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Background: Peptide-based vaccines have broad application prospects because of their safety, simple preparation, and effectiveness, 
especially in the development of personalized cancer vaccines, which have shown great advantages. However, the current peptide- 
based vaccines often require artificial synthesis and intricate delivery technology, which increases the cost and complexity of 
preparation.
Methods: Here, we developed a simple technique for combining a peptide and a delivery system using the natural secretion system of 
bacteria. Specifically, we biosynthesized an antigenic peptide in bacteria, which was then extracellularly released through the bacterial 
secretory vesicles, thus simultaneously achieving the biosynthesis and delivery of the peptide.
Results: The system utilizes the natural properties of bacterial vesicles to promote antigen uptake and dendritic cell (DC) maturation. 
Therefore, tumor-specific CD4+ Th1 and CD8+ cytotoxic T lymphocyte (CTL) responses were induced in TC-1 tumor-bearing mice, 
thereby efficiently suppressing tumor growth.
Conclusion: This research promotes innovation and extends the application of peptide-based vaccine biosynthesis technology. 
Importantly, it provides a new method for personalized cancer immunotherapy that uses screened peptides as antigens in the future.
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Introduction
Immunotherapy is considered a potential cancer treatment strategy,1 in which therapeutic cancer vaccines are an 
important factor.2 The effectiveness of therapeutic cancer vaccines has been demonstrated in a variety of cancer types. 
At present, the therapeutic cancer vaccine strategy targeting screened personalized neoantigens has gradually shown great 
application prospects.3 Enabling the simultaneous display of multiple tumor antigens by linking antigens using a plug- 
and-play system may be a valuable approach for the development of personalized tumor vaccines against complex and 
heterogeneous tumor antigens.4,5 Recently, peptide-based vaccines have received increasing attention in both infectious 
disease and cancer research fields because of their convenient preparation, high safety, and favorable immunogenicity. 
Peptide-based vaccines can be intelligently designed to target specific MHC molecules for efficient presentation, thereby 
enhancing B-cell and T-cell responses. An advantage of peptide-based vaccines is that they are easy to synthesize, 
eliminating the need for many tedious processes, such as the expression and purification of vaccine antigens and in vitro 
transcription of nucleic acid vaccines. Peptide-based vaccines can be easily obtained through artificial synthesis, and have 
high purity. However, although artificially synthesized peptides are convenient, they have a higher cost. In addition, 
peptide-based vaccines generally require a suitable delivery system to protect and deliver the peptide, which increases the 
cost and complexity of peptide-based vaccine preparation.
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Currently, more than 500,000 women are diagnosed with cervical cancer each year, and the disease causes more 
than 300,000 deaths worldwide. In most cases, high-risk subtypes of human papilloma virus (HPV) are the cause of the 
disease. However the disease is largely preventable.6 We have also conducted some previous research on the treatment 
of this disease and we established a vaccine technology platform based on norovirus virus-like particles (VLPs) 
displaying personalized antigens.7 These peptides were artificially synthesized and then linked to the VLP vector. To 
avoid the complex operation of peptide synthesis and reconnection, here, we synthesized an antigenic peptide in 
bacteria, and the natural bacterial secretion system mediated the extracellular release of the peptide. As a result, we 
bypassed the artificial synthesis of peptide-based vaccines and the complicated delivery system packaging process. 
Using Escherichia coli, we simultaneously accomplished peptide biosynthesis and peptide encapsulation using 
the bacterial vesicle delivery system.

Bacterial outer membrane vesicles (OMVs) are spherical particles 20–250 nm in diameter that are naturally secreted 
by bacteria and produce OMVs when a small portion of the outer membrane projects from the cell and is released.8 It has 
been shown that the production of OMVs has been observed in various gram-negative bacteria at all stages of growth and 
in various growth environments (eg infected tissues).9 Bacterial outer membrane vesicles contain native bacterial 
material, including LPS, glycerophospholipids and outer membrane proteins, as well as closed outer membrane 
components.10 In particular, outer membrane vesicles have immunostimulatory pathogen-associated molecular patterns 
(PAMPs), including DNA, RNA, lipoproteins, LPS, and peptidoglycans. The PAMP component of outer membrane 
vesicles binds to host pattern recognition receptors (PRRs) and initiates proinflammatory signaling cascades leading to 
the production of cytokines, chemokines, and antimicrobial peptides,11 which have been well documented for their ability 
to promote immunity against cancer.12 Specifically, OMVs have been shown to act as agonists of TLR2/4/5,13 and TLR 
agonists are alternative strategies for inducing antitumor immune responses. Since the TLR located on the cell membrane 
has an extracellular structural domain containing leucine-rich repeat sequences that recognize different PAMPs and 
a Toll-interleukin 1 (IL-1) receptor (TIR) structural domain required for downstream signaling, this structural domain 
directs the activation of the transcription factor nuclear factor-κB (NF-κB) to induce proinflammatory cytokines and 
chemokines, as well as antigen presentation upregulation of costimulatory molecules on cells, such as macrophages (MΦ) 
and dendritic cells (DC), which in turn sensitize T cells to activation.14 In addition, the application of TLR agonists as 
adjuvants enhances the specificity and antigenicity of vaccine peptides and can induce strong T-cell and antibody- 
mediated responses, thus enhancing vaccine-induced long-term immune responses in recipients.15 On the other hand, 
vesicles are natural nanoscale carriers that can be easily loaded with various drugs. They can take advantage of their size 
to target antigen-presenting cells in lymph nodes for effective targeted transport and delivery in vivo.16 Therefore, 
bacterial vesicles are considered to be highly ideal therapeutic vaccine delivery systems.13

We have reported many studies based on bacterial outer membrane vesicle delivery systems.17–20 However, here, we 
show for the first time that short peptides can be enriched in outer membrane vesicles without any anchoring sequence. 
We think this is a very interesting and useful finding. Considering the natural ability of bacteria to synthesize antigens, 
we exploited the natural secretion system of bacteria to develop a simple technique that combines peptide biosynthesis 
and delivery system encapsulation. Specifically, we biosynthesized the antigenic peptide in bacteria, which was then 
released extracellularly through the natural secretion system of bacteria, thus achieving the biosynthesis and delivery of 
the peptide simultaneously. The system utilizes the natural properties of bacterial vesicles to promote antigen uptake and 
DC maturation. Therefore, HPV tumor-specific CD4+ Th1 and CD8+ CTL responses were induced in mice carrying TC-1 
tumor cells, thereby efficiently inhibiting the growth of HPV tumors. With the technique we report, only one strain of 
bacteria is needed to effectively obtain an HPV tumor vaccine that automatically encapsulates the antigen in bacterial 
vesicles. The process is simple, and the production cost is very low. It saves the cost of artificially synthesizing peptide 
antigens and eliminates the complicated processing of linking antigens to bacterial vesicles. This research promotes 
innovation and extends the application of peptide-based vaccine biosynthesis technology. Importantly, this study provides 
a new method for personalized cancer immunotherapy using screened peptides as antigens in the future.
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Materials and Methods
Ethics Statement
Animal experimentation and welfare procedures were approved by the Animal Care and Welfare Ethics Committee of 
the Institute of Medical Biology, Chinese Academy of Medical Sciences (Ethics Approval Number: DWSP201805008) 
in accordance with the Animal Ethics Guidelines of the National Health and Medical Research Council of China and 
the Laboratory Animal Management Office of Yunnan Province, China. All efforts were made to minimize animal 
suffering.

Plasmid Construction
The plasmid pET-28a was purchased from Sangon Bioengineering (Shanghai) Co., Ltd. The DNA fragment encoding the 
HPV16 E7 peptide was commercially synthesized by Sangon Bioengineering (Shanghai) Co., Ltd. The HPV16 E7 
(amino acids 44–62) gene was introduced into the pET-28a vector between the Xho I and Nco I sites using gene 
recombination technology. The recombinant expression vector was transformed into competent BL21(DE3) ∆lpxm cells.

Expression of E7 Peptide and Preparation of OMVs
As previously described,5 the recombinant BL21(DE3) ∆lpxm cells were cultured in Luria–Bertani medium until the 
OD600 value was 0.4–0.6, and then isopropyl β-d-1-thiogalactoside (IPTG) was added at a final concentration of 1 mM to 
induce expression of the E7 peptide. After 16 h of induction, the cell-free culture supernatant was collected, centrifuged 
at 4°C and 14,000×g for 30 min, and then clarified by filtration through a 0.45 μm filter. The filtered supernatant was 
concentrated to 30 mL with a Pellicon XL tangential flow ultrafiltration membrane bag (PXB01MC50, Merck Millipore). 
The concentrate was further filtered through a 0.45 micron nylon membrane filter. After ultracentrifugation at 200,000×g 
and 4°C for 4 h (TiSW28 rotor, Beckman Coulter), the OMV pellet was finally resuspended in 400 μL PBS and stored at 
−20°C until use.

Protein Analysis
The total protein concentration of OMV preparations was determined with a Bradford kit (Sangon Biotech), and the 
result was defined as the OMV concentration. For SDS‒PAGE, samples were prepared in loading buffer containing β- 
mercaptoethanol and heated at 100°C for 5 min before electrophoresis on a 12% polyacrylamide gel. Finally the samples 
were stained with a Fast Silver Stain Kit (Beyotime).

Characterization of OMVs
The morphology of OMVs was observed and imaged by a Hitachi transmission electron microscope. In brief, 5 μL of the 
sample was dropped on a carbon-coated copper grid, and the excess liquid was blotted with filter paper. The OMV 
samples were stained and fixed with 0.75% (w/v) calcium carbonate buffer at 4°C. After drying for approximately 30 
minutes, the cells were observed with a transmission electron microscope. The samples were analyzed for particle size 
using dynamic light scattering (DLS) (Zetasizer Nano ZS, Malvern Instruments) as previously described.21

Dot Blot Analysis
As previously described,22 the PVDF membrane was cut into a suitable size and marked, and then the membrane was 
activated in methanol for 5 minutes and soaked in transfer buffer. The membrane was dried on filter paper for 5 min at 
room temperature to eliminate residual moisture. Five microliters of OMV sample was dropped directly on the 
membrane, and the membrane was dried at 37°C for 5 minutes to fix the sample completely. The membranes were 
first blocked with 5% skim milk powder for 45 min, after which the peptides expressed in the OMV samples were tagged 
using mouse anti-HPV16 E7 antibody serum and horseradish peroxidase (HRP)-labeled anti-mouse IgG (H+L) 
(Invitrogen) as the primary antibody (1:500 dilution) and secondary antibody (1:10,000 dilution), respectively. The 
positive dots were developed using an enhanced chemiluminescence (ECL) reagent kit (Bio-Rad).
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In vitro Bone Marrow-Derived Dendritic Cell (BMDC) Uptake
Femurs and tibias were isolated from mice. Bone marrow cells were flushed from the bones and treated with RBC lysis 
buffer (Solarbio). Cells were cultured in RPMI-1640 complete medium (with 10% fetal bovine serum and 1% 
penicillin‒streptomycin) supplemented with GM-CSF (20 ng/mL) (PeproTech). Dio (Beyotime)-labeled OMVs 
(0.05 mg/mL) were incubated with BMDCs for 4 h, and then stained with PE anti-mouse CD11c antibody 
(BioLegend). Imaging was performed using the Effector Cell Function Identification System (ImageXpress Micro 
Confocal, Molecular Devices).

Cell Lines and Mice
TC-1 tumor cells were derived from C57BL/6 mouse lung epithelial cells cotransformed with the HPV-16 oncoproteins 
E6 and E7 and the ras oncogene and were purchased from the Cancer Center, Chinese Academy of Medical Sciences. 
The TC-1 cells used expressed only mouse MHC molecules. Cells were cultured in RPMI-1640 containing 10% fetal 
bovine serum. Female C57BL/6 mice (6–8 weeks old, 16–18 g) were purchased from Beijing Weitong Lihua 
Experimental Animal Technology Co., Ltd. (China). All mice were housed under specific pathogen-free conditions at 
the Central Animal Care Center of the Institute of Medical Biology.

Flow Cytometry Analysis of Mature BMDCs
BMDCs (1×106/mL) were incubated with 50 μg/mL WT-OMVs, 50 μg/mL E7p-OMVs, and PBS for 24 h and then 
suspended in flow cytometry staining buffer. The cells were stained with PE anti-mouse CD11c antibody, FITC anti- 
mouse CD80 antibody, and FITC anti-mouse CD86 antibody (BioLegend) in the dark at 4°C for 30 min. Then, the 
expression levels of BMDC maturation markers were analyzed by flow cytometry.

OMVs Immune and HPV Tumor Model
Each mouse was subcutaneously injected with 5×105 TC-1 tumor cells in the right flank. When the tumor diameter 
reached 2–3 mm, the mice were randomly divided into 4 groups to receive immunotherapy: 10 μg E7p-OMV, 10 μg WT- 
OMV, 2.31 μg E7p (amino acids 44–62) and PBS control. Mice were injected subcutaneously every 10 days for a total 
of 3 injections.

Tumor volume was measured every few days starting from day 0. When the largest tumor reached the ethical cutoff 
point, the mice were executed and the tumor was first removed and weighed, after which the spleen and axillary lymph 
nodes were removed, and the corresponding lymphocytes were isolated. Briefly, splenocytes were first removed with a 70 
μm cell strainer and suspended in 5 mL of lymphocyte separation medium (Shenzhen Dakwe Biotech Co., Ltd., China), 
and then 500 μL of RPMI-1640 culture medium was added. Immediately after centrifugation at 800×g for 30 min at room 
temperature, the lymphocyte layer was transferred to a new centrifuge tube. The cells were washed with fresh RPMI- 
1640 medium, and then centrifuged at 500×g for 5 min. Finally, the spleen lymphocytes at the bottom were suspended in 
complete RPMI-1640 medium for use. Lymph node fragments were incubated with 1 mg/mL collagenase (Merck 
Millipore) at 37°C for 1 h, and then the lymph node cells were removed with a 70 μm cell strainer, suspended in 
5 mL of RPMI-1640 culture medium and washed once. Then, the samples were centrifuged at 500×g for 5 min at room 
temperature, and the lymph node lymphocytes at the bottom were suspended in complete RPMI-1640 culture medium 
for use.

Flow Cytometry Analysis of CTLs and Th1 Cells
Lymphocytes were stimulated with HPV16 E7 peptide (amino acids 44–62) for 3 hours, and Brefeldin A (BioLegend) 
was added and incubated for 4 hours to block the secretion of intracellular cytokines. Then, PerCP/Cy5.5 anti-mouse 
CD3 antibody, FITC anti-mouse CD4 antibody, APC anti-mouse CD8α antibody and PE anti-mouse IFN-γ antibody were 
used for corresponding CTL and Th1 antibody staining. Cells were analyzed using flow cytometry and data were 
analyzed using FlowJo Software.
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Vaccine Tissue Pathology and Metabolic Disease Analysis
As previously described,23 10 days after the third immunization, the kidneys, hearts, lungs, livers, and spleens of the immunized 
mice were collected, and several samples were collected for pathological analysis in terms of tissue pathology. These samples 
were fixed with 10% formalin for 2 hours and sectioned for hematoxylin and eosin (H&E) staining. H&E images were acquired 
using a phase-contrast inverted fluorescence microscope (TS50, Nikon). To further evaluate the effect of E7p-OMV on metabolic 
aspects of the disease, 50 μg/50 μL E7p-OMV, WT-OMV or 6 μL PBS was subcutaneously injected into C57BL/6 mice (6–8 
weeks old). Serum levels of alanine aminotransferase (ALT), aspartate aminotransferase (AST), alkaline phosphatase (ALP) and 
blood urea nitrogen (BUN) were measured using an automatic analyzer (Chemray-800, Rayto) 6 h and 7 d after injection.

Statistical Analysis
Statistical analysis was performed using Prism 8.0 (GraphPad software). Specific methods used to assess the statistical 
significance of differences between groups are shown in the figure legends. ****p < 0.0001, ***p < 0.001, **p < 0.01, 
*p < 0.05, ns, not significant.

Results
The HPV Cancer Peptide Antigen E7p Can Be Easily and Efficiently Loaded into 
Bacterial OMVs
Our goal was to achieve the total biosynthesis of peptides in bacteria, and to investigate whether these peptides synthesized 
in vivo can be extracellularly released through the bacterial efflux system (bacterial OMVs). Moreover, we wanted to achieve 
the simultaneous synthesis and delivery of antigens. We designed a prokaryotic expression plasmid without any tag 
(Figure 1A) to observe whether the expressed peptides would accumulate in the bacterial cell or be excreted. Since our aim 
was to complete peptide synthesis and vesicle encapsulation in one step, we focused on the ability of these peptides to be 
encapsulated and expelled by bacterial OMVs. In our experiments, it was found that the synthetic peptide was not enriched in 
bacteria, but was excreted by bacterial vesicles (Figure 1B). Dot immunoassays using anti-E7 antibodies demonstrated 
enrichment of this peptide. The massive enrichment of this peptide in bacterial vesicles suggested its great potential as 
a peptide vaccine. Compared with the loading capacity of peptide inside the bacteria (1.83%), the loading capacity of peptides 
in bacterial vesicles was 12.6 times that of bacterial cells, reaching 23.1%, specifically, 231 μg of E7p peptide was contained in 
every mg of secreted OMVs (Figure 1C). Since some peptides with membrane penetrating ability may damage the 
biomembrane, we investigated whether the loading of E7p would affect the structure of OMVs. The results of transmission 
electron microscopy showed that OMVs loaded with a large amount of peptides did not undergo structural damage 
(Figure 1D). However, through particle size analysis, we found that the particle size of OMVs loaded with E7p peptide 
became larger, from 145 nm to 163 nm, suggesting that peptide loading increased the space of the vesicle. To investigate the 
loading position of E7p on OMVs, we treated OMVs with proteinase K (PK), and the peptide inside was protected from 
degradation by the vesicle membrane, showing that E7p in E7p-OMVs was not decomposed. After destroying the membrane 
structure of OMVs with EDTA, PK decomposed the internal peptides (Figure 1F). These experiments demonstrated that the 
E7p peptide was mostly loaded into the interior of OMVs without being exposed on the surface. Compared with the delivery 
method of peptide exposure, the encapsulation method may have more advantages in stabilizing and activating cellular 
immunity. In summary, we designed a peptide antigen E7p for HPV cancer, that contained both CTL epitopes and Th cell 
epitopes. The E7p peptide gene expression plasmid was introduced into Escherichia coli cells, allowing Escherichia coli to 
synthesize a large amount of E7p peptides in the cells. The peptides were automatically excreted via OMVs. Thus, in vivo 
synthesis of the E7p peptide and E7p encapsulation using native bacterial OMVs was completed (Figure 1G).

OMVs Loaded with Antigenic Peptides Can Increase the Uptake and Presentation of 
Antigens
Peptide-based vaccines are difficult for antigen-presenting cells (APCs) to take up, so the delivery system for transporting 
peptides is particularly important. Our experiments demonstrated that both WT-OMV and peptide-loaded E7p-OMV 
could be efficiently taken up by CD11c+ BMDC cells (Figure 2A). In addition, mature BMDCs exhibited increased 
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Figure 1 The HPV cancer peptide antigen E7p can be easily and efficiently loaded into the bacterial OMVs. 
Notes: (A) Schematic diagram of the design of the E7p peptide and the construction of the expression plasmid. 49–57 represent CTL epitopes,24 48–54 represent Th epitopes,25 

and others represent expression functional units on the plasmid. (B) The top side is a silver-stained SDS‒PAGE electrophoresis graph. Each lane shows Escherichia coli wild-type 
bacteria (WT-bacteria), bacteria transformed with the E7p short peptide (E7p-bacteria), and OMV released from the corresponding bacteria, with the E7p control being a synthetic 
peptide consistent with the E7p sequence. The figure below shows the dot blot analysis of protein samples reacted with anti-E7p antibody. (C) The loading levels of E7p in the whole 
samples were analyzed and column graph statistics were made using Bio-Rad Image Lab software. The experiment was repeated three times. (D) Representative transmission 
electron microscopy image of vesicles selected from three replicates. (E) Column graph statistics of vesicle sizes analyzed using a particle size analyzer. The experiment was repeated 
three times. (F) SDS‒PAGE and dot immunoassay results. Bacterial vesicles were treated with PK and PK with EDTA. (G) Schematic representation of the peptide antigen of HPV 
tumors efficiently loaded into the bacterial OMV through the natural secretion system of the bacteria. Data are presented as the mean ± standard deviation (SD). Statistical 
significance was calculated using one-way analysis of variance (ANOVA) (C) or Student’s t-test (E) to obtain p values. 
Abbreviations: E7p, E7 peptide; CTL, cytotoxic T lymphocyte; Th, T helper cell; SDS‒PAGE, sodium dodecyl sulfate‒polyacrylamide gel electrophoresis; WT, wild-type; 
PK, proteinase K; EDTA, ethylene diamine tetraacetic acid; HPV, human papilloma virus; OMV, outer membrane vesicle.
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expression of costimulatory molecules (Figure 2B), and the OMV vector also efficiently stimulated an increase in the 
number of CD80+ (Figure 2C) and CD86+ (Figure 2D) DC cells, suggesting that OMVs increased antigen presentation.

OMVs Loaded with Antigenic Peptides Can Suppress HPV Tumor Growth in Animal 
Models
We analyzed the tumor-suppressive effect of E7p-OMV in an HPV tumor-bearing mouse model established by TC-1 cells. After 
tumor establishment, HPV-tumor-bearing mice were given three subcutaneous injections of E7p-OMV (Figure 3A). We found 
that E7p-OMV exerted a very significant HPV tumor suppressive effect compared to that of the E7p peptide (Figure 3B and C), 
demonstrating the efficacy of this system as a therapeutic cancer vaccine delivery system.

OMVs Loaded with Antigenic Peptides Can Induce HPV Tumor Antigen-Specific Th1/ 
CTL Responses
To clarify the tumor-suppressing mechanism of E7p-OMV, we analyzed the ability of E7p-OMV to induce antigen- 
specific CD4 and CD8 cells. The results showed that E7p-OMV induced significant specific Th1 (CD4+IFN-γ+) responses 
and specific CTL (CD8+IFN-γ+) responses in the spleen (Figure 4A) and lymph nodes (Figure 4B). It is suggested that 

Figure 2 OMVs loaded with antigenic peptides can increase the uptake and presentation of antigens. 
Notes: (A) Representative fluorescence images collected from three replicate data points using confocal microscopy after coculture with BMDCs using PBS, WT-OMV and 
E7p-OMV. Dio indicates OMVs and CD11c indicates BMDCs. PBS is phosphate buffered saline, WT-OMV is the outer membrane vesicle of Escherichia coli wild-type bacteria 
and E7p-OMV is the outer membrane vesicle of bacteria transformed with the E7p short peptide. (B) Schematic diagram showing the mature molecular markers (CD86 and 
CD86) of BMDCs. (C) BMDCs were stimulated with PBS, WT-OMV and E7p-OMV, and the number of CD80+ cells and (D) the number of CD86+ cells were analyzed by 
flow cytometry with column graph statistics. Flow cytometry analysis was repeated three times. Data are presented as the mean ± standard deviation (SD). Statistical 
significance was calculated using one-way analysis of variance (ANOVA) (C and D) to obtain p values. 
Abbreviations: OMV, outer membrane vesicle; BMDCs, bone marrow-derived dendritic cells; WT, wild-type; E7p, E7 peptide.
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this natural biosynthetic E7 antigen loaded inside OMVs can effectively induce an antigen-specific cellular immune 
response, and has broad application prospects.

OMVs Loaded with Antigenic Peptides Do Not Cause Tissue or Metabolic Diseases
The impact of OMVs on tissue and metabolic diseases is often a concern. Here, we used the BL21 strain with knockout of the 
virulence factor (LpxM) MsbB. This attenuated strain has proven its immunostimulatory activity and safety.26 Here, we 
proceeded with a preliminary evaluation of the metabolic impact of this peptide-loaded OMVs. From the blood biochemical 
analysis, 6 hours and 7 days after injection of OMVs, the AST, ALT, ALP, and BUN levels of the mice were all within the normal 
range, suggesting that OMVs does not cause metabolic disturbances. In addition, 10 days after 3 injections of OMVs, the organs 
were collected for H&E staining, and no obvious lesions were found. In summary, this peptide-based OMVs delivery system 
does not cause tissue disease or metabolic disorders.

Discussion
The effectiveness of therapeutic cancer vaccines has been demonstrated in a variety of cancer types.27–31 Cancer vaccines 
mainly use general tumor antigens, however, as a result of tumor heterogeneity, they often have poor efficacy.32 

Personalized tumor vaccines can address individual differences. Personalized cancer vaccines, whether in the form of 
nucleic acid vaccines or peptide-based vaccines, use MHC-restricted epitope peptides as antigenic targets.33 The purpose 
of using peptides is that they are directly loaded onto the MHC-I molecules expressed by local submucosal dendritic cells 
(DCs) at the injection site,34 and then this antigen presentation induces antigen-specific CD8+ CTL cells to drain lymph 
nodes.35 The use of peptides as personalized vaccines has multiple advantages, such as relatively easy production, 
minimal induced toxic effects, and flexibility to combine with different and more effective immune adjuvants.36 

Therefore, therapeutic cancer vaccines using peptides as antigens are of high research value. Currently, several HPV 

Figure 3 OMVs loaded with antigenic peptides can suppress HPV tumor growth in animal models. 
Notes: (A) Schematic diagram of tumor inoculation and vaccination. Mice were inoculated with TC-1 tumor cells 7 days in advance and immunized every 10 days starting 
from day 0. Immunization analysis was performed at day 30. (B) Tumor-bearing mice were immunized with PBS, WT-OMV, E7 only, and E7p-OMV, and tumor growth curves 
were obtained from each measured tumor volume, n=6, and representative images of the corresponding tumor intercepts are shown on the right. PBS is phosphate buffered 
saline, WT-OMV isthe outer membrane vesicle of Escherichia coli wild-type bacteria, E7 only is a synthetic sequence with E7p consistent peptide, and E7p-OMV isthe outer 
membrane vesicle of bacteria transformed with the E7p short peptide. (C) Statistical image of tumor weight, n=6. Data are presented as the mean ± standard deviation (SD). 
Statistical significance was calculated using two-way ANOVA (B) and one-way ANOVA (C) to obtain p values. 
Abbreviations: HPV, human papilloma virus; OMV, outer membrane vesicle.
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Figure 4 OMVs loaded with antigenic peptides can induce HPV tumor antigen-specific Th1/CTL responses. 
Notes: (A) Representative flow pictures and column graph statistics of CD4+INF-γ+ and CD8+INF-γ+ cells in the spleen analyzed by flow cytometry after execution of mice 
on day 30, n=3. PBS is phosphate buffered saline, WT-OMV is the outer membrane vesicle of Escherichia coli wild-type bacteria, E7 only is a synthetic peptide consistent with 
the E7p sequence, and E7p-OMV is the outer membrane vesicle of bacteria transformed with the E7p short peptide. (B) Representative flow pictures and column graph 
statistics of CD4+INF-γ+ and CD8+INF-γ+ cells in lymph nodes were analyzed by flow cytometry after execution of mice on day 30, n=3. Data are presented as the mean ± 
standard deviation (SD). Statistical significance was calculated using one-way analysis of variance (ANOVA) (A and B) to obtain p values. 
Abbreviations: HPV, human papilloma virus; OMV, outer membrane vesicle; INF-γ, interferon-γ.
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therapeutic vaccines have demonstrated good antitumor effects in animal models, but there is still no successful marketed 
HPV therapeutic vaccine, and continued exploration of new vaccine forms may give new hope for vaccine success. Here, 
we propose a new method of using biosynthesis to obtain peptide antigens. Only one strain of bacteria is needed to 
complete the simultaneous biosynthesis and delivery of peptide antigens. This method can be extended to other research 
fields investigating vaccine and drug delivery.

In this study and our previous investigations, corroborated by computer software analysis of bands from SDS‒PAGE 
electrophoresis and loading data obtained from WB-specific E7p-based reaction greyscale values, it was possible to find a low 
peptide load in bacteria and a relatively high peptide load in outer membrane vesicles (Figure 1B), which may have influenced 
the long-standing belief that peptides could only be expressed at low levels in bacteria. Our experiments prove that this peptide 
can be biosynthesized efficiently, but it is automatically excreted by bacterial vesicles. Therefore, many short peptides were 
successfully synthesized and effluxed through OMVs, resulting in very few peptides retained in the bacteria. We used this 
efflux mechanism as a new type of vaccine delivery system. OMVs loaded with peptide antigens were conveniently obtained, 
eliminating the need to prepare the vesicles first and then load the artificially synthesized antigens on the vesicles.37

The tumor suppressive effect of the HPV16 E7 (amino acids 44–62) peptide we tested here has been verified in our 
previous work.38,39 This peptide contains not only CTL epitopes but also several Th epitopes, so it can effectively 
activate specific CD4+ and CD8+ cell responses. However, the potential of this system extends beyond treating cervical 
cancer caused by HPV. Many peptide-based vaccines could potentially be effective using this system.

In this study, it was proven that vesicles expressing the E7p peptide were intact because the isoelectric point of this 
E7p peptide was predicted to be 5.38, and structural analysis indicated that the peptide was hydrophilic. In terms of 
specific discussion, the vesicle integrity was observed by transmission electron microscopy on the one hand, and by DLS 
light analysis to determine whether the OMV was intact, because if the OMV was fragmented, see our previous study,40 

the OMV was clearly observed to occur differently under electron microscopy, and the particle size and distribution of 
the DLS would also appear different. Therefore OMV integrity can be confirmed in the experiment. However, when 
expanding the application of this system, it may be that the expressed protein can penetrate the membrane, which may 
lead to bacterial death or vesicle damage. Therefore, special attention should be given to the evaluation of the properties 
of the loaded peptide in the specific application of this system.

We demonstrated that E7p was encapsulated inside the vesicle (Figure 1F), which may be an advantage. Compared 
with exposed antigens, encapsulated antigens are less likely to be degraded41 and are more likely to cause cross- 
presentation,42 thereby promoting CTL responses.

Many peptide-loaded delivery systems have been reported, including liposomes,43 exosomes,44 chemical materials,45 

two-dimensional materials,46 polysaccharides,47 iron metals,48 protein,49 poly(lactic-co-glycolic acid) (PLGA),50 virus- 
like particles (VLP)51 and nanofibers.52 Each delivery system has advantages and disadvantages. The advantage of the 
OMV delivery system is that surface PAMP molecules53 can be used to promote antigen uptake and stimulate DC 
maturation (Figure 2). Moreover, LPS on OMVs has the ability to induce Th1-related responses, so this system is 
particularly suitable for cancer immunity therapy. However, the toxicity of OMVs has always been a concern, and 
therapies using OMVs are still in the research and development phase, with insufficient general awareness and under-
standing of the various scenarios that ensure safety and efficacy.54 There is concern about administering treatments 
without full knowledge of them. If the technology needed for large-scale stable production of OMVs can be developed, 
this could lead to a variety of new therapeutic areas. As researchers, we will continue to work on the development of such 
technologies. Therefore, here, we used Escherichia coli with knocked out MsbB (lpxM). The low virulence of this 
modified Escherichia coli has been demonstrated many times,55–57 and based on the analysis of blood chemistry of mice 
to detect liver and kidney function it can be seen that the vaccine has no adverse effects on the metabolic function of the 
liver or kidney, while the analysis of histological sections also showed that the vaccine did not cause a significant 
inflammatory response (Figure 5), and these are the general toxicity tests for the vaccine.58 In addition to this, 
histological and other tests can actually be performed.59 In conclusion, the side effects of OMVs are relatively low. In 
addition, knocking out the pagP gene further resolved the safety problem of Escherichia coli vesicles,60 thus indicating 
that this bacterial vesicle delivery system has great application potential.
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In summary, we have developed an HPV cancer vaccine method that rapidly synthesizes peptide antigens within bacteria 
and encapsulates them directly through the bacterial secretion system (OMVs). This bacterial vesicle can efficiently deliver 
peptide antigens to APCs, stimulate DC maturation, and induce peptide antigen-specific CD4+ Th1 and CD8+ CTL responses, 
thereby inhibiting HPV tumor development (Figure 6). This study details the simultaneous biosynthesis and delivery of 
peptide-based vaccines using bacterial biomaterials and represents the latest advances in synthetic biology, microbiology, 
tumor immunology, and nanoscience. This research will promote innovation and expand the application of peptide-based 
vaccine biosynthesis technology, providing new methods for cancer immunotherapy.

Figure 5 OMVs loaded with antigenic peptides does not cause tissue or metabolic diseases. 
Notes: (A) 50 μg E7p-OMV, WT-OMV or 6 μL PBS was injected subcutaneously into normal C57BL/6 mice (6–8 weeks old), and blood biochemical indexes were counted 
at hour 6 and day 7 thereafter, n=3. PBS is phosphate buffered saline, WT-OMV is the outer membrane vesicle of Escherichia coli wild-type bacteria, and E7p-OMV is the 
outer membrane vesicle of bacteria transformed with the E7p short peptide. The gray area is the fluctuation range of the normal level. Data are expressed as the mean ± 
standard deviation. Statistical significance was calculated by two-way analysis of variance (ANOVA): ns was not significantly different. (B) Representative images of H&E 
staining of each tissue section taken 10 days after 3 immunizations by subcutaneous injection of 10 μg E7p-OMV, WT-OMV, or 100 μL PBS into normal C57BL/6 mice (6–8 
weeks old). PBS is phosphate buffered saline, WT-OMV is the outer membrane vesicle of Escherichia coli wild-type bacteria, and E7p-OMV is the outer membrane vesicle of 
bacteria transformed with the E7p short peptide. 
Abbreviation: OMV, outer membrane vesicle.
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Conclusion
We synthesized antigenic peptides in bacteria, which were extracellularly released through the natural secretion system of 
bacteria. In this way, we bypassed the artificial synthesis of peptide-based vaccines and the complicated delivery system 
packaging process. Using Escherichia coli, we simultaneously achieved the biosynthesis and encapsulation of a peptide. 
This OMVs delivery system can promote antigen uptake and DC maturation, and induce HPV tumor-specific CD4+ Th1 
and CD8+ CTL responses in tumor-bearing mice, thereby efficiently suppressing HPV tumor growth. However, this 
system of OMVs delivering tumor peptides also has challenges such as potential biotoxicity, lack of personalized 
immunogenicity and low natural yield. With the development of bioengineering technology and a better understanding 
of OMVs, the safety, immunogenicity and yield of OMVs can be further improved by manipulating the host bacteria. We 
believe that this study provides insights into the broad application potential of this bacterial-based natural secretion 
system.
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Figure 6 Schematic representation of OMV-induced HPV tumor antigen-specific Th1/CTL responses. 
Notes: The natural properties of bacterial OMVs were exploited to promote antigen uptake and DC maturation. As a result, tumor-specificCD4+ Th1 and CD8+ CTL 
responses were induced in TC-1 tumor-bearing mice, resulting in effective inhibition of HPV tumor growth. 
Abbreviations: DC, dendritic cell; CTL, cytotoxic T lymphocyte; HPV, human papilloma virus; OMV, outer membrane vesicle.
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