmunoprecipitation
(co-IP) to confirm hGC33-GPC3 binding, and immunofluorescence (IF) to evaluate the localization of hGC33 on OMV membranes.
The in vivo efficacy was assessed in BALB/c nude mice harboring HepG2 cell-derived xenografts, and tumor targeting was analyzed
with Cy7-labeled OMVs and live imaging. Proliferation assays, cell cycle analysis, and Wnt pathway expression analysis were
performed to elucidate the underlying mechanisms.

Results: hGC33-OMVs exhibited spherical bilayered nanostructures and displayed hGC33-scFv on their surface. hGC33-OMVs
preferentially accumulated in tumors, significantly reducing tumor volume compared with controls and downregulating the prolifera-
tion markers Ki67 and PCNA. Transwell assays revealed increased tropism of hGC33-OMVs toward HepG2 cells, while Co-IP
confirmed the direct interaction between hGC33 and GPC3. Meanwhile, hGC33-OMVs suppressed HepG2 cell proliferation, induced
G1-phase arrest, and reduced Wnt3a, B-catenin, Cyclin D1, and C-myc expression.

Conclusion: Engineered E. coli hGC33-OMVs effectively target HCC via the hGC33-GPC3 interaction, inhibit tumor growth by
suppressing Wnt signaling, and demonstrate potential for use as a versatile platform for antibody delivery.

Keywords: hepatocellular carcinoma, glypican-3, outer membrane vesicles, targeted therapy, Wnt signaling pathway

Introduction

Liver cancer is one of the most common malignant tumors worldwide. According to National Cancer Institute (NCI) statistics,
hundreds of thousands of patients are affected by liver cancer every year, and the number of liver cancer patients is increasing
annually.'* Although the use of vaccines,® anticancer drugs,* and other related treatment methods” led to a decrease in the
mortality rate of liver cancer in some areas by 2023, the global burden of liver cancer continues to increase.'” Hepatocellular
carcinoma (HCC) is one of the major types of liver cancer; however, effective treatment of HCC in the clinic is often limited by
its high heterogeneity, and molecularly targeted therapies have little effect on patients with advanced liver cancer.® One
manifestation of HCC is the high expression of glypican-3 (GPC3) in tumor cells, and GPC3 expression is used for clinical
diagnosis or to assess malignancy.”® In these cases, liver cancer cells from HCC patients exhibit greater GPC3 expression than
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liver cells from healthy patients;” therefore, GPC3 is typically used as a therapeutic target for HCC. GPC3 activates classic Wnt
signaling by binding to Wnt-related proteins,'*"" thus promoting the proliferation and growth of HCC cells.'?

Researchers have prepared a variety of antibodies that are specific for GPC3, such as the GPC3-specific human
1'® the YP7 antibody that specifically binds to
GPC3 that was developed by Yen Phung’s team,'* the humanized monoclonal antibody hGC33 that was prepared by

single-domain antibody (HN3) PET probe that was designed by Fayn et a

Ishiguro et al'®> and the HN3 antibody that was constructed by Minggian Feng et al'® using bacteriophages. Therefore,
hGC33 can specifically recognize and bind to GPC3. hGC33 mainly inhibits the growth of HCC in tumor-bearing mice
but also suppresses the proliferation of HCC cells in vitro by binding to the C-terminus of GPC3."” Considering these
findings, we hypothesized that hGC33 may inhibit the growth of HCC by downregulating Wnt signaling pathway
components through its specific interaction with GPC3. However, the binding efficiency of foreign antibodies in vivo is
low. The direct delivery of antibodies to the tumor site via tools can allow these antibodies to efficiently bind to and
directly act on tumor cells.

Escherichia coli outer membrane vesicles (E. coli OMVs) are functional vesicles that are produced by E. coli; these
OMVs are continuously secreted from the membrane surface of E. coli during growth. These vesicles have spherical,
lipid bilayer nanostructures with diameters typically ranging from 20 to 300 nm.'® The interior of OMVs contains
a diverse array of biological components that are derived from the parental bacteria, allowing them to perform
a multitude of specific biological functions, such as stimulating immune responses, presenting antigens, and delivering
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drugs in a targeted manner.'” To more accurately enhance the functions of OMVs, some researchers have recently
engineered the Escherichia coli autotransporter (AT) hemoglobin protease (Hbp) for use as a platform for the high-

density surface display and expression of heterologous proteins on the surface of OMVs,?*!

such as the Mycobacterium
tuberculosis antigens ESAT6, Ag85B, and Rv2660c.>** In the autotransporter protein display system, ATs consist of an
N-terminal signal peptide, a secreted or surface-displayed passenger structural domain, and a C-terminal translocation
unit polypeptide;®' this structure allows for the display of heterologous proteins on the cell surface via gene fusion. We
used a similar approach, utilizing the passenger domain structure of the Hbp to heterologously present hGC33-scFv via
a prokaryotic expression vector, and we prepared OMVs carrying Hbp-hGC33-scFv (E. coli hGC33-OMVs).

Here, we established a platform in which hGC33-scFv was localized to the OMV membrane surface, and our findings
were compared with those of nongenetically modified E. coli outer membrane vesicles (wt-OMVs); the results revealed
that E. coli hGC33-OMVs exhibited significant abilities to target liver tumors in holomatous mice. Additionally, we
explored whether E. coli hGC33-OMVs could specifically bind to and recognize the antigenic protein GPC3 on the
membrane surface of HepG2 cells and inhibit HepG2 cell cycle progression and cell proliferation by modulating the Wnt
signaling pathway. This study confirms the utility of hGC33-OMVs and offers novel insights into the synergistic
targeting of outer membrane vesicles to GPC3 to treat tumors, and these findings have potential to transform the

therapeutic strategies that are used to treat HCC.

Materials and Methods

Materials

Dulbecco’s modified Eagle’s medium (DMEM), 0.25% trypsin (GIBCO, USA) and fetal bovine serum (CLARK Bioscience,
USA) were used. The following antibodies were used: anti-OmpC monoclonal antibody (Thermo Fisher Scientific, USA),
anti-OmpA monoclonal antibody (Affinity, USA), anti-Myc tag monoclonal antibody, anti-recombinant GAPDH antibody,
anti-Actin antibody, anti-PCNA Rabbit monoclonal antibody, anti-Ki67 Rabbit monoclonal antibody (Beyotime, CHN), anti-
Wnt3a monoclonal antibody (Abcam, USA), gold-labeled sheep anti-rabbit IgG (10 nm) (Solarbio Technology, UK), anti-
Wnt3a monoclonal antibody, anti-Cyclin D1 monoclonal antibody, anti-C-myc monoclonal antibody, and anti-B-catenin
monoclonal antibody (MedChemExpress, America). The following reagents were used: chlorpromazine (MedChemExpress,
USA), the Quantinova SYBR PCR MIX Kit (QIAGEN, German), the Enhanced BCA Protein Assay Kit, the Myc-tag Protein
IP Assay Kit with Magnetic Beads, the BeyoClick™ EdU Cell Proliferation Kit with AF555 and the SDS-PAGE Gel Quick
Preparation Kit (Beyotime, CHN), the YSFluor™ 488 Goat Anti-Mouse 1gG(H+L), the YSFluor™ 594 Goat Anti-Mouse
lgG(H+L) (Yeasen, CHN). All the other analytical grade chemicals, reagents, and solvents were obtained from standard
suppliers and were ready to use without further purification.

Cell Lines and Experimental Animals

The human liver cancer cell line HepG2 (BC-C-HU-024) was purchased from Biochannel. The cells were cultured in
incubators with an atmosphere of humidified 5% CO, and grown in DMEM supplemented with 10% (vol/vol) FBS at 37 °C.
BALB/c nude mice, weighing approximately 20-22 grams and 4 weeks of age, were purchased from Chengdu Enswell
Biotechnology Co., Ltd., and housed in an IVC facility. All the animal care and treatment procedures were conducted in
accordance with the guidelines set forth by Chongqing Medical University. All the experimental protocols were reviewed
and approved by the Institutional Animal Care and Use Committee of Chongqing Medical University (Approval Number:
IACUC-CQMU-2024-07067).

Strains and Culture Conditions

The present study was conducted in LB growth medium supplemented with 50 pg/mL kanamycin and 0.2% glucose, and
the bacteria were incubated at 37 °C. The bacterial strains that were utilized were BL21 (DE3)/pET28a-Hbp-hGC33 and
BL21 (DE3)/pET28a. The appropriate IPTG concentration was used, and the experiments were conducted at 16 °C.
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Construction of Plasmids

According to the collation of Nakano et al'> we obtained relevant sequence information for GC33. The sequences of the
heavy chain variable region (VHk) and light chain variable region (VLa) of the humanized monoclonal antibody hGC33
were linked together with a flexible peptide (GGGGSGGGGSGGGGS) to form the single chain antibody hGC33-scFv.
Myc (EQKLISEEDL) was fused to the C-terminus of hGC33-scFv, and then, this sequence was inserted between the
signal peptide (SP) and the passenger domain (passenger) of the full-length Hbp protein. The Hbp-hGC33-scFv codon
sequence was cloned and inserted into the expression vector pET28a between the Ncol and Ncoll restriction sites. The
recombinant expression plasmid was named pET28a-Hbp-hGC33-scFv. Then, pET28a-Hbp-hGC33-scFv was transfected
into E. coli BL21 (DE3). Gene sequencing of the recombinant expression strain BL21(DE3)/pET28a-Hbp-hGC33-scFv
was performed by Bio-Sanitary Industry Company (Shanghai, China). Moreover, the empty plasmid E. coli BL21 (DE3)/
pET28a was constructed and used as an experimental control.

OMV Isolation, Extraction, and Characterization

The wild-type E. coli strains BL21 (DE3) and BL21 (DE3)/pET28a-Hbp-hGC33 were cultivated in LB broth supple-
mented with kanamycin (50 pg/mL) and glucose (0.2%) at an OD600 of 0.4. Subsequently, 0.1 M isopropyl-B-
D-1-thiogalactopyranoside (IPTG) was added to a final concentration of 5 mM to induce protein expression. The
temperature was reduced to 16 °C, and induction was allowed to proceed for one hour. To separate and purify the
OMVs, the sample was subjected to centrifugation at 5,000 X g for 15 minutes at 4 °C to remove the bacterial precipitate.
The supernatant was then filtered through 0.45-pum and 0.2-pum filters. The filtered solution was then filtered again
through a 100-kDa ultrafiltration tube to concentrate the OMVs, which were collected by centrifugation at 150,000 x
g for three hours at 4 °C (Beckman Coulter). The OMVs were imaged via transmission electron microscopy (TEM)
(Hitachi, Japan) to determine their morphology. NanoSight (Malvern, UK) nanoparticle tracking analysis (NTA) was
performed to determine the size distribution of the OMVs. Additionally, Western blotting was used to measure the
expression of OmpA and OmpC, which are outer membrane proteins of bacteria.

Immunogold EM

The wt-OMVs and hGC33-OMVs were diluted in PBS and subjected to centrifugation at 150,000 x g for 3 hours to
remove the supernatant. The pellets were then fixed with 4% paraformaldehyde for 24 hours and incubated with 1% BSA
to block the copper grids. The grids were incubated with 10-nm gold-labeled goat antibodies against rabbit antigens to
label the OMVs, incubated with uranyl acetate, and analyzed by transmission electron microscopy.

In vitro Chemotaxis Assay

The tendency of wt-OMVs and hGC33-OMVs to migrate toward cells was determined via the Transwell method. The
cells were suspended in serum-free culture medium at a density of 5x10° cells/mL. A total of 400 uL of complete culture
medium was added to the lower chamber, and 400 puL of complete culture medium was added to the upper chamber.
A 200 pL cell suspension was added to the upper Transwell chamber, and 250 pL bacterial outer membrane vesicles
were added to the lower chamber. The samples were incubated at 37 °C in a CO, incubator for 24 hours. The cells were
stained with 1% crystal violet for 20 minutes and subsequently washed three times with PBS. After the excess moisture
from the upper chamber was removed with a cotton swab, the number of cells was counted under a microscope.

In vitro Cell Proliferation Assay

The cytotoxic effects of wt-OMVs and hGC33-OMVs were determined with a CCK8 assay. HepG2 cells were seeded at

a density of 5,000 cells per well in a 96-well plate and incubated in a 5% CO, incubator at 37 °C for 48 hours. The cells

were then treated with PBS, wt-OMVs, or hGC33-OMVs in a 5% CO, incubator at 37 °C for 24 hours. After the

incubation period, cell viability was assessed via the CCKS assay. The absorbance at 490 nm of each well was measured.
Cell proliferation was evaluated via an EdU assay. The results demonstrated that the OMVs and hGC33-OMVs

inhibited cell proliferation. Following an overnight incubation of log-phase cells in 6-well plates, the cells were treated
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with wt-OMVs, hGC33-OMVs, or hGC33-OMVs+chlorpromazine for a period of 24 hours. The anti-proliferative
activity was then evaluated with the EdU assay, and the results were observed under a fluorescence microscope and
subsequently quantified. The data were analyzed via Image].

Immunofluorescence Staining

Cells were fixed with 4% paraformaldehyde (Biosharp; BL539A) for 15 min at room temperature (RT), permeabilized
with 0.1% Triton X-100 (Solarbio; T8200) for 5 min and then blocked with QuickBlockTM immunostaining blocking
solution (Beyotime; P0260) for 15 min at RT. The cells were incubated with primary antibodies diluted in blocking buffer
at 4 °C overnight. The following primary antibodies were used: anti-GPC3 (AF7002; rabbit; Beyotime). To detect the
primary antibodies, the cells were incubated with Alexa Fluor 488 donkey anti-rabbit IgG (34206ES60; Yeasen) or Alexa
Fluor 594 donkey anti-rabbit IgG (34212ES60; Yeasen) for 1 h at RT. The cells were counterstained with 4’-6-diamidino-
2-phenylindole (DAPI) (Beyotime; C1006) for 5 minutes before being mounted with a laser scanning confocal micro-
scope (LSCM; SP8 Leica, Germany).

Cell Cycle Analysis

Following an overnight incubation of log-phase cells in a 6-well plate at 37 °C, the cells were treated with wt-OMVs or
hGC33-OMVs for 24 hours. Afterward, the cells were collected with ethanol and stained with the iodine propidium. The
resulting single-cell suspensions were analyzed on a CytoFLEX flow cytometer (Beckman Coulter).

In vivo Targeted Evaluation in Tumor-Bearing Mice

Cy7 dye (1:1 volume ratio with OMVs) and wt-OMVs (total protein 50 pg) were incubated at 37 °C in the dark for
2 hours. Then, the mixture was ultracentrifuged at 150 000xg for 3 hours at 4 °C. The pellet was subsequently
resuspended in 1 mL of PBS. Two tumor-bearing mice with good health status were injected via the tail vein with
200 pL of Cy7-labeled wt-OMVs or hGC33-OMVs. For each type of nanoparticle, a total of 50 pg were administered to
the mice, and a live animal imaging system was used to determine their distribution in vivo. The mice were imaged at
1 hour postadministration.

Anti-Tumor Effects in Hormonal Mice in vivo
The inhibitory effects of wt-OMVs and hGC33-OMVs on HCC growth in vivo were determined. All the experiments
were performed with BALB/c mice in a temperature-controlled room (2342 °C) with 12 h/12 h light/dark cycles,
according to the animal health regulations and guidelines of the Ethics Committee of Chongqing Medical University.
A suspension containing 5x10® HepG2 cells was subcutaneously injected into the left dorsal region of 5-week-old
female BALB/c mice (20~22 g). This procedure established a xenograft model of human HCC in BALB/c mice. The
formation of tumors was observed, and the volume was recorded when the tumor volume reached approximately
30-50 mm?. Then, the mice were randomly divided into three groups, with 12 mice in each group. The mice were
administered PBS (200 pL) or hGC33-OMVs (dose of 2.5 pg in 200 pL), and the control group received 2.5 pg of wt-
OMVs in the same volume. Each treatment was repeated every two days for a total of four administrations. The weight
and tumor size of the mice were measured every two days, and the antitumor efficacy was calculated. The tumor volume
was calculated via the following formula: volume = 0.5xLxW? (where L is the longest diameter of the tumor and W is
the width of the tumor perpendicular to the longest diameter). The inhibition rate was calculated with the following
formula: inhibition rate = (C-T)/C x 100%, where C represents the average tumor weight of the control group and
T represents the average tumor weight of the experimental group. After 2 weeks of treatment, the mice were euthanized.
The tumor tissue was then processed with a 4% formalin solution, paraffin-embedded, sectioned, and stained with
hematoxylin and eosin, and then, the pathological changes in the transplanted tumors were analyzed by microscopy.

Quantitative Real-Time Polymerase Chain Reaction
To evaluate the activation of signaling pathways and the expression of target genes, the effects of wt-OMVs and hGC33-
OMVs on inhibiting gene expression in HCC cells were evaluated. Total RNA was extracted via TRIzol reagent
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(Invitrogen; 98597501), and cDNA was synthesized via a reverse transcription kit (Vazyme; R323-01). Fluorescence real-
time quantitative PCR was then performed using the resulting cDNA. The reaction conditions were as follows: 95 °C for
5 minutes, 95 °C for 10 seconds, 55 °C for 20 seconds, and 72 °C for 20 seconds. Forty cycles were performed, and
a melting curve was generated. The Ct values of each group were used to calculate 2-AACt.

Western Blotting

To evaluate the activation of signaling pathways and the expression of target molecules, cells were cultured in 6-well plates
overnight and treated with wt-OMVs, hGC33-OMVs, or hGC33-OMVs+chlorpromazine. The cells were treated for
24 hours, after which samples were collected, proteins were extracted, and protein concentrations were determined. The
protein concentrations were determined via a BCA protein reagent kit (Beyotime, China). Then, protein samples were
separated by 10% SDS—-PAGE, transferred to PVDF membranes, and blocked with 5% BSA. The primary antibody (diluted
1:1000) was incubated at 4 °C overnight, and the secondary antibody (diluted 1:2000) was incubated at room temperature for
1 hour. The protein bands were visualized with a hypersensitive ECL chemiluminescence kit (G2020; Servicebio; China),
and the images were analyzed via a gel imaging system. GAPDH and Actin were used as reference controls.

Data Analysis and Statistics

The data are presented as the mean + standard deviation (SD) and were analyzed using GraphPad Prism 8.0 for variance.
ANOVA was used for statistical analysis, and independent-samples paired t tests were used for pairwise comparisons. A p
value of less than 0.05 was considered to indicate a statistically significant difference.

Results
Characterization of E. coli wt-OMVs and E. coli hGC33-OMVs

The variable region sequence of hGC33 was obtained from the literature,'”” and a Myc tag was introduced at the
C-terminus. The hGC33-scFv/Myc single-chain antibody sequence (1—243 aa) was inserted between the signal sequence
and the passenger domain sequence of Hbp, ultimately yielding the Hbp-hGC33-scFv/Myc fusion gene sequence
(Supplementary Figure 1). This synthesized gene fragment was subsequently inserted into the pET28a expression

plasmid, which was subsequently transformed into E. coli BL21(DE3), and the transformed E. coli were screened in
LB medium supplemented with kanamycin to select for the engineered E. coli (Figure 1a); additionally, wild-type E. coli
was generated by transforming the empty vector pET28a into E. coli BL21(DE3) following the same method. The wt-
OMVs and hGC33-OMVs were isolated and obtained from E. coli LB-conditioned liquid medium by differential
centrifugation and ultrafiltration (Figure la and f). We examined the fusion proteins via immunocolloid gold, and
immunoelectron microscopic analysis of both bacteria and their OMVs revealed that immunocolloid gold particles
were present on the surfaces of the bacteria and vesicle membranes in the engineered group, whereas no immunocolloid
gold particles were present in the control group (Figure 1b). Furthermore, the protocol for hGC33-OMYV extraction was
optimized (Supplementary Figure 2) to yield higher concentrations of hGC33-OMVs. As shown in the transmission

electron micrograph (Figure 1c), the OMVs exhibited a uniform spherical and lipid bilayer structure. The NTA results
demonstrated that the average diameter of the wt-OMVs was approximately 99.9 + 2.6 nm, whereas that of the hGC33-
OMVs was approximately 104.0 £ 6.0 nm (Figure 1d). The SDS-PAGE results (Figure 1g) indicated that the protein
composition of the OMVs differed from that of the whole E. coli bacterial lysates. Furthermore, Western blotting analysis
revealed that the molecular weights of OmpA and OmpC, which are characteristic proteins of bacterial outer membrane
vesicles, were 36 kDa and 38 kDa, respectively. Additionally, the hGC33-OMVs contained a Myc-tagged, protein-tagged
fusion protein, namely, Myc-Hbp-hGC33, which had a molecular weight of 173.5 kDa (Figure le).

Recognition and Binding of E. coli hGC33-OMVs to the HepG2 Cell Surface Receptor
GPC3

To investigate the specific binding of hGC33 to GPC3, we performed immunocytolloid gold electron microscopy
(Figure 2a) and demonstrated that Myc-tagged Hbp-hGC33 fusion proteins were expressed on the outer membrane
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Figure | Display of hGC33-scFv on the membrane surface of E. coli OMVs. (a) Schematic illustration of the genetic construct used to engineer E. coli BL2|(DE3) to display
hGC33-scFv on the surface of outer membrane vesicles (OMVs). The hGC33-scFv gene was fused to the passenger domain of the autotransporter Hbp and subsequently
cloned and inserted into the pET28a expression vector. (b) Immunoelectron microscopic analysis of engineered E. coli (top left) and its OMVs (top right) and wild-type E. coli.
coli (sitting) and its OMVs (bottom right). (c) Transmission electron microscopy (TEM) image of hGC33-OMVs and wt-OMVs, showing uniform spherical structures with
a lipid bilayer (scale bar = 100 nm). (d) Nanoparticle tracking analysis (NTA) of hGC33-OMVs, indicating an average vesicle diameter of approximately 104.0 + 6.0 nm. (e)
Western blotting analysis of hGC33-OMVs, confirming the presence of hGC33-scFv (173.5 kDa) and the bacterial outer membrane proteins OmpA (36 kDa) and OmpC (38
kDa), with a total protein amount of 3.5 pg per lane. (f) Protocol for OMV isolation. (g) Kaumas Brilliant Blue analysis of bacterial lysates and OMV preparations.

surface of hGC33-OMVs. The Transwell assay is a common method that is used to evaluate the effects of stimulants on
cell migration and chemotaxis. Therefore, to investigate whether cells tend to migrate toward hGC33-OMVs due to the
specific recognition and targeting of the HepG2 surface antigen GPC3, we evaluated the tropism between cells and
hGC33-OMVs by assessing the number of cells that entered the lower compartment during OMV and HepG2 cell
coculture; this experiment was performed without the interference of chemokines, such as serum. Compared with wt-
OMVs, hGC33-OMVs exhibited a significantly stronger ability to converge with cells (p < 0.001) (Figure 2f).

We subsequently labeled hGC33-OMVs with Dil and incubated them with the cells for 10 minutes, 20 minutes, 40 minutes,
or | hour. After washing with PBS, the cells were stained with DAPI. As expected, inverted fluorescence microscopy revealed
that the OMVs could reach the vicinity of the cell membrane as early as 10 min after the start of incubation, and the degree of
interaction between cells and OMVs increased with time, peaking at 1 h (Figure 2b). These findings suggest that OMVs can
reach the cell membrane in a short time, and, through the specific binding of hGC33 to GPC3, hGC33-OMVs aggregate on the
cell membrane surface. We also observed the binding of wt-OMVs and hGC33-OMVs to the cell membrane under the same
conditions after 1 hour of coincubation. Merged images (Figure 2¢) and fluorescence colocalization visualization analysis
(Figure 2d and e) revealed that hGC33-OMVs could localize to the cell membrane surface, resulting in merged orange
fluorescence, whereas wt-OMV's hardly bound to the cell membrane surface.

To further verify whether the specific binding of hGC33 to GPC3 occurred in a shorter time, hGC33-OMVs were
coincubated with cells for 1 h, the cell precipitates were collected and lysed, and immunoprecipitation was performed
with anti-Myc magnetic beads. The results of coimmunoprecipitation of Myc-hGC33 with anti-GPC3 antibodies were
assessed by immunoblotting (IB) for GPC3; the results revealed the presence of a band in Lane 4 of the IP group that had
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Figure 2 Specific Recognition and Binding of hGC33-OMVs to GPC3. (a) Fluorescence microscopy images showing the time-dependent binding of Dil-labeled hGC33-
OMVs to HepG2 cells. Images were captured at 10, 20, 40, and 60 min postincubation. Nuclei were stained with DAPI (blue), and the cell membranes were labeled with
FITC (green). The merged images show the colocalization of hGC33-OMVs (red) with cell membranes over time, indicating rapid and specific binding. Scale bar = 10 um. (b)
Fluorescence microscopy analysis of the binding of hGC33-OMVs to HepG2 cells. The cells were incubated with Dil-labeled hGC33-OMVs or wt-OMVs for | hour. Nuclei
were stained with DAPI (blue), and GPC3 was labeled with FITC (green). Merged images showing the specific colocalization of hGC33-OMVs with GPC3 on the cell
membranes. Scale bar = 10 pm. (c) Immunofluorescence analysis of wild-type OMVs (wt-OMVs) and hGC33-OMVs coincubated with HepG2 cells for | hour, with the visual
results presented in (d and e), respectively. (f) Transwell assay analysis of the potential chemotactic effects of wt-OMVs and hGC33-OMVs on HepG2 cells (***p < 0.0001).
(g) Coimmunoprecipitation (co-IP) analysis confirming the specific interaction between hGC33 and GPC3. Lysates from HepG2 cells incubated with hGC33-OMVs were
immunoprecipitated with an anti-Myc antibody, followed by Western blotting with an anti-GPC3 antibody. The results revealed specific the binding of hGC33 to GPC3.
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a molecular weight of approximately 70 kDa. In contrast, Lanes 2 and 3 and the IgG group presented no band of this
molecular weight (Figure 2g). In other words, when the cells were coincubated with hGC33-OM Vs, the two bound, but
no discernible bands were observed in the cell or hGC33-OMYV groups. These findings indicate that an interaction occurs
between the Myc-hGC33 protein and the GPC3 protein and that hGC33 specifically binds to the GPC3 molecules on the
surface of the HepG2 cell membrane.

E. coli hGC33-OMVs Regulate HepG2 Cell Proliferation by Interacting with the

Surface Receptor GPC3
To determine whether hGC33-OMVs inhibit HCC cell growth, we examined the inhibition of HepG2 cell growth. First,
we performed a CCKS8 assay and determined that the optimal dose of hGC33-OMVs for inhibiting cell viability was
12.5 pg/mL (Figure 3a and b), and we found that hGC33-OMVs significantly reduced the number of HepG2 cells and
inhibited the proliferation of HepG2 cells compared with wt-OMVs. Importantly, the results of the EdU proliferation
assay (Figure 3d) also revealed that hGC33-OMVs had a stronger inhibitory effect on cell proliferation than wt-OMVs.
Ki67 and proliferating cell nuclear antigen (PCNA) are the most commonly used markers of cell proliferation as well as
markers related to cell cycle progression, and their expression levels reflect cell proliferation. Western blotting analysis of
OM V-treated HepG2 cells revealed that PCNA protein expression was reduced in cells that were treated with hGC33-
OMVs (Figure 3¢). Concurrently, different OMVs were incubated with HepG2 cells. The cells were washed three times
with PBS and stained with DAPI to label the nuclei. Observations were made under an inverted fluorescence microscope.
The results indicated that, under the same culture conditions, cells that were treated with hGC33-OMVs presented
significantly lower red fluorescence than those that were treated with wt-OMVs did (Figure 3f), suggesting that hGC33-
OMVs can reduce the expression of Ki67 in HepG2 cells. In addition, at the mRNA level, we found that the expression
of Ki67 and PCNA was also significantly reduced in hGGC33-OMV-treated cells, as shown by qRT-PCR (Figure 3c).
To further illustrate that the cytostatic effect was a consequence of the crosstalk between hGC33 and the cell surface
membrane protein GPC3, cells were treated with the vesicle blocker chlorpromazine,>* which is a potent inhibitor of
clathrin-mediated endocytosis that blocks the binding between vesicles and cells.”> After cells were treated with wt-
OMVs, hGC33-OMVs, and hGC33-OMVs in the presence of chlorpromazine for 24 hours, the results of the EAU assay
(Figure 4a) demonstrated that the inhibitory effect of hGC33-OMVs on cell proliferation was significantly diminished
when chlorpromazine was added, resulting in a lower degree of inhibition than that observed following treatment with
wt-OMVs. This may be attributed to the fact that OMVs possess a certain degree of intrinsic cytotoxicity.”® The hGC33-
OMV group demonstrated the strongest ability to inhibit cell proliferation, suggesting that hGC33-OMVs regulate
HepG2 cell proliferation by binding to the cell membrane surface after recognition. Similarly, consistent with the
Western blotting results (Figure 4b), hGC33-OMVs significantly reduced the intracellular protein expression of
PCNA, and a subsequent increase in the levels of this protein was observed after the addition of chlorpromazine. We
subsequently compared the protein expression levels of B-catenin, C-myc, and Cyclin D1, which are associated with the
Wnt signaling pathway, under various OMV treatment conditions. Both the g-PCR (Figure 4c) and Western blotting
(Figure 4d) results demonstrated that the protein levels of Cyclin D1, C-myc, and B-catenin in the hGC33-OMV
treatment group were significantly lower than those in the PBS control group. These findings suggest that hGC33-
OMVs may suppress the expression of these proteins. The presence of vesicle inhibitors attenuated this inhibitory effect,
which may suggest that hGC33-OMVs can regulate the Wnt signaling pathway, which is associated with tumor growth,
by binding to GPC3 on the surface of HepG2 cells, thereby inhibiting the proliferation of these cells. In conclusion, these
findings may indicate that hGC33-OMVs can inhibit cell proliferation via cell surface recognition.

E. coli hGC33-OMVs Regulate the Whnt Signaling Pathway to Inhibit HepG2 Cell

Proliferation

GPC3 can promote Wnt/B-catenin signaling pathway activation by binding to Wnt-related proteins, thereby promoting
the proliferation of HCC cells.'? To elucidate the molecular mechanisms underlying the inhibitory effect of hGC33-
OMVs on HepG2 cell proliferation, we investigated the cell cycle progression of HepG2 cells that were treated with wt-
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Figure 3 Inhibitory effect of hGC33-OMVs on HepG2 cells. (a) Cells were treated with various concentrations of hGC33-OMVs (0, 12.5, 25, or 50 pg/mL) for 24 hours, and
viability was assessed with the CCK8 assay. The data are presented as the means * SDs (n = 3). Statistical significance was determined by one-way ANOVA (*P < 0.05). (b) Cells
were treated for 24 hours, and viability was measured with the CCK8 assay. The data are presented as the means + SDs (n = 3). Statistical significance was determined by one-way
ANOVA (¥*P < 0.001). (c) Ki67 and PCNA gene expression levels in OMV-treated HepG2 hCC cells were measured by qRT-PCR and normalized to those of GAPDH. The data
are presented as the means * SDs (n = 3). Statistical significance was determined by one-way ANOVA (*P < 0.05, **P < 0.01, **P < 0.001). (d) EdU proliferation assay showing the
inhibitory effect of hGC33-OMVs on HepG2 hCC cell proliferation. The proportion of EdU-positive cells was quantified. The data are presented as the means + SDs (n = 3).
Statistical significance was determined by one-way ANOVA (*P < 0.05, ***P < 0.001). (e) Western blotting analysis of PCNA protein expression in HepG2 hCC cells treated with
OMVs for 24 hours. Actin was used as a loading control. Densitometric analysis of protein bands is shown below the blot. The data are presented as the means * SDs (n = 3).
Statistical significance was determined by one-way ANOVA (*P< 0.05). (f) Immunofluorescence analysis was performed to evaluate the expression levels of Kié7 in cells treated
with OMVs. Nuclei were stained with DAPI (blue), and proliferating cells were labeled with Alexa Fluor 594 (red). Merged images show Kié7-positive cells. Scale bar = 10 um. The
data are presented as the means + SDs (n = 9). Statistical significance was determined by one-way ANOVA (**P < 0.001).
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Figure 4 hGC33-OMVs regulate the Wnt signaling pathway to inhibit HepG2 hCC cell proliferation. (a) EdU cell proliferation analysis was performed after cells were
treated with wt-OMVs, hGC33-OMVs, or hGC33-OMVs+chlorpromazine. Nuclei were stained with DAPI (blue), and proliferating cells were labeled with EdU (green).
Merged images showing a reduction in the number of EdU-positive cells in the hGC33-OMV group, and chlorpromazine partially reversed this effect. Scale bar = 10 um. The
data are presented as the means = SDs (n = 3). Statistical significance was determined by one-way ANOVA (*P < 0.05, **P < 0.01, ***P < 0.001). (b) Western blotting
analysis of PCNA protein expression in cells treated with different OMVs. n = 3, *p <0.05; (c) mRNA expression of proteins involved in the Wnt signaling pathway after
treatment of cells with different OMVs. Gene expression levels were normalized to those of GAPDH. (d) Western blotting analysis of the expression of wnt signaling
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OMVs or hGC33-OMVs for 24 hours. In the HepG2 cell line, treatment with hGC33-OMVs significantly increased the
proportion of cells in the G1 phase and decreased the proportions in the G2 and S phases (Figure 5c). In contrast, wt-
OMVs had a negligible effect on cell cycle progression (Figure 5c); these results suggest that hGC33-OMVs induce cell
cycle arrest at the G1 phase. These findings provide insights into the potential molecular pathways by which hGC33-
OMVs inhibit HepG2 cell proliferation.

To understand the Wnt signaling pathway mechanism that are induced by the interaction of hGC33-OMVs with
GPC3 in vivo, we examined the expression of Wnt/B-catenin signaling pathway-related proteins in HCC cells within the
organism. In vitro, we extracted proteins from HCC tumor tissues that were treated with wt-OMVs or hGC33-OMVs.
The Western blotting results revealed (Figure 5b) that the protein levels of C-myc, Cyclin D1, and B-catenin were
decreased after treatment with hGC33-OMVs. Concurrently, at the mRNA level, there was a reduction in the expression
levels of Wnt3a, B-catenin, C-myc, and Cyclin D1, all of which were lower than those in the wt-OMVs treatment group
(Figure 5a). These findings indicate that hGC33-OMVs may modulate the Wnt signaling pathway by downregulating the
expression of key pathway components at both the protein and mRNA levels, potentially impacting the proliferation and
survival of HCC cells.

Targeting and Inhibition of HCC Growth by E. coli hGC33-OMVs

To verify the ability of hGC33-OMVs to target liver tumors in vivo, 5x10° HepG2 cells were subcutaneously inoculated
into the left flank of female BALB/C nude mice, and when the tumor volume reached 30 mm?, the mice were randomly
divided into three groups: the PBS, wt-OMYV, and hGC33-OMYV groups. One hour after a single injection of Cy7-labeled
OMVs (equivalent to 20 pg/200 uL), the distribution of the OMVs in vivo was observed via an intravital fluorescence
imager. Live imaging (Figure 6h) was performed before injection (Pre) and 1 hour after injection (1 h) to assess the
localization of the hGC33-OMVs. One hour after injection, imaging revealed obvious fluorescence signal enhancement,
especially in the tumor area, which indicated that hGC33-OMVs could rapidly accumulate in the tumor area. These
findings suggest that hGC33-OMVs have better tumor-targeting ability in vivo, which may be due to their ability to
specifically recognize and bind to the GPC3 antigen on the surface of tumor cells.

To further evaluate the antitumor activity of hGC33-OMVs in vivo, HepG?2 cells were subcutaneously inoculated on the
left dorsal side of female BALB/C nude mice, and when the tumor volume reached approximately 3050 mm?, the mice
were randomly divided into three groups (n=15): the PBS, wt-OMYV, and hGC33-OMYV groups. OMVs were injected into
the tail vein (Figure 6a), and the inhibition of tumor growth in mice in each group was observed. Previously, we reported
that the optimal dose of hGC33-OMVs for tumor inhibition in vivo was 2.5 ng/200 pL (Supplementary Figure 3). As shown
in the figure (Figure 6b and c), both wt-OMVs and hGC33-OMVs delayed the growth of tumors compared with the control
PBS, whereas hGC33-OMVs had the strongest effect on slowing tumor growth. This result occurred because wt-OMVs
themselves also have some tumor inhibitory effects, which has been shown in several studies.”” However, hGC33-OMVs

more significantly inhibited HCC growth in vivo because they can specifically bind to GPC3 to target liver tumors and
inhibit the Wnt signaling pathway. Compared with those of the control group, the body weights of mice in both
experimental groups were lower, and the body weights of the mice that received hGC33-OMVs were greater than those
of the mice that received wt-OM Vs and slightly lower than those of control mice (Figure 6d). Moreover, the tumor weights
in the hGC33-OMVs group were lower than those in the PBS group and the wt-OMVs group (Figure 6¢ and f). These
findings indicate that hGC33-OMVs have lower toxicity than wt-OMVs.

The results of immunohistochemical analysis of mouse tumor tissues revealed that the rates of ki67 and PCNA
positivity in the hGC33-OMV group were lower than those in the control and wt-OMV groups (Figure 6i). Consistent
with these findings, QqRT-PCR analysis revealed marked downregulation of Ki67 and PCNA mRNA expression in tumor
tissues from the hGC33-OMV group compared with those from the control group (Figure 6g). The Western blotting
results (Figure 6j) further confirmed that hGC33-OMVs decreased the protein expression of PCNA in HCC tissues.
Furthermore, pathological examination of tumor tissues (Figure 6k) revealed that hGC33-OMVs induced larger areas of
necrosis in liver tumors, as well as the infiltration of more inflammatory cells, suggesting that hGC33-OMVs may exert
their antitumor effects, at least in part, by inducing an inflammatory response within the tumor microenvironment,
leading to tumor cell death.
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Figure 5 Effects of hGC33-OMVs on Whnt/B-catenin Signaling Pathway and Cell Cycle in HepG2 Cells. (a) qRT-PCR analysis of Wnt3a, B-catenin, C-myc, Cyclin DI gene
expression in HepG2 cells treated with PBS, wt-OMVs, or hGC33-OMVs for 24 hours. Data are presented as means * SDs (n = 3). Statistical significance was determined by
one-way ANOVA (*P < 0.05, ***P= 0.0009, ns=p> 0.05). (b) Western blot analysis of Wnt/B-catenin signaling pathway proteins (Wnt3a, B-catenin, C-myc, Cyclin DI) in
HepG2 cells treated with PBS, wt-OMVs, or hGC33-OMVs for 24 hours. Actin was used as a loading control. Densitometric analysis of protein bands is shown below the
blot. Data are presented as means * SDs (n = 3). Statistical significance was determined by one-way ANOVA (*P < 0.05, **P < 0.01, **P < 0.001). (c) Flow cytometry
analysis of cell cycle distribution in HepG2 cells treated with PBS, wt-OMVs, or hGC33-OMVs for 24 hours. The percentage of cells in each phase (G, S, G2) is shown. Data
are presented as means * SDs (n = 3). Statistical significance was determined by one-way ANOVA (*P < 0.05).
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Discussion

The global burden of liver cancer, which is one of the main causes of cancer death, continues to increase daily. According
to statistics, in the past two decades, the incidence of liver cancer has increased by 53.7%, and the mortality rate has
increased by 48.0%.%® At present, liver cancer treatment has expanded from traditional methods to include immunother-
apy, anticancer drugs,”’ antibody—drug conjugates (ADCs),>° molecular targeted therapy, bacterial therapy,’' CAR-T cell
theralpy,(”32 and other methods. GPC3, which is a molecular marker of HCC, has attracted substantial attention in the field
of molecular targeted therapy. Numerous research teams have dedicated efforts to exploring the potential of GPC3 for use
in HCC treatment, achieving remarkable results. For example, Sun et al** constructed CAR-T cells that target GPC3, and
the effect of exfoliated GPC3 (sGPC3) on the regulation of GPC3 on the HCC membrane surface was explored; the
results revealed a new mechanism underlying immune escape by HCC. Li et al** also reported that CAR-T cells that
target GPC3 may be developed for the treatment of HCC patients. In this study, we also focused on GPC3 as a molecular
target to verify the interaction between the anti-GPC3 antibody hGC33 and GPC3, and we confirmed the potential of
GPC3 for use in molecular targeted therapy for HCC.

The microenvironment of tumors is distinctly different from that of most nonmalignant tissues, which makes the
tumor microenvironment a prime target for certain bacteria in bacteria-mediated cancer immunotherapy.®>*® Facultative
anaerobic bacteria can selectively accumulate in the hypoxic region of tumors®® and drive specific T cell-mediated
anticancer immunity in situ through genetic mechanisms in the tumor microenvironment,’” as observed with E. coli
Nissle 1917(EcN);*® additionally, such bacteria can be used as effective carriers of foreign genes, as observed with
Salmonella typhimurium,* transgenic Listeria®® and E. coli Nissle 1917, which are often designed for use effective
platforms to deliver antigens to tumors. Compared with other anaerobic bacteria, E. coli is often used as the host for
heterologous protein presentation and expression because of its ease of use, low culture cost, and ease of strain
optimization;*' therefore, we chose E. coli BL21(DE3) as the carrier for antibody expression. However, when E. coli
is administered to the body, the host immune system may recognize E. coli as a foreign pathogen, which may trigger
a strong immune response, limiting its therapeutic effect.*” Notably, the outer membrane vesicles that are secreted by
E. coli often have lower immunogenicity. The OMVs of E. coli, which are naturally secreted bimolecular nanoparticles,
can be selectively enriched in substances derived from bacteria, and these substances can effectively activate the natural
immune signaling pathway and function as natural immune adjuvants.*’

E. coli OMVs can be quickly recognized by and bound to immune cells because of their unique structure and
heterologous identity. E. coli OMVs have been used to target and accumulate in tumor tissues, activate antigen-
presenting cells (APCs) and adaptive immunity, induce the infiltration and accumulation of natural killer (NK) and
T cells in tumor tissues, and inhibit tumors;44 this is consistent with the fact that wt-OMVs have a certain tumor
inhibition effect, as observed in our in vitro and in vivo experiments. Moreover, OMVs can be engineered for use as
1945 and for the targeted delivery of drugs such as DOX,*® 5-fluorouracil (5-FU),*'
beta-glucuronidase,*” sorafenib*® and PTX* to treat cancer. When OMVs are loaded with heterologous proteins or drugs,

personalized antigen display platforms

their natural structure can be used to quickly deliver their cargo to the target site, which greatly improves the treatment
effect. Therefore, in this study, we presented hGC33-scFv on the outer membrane of E. coli by using the Hbp protein
transport platform; thus, the OMVs that were secreted had hGC33-scFv on their membranes. Similar to the hGC33-
loaded nanoparticles that were constructed by Jing Shen et al'” hGC33-OMV:s could quickly target HepG2 hCC cells and
inhibit their proliferation by blocking the GPC3-Wnt signaling pathway.

We observed that when hGC33-OM Vs reached the tumor site, it could inhibit the proliferation of HCC cells and down-
regulate the expression of Wnt signaling pathway. This mainly depends on the fact that hGC33 antibody can induce NK
cell-mediated somatic cell-dependent cytotoxicity (ADCC) effects'” and inhibit the progress of HCC. Because hGC33
lacks a carbohydrate fraction,'” it has a weaker ADCC effect than GC33. Nonetheless, some antitumor activity was
demonstrated in a GPC3-positive cellular xenograft tumor model. This finding is supported by our finding that, in the mouse
HepG2 xenograft tumor model, the tumor inhibitory effect of hGC33-OMVs, although superior to that of the wild-type
vesicles, was not very significant. We speculate that this may have occurred because the surface of E. coli-derived outer

membrane vesicles contains many virulence factors, such as LPS,>® which stimulate immune responses via Toll-like
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receptors and thus inhibit tumor cell proliferation and induce inflammatory factor release, resulting in inflammatory
responses in the organism.’’ Therefore, a focus of future research may be approaches for reducing the toxicity of hGC33-
OMVs to improve their safety in vivo and strategies for enhancing the ADCC effect of hGC33-OMVs; such studies would
pave the way for further increasing the practical application of hGC33-OMVs in the future.

As a new targeted therapy for HCC, hGC33-OMVs not only show marked tumor-targeting and antitumor activities
in vitro and in vivo but also exert good immunomodulatory effects. Future research will focus on optimizing the process
of hGC33-OMV preparation, improving their safety and stability, as well as further exploring their application in
combination with other treatment methods to enhance the clinical application of hGC33-OMVs and provide a new
effective treatment option for HCC patients.
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