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a b s t r a c t 

Nanocarriers with intrinsic immune adjuvant properties can activate the innate immune system while delivering 

tumor antigen, thus efficiently facilitating antitumor adaptive immunity. Bacteria-derived outer membrane vesi- 

cles (OMVs) are an excellent candidate due to their abundance of pathogen associated molecular patterns. How- 

ever, during the uptake of OMVs by dendritic cells (DCs), the interaction between lipopolysaccharide and toll-like 

receptor 4 induces rapid DC maturation and uptake blockage, a phenomenon we refer to as “maturation-induced 

uptake obstruction ” (MUO). Herein we decorated OMV with the DC-targeting 𝛼DEC205 antibody (OMV-DEC), 

which endowed the nanovaccine with an uptake mechanism termed as “not restricted to maturation via antibody 

modifying ” (Normandy), thereby overcoming the MUO phenomenon. We also proved the applicability of this 

nanovaccine in identifying the human tumor neoantigens through rapid antigen display. In summary, this engi- 

neered OMV represents a powerful nanocarrier for personalized cancer vaccines, and this antibody modification 

strategy provides a reference to remodel the DC uptake pattern in nanocarrier design. 
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. Introduction 

The promising approach of personalized tumor immunotherapy en-

ails a tumor vaccine that activates tumor-specific adaptive immunity,

n which a tumor antigen is the key messenger for transmitting the tu-

or cell identification to the immune system [1–3] . However, a regi-

en of tumor antigen alone often elicits disappointing antitumor immu-

ity, so popular approaches have adopted the use of immune adjuvants

nd/or vaccine nanocarriers to enhance the immunogenicity of tumor

ntigens [ 4 , 5 ]. Indeed, combinational application with an immune ad-

uvant can activate the innate immune system to provide the necessary

o-stimulatory signals for antigen presentation [6] , while the delivery

f a vaccine nanocarrier improves the uptake and processing efficiency

f the tumor antigen by the immune system [7] . Currently, the design

f tumor nanovaccines tends to integrate the nanocarrier with the im-

une adjuvant to ensure that the immune adjuvant and antigen enter
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he same antigen presenting cells (APCs) [ 8 , 9 ]. In addition to using a

anocarrier to co-deliver the immune adjuvant and antigen, this syner-

istic strategy can be achieved through the development of a nanocar-

ier with intrinsic immune adjuvant properties, such as polymeric and

ipid nanoparticles with stimulator of interferon genes (STING) path-

ay activation ability [ 10 , 11 ]. Inspired by the body’s natural immune

efenses against bacterial invasion, we have explored the utilization of

acteria-derived outer membrane vesicles (OMVs) as the nanocarrier to

ransport tumor antigen in a previous study [12] . OMVs possess large

mounts of pathogen-associated molecular patterns (PAMPs) that can

ct as immune adjuvants to activate innate immunity, thus stimulating

trong antitumor adaptive immunity [ 13 , 14 ]. 

Despite these advancements, nanocarriers with intrinsic immune

djuvant function are still imperfect for vaccine delivery. During the

anocarrier uptake process by dendritic cells (DCs), the maturation of

ells is rapidly induced by the immune adjuvant [ 13 , 15 ], and their
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ptake capacity declines sharply, a phenomenon we termed

maturation-induced uptake obstruction ” (MUO), which ultimately

nhibits the persistent antigen presentation and results in a limited

ntigen-specific immune response. As for OMV-based tumor nanovac-

ines, the MUO phenomenon is even more critical because of the

resence of toll-like receptor 4 (TLR4) on the surface of DCs; TLR4

s activated by the lipopolysaccharide (LPS) on the OMV surface at

he initiation of DC recognition and uptake [ 14 , 16 , 17 ]. DEC205,

lassified as a type I C-type lectin receptor, is highly expressed on

he DC surface; 𝛼DEC205 antibody is often integrated into vaccine

anocarriers via surface decoration technology to favor DC uptake and

otentiate immune activation [ 18 , 19 ]. In addition, DEC205 expression

s upregulated downstream from TLR pathway activation in mature

Cs [ 20 , 21 ]. Therefore, modification with 𝛼DEC205 antibody may

ndow OMV with an ectopic uptake pathway, enabling persistent DCs

ptake, especially when the natural uptake pathway is impeded in

ature DCs, thereby overcoming the MUO phenomenon. Few studies

ave focused on the modification of 𝛼DEC205 antibody to remodel

C uptake patterns, especially in nanocarriers with intrinsic immune

djuvant function. 

Herein we report a judiciously designed OMV-based tumor vaccine

elivery platform, in which the DC uptake pattern is remodeled. We ge-

etically engineered bacteria to express the surface protein Cytolysin A

ClyA) fused with domain B of Staphylococcal protein A (SPAb) (ClyA-

PAb) [22–24] on OMVs. The SPAb-modified OMVs (OMV-SPAb) were

hen able to efficiently bind the Fc fragment of the 𝛼DEC205 antibody

OMV-DEC), and the outward-facing Fab fragment aided in the recogni-

ion and uptake by DCs [25] . In this situation, the DC uptake of OMV-

EC was not restricted to the interaction between LPS and TLR4 (the

atural pathway) but was also mediated by targeting antibody recog-

ition (the “artificial ” pathway). Therefore, OMV-DEC can continue to

e taken up even after DC maturation, and the DC uptake pattern of

MV-DEC is referred to a mechanism termed as “not restricted to mat-

ration via antibody modifying ” (Normandy). As a result, the OMV-

EC exhibited greater uptake by DCs than OMV, leading to increased

ntigen presentation and subsequent cytotoxic T lymphocyte (CTL) and

emory T cell activation, ultimately efficiently impeding metastasis

n a pulmonary melanoma model. Additionally, we employed molec-

lar glue technology to construct a "Plug-and-Display" function in the

MV-based platform [12] , which achieved rapid display of tumor anti-

ens and was further used to perform timely and efficient human tu-

or neoantigen identification. We assessed the therapeutic potential of

he OMV-DEC-based tumor nanovaccine in a subcutaneous melanoma

odel, in which we panoramically analyzed the immunosuppressive tu-

or microenvironment and then formulated a synergistic strategy of

MV-DEC nanovaccine combined with an immune checkpoint inhibitor

nd Ibrutinib to deplete myeloid-derived suppressor cells (MDSCs), dra-

atically inhibiting subcutaneous melanoma growth. 

. Material and methods 

.1. Materials 

OVA 257-264 (SIINFEKL), SpyTag-OVA 257-264 (SIINFEKLGGVP-

IVMVDAYKRYK), SpyTag-EGFR-T790M (MQLMPFGSLLGGVP-

IVMVDAYKRYK), SpyTag-TP53-R175H (HMTEVVRHCGGVP-

IVMVDAYKRYK), SpyTag-CDC73-Q254E (NIFAILESVGGVPTIVMV-

AYKRYK), SpyTag-TMEM48-F169L (CLNEYHLFLGGVPTIVMV-

AYKRYK), SpyTag-SEC24A-P469L (FLYNLLTRVGGVPTIVMV-

AYKRYK), SpyTag-EXOC8-Q656P (IILVAVPHVGGVPTIVMV-

AYKRYK) and SpyTag-gp100-A288V (YLEPGPVTVGGVPTIVMV-

AYKRYK) peptides were synthesized from Shanghai Top-peptide

iotechnology Co., Ltd. 𝛼DEC205 antibody (catalog No. CUS-HB-290)

nd IgG isotype control (catalog No. BE0086) were purchased from

ioXcell (Lebanon, NH, USA). Anti-HA-Tag (catalog No. ab236632),

nti-Cmyc-Tag (catalog No. ab9106), anti-Flag-Tag (catalog No.
24 
b18230), HRP conjugated goat anti-mouse IgG (catalog No. ab205719)

nd HRP conjugated goat anti-rabbit IgG (catalog No. ab6721) antibod-

es were obtained from Abcam (Cambridge, UK). HRP conjugated Rat

gG (catalog No. 20005-13-HP) was purchased from Alpha Diagnostic

nternational (San Antonio, TX, USA). Murine IL-4 (catalog No. 214-14-

0) and Murine GM-CSF (catalog No. AF-315-03-20) were purchased

rom Peprotech (Rocky Hill, NJ). DAPI and Dil were purchased from

olarbio (Beijing, P. R. China). FITC-anti-mouse TLR4 (catalog No.

c-13591) antibody was purchased from Santa Cruz Biotechnology

Santa Cruz, CA, USA). Purified anti-human CD205 (catalog No.

42202), PE anti-mouse CD205 (catalog No. 138214), APC-anti-mouse

D3 (catalog No. 100204), APC-anti-mouse CD3 (catalog No. 100235),

ITC-anti-mouse CD8a (catalog No. 100706), PE/Cy7-anti-mouse CD8a

catalog No. 100722), FITC-anti-mouse CD11c (catalog No. 117306),

PC-anti-mouse CD11c (catalog No. 117310), FITC-anti-mouse CD80

catalog No. 104706), PE OVA 257-264 -specific MHCI complex (MHCI-

VA) (catalog No. 141604), PE/Cy7-anti-mouse CD86 (catalog No.

05014), PE-anti-mouse CD69 (catalog No. 104508), PE anti-human

D137 (4-1BB) (catalog No. 309804), APC anti-mouse CD45 (catalog

o. 103112), FITC anti-mouse/human CD11b (catalog No. 101206),

E/Cyanine7 anti-mouse Gr-1 (catalog No. 108416), PE/Cyanine7 anti-

ouse F4/80 (catalog No. 123114), PE anti-mouse CD206 (catalog No.

41706), FITC anti-mouse CD4 (catalog No. 100406), APC anti-mouse

D4 (catalog No. 100516), PE/Cyanine7 anti-mouse IFN- 𝛾 (catalog No.

05826), PE anti-mouse FoxP3 (catalog No. 126404), APC anti-mouse

D62L (catalog No. 104412) and PE/Cy7 anti-mouse CD44 (catalog

o. 103030) antibodies were purchased from BioLegend (USA). T-

elect PE OVA-MHCI complex tetramer (OVA-tetramer; catalog No.

S-5001-1C) was purchased from MBL Beijing Biotech Co., Ltd (China).

ell Trace TM CFSE Cell Proliferation Kit (catalog No. C34570) was

urchased from Invitrogen (USA). The mouse IFN- 𝛾 precoated ELISPOT

it (catalog No.2210005) and human IFN- 𝛾 precoated ELISPOT Kit

catalog No.2110002) were purchased from Dakewe Biotech Co., Ltd

Shenzhen, China). Ficoll-Paque PLUS was purchased from Solarbio

China). Human CD8 MicroBeads kit (catalog No. 130-045-201) was

urchased from Bergisch-Gladbach, Germany. 

.2. Animals and cells 

Female C57BL/6 mice aged 6-8 weeks were obtained from SPF (Bei-

ing) Biotechnology Co., Ltd. All animal protocols were approved by the

nstitutional Animal Care and Use Committee of the National Center

or Nanoscience and Technology. BMDCs were generated from the fe-

urs and tibias of C57BL/6 mice (6-8 weeks) and cultured in RPMI

edium 1640 supplemented with GM-CSF (20 ng/mL) and IL-4 (10

g/mL). The B16-F10 cell line was purchased from the ATCC (Manas-

as, USA). B16-OVA cells were a gift from Wang Hao at the National

enter for Nanoscience and Technology. Cells were cultured in RPMI

edium 1640 supplemented with 10% fetal bovine serum, 100 U mL –1 

enicillin G sodium and 100 μg mL –1 streptomycin. All cells were in-

ubated at 37°C with 5% CO 2 and were identified frequently with their

ifferent morphological features. 

.3. Preparation and characterization of the engineered OMV platform 

ClyA-SpyC-3Cmyc/ClyA-SPAb-3Flag were cloned into pETDuet-1 ex-

ression plasmids (Genewiz, Suzhou, China). The E. coli strain, Rosetta

DE3; Tiangen Biotech Co. Ltd., Beijing, China), was transformed with

he expression plasmids, and then grown on solid LB medium at 37°C.

he bacteria were then cultured in a shaker (180 rpm) at 37°C for 6 h in

iquid LB medium, which was refreshed with LB medium at a 1:100 dilu-

ion. When the OD 600 value was approximately 0.6, 0.1 mM of isopropyl

-D-1-thiogalactopyranoside (IPTG) was added and the cells were incu-

ated at 16°C for 16 h with shaking at 160 rpm. The flasks contained 75

g/mL of ampicillin. 
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OMVs were prepared and purified as follows: briefly, E. coli culture

edium was centrifuged at 8000 × g for 5 min at 4°C to remove the

acteria and then filtered through a 0.45 μm sterile filter (EPS, Milli-

ore). The filtrate was further concentrated with an ultrafiltration tube

ith a molecular weight cutoff (MWCO) of 100 kDa and filtered through

 0.22-μm EPS membrane. OMVs were obtained from the medium by

entrifuging at 150,000 × g for 3 h at 4°C. The vesicles were resus-

ended in PBS and stored at -20°C until use. The protein concentration

f the collected OMVs was determined using a Micro BCA Protein Assay

it (Thermo Fisher Scientific). Dynamic light-scattering (DLS; Zetasizer

ano ZS90, Malvern, UK) and transmission electron microscopy (TEM;

ecnai G2 F20 U-TWIN, FEI, USA) were used to characterize the size and

orphology of OMVs, respectively. For western blot analysis, OMV sam-

les were resolved by SDS-PAGE (10% acrylamide) and then transferred

nto a polyvinylidene fluoride (PVDF) membrane. The membranes were

locked in 3% BSA/PBST, and anti-Cmyc-Tag (1:2000) or anti-Flag-

ag (1:2000) antibodies were added for 2 h at room temperature. The

orresponding HRP conjugated goat anti-rabbit IgG (1:3000) or HRP

onjugated goat anti-mouse IgG (1:3000) were then added for 1 h at

oom temperature. Immunoreactive bands of proteins were visualized

ia Super Signal West Pico Chemiluminescent Substrate (Thermo Scien-

ific, Rockford, USA). To further demonstrate the successful binding of

DEC205 antibody on OMV-SpyC/SPAb, 𝛼DEC205 antibody was modi-

ed with the free sulfhydryl group by Traut’s reagent (catalog No.4781-

3-3), and then labeled with 10 nm gold nanoparticles. 

.4. Preparation and identification of the OMV-based nanovaccine 

To construct the OMV-based nanovaccine, the above OMV platform

as further incubated with heterogenous antigens at a weight ratio of

MV protein and peptide at 1: 1 and 𝛼DEC205 antibody/IgG at a weight

atio of OMV protein and antibody at 1: 1, respectively. To verify the

inding of the antibody to SPAb, a one-step western blot assay was

sed to detect the SPAb protein. Similarly, HRP-conjugated Rat IgG an-

ibodies (1:1000) were used to decorate the membrane for 2 h at room

emperature. To evaluate SpyCatcher/SpyTag reactivity, we employed

 western blot assay as described above, but using an anti-HA-Tag anti-

ody (1:1000) as the primary antibody. To quantify the SpyTag-OVA

eptide bonded on OMV, Cy5.5-NHS was used to label SpyTag-OVA

eptide. After the display on OMV-SpyC/SPAb. the unbonded SpyTag-

VA peptide was removed by ultrafiltration (100 kDa MWCO) or dialy-

is (10 kDa MWCO) and quantitatively measured by High Performance

iquid Chromatography (HPLC, Shimadzu, Kyoto, Japan). The OVA pep-

ide was separated using a symmetry C18 reverse phase column (5 𝜇m;

0 × 250 mm Thermo Scientific) and eluted using an acetonitrile 70%,

ater 30% and trifluoroaceticacid (0.1% v/v) eluent at the flow rate

f 0.5 mL/min, and the eluent was monitored at 280 nm. The display

fficiency (DE) was calculated according to the following formula: DE

%) = (mass of OVA peptide added - mass of unbonded OVA peptide on

MV / mass of OVA peptide added) × 100%. 

.5. Immune analysis of OMV-based nanovaccine 

For in vitro cellular uptake experiments, we used a PE-labeled anti-

EC205/IgG antibody to prepare the OMV-based nanovaccines for

ow cytometry analysis (Attune NxT flow cytometer; Thermo Fisher,

altham, USA). BMDCs were incubated with OMV-IgG, OMV-DEC,

MV-OVA-IgG or OMV-OVA-DEC nanovaccines at 37°C for 36h (5

g/mL equivalent OVA or OMV). Cells were collected and washed with

BS before flow cytometry analysis. For further maturation experiments,

PC-anti-mouse CD11c, FITC-anti-mouse CD80 or PE/Cy7-anti-mouse

D86 antibodies were used to stain the BMDCs to evaluate cell matura-

ion. 

To examine the co-localization of OMV-based nanovaccines with

he TLR4 or DEC205 in DCs, the OMV-OVA-IgG and OMV-OVA-DEC
25 
anovaccines were labeled with Dil (red). After a 1 h incubation with

C2.4 cells, the cell nuclei were stained with DAPI (blue), and the TLR4

nd DEC205 were detected using a FITC-labeled antibody (cyan) and a

E-labeled antibody (green), respectively. The cells were then examined

ith a laser scanning confocal microscope (Nikon, Japan). 

For uptake pathway analysis, BMDCs were pre-incubated with 1 μM

LR4 inhibitor (TAK-242) or 5 μg/mL 𝛼DEC205 antibody for 1 h. Af-

er blocking TLR4 or DEC205, OMV-IgG and OMV-DEC were added for

 12 h incubation to evaluate the cellular uptake efficiency (5 μg/mL

quivalent OMV). For detection of the DEC205 molecule in BMDCs, PE-

nti-mouse DEC205 antibodies were applied to the BMDCs at 4°C for 30

in before flow cytometry analysis. 

For in vivo lymph node draining experiments, Cy5.5-labeled SpyTag-

VA was used to generate OMV-OVA-IgG and OMV-OVA-DEC vaccines,

hich were then subcutaneously injected into mice at the base of tail.

fter 6 h, the lymph nodes were isolated for detection of the fluorescent

ignals. A Maestro imaging system (IVIS; Cambridge Research & Instru-

entation, Woburn, MA, USA) was used to measure the fluorescence

ntensity. 

For antigen cross-presentation assays, BMDCs were incubated with

he OMV-OVA-IgG or OMV-OVA-DEC vaccines at 37°C for 12 h. Antigen

resentation by MHC-I on the cell surface was subsequently evaluated

sing an OVA 257-264 -specific MHCI complex (MHCI-OVA) antibody. Af-

er incubation with the antibody, flow cytometry data were acquired

nd analyzed using BD Accuri C6 (BD Biosciences, USA) flow cytometer

oftware. 

.6. In vivo immune response 

C57BL/6 mice were injected subcutaneously with different OMV-

ased nanovaccines (containing 30 μg OVA) on days 0 and 6. On day

2, splenocytes were isolated for T cell activity analysis with 10 μg/mL

IINFEKL re-stimulation. Subsequently, cells were stained with FITC-

nti-mouse CD8a, PE-anti-mouse CD69, APC-anti-mouse CD3 or CFSE

o assess the activation and proliferative activity of CD8 + T cells. Cells

ere assessed by flow cytometry analysis. Additionally, these effector

ells were mixed with B16-OVA cells (target cells). The CTL activity was

valuated in an LDH cytotoxicity detection assay (Beyotime). Finally,

plenocytes from different groups were analyzed for IFN- 𝛾 secretion by

LISPOT, according to the manufacturer’s instructions. Briefly, spleno-

ytes (1 × 10 5 cells/well) were seeded in a 96-well plate pre-coated

ith an IFN- 𝛾 antibody. The cells were then incubated with antigen

r ionomycin (positive control) for 20 h. The plates were subsequently

ecorated with a detection antibody followed by alkaline phosphatase

onjugated to streptavidin. A purple precipitate appeared as spots with

he final addition of a substrate solution. The plates were counted by a

abtech IRIS FluoroSpot/ELISpot reader (Mabtech, Sweden). 

.7. Lung metastasis inhibition 

To construct a lung metastasis model, C57BL/6 mice were injected

ntravenously with B16-OVA cells (2 × 10 5 ) at day 0 and then immu-

ized subcutaneously with different OMV-based nanovaccines (30 μg

VA) on days 6 and 12. On day 18, the lungs were imaged for enu-

eration of pulmonary tumor nodules, and splenocytes were collected

or re-stimulation with 10 μg/mL SIINFEKL, followed by staining with

ITC-anti-mouse CD8a, PE-anti-mouse CD69, PE OVA-MHCI complex

etramer or CFSE to assess the activation and proliferative activity of

pecific CD8 + T cells. Simultaneously, intracellular IFN- 𝛾 staining was

lso performed after cellular surface staining for CD8a and CD4. The

ells were resuspended in PBS for flow cytometry analysis (BD Accuri

6, BD Biosciences, USA). IFN- 𝛾 ELISPOT analysis was performed as

entioned above. 
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.8. Immune memory analysis and tumor re-challenge experiments 

Mice were immunized twice with the OMV-based nanovaccines as

escribed above. Splenocytes were collected on day 60 after the final

mmunization. Next, the cells were stained with FITC-anti-mouse CD8a,

E OVA-MHCI complex tetramer, PE/Cy7 anti-mouse CD44 and APC

nti-mouse CD62L at 4°C for 30 min and analyzed by flow cytometry. 

To study the antitumor effects of the OMV-OVA-DEC vaccine,

57BL/6 mice were intravenously injected with 2 × 10 5 B16-OVA cells

n day 0 and received OMV-OVA-DEC vaccinations on day 6 and day

2. After the immunotherapy, the mice that survived to day 72 were

e-challenged subcutaneously with 5 × 10 5 B16-OVA or B16F10 cells.

ontrols were naive mice challenged with 5 × 10 5 B16-OVA cells. Tumor

rowth was monitored 16 days after tumor cell inoculation. Tumor vol-

mes were calculated by the formula V = 0.5 × Length × Width 2 . The

ice were euthanized when the tumor volumes reached 2000 mm 

3 . 

.9. Neoantigen-specific priming of CD8 + T cells 

To further characterize the specificity of the CD8 + T cell response

o the OMV-based neoantigen vaccine, PBMCs of healthy donors who

xpressed HLA class I allele HLA-A 

∗ 0201 was isolated from EDTA-K2

lood samples by centrifugation on a Ficoll density gradient and sus-

ended in X-ViVO 

TM 15 medium (Lonza). Next, monocyte-derived DCs

ere generated in theX-VIVO 

TM 15 medium by supplementation with

00 ng/ml IL-4 and 100 ng/ml GM-CSF. After incubation with the cells

or 2 d and 4 d at 37°C, half of the medium was replaced with fresh

C culture medium. On day 6, the cells were sedimented by centrifu-

ation at 450 × g and resuspended to a titer of 3 × 10 5 cells per mL,

eoantigen 1 (EGFR-T790M), Neoantigen 2 (TP53-R175H), Neoanti-

en 3 (CDC73-Q254E), Neoantigen 4 (TMEM48-F169L), Neoantigen 5

SEC24A-P469L), Neoantigen 6 (EXOC8-Q656P), Neoantigen 7 (gp100-

288V) and the neoantigen-derived OMV-DEC vaccines were sepa-

ately added to each well and the samples were incubated at 37°C

or 16 h. 

For CD8 + T cell isolation, a human CD8 Microbeads kit (Miltenyi)

as used to retain CD8 + T cells, CD8-positive cells were eluted

rom the LS column by removing the column from the magnetic

eld. To evaluate the neoantigen-specific priming capacity of CD8 T

ells, neoantigen/OMV-neoantigen-DEC vaccine (5 μg/mL equivalent

eoantigens) stimulated DCs were resuspended in X-VIVO 

TM 15 medium

containing 100 ng/ml IL-4, 100 ng/ml GM-CSF and 50 ng/ml IL-2) and

ixed with CD8 + T cells at a 1:5 ratio of DCs: T cells at 37°C for 72 h.

FN- 𝛾 release was assessed using a human IFN- 𝛾 precoated ELISPOT Kit,

nd the T cell activation marker 4-1BB was measured by NovoCyte flow

ytometry (Agilent Technologies, CA, USA). 

.10. In vivo antitumor activity 

Mouse tumor models were established with subcutaneous injections

f 5 × 10 5 B16-OVA cells. For vaccines combined with 𝛼PD-1 therapy

ithout or with the addition of ibrutinib experiments, the OMV-OVA-

EC (30 μg OVA) vaccine was administered on the days 6 and 12. 𝛼PD-

 antibodies were administered intratumorally beginning on day 6 and

ontinued at two days intervals for four treatments (2.5 mg kg –1 per in-

ection) and Ibrutinib was administered intraperitoneally beginning on

ay 7 and continued at two days interval for four injections (1.5 mg

g –1 per injection). Tumor size was measured every two days with a

aliper and tumor volume was determined by the above formula. The

ice were euthanized when the tumor volumes reached to 2000 mm 

3 .

ody weight was monitored every two days and survival time was also

onitored until the end of the experiment. For tumor microenviron-

ent analysis, tumor tissues were obtained on day 19 or day 20, and

hen stained to assess the proportion of MDSCs, M2 macrophages and
26 
regs in the tumor microenvironment using a NovoCyte flow cytome-

er (Agilent Technologies, CA, USA). In brief, APC anti-mouse CD45,

ITC anti-mouse CD11b, PE/Cyanine7 anti-mouse Gr-1, PE/Cyanine7

nti-mouse F4/80 and FITC anti-mouse CD4 were used to stain the cell

urface. PE anti-mouse CD206 was used for intracellular staining and PE

nti-mouse FoxP3 was used for intranuclear staining. F4/80 and CD206

ntibodies were used to detect M2 macrophages, CD4 and FoxP3 anti-

odies were used to detect Tregs and CD11b and Gr-1 antibodies were

sed to detect MDSCs. 

.11. Gating strategy for flow cytometry 

The representative gating strategies for flow cytometry were shown

n Figs. S12–16 to analyze immune cells including: mature DCs

CD11c + CD80 + CD86 + ) in BMDCs; OVA-presenting DCs (CD11c + MHCI-

VA 

+ ) in BMDCs; CD8 + T cells (CD3 + CD8 + ) and activated CD8 + T

ells (CD8 + CD69 + ) in splenocytes; IFN- 𝛾+ CD8 + and CD4 + T cells, OVA-

etramer + in CD8 + T cells, CFSE-stained CD8 + T cells and CD44 + CD62L + 

n CD8 + T cells in splenocytes; CD8 + T cells (CD45 + CD8 + ), CD4 + T

ells (CD45 + CD4 + ), M2 macrophages (CD45 + CD206 + F4/80 + ), Tregs

CD45 + CD4 + FoxP3 + ) and MDSCs (Gr-1 + CD11b + ) in tumor tissues. 

. Results 

.1. Engineering of a multi-faceted OMV chassis for simultaneous antigen 

isplay and antibody binding 

We first engineered an OMV chassis (OMV-SpyC/SPAb), in which we

used the SpyCatcher (SpyC) and the SPAb proteins to the C-terminus

f the OMV surface protein ClyA. The genes encoding ClyA fused with

pyC (ClyA-SpyC) and ClyA fused with SPAb (ClyA-SPAb) were recom-

ined into a co-expression plasmid, pETDuet-1, and the fusion proteins

ere inductively expressed in the transformed E. coli Rosetta (DE3)

train by adding isopropyl- 𝛽-d-thiogalactoside (IPTG) at 16°C for 16 h.

MVs in the culture medium were then separated by ultracentrifuga-

ion. By design, the isolated OMV chassis (OMV-SpyC/SPAb) allowed

or the SpyTag-labeled heterogenous antigen (SpyTag-antigen) display

ia the orthogonal reactivity of SpyCatcher/SpyTag and the binding

f 𝛼DEC205 antibody to SPAb, leading to the final construction of the

MV-based nanovaccine (OMV-antigen-DEC). A schematic illustration

f this bioengineered OMV-based nanovaccine was shown in Fig. 1 a. 

As apparent by the dynamic light scattering (DLS) and transmission

lectron microscopy (TEM) results ( Fig. 1 b and c), OMV-SpyC/SPAb pos-

essed a bilayer structure and a uniform circular morphology, with a di-

meter of approximately 27.9 nm. To verify the expression of the fusion

roteins, three Cmyc tags and three Flag tags were attached to the C-

erminus of ClyA-SpyC (ClyA-SpyC-3Cmyc) and ClyA-SPAb (ClyA-SPAb-

Flag), respectively. As shown in Fig. 1 d and e, the ClyA-SpyC-3Cmyc

 ∼60 kDa) and ClyA-SPAb-3Flag ( ∼45 kDa) were detected by western

lot analysis utilizing anti-Cmyc and anti-Flag antibodies, respectively.

n the ClyA-SpyC-3Cmyc detection, a faint band at ∼45 kDa, which may

e attributed to the nonspecific antibody binding to ClyA-SPAb-3Flag,

as also observed ( Fig. 1 d). 

Next, we employed a one-step western blot assay using a horse radish

eroxidase (HRP)-conjugated Rat IgG antibody to verify the antibody

inding function of ClyA-SPAb-3Flag, indicated by the band at ∼45

Da ( Fig. 1 f). To demonstrate the successful binding of 𝛼DEC205 anti-

ody on OMV-SpyC/SPAb, 𝛼DEC205 antibody was labeled with 10 nm

old nanoparticles. As shown in TEM image in Fig. 1 g, gold-labeling

DEC205 antibody were shown on the surface of OMV-SpyC/SPAb, indi-

ating the successful binding of 𝛼DEC205 antibody on OMV-SpyC/SPAb.

hen, using an HA tag as a simulated antigen, we synthesized SpyTag-

abeled HA tag (SpyT-HA), and observed rapid binding between ClyA-

pyC-3Cmyc and SpyT-HA (ClyA-SpyC-SpyT-HA, ∼60 kDa) by western
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Fig. 1. Engineering of the multi-faceted OMV chassis for simultaneous antigen display and antibody binding . (a) Schematic of the OMV platform engineering 

and vaccine preparation, (b) and (c) DLS analysis (b) and TEM examination (c) of OMV-SpyC/SPAb. Scale bar, 50 nm. (d) and (e) Western blot assay to detect 

ClyA-SpyC-3Cmyc (d) and ClyA-SPAb-3Flag (e) levels in OMV-SpyC/SPAb using anti-Cmyc and anti-Flag antibodies, respectively. (f) One-step western blot assay to 

analyze the antibody binding function of ClyA-SPAb-3Flag using the HRP-conjugated Rat IgG antibody (Rat IgG-HRP). (g) The observation of 𝛼DEC205 antibody 

binding on OMV-SpyC/SPAb using TEM. 𝛼DEC205 antibody was labeled with 10 nm gold nanoparticles. Scale bar, 20 nm. (h) Western blot assay to verify the rapid 

binding between ClyA-SpyC-3Cmyc and SpyT-HA (ClyA-SpyC-SpyT-HA, ∼60 kDa) using an anti-HA antibody. MW, molecular weight. 
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lot analysis using an anti-HA antibody ( Fig. 1 h). The above results

emonstrate the feasibility of our multi-faceted OMV-based nanovac-

ine platform which was engineered for the versatile decoration of het-

rogenous antigens and functional antibodies. 

.2. Mechanism of improved antigen delivery by 𝛼DEC205 antibody 

odification 

To analyze the antigen delivery efficacy and the following antigen

ross-presentation, we chose an antigenic epitope of ovalbumin (OVA),

VA 257-264 (SIINFEKL), as a model antigen, which is a major histo-

ompatibility complex I (MHCI)-restricted CD8 + T cell antigen. Thus,

e prepared an OVA 257-264 -displaying OMV-antigen-DEC nanovaccine

OMV-OVA-DEC) and an IgG isotype control (OMV-OVA-IgG). After

emoving the unbonded antigen peptide by ultrafiltration (100 kDa

WCO) or dialysis (10 kDa MWCO), the display efficiency of OVA anti-

en peptide was quantitatively determined as about 99.5%. As shown

n Fig. 2 a, due to the abundant LPS on the OMV surface, OMV-OVA-

gG was rapidly recognized and taken up by DCs, however this pro-

ess was blocked by DC maturation triggered by TLR4 activation. Com-

ared with OMV-OVA-IgG, the 𝛼DEC205 antibody modification en-

owed OMV-OVA-DEC with an additional DC recognition and uptake

athway through binding with DEC205 on DCs. These features favored

 transition from the transient uptake of OMV-OVA-IgG to a persistent

ptake of OMV-OVA-DEC by DCs that continues after DC maturation and

ay lead to enhanced antigen presentation and immune stimulation. 
27 
To test the above hypothesis, we used fluorescent dye PE-labeled

nti-DEC205 antibody and an IgG isotype to construct OMV-based

anovaccines. We then monitored the uptake of the nanovaccines by

one marrow-derived dendritic cells (BMDCs) using flow cytometry. As

hown in Fig. 2 b, the BMDC uptake of OMV-OVA-DEC was close to 2.8-

old greater than that of OMV-OVA-IgG, and OMV-DEC was about 7.9-

old greater than that of OMV-IgG, despite the similar level of BMDC

aturation in all groups (Fig. S1a). To further verify the effects of

DEC205 antibody modification, we pre-incubated the BMDCs with the

LR4 inhibitor TAK-242 or 𝛼DEC205 antibody ( Fig. 2 c). We found that

LR4 inhibition did not significantly impede the uptake of OMV-DEC.

y contrast, BMDC uptake of OMV-DEC was considerably reduced by

re-blockade of DEC205, confirming that the 𝛼DEC205 antibody modifi-

ation played a major role in this process. In addition, we found a higher

EC205 expression in BMDCs treated with the OMV or OMV-OVA-IgG

ompared with that in PBS-treated BMDCs. However, the DEC205 ex-

ression significantly decreased in the OMV-OVA-DEC group, and the

hange was likely attributed to endocytosis of OMV-OVA together with

EC205 (Fig. S1b). 

We observed a co-localization between the OMV-based nanovaccines

nd DEC205 or TLR4. DC2.4 cells (a murine DC cell line) were incu-

ated with Dil-labeled OMV-based nanovaccines (red) for 1 h, and TLR4

nd DEC205 were detected using a FITC-labeled antibody (cyan) and

 PE-labeled antibody (green), respectively. The overlay between red

uorescence (OMV) and green fluorescence (DEC205) was significantly

tronger in the OMV-OVA-DEC group than that in the OMV-OVA-IgG



J. Liang, K. Cheng, Y. Li et al. Fundamental Research 2 (2022) 23–36 

Fig. 2. Improved antigen delivery of OMV-DEC-based nanocarrier mediated by DEC205/ 𝜶DEC205 antibody interaction . (a) Schematic illustration depicting 

the uptake enhancement mediated by 𝛼DEC205 antibody modification, due to the transition from transient uptake of OMV-OVA-IgG to persistent uptake of OMV- 

OVA-DEC by DCs. (b) BMDC uptake of the indicated OMV-based nanovaccines constructed by PE-labeled 𝛼DEC205 antibody and IgG isotype, as measured by flow 

cytometry (n = 3). (c) BMDC uptake of PE-labeled OMV-IgG or OMV-DEC at 12 h with or without pre-blocking with TLR4 inhibitor (1 μM TAK-242) or DEC205 

blocking antibody (5 μg/mL 𝛼DEC205 antibody) for 1 h (n = 3). (d) Laser scanning confocal microscopy images of DC2.4 cells after 1 h incubation with the indicated 

OMV-based nanovaccines. OMV-based nanovaccines were labeled with Dil (red). DEC205 was detected with a PE-labeled antibody (green), and TLR4 was detected 

with a FITC-labeled antibody (cyan). Scale bar, 50 μm. (e)–(g) Lymph node drainage of OMV-OVA-IgG and OMV-OVA-DEC labeled with Cy5.5-labeled OVA at 6 h 

after subcutaneous administration at the base of tail. Lymph node accumulation was evaluated visually by examining the Cy5.5 fluorescence in vivo (e) and ex vivo 

(f), and quantitatively analyzed (g). The fluorescence intensity in the OMV-OVA-DEC group was set to 100% (n = 3). (h) and (i) Antigen presentation efficiency in 

DCs as examined by flow cytometry using an OVA 257-264 -specific MHCI complex (MHCI-OVA) antibody at 12 h after incubation in BMDCs in vitro (h) or 6 h after 

subcutaneous vaccination in vivo (i) (n = 3). One-way ANOVA with a Tukey post-hoc test was used for statistical analysis. Data are shown as mean ± SD. ∗ , P < 0.05; 
∗∗∗ , P < 0.001. 
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roup ( Fig. 2 d). However, the overlay between the red (OMV) and cyan

uorescence (TLR4) was similar in different groups. These results in-

icate that the 𝛼DEC205 antibody modification provides an additional

ecognition pathway of DCs for OMV-DEC nanocarriers through binding

ith DEC205 on the DCs. 

We next evaluated lymph node drainage in vivo using Cy5.5-labeled

VA to prepare OMV-OVA-IgG and OMV-OVA-DEC. As shown in Fig. 2 e

nd f, compared with OMV-OVA-IgG, more OMV-OVA-DEC accumu-

ated in the draining lymph nodes at 6 h after subcutaneous vaccination.

he fluorescence intensity of the draining lymph nodes in the OMV-

VA-DEC group was about 1.7-fold greater than that in the OMV-OVA-

gG group ( Fig. 2 g). These results suggest that the 𝛼DEC205 antibody

odification can also enhance the lymph node drainage of OMV-DEC

anocarriers in vivo . 

We examined the antigen presentation by flow cytometry using the

VA 257-264 -specific MHCI complex (MHCI-OVA) antibody. Compared

ith OMV-OVA-IgG, OMV-OVA-DEC vaccination induced an approxi-

ately 2.5-fold greater level of MHCI-OVA expression in DCs either in

itro or in vivo ( Figs. 2 h, i and S1c), demonstrating that the 𝛼DEC205 an-

ibody binding on OMV-DEC enabled not only enhanced antigen deliv-

ry but also stronger antigen presentation in DCs, laying the foundation

or efficient immune stimulation and tumor inhibition. 

.3. Improved immune response and lung metastasis inhibition 

We tested whether the OMV-OVA-DEC nanovaccine could elicit

 stronger antigen-specific T cell response. The different OMV-based

anovaccines were subcutaneously injected into C57BL/6 mice on days

 and 6, and the splenocytes were harvested on day 12 and stimu-

ated with OVA 257-264 . We then performed an analysis of the activa-

ion and proliferation of CD8 + T cells ( Fig. 3 a). As shown in Figs. 3 b

nd S2a, OMV-OVA-DEC (44.7%) or OMV-OVA-IgG (38.1%) nanovac-

ine stimulated an expansion of CD3 + CD8 + T cells compared with PBS

27.1%); the greatest proportion of these cells was achieved in spleno-

ytes from mice immunized with OMV-OVA-DEC. Using CD69 as an ac-

ivation marker in CD8 + T cells, we found that OMV-OVA-DEC vaccina-

ion provoked stronger CD8 + T cell activation (13.1%) than OMV-OVA-

gG (10.1%) or PBS (8.2%) ( Figs. 3 c and S2b). The cytotoxic effects of

plenocytes were also evaluated through co-incubation of splenocytes

ith the target cells B16-OVA (B16 melanoma cell expressing ovalbu-

in). As shown in Fig. 3 d, the splenocytes from mice administered the

MV-OVA-IgG nanovaccine led to specific lysis in 21.8% of B16-OVA

ells, while 60.0% of B16-OVA cells were lysed after incubation with

plenocytes from mice treated with the OMV-OVA-DEC nanovaccine.

n addition, 5,6-carboxyfluorescein diacetate succinimidyl ester (CFSE)

taining was performed to analyze T cell proliferation; an approximate

.2-fold greater T cell proliferation rate was observed in the OMV-OVA-

EC group (24.1%) compared with that in the OMV-OVA-IgG group

7.5%) ( Figs. 3 e and S2c). Similarly, although more IFN- 𝛾 was pro-

uced by splenocytes from mice immunized with OMV-OVA, OMV-OVA-

gG or OMV/OVA/DEC (a control mixture of natural OMV, OVA pep-

ide and 𝛼DEC205 antibody) after exposure to OVA 257-264 than that in

he PBS group, the most IFN- 𝛾 spots in the enzyme-linked immunospot

ELISPOT) assay were observed in the OMV-OVA-DEC group ( Figs. 3 f

nd S3d). Together, our data suggest that both OMV-OVA-IgG and OMV-

VA-DEC can stimulate a T cell-mediated immune response and marked

TL-mediated specific immune elimination of antigen-positive target

ells, with the OMV-OVA-DEC vaccine most potent in this function,

ikely because of the targeting antibody decoration. 

We next tested the antitumor effect of the OMV-based nanovaccine-

riggered immune response in a pulmonary metastasis model of B16-

VA cells. Mice were inoculated by tail vein injection of B16-OVA

ells on day 0, and the vaccination and immune response analysis were

erformed according to the same schedule as the previous experiment

 Fig. 3 g). As shown in Figs. 3 h and S3, the OMV-OVA-DEC vaccina-

ion strikingly inhibited the lung metastasis, demonstrating the key
29 
ontribution of 𝛼DEC205 antibody decoration. To clearly characterize

he immune mechanism underlying these antitumor effects, we again

sed the flow cytometry and ELISPOT assay to explore T cell stimula-

ion in splenocytes. As expected, the CD8 + CD69 + T cells ( Figs. 3 i and

4a) and the CD8 + IFN- 𝛾+ T cells ( Figs. 3 j and S4b) were most abun-

ant (13.7% and 9%, respectively) in the OMV-OVA-DEC group, indicat-

ng more prominent CD8 + T cell stimulation and activation compared

ith the other groups. Meanwhile, as shown in Figs. 3 k and S4c, the

FN- 𝛾+ in CD4 + T cells (29.3%) in the OMV-OVA-DEC group was also

reater than that in the other groups. These CD4 + T cells may assist in

he CD8 + T-mediated cellular immunity. Using an OVA-MHCI complex

etramer (OVA-tetramer) to label the OVA-specific T cells, we found that

he OMV-OVA-IgG (8.0%) and OMV-OVA-DEC (10.1%) vaccination trig-

ered an obvious increase of OVA-specific CD8 + T cells compared with

hat in PBS group (3.9%) ( Figs. 3 l and S5a). This immune stimulation-

nduced OVA-specific CD8 + T cell increase by OMV-OVA-DEC vaccina-

ion (6.2%) was close to 1.5-fold greater than that by OMV-OVA-IgG

accination (4.1%). In addition, as shown in Figs. 3 m, n, S5b, and c,

he greater T cell proliferation and IFN- 𝛾 production were detected in

plenocytes derived from mice immunized with OMV-OVA-DEC than

hat in OMV-OVA-IgG group. These results demonstrate that the OMV-

VA-DEC nanovaccine the assistance of 𝛼DEC205 antibody modifica-

ion is a promising immunostimulant to drive a robust antitumor effect.

.4. Evaluation of immune memory 

We examined the long-term immune memory after two immuniza-

ions with the OMV-based nanovaccines. On day 60 after the second

accination, splenocytes were collected and stimulated with OVA 257-264 

o analyze the repertoire of OVA-specific CD8 + T cells and T cell mem-

ry. As shown in Fig. 4 a and b, the proportion of OVA-tetramer + CD8 + 

 cells was 11.9% in the OMV-OVA-DEC group. By contrast, only 6.6%

VA-tetramer + CD8 + T cells were detected in the OMV-OVA-IgG group,

hich was a similar result to that in the previous short-term immune re-

ponse analysis. This suggests that the OVA-specific T cells stimulated by

MV-OVA-DEC can be activated upon antigen recognition after at least

0 days. We next analyzed the immune memory in the collected spleno-

ytes. Although there was no significant increase in central memory T

T CM 

) cells (CD44 hi CD62L hi in CD8 + T cells) in the OMV-DEC (18.9%)

nd OMV-OVA-IgG (19.5%) groups compared with that in the PBS group

17.2%), OMV-OVA-DEC induced additional T CM 

cells (23.1%; Fig. 4 c

nd d). The percentage of CD44 hi CD62L lo in CD8 + T cells (effector mem-

ry T cells, T EM 

) in the OMV-OVA-DEC group (37.2%) was also higher

han that in the PBS (30.1%), OMV-DEC (33.0%) and OMV-OVA-IgG

31.7%) groups ( Fig. 4 e). These results are indicative of an effective im-

une memory induced by OMV-OVA-DEC vaccination. 

We next tested whether the generated immune memory can effec-

ively protect mice from tumor re-challenge. We again administered

MV-OVA-DEC vaccination to mice with lung metastases of B16-OVA

ells, and subcutaneously re-challenged the mice with B16-OVA cells or

16F10 cells on day 72 after the primary tumor inoculation. As shown

n Fig. 4 f, 62.5% of immunized mice rejected the re-inoculated B16-

VA cells, while 100% of B16-OVA tumors rapidly grew in the healthy

ontrol mice. Notably, 25% of the immunized mice rejected the re-

noculated B16F10cells without the OVA antigen ( Fig. 4 f). This find-

ng suggests that antigens released during vaccination-induced B16-OVA

ell death can stimulate an antigen-spreading immunity, which is crucial

or the inhibition and treatment of tumors with rapid variability and ge-

etic heterogeneity. Collectively, the OMV-based nanovaccine induced

 marked immune memory, which is critical for a long-term benefit in

he prevention of clinical tumor recurrence. 

.5. Analysis of neoantigen-specific activation in human CD8 + T cells 

To further characterize the adaptability of our OMV-based nanoplat-

orm in clinical personalized cancer vaccines, we chose seven human
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Fig. 3. Immune response evaluation and lung metastasis inhibition . (a)–(f) Immune response evaluation. C57BL/6 mice were vaccinated with different OMV- 

based nanovaccines on days 0 and 6, and the immune response analysis was performed on day 12 (a). The splenocytes were harvested and stimulated with OVA 257-264 

overnight. The percentages of CD8 + in CD3 + T cells (B) and CD69 + in CD8 + T cells (c) were evaluated using flow cytometry (n = 4). The B16-OVA cells (target cells) 

were incubated with the splenocytes (effector cells) for 12 h at an effector: target cell ratio of 20: 1, and the specific lysis of B16-OVA cells was evaluated using 

an LDH cytotoxicity detection assay (n = 4) (d). The proliferation in CD8 + T cells was analyzed by flow cytometry using CFSE staining (n = 4) (e). IFN- 𝛾 secretion 

from splenocytes stimulated with OVA 257-264 was quantitatively detected by the ELISPOT assay (n = 4) (f). (g)-(n) Antitumor effect of OMV-based nanovaccines in 

a pulmonary metastasis model. C57BL/6 mice were challenged by tail vein injection of 2 × 10 5 B16-OVA cells on day 0, and received vaccinations on days 6 and 

12 (g). The lungs were collected on day 18 (h). The splenocytes were also harvested and stimulated with OVA 257-264 overnight. The percentages of CD69 + in CD8 + 

T cells (i), IFN- 𝛾+ in CD8 + T cells (j), IFN- 𝛾+ in CD4 + T cells (k) and OVA-tetramer + CD8 + T cells (l) were measured using flow cytometry (n = 4). The proliferation 

in CD8 + T cells was analyzed by flow cytometry using CFSE staining (n = 4) (m). IFN- 𝛾 secretion from splenocytes stimulated with OVA 257-264 was quantitatively 

detected using the ELISPOT assay (n = 4) (n). One-way ANOVA with a Tukey post hoc test was used for statistical analysis. Data are shown as mean ± SD. N.S., no 

significance; ∗ , P < 0.05; ∗∗ , P < 0.01; ∗∗∗ , P < 0.001. 
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Fig. 4. Long-term immune memory evaluation and resistance to re-challenge . C57BL/6 mice received two vaccinations, and the splenocytes were collected on 

day 60 after the second vaccination and stimulated with OVA 257-264 to analyze the repertoire of OVA-specific CD8 + T cells and T memory cells. (a) and (b) Measurement 

(a) and quantitative analysis (b) of OVA-tetramer + CD8 + T cells using flow cytometry in splenocytes stimulated with OVA 257-264 (n = 4). (c)-(e) Measurement (c) 

and quantitative analysis of central memory T cells (CD44 hi CD62L hi ) (d) and effector memory T cells (CD44 hi CD62L lo ) (e) in CD8 + T cells using flow cytometry 

in splenocytes (n = 4). (f) C57BL/6 mice were challenged by tail vein injection of 1 × 10 5 B16-OVA cells on day 0, and received OMV-OVA-DEC vaccination on 

days 6 and 12. OMV-OVA-DEC-cured or healthy control mice were subcutaneously re-challenged with B16-OVA cells or B16F10 cells on day 72 after primary tumor 

inoculation, and tumor growth was monitored within another 16 days (n = 8). One-way ANOVA with a Tukey post-hoc test was used for statistical analysis. Data 

are shown as mean ± SD. ∗ , P < 0.05; ∗∗ , P < 0.01; ∗∗∗ , P < 0.001. 
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eukocyte antigen (HLA) class I allele HLA-A 

∗ 0201-restricted neoanti-

ens to prepare OMV-antigen-DEC nanovaccines (OMV-neoantigen-

EC). Those neoantigens were identified to possess high immunogenic-

ty by predicted binding affinity according to in silico algorithms [26–

0] . DCs were collected from a healthy donor with HLA-A 

∗ 0201, and

ere incubated with the OMV-neoantigen-DEC nanovaccines. Mean-

hile, CD8 + T cells were separated from the same individual using

uman CD8 microbeads. The nanovaccine-stimulated DCs were subse-

uently co-cultured with the CD8 + T cells. Finally, the activation and

eoantigen-specific immune response were evaluated by flow cytome-

ry and ELISPOT assay to detect 4-1BB expression and IFN- 𝛾 secretion in

D8 + T cells, respectively. As shown in Fig. 5 a and b, the proportion of
31 
-1BB 

+ CD8 + T cells was significantly higher in every OMV-neoantigen-

EC group compared with the corresponding neoantigen group, indi-

ating that the OMV-DEC platform plays a deterministic role in the ac-

ivation of CD8 + T cells. We further assessed the antigen-specific prim-

ng by ELISPOT assays ( Fig. 5 c and d). After re-stimulation with the

orresponding neoantigen peptides, IFN- 𝛾 secretion was significantly

reater in the OMV-neoantigen-DEC group than that in the correspond-

ng neoantigen group. Taken together, these results indicate that the

ovel OMV-DEC-based vector possesses the ability to deliver human

eoantigens and elicit specific immune responses; the rapid antigen dis-

lay function makes this platform applicable in rapid antigen identifi-

ation for personalized cancer vaccine development. 
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Fig. 5. Neoantigen-specific immune activation of human CD8 + T cells . Seven HLA class I allele HLA-A 

∗ 0201-restrictedneoantigenswere used to prepare 

OMV-antigen-DEC nanovaccines (OMV-neoantigen-DEC): Neoantigen 1 (EGFR-T790M), Neoantigen 2 (TP53-R175H), Neoantigen 3 (CDC73-Q254E), Neoantigen 

4 (TMEM48-F169L), Neoantigen 5 (SEC24A-P469L), Neoantigen 6 (EXOC8-Q656P) and Neoantigen 7 (gp100-A288V). DCs were collected from a healthy donor with 

HLA-A 

∗ 0201, and were incubated with these OMV-neoantigen-DEC nanovaccines at 37°C for 16 h. Meanwhile, CD8 + T cells were separated from the same individual 

using human CD8 microbeads. The nanovaccine-stimulated DCs were subsequently co-cultured with CD8 + T cells at a 1:5 ratio of DCs: T cells at 37°C for 72 h. (a) 

and (b) Flow cytometry measurements (a) and quantitative analysis (b) of 4-1BB + cells (n = 3). (c) and (d) Images (c) and quantitative analysis (d) of IFN- 𝛾 secretion 

after re-stimulation with separate neoantigen peptides, as measured by the ELISPOT assay (n = 3). One-way ANOVA with a Tukey post-hoc test was used for statistical 

analysis. Data are shown as mean ± SD. ∗ , P < 0.05; ∗∗ , P < 0.01; ∗∗∗ , P < 0.001. 
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.6. Development of a combinational immunotherapy strategy for solid 

umors 

To investigate the antitumor efficiency of OMV-OVA-DEC in solid

umors, we established a subcutaneous B16-OVA-bearing mouse tu-

or model. Considering the critical role of the immune checkpoint

n the immunosuppression of solid tumors, we combined the anti-PD1

ntibody ( 𝛼PD-1) with the OMV-OVA-DEC nanovaccine to induce ro-

ust tumor suppression. As shown in Fig. S6a and b, compared with
32 
he PBS group, treatment with only OMV-OVA-DEC or 𝛼PD-1 moder-

tely delayed tumor growth, while mice in the OMV-OVA-DEC/ 𝛼PD-1

roup exhibited greater tumor inhibition efficiency. The combination of

MV-OVA-DEC and 𝛼PD-1 also resulted in prolonged survival compared

ith the other groups (n = 12) (Fig. S6c). In addition, the body weight

urves in the different groups indicated that the OMV-OVA-DEC/ 𝛼PD-

 combination had no obvious toxicity (Fig. S6d). Unfortunately, the

xtent of the antitumor effect of OMV-OVA-DEC/ 𝛼PD-1 was not satis-

actory, so we next analyzed the immune cell components in the tumor
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Fig. 6. Therapeutic effects of combinational immunotherapy containing OMV-OVA-DEC nanovaccine combined with 𝜶PD-1 and Ibrutinib in a subcuta- 

neous melanoma model . B16-OVA cells were subcutaneously injected into C57BL/6 mice, after which the mice received treatment with the indicated formulations. 

(a) Tumor growth curves recorded for 20 days (n = 12). (b) Tumors isolated from the mice on day 20 (n = 5). (c)-(g) The percentages of tumor infiltrating CD8 + T 

cells (c), CD4 + T cells (d), M2 macrophages (e), Tregs (f) and MDSCs (g) in the collected tumor tissues on day 20, as measured by flow cytometry (n = 4). Scale bar, 

1 cm. One-way ANOVA with a Tukey post hoc test was used for statistical analysis. Data are shown as mean ± SD. N.S., no significance; ∗ , P < 0.05; ∗∗ , P < 0.01; ∗∗∗ , 

P < 0.001. 
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l  

i  
icroenvironment panoramically (Figs. S6e–i and S7a–e). The tumor-

nfiltrating CD8 + T cells (Figs. S6e and S7a) in the OMV-OVA-DEC/ 𝛼PD-

 group were present at the highest levels, which was an indication

hat combination with the 𝛼PD-1 reversed tumor immunosuppression

nd improved the antitumor effect of the OMV-OVA-DEC nanovaccine

o some extent. Immunosuppressive cells in the tumor microenviron-

ent in the OMV-OVA-DEC/ 𝛼PD-1 group, such as M2-like macrophages

M2 macrophages; Figs. S6g and S7c) and regulatory T cells (Tregs;

igs. S6h and S7d) were significantly reduced compared with the other

roups. Unexpectedly, compared with other groups, the MDSCs (Figs.

6i and S7e) in the OMV-OVA-DEC/ 𝛼PD-1 group showed no significant

hange, which may be the main immunosuppressive stress after OMV-

VA-DEC/ 𝛼PD-1 therapy. 

The infiltration of MDSCs can inhibit T cell stimulation and pro-

iferation, subsequently promoting an imbalanced tumor microenvi-

onment. After finding unaltered levels of MDSCs in the panoramic

mmune microenvironment analysis, we added a MDSC-depleting

gent, Ibrutinib, into the combinational strategy (OMV-OVA-DEC/ 𝛼PD-

/Ibrutinib). Compared with the other formulations, OMV-OVA-

EC/ 𝛼PD-1/Ibrutinib significantly inhibited the growth of subcuta-

eous B16-OVA tumors ( Fig. 6 a and b) and significantly prolonged

he survival of mice (Fig. S8). Body weight monitoring did not

eveal any apparent anomalous change (Fig. S9). Compared with

MV-OVA-DEC/ 𝛼PD-1, the assistant effect of Ibrutinib also signif-

cantly increased the number of tumor-infiltrating CD8 + T cells

 Figs. 6 c and S10a) and CD4 + T cells ( Figs. 6 d and S10b). By con-

rast, the populations of immunosuppressive cells, M2 macrophages,

regs and MDSCs also displayed a significant decrease in tumors

reated with OMV-OVA-DEC/ 𝛼PD-1/Ibrutinib compared with that in

he other groups ( Figs. 6 e–g and S11a–c), showing that this com-

inational therapy was capable of normalizing the immunosuppres-

ive tumor microenvironment. To summarize, when combined with

PD-1 or Ibrutinib, this promising nanovaccine could be a potent

mmunopotentiator. 
33 
. Discussion 

The development of nanocarriers has revolutionized vaccine deliv-

ry technology, and an increasing number of studies have focused on

he integration of nanocarriers with immune adjuvants to achieve effi-

ient co-delivery of antigens and immune adjuvants. For example, the

djuvant system (AS) developed by GlaxoSmithKline encapsulates an

mmune adjuvant into a nanocarrier, such as a liposome [6] . In addi-

ion, polymers or phospholipids with STING pathway activation ability

ave been explored for synthesizing nanocarriers with intrinsic immune

djuvant function [11] . With the advancements in genetic engineering

echnology, vaccine carriers based on attenuated bacteria or bacteria-

erived substances have become a burgeoning field of research, as these

arriers possess large amounts of intrinsic PAMPs as immune adjuvants

31] . For instance, the Advaxis company developed Listeria as living

arriers to deliver tumor antigens into DCs, exploiting the intracellu-

ar infective properties of Listeria [32] . Considering the potential infec-

ion risk of viable bacterial carriers, newer studies have begun to use

acteria-derived nanocarriers, such as a 400 nm sized Minicell system

erived from bacteria through a complex genetic engineering and isola-

ion process [33] , to transport tumor antigens. For rapid and simple vec-

or preparation, we selected OMVs as the vaccine nanocarrier system in

ur previous work [12] . These nanoplatforms can be produced in large

uantities via high-speed centrifugation, and can stimulate rapid anti-

en display on OMVs through genetic engineering and molecular glue

echnology. The OMV-based nanocarrier can be efficiently recognized

nd taken up by DCs via the TLR4/LPS interaction[16, 31]. However,

s previously mentioned, the rapid maturation of DCs limits the further

ntigen uptake of OMVs. Therefore, in this study, we overcome the MUO

henomenon by modifying OMVs with 𝛼DEC205 antibody to remodel

he OMVs uptake by DCs. 

To successfully construct the OMV-DEC nanovaccine vectors, we se-

ected the domain B of SPA to fuse with ClyA on the surface of OMVs. It

s well known that domain B of SPA has a strong, non-specific binding
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Fig. 7. Schematic diagram of personalized tumor vaccines from the versatile OMV-based nanocarriers with “Normandy ” uptake pattern by DCs and their 

combinational application with other immunotherapeutic agents in solid tumor treatment . 
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ffinity for antibody Fc fragments, which is equivalent to the binding

ffinity between antibody and antigen [ 34 , 35 ]. Thus, the surface ClyA-

PAb efficiently and stably bound the 𝛼DEC205 antibody without af-

ecting the function of the outer Fab fragment. In contrast to antibody

inding of SPAb, both direct fusion expression and chemical coupling

ay affect the function of an antibody. Moreover, this flexible antibody

odification technology with SPAb as a surface scaffold enables OMV

o rapidly bind different antibodies for versatile applications, as we pre-

iously demonstrated in a study of rapid antigen display based on a

Plug-and-Display" system; tumor antigen and targeting antibody were

uickly displayed on the multi-faceted OMV without cross-correlation

nterference. Together with the ability of OMVs to be generated on a

arge scale via bacterial fermentation, this modular design will acceler-

te the clinical translation of OMV-based tumor nanovaccines. 

The modification with 𝛼DEC205 antibody remodeled the DC up-

ake pathway of the OMVs. In immature DCs, OMV or OMV-DEC were

ainly taken up through the LPS-TLR4 signaling pathway, due to the

arge amounts of LPS on the OMV surface. However, as increasing num-

ers of OMV or OMV-DEC entered DCs, the DCs matured induced by

he immune adjuvant effect. Under natural conditions, mature DCs no

onger efficiently ingest OMV, however OMV-DEC was still continu-

usly ingested by DCs through an artificial pathway mediated by the
34 
DEC205antibody/DEC205 binding. In addition to the natural pathway

ediated by LPS/TLR4 interaction, the modification of 𝛼DEC205 anti-

ody provided another artificial pathway ( 𝛼DEC205 antibody/DEC205

ecognition) for the DC uptake of OMV-DEC. Therefore, the DC uptake

attern of OMV-DEC was referred to as “Normandy ”. We verified this

xperimentally by pre-blocking DCs with a TLR4 inhibitor that did not

arkedly affect DC uptake of OMV-DEC, whereas DEC205 blockage no-

ably decreased the uptake of OMV-DEC. These results suggest that the

Normandy ” mechanism in which the recognition by DCs is mediated

y multiple pathways is important for an effective vaccine vector and

ays the foundation for the general design of vaccine nanocarriers in the

uture. 

Despite the recent rapid development of bioinformatics technology

nd MHC-peptide mass spectrometry, the accuracy of tumor neoantigen

rediction is still limited [36–38] . The identification of truly effective tu-

or neoantigens still relies on the verification of immunogenicity, which

equires evaluation of synthetic vaccines in the cultured immune cells

1] . Current tumor nanovaccines mostly encapsulate the neoantigen into

he nanocarrier, which is an inefficient method and unable to success-

ully identify a large number of tumor neoantigens [39–41] . Our ver-

atile OMV-based nanocarrier enables rapid antigen display and tumor

accine preparation via the “Plug-and-Display ” system. In the present
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ork, we verified the ability of this vector to display real human tumor

eoantigens and induce a strong antigen-specific immune response in

uman immune cells, suggesting the possible application of this plat-

orm in clinical neoantigen identifying [30] . 

Although immune checkpoint inhibitors have achieved remarkable

linical benefits in cancer treatment, they still encounter the challenge

f a limited number of infiltrating T cells in the tumor microenvi-

onment [ 17 , 42 , 43 ]. Like other immune activation strategies, such as

hemotherapy- or radiotherapy-induced tumor antigen release and us-

ng cytokines to stimulate the immune system, our OMV-based tumor

anovaccine also elicits a robust antitumor immunity, which was but-

ressed by the therapeutic effects of a checkpoint inhibitor and MDSC de-

letion agent (Ibrutinib). Indeed, the checkpoint inhibitor and Ibrutinib

emoved some barriers of immunosuppressor cells, such as MDSCs and

regs, allowing CTLs to kill tumor cells [ 36 , 44 , 45 ]. The complementary

echanism resulted in a synergetic antitumor effect, which destroyed

ubcutaneous melanoma in mice. 

. Conclusion 

In conclusion, by fusing the domain B of SPA with the surface ClyA

rotein, we improved the OMV-based tumor nanovaccine platform. The

ovel platform not only showed the ability to rapidly identify neoanti-

en to develop precise immunotherapy, but also became decorated with

DEC205 antibody via binding between SPAb and the Fc fragment

 Fig. 7 ). The 𝛼DEC205 antibody modification greatly remodeled the

MVs uptake by DCs to a Normandy pattern, leading to robust anti-

en presentation and CTL expansion, which ultimately inhibited lung

etastasis in a melanoma model and improved the therapeutic effect of

he checkpoint inhibitor and MDSC depletion agent in a subcutaneous

umor ( Fig. 7 ). This versatile, OMV-based nanocarrier was built with the

ntent to achieve individualized cancer vaccines and guide vaccine de-

ign for the prophylaxis and therapy of other diseases with highly vari-

ble antigens, such as influenza and human immunodeficiency viruses.

ur study brings this promising nanovaccine technology a step closer to

linical translation. 
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