
O R I G I N A L  R E S E A R C H

Exosomal Vaccine Loading T Cell Epitope Peptides 
of SARS-CoV-2 Induces Robust CD8+ T Cell 
Response in HLA-A Transgenic Mice
An-Ran Shen1, Xiao-Xiao Jin2, Tao-Tao Tang1, Yan Ding2, Xiao-Tao Liu2, Xin Zhong1, Yan-Dan Wu2, 
Xue-Lian Han3, Guang-Yu Zhao3, Chuan-Lai Shen 2, Lin-Li Lv1, Bi-Cheng Liu1

1Institute of Nephrology, Zhongda Hospital, Medical School of Southeast University, Nanjing, 210009, People’s Republic of China; 2Department of 
Microbiology and Immunology, Medical School of Southeast University, Nanjing, 210009, People’s Republic of China; 3State Key Laboratory of 
Pathogen and Biosecurity, Beijing Institute of Microbiology and Epidemiology, Beijing, 100071, People’s Republic of China

Correspondence: Lin-Li Lv; Bi-Cheng Liu, Institute of Nephrology, Zhongda Hospital, Medical School of Southeast University, Nanjing, 210009, 
People’s Republic of China, Tel +862583272512, Email lvlinli@seu.edu.cn; liubc64@163.com 

Purpose: Current vaccines for the SARS-CoV-2 virus mainly induce neutralizing antibodies but overlook the T cell responses. This study 
aims to generate an exosomal vaccine carrying T cell epitope peptides of SARS-CoV-2 for the induction of CD8+ T cell response.
Methods: Thirty-one peptides presented by HLA-A0201 molecule were conjugated to the DMPE-PEG-NHS molecules, and mixed 
with DSPE-PEG to form the peptide-PEG-lipid micelles, then fused with exosomes to generate the exosomal vaccine, followed by 
purification using size-exclusion chromatography and validation by Western blotting, liquid nuclear magnetic resonance (NMR) test 
and transmission electron microscopy. Furthermore, the exosomal vaccine was mixed with Poly (I:C) adjuvant and subcutaneously 
administered for three times into the hybrid mice of HLA-A0201/DR1 transgenic mice with wild-type mice. Then, the epitope-specific 
T cell responses were detected by ex vivo ELISPOT assay and intracellular cytokine staining.
Results: The exosomal vaccine was purified from the Peak 2 fraction of FPLC and injected into the hybrid mice for three times. The 
IFN-γ spot forming units and the frequencies of IFN-γ+/CD8+ T cells were 10–82-fold and 13–65-fold, respectively, higher in the 
exosomal vaccine group compared to the Poly (I:C) control group, without visible organ toxicity. In comparison with the peptides 
cocktail vaccine generated in our recent work, the exosomal vaccine induced significantly stronger T cell response.
Conclusion: Exosomal vaccine loading T cell epitope peptides of SARS-CoV-2 virus was initially generated without pre-modification 
for both peptides and exosomes, and elicited robust CD8+ T cell response in HLA-A transgenic mice.
Keywords: the severe acute respiratory syndrome coronavirus-2, exosomal vaccine, T cell, epitope, human leukocyte antigen-A

Introduction
Coronavirus disease 2019 (COVID-19) has been a worldwide pandemic since 2019 caused by the severe acute respiratory 
syndrome coronavirus-2 (SARS-CoV-2). The World Health Organization (WHO) has reported more than 527.60 million cases 
globally and nearly 6.29 million deaths as of June 1, 2022. Current vaccines aim to generate neutralizing antibodies to prevent 
SARS-CoV-2 infection and reduce severity upon re-infection by variants. However, the available data have shown a rapid decline 
of neutralizing antibodies after natural infection or vaccination,1–3 and the attenuation of neutralizing protection against the 
emerging variants.4–6 Increasing studies have demonstrated that antibodies and effector T cells play synergistic protection against 
SARS-CoV-2 infection.7–9 Moreover, the T cells play a critical role in long-term protection and defense against SARS-CoV-2 
variants.10–12 Therefore, attentions have been shifted to the development of vaccines that induce T cell responses.13,14

Exosomes are extracellular vesicles generated by all cells, and they are of endosomal origin and in a size range of ~40 
to 160 nm in diameter. Depending on the cell of origin, exosomes contain many constituents of a cell, including nucleic 
acids, proteins, lipids, and metabolites. They are mediators of near- and long-distance intercellular communication in 
health and disease, and affect various aspects of cell biology.15 They play a diverse role in cell-to-cell crosstalk and 
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delivery of biological payloads, such as miRNAs,16 drugs,17 and proteins.18,19 Exosome-based immunotherapy against 
tumors20 and viral infections21 has shown immense clinical potential because of their ability to elicit strong host immune 
responses as well as useful pharmacological characteristics, such as high biocompatibility, low immunogenicity, low 
toxicity, and high stability in circulation.22,23 Furthermore, exosomes allow the cross-presentation of exogenous protein 
antigens to elicit CD8+ T cell responses.21 Although many approaches have been developed to introduce proteins or 
peptides into exosomes,25 most methods need the exosome surface or payload pre-modification. Loading multiple 
peptides or proteins into exosomes remains a challenge. In this study, we developed a novel self-assembly approach to 
load proteins or peptides of interest into the exosome membrane without payload or EV pre-modifications.

In our recent work, we have validated 120 T cell epitopes from the envelope protein (E), membrane protein (M), 
nucleocapsid protein (N), spike glycoprotein (S), and RNA-dependent RNA polymerase (RdRp) of SARS-CoV-2.24 

Here, we generated an exosomal vaccine carrying 31 T cell epitope peptides presented by human leukocyte antigen 
(HLA)-A0201 molecule, and induced SARS-CoV-2 specific CD8+ T cell responses in HLA-A0201/DR1 transgenic mice.

Materials and Methods
Human Blood Samples
The blood samples of healthy donors were collected from the Blood Component Preparation Section of Jiangsu Province 
Blood Center (Nanjing, Jiangsu province, China) in the form of a white blood cell filter disc on which the red blood cells 
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(RBCs) have been filtered. Informed consent was waived for this study because the white blood cell filter discs were 
biological specimens collected from past clinical diagnosis and treatment, and their consent was obtained from Jiangsu 
Province Blood Center. The collection and use of human samples was approved by the Clinical Ethics Committee of 
Affiliated Zhongda Hospital of Southeast University, Nanjing, Jiangsu Province, China.

Experimental Mice
Ten-week-old female HLA-A*02:01/DR1 transgenic and H-2-β2m−/−/IAβ−/− C57BL/6 mice were from the Beijing 
Institute of Microbiology and Epidemiology. Ten-week-old male wild-type C57BL/6 mice were purchased from the 
Comparative Medicine Center of Yangzhou University (Yangzhou, China). The mice were housed in the specific 
pathogen-free Animal Centre of Southeast University (Nanjing, China). The hybrid mice of the HLA-A0201+/+/DR1+/ 

+/H-2-β2m−/−/IAβ−/− C57BL/6 mice with the wild-type C57BL/6 mice were bred in house. Animal welfare and 
experimental procedures were performed in accordance with the Guide for the Care and Use of Laboratory Animals 
(Ministry of Science and Technology of China, 2006) and were approved by the Animal Ethics Committee of Southeast 
University, Nanjing, China.

Preparation of RBC-Derived Exosomes
Fresh blood was harvested from a white blood cell filter tray by washing it backwards with sterile phosphate-buffered 
saline (PBS). The RBC-derived exosomes were then prepared according to a previously described protocol with slight 
modifications.26 Briefly, RBCs were purified by density-gradient centrifugation using Ficoll-Paque and washed with PBS 
twice by centrifuging at 3000 g for 10 min at 4°C. Then, the RBCs were diluted 50 folds with PBS containing 1μM 
4-bromo-calcimycin and were mildly shaken for 48 h at 4°C. Then, the RBC mixture was centrifuged at 3000 g for 20 
min at 4°C. The supernatant was collected and centrifuged at 13,500 g for 30 min at 4°C to remove large vesicles. The 
resulting supernatant was filtered with a 0.22 μm filter. Then, the supernatant was centrifuged at 200,000 g for 2 h at 4°C 
in a XPN-optima-100 ultra-centrifuge (Beckman). The exosome pellet was harvested and resuspended in 100 μL of PBS 
and stored at –80°C.

Characterization of Exosomes
The size and counts of the RBC-derived exosomes were assessed by nanoparticle tracking analysis (ZetaView, PMX 110, 
Particle Metrix, Inning am, Ammersee, Germany). The morphology analysis of the exosomes was performed by first 
diluting them with PBS and loading them onto the carbon-coated copper grids for 3–5 min. Then, the grids with the 
exosome samples were stained with 2% phosphotungstic acid for 1–2 min. Excess liquid was removed with a filter paper, 
and the grids were dried at room temperature. Then, the morphology of the exosomes was acquired using the 
transmission electron microscope (TEM, Hitachi HT 7700, Japan) at 120 kV. The exosome protein levels were quantified 
using the BCA protein assay kit (KeyGEN Biotech, Nanjing, China). Western blot analysis was performed with 
exosome-specific protein markers, such as CD63, CD9, and Alix, using specific antibodies.

Preparation of BSA-PEG-Micelles
We dissolved 1,2-Dimyristoyl-sn-glycero-3-phosphoethanolamine (DMPE)-polyethylene glycol (PEG)-NHS (MW: 
4257.98, customized in Ponsure Biological, Shanghai) and BSA (66.4 KDa, BioFroxx Germany) in DMSO at a 1:3 
molar ratio with 1% triethylamine (TEA, Aladdin, Shanghai) overnight at room temperature to generate BSA-conjugated 
DMPE-PEG (BSA-PEG-DMPE). Then, we added HEPES buffer (10mM HEPES, pH 7.4) to dilute the concentration of 
DMSO below 1%, and 1,2-Distearoyl-sn-glycero-3-phosphoethanolamine (DSPE)-PEG (MW: 2805.497, Ponsure 
Biological) was supplemented at a 1:1 molar ratio with the DMPE-PEG-NHS pre-existed in the system and maintained 
for 15 min at 60°C. The free BSA molecules were removed by ultrafiltration using Vivaspin tubes (100KD MWCO, 
Millipore). The BSA quantity in the BSA-PEG micelles was measured using the BCA protein assay kit (KeyGEN 
Biotech). The BSA-PEG micelles were stored at 4°C for use within a period of 2 weeks.
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Preparation of BSA-PEG-Lipid-Exosomes
The BSA-PEG micelles were redissolved at 60°C for 10 min followed by ultrasonic vibration twice (5s/time) with 20-μm 
amplitude to reduce the micelle size. RBC-exosomes were centrifuged at 1000 g for 10 min at 4°C, and the pellet was 
removed. The supernatant was mixed with the BSA-PEG-micelles at a 1:1 ratio based on the protein concentrations and 
was incubated in a water bath for 2 h at 40°C. The resulting solution with the BSA-PEG-lipid-exosomes was then cooled 
to 4°C followed by instant purification.

Purification of BSA-PEG-Lipid-Exosomes by Size-Exclusion Chromatography
Smartarose CL-4B (SEC0081, Smart-Lifesciences Biotechnology Co. Ltd., Changzhou, China) was loaded onto the 
SXK16/40 column (Smart-Lifesciences) according to the manufacturer’s instructions. The column was equilibrated with 
PBS and stored in 20% alcohol at 4°C. The exosome-micelle mixture was purified by fast protein liquid chromatography 
(FPLC) system (Pharmacia Fine Chemicals, Uppsala, Sweden) with the SXK16/40 Smartarose CL-4B filtration column. 
The samples were eluted at a speed of 1 mL/min, and 3 mL fractions were collected. The protein levels of the fractions 
were analyzed with a UV spectrophotometer at 280 nm. The chromatography data were acquired and analyzed using the 
UNICORN software (version 7.1, GE Life Sciences). Then, the protein samples from each fraction were separated on 
a 12% SDS-PAGE and analyzed by Western blotting using mouse anti-BSA antibodies and mouse anti-human CD63 
mAb to identify the peak fractions containing the BSA-PEG-micelles.

Liquid Nuclear Magnetic Resonance Test
In order to identify the peak fraction containing BSA-PEG-lipid-exosome, all of the three chromatography peak fractions 
were diluted in PBS, concentrated by ultrafiltration to 1 mL and subjected to liquid nuclear magnetic resonance test 
(NMR) (600 MHz, Advance III 400HD, Bruker, Germany) for identifying PEG, hydrolytic NHS, and DMPE molecules 
in the BSA-PEG-DMPE macromolecules. The spectral peaks for PEG, hydrolytic NHS groups and DMPE were 
identified at 3.6 ppm, 2.6 ppm, and 1.17 ppm, respectively.

Western Blotting
The samples from RBC-derived exosomes, BSA-PEG-micelles, and the peak fractions for the BSA-PEG-lipid-exosomes 
from size-exclusion chromatography were analyzed by Western blotting. The protein concentrations of all samples were 
estimated using the BCA assay kit (KeyGEN Biotech). Then, equal amounts of protein were separated on a 10% SDS- 
PAGE and transferred to the PVDF membrane (Millipore) using a high quality wet protein transfer system (L00686C 
eBLOT L1, Genscript, Nanjing, China). The membranes were then blocked with 5% skim milk powder in TBST buffer 
for 1 h at RT. The blots were then incubated overnight at 4°C with the primary antibodies including mouse anti-BSA 
(1:2000, Proteintech), mouse anti-human CD63 (1:1000, Santa Cruz), mouse anti-human CD9 (1:1000, Proteintech), or 
mouse anti-human Alix (1:1000, Santa Cruz). Subsequently, the blots were incubated with HRP-conjugated goat anti- 
mouse IgG antibodies (1:5000, Cell signaling) for 1 h at RT. Then, the blots were developed using the Enhanced 
chemiluminescence detection kit (BL520A, Biosharp).

Preparation and Purification of Peptide-PEG-Lipid-Exosomes
We screened and validated 120 T cell epitope peptides from SARS-CoV-2 proteins in the previous study.24 Among these, 
31 validated epitope peptides (VEPs) (9- or 10-mer) presented by the HLA-A0201 molecules were dissolved individually 
in DMSO at a concentration of 10 μL/mg/peptide and mixed together with 1 mg per peptide before use. We used the 
same procedure used for generating the BSA-PEG-lipid-exosome complex to generate the peptide-PEG-lipid-exosome 
complex. DMPE-PEG-NHS and the mixture of VEPs were dissolved in DMSO at a 1:3 molar ratio with 1% TEA 
overnight at RT to form the peptides-PEG-DMPE complex. Then, HEPES buffer was added to dilute the DMSO 
concentration below 1%. Then, DSPE-PEG was added at a 1:1 molar ratio to the pre-existing peptides-DMPE-PEG- 
NHS complex and maintained for 15 min at 60°C. The free peptides were removed, and the protein levels in the resultant 
peptides-PEG-micelles were quantified using the BCA assay kit and stored at 4°C for use in the following 2 weeks. Then, 
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the peptides-PEG-micelles were redissolved, ultrasonicated to reduce the micelle size, and co-incubated with the RBC- 
derived exosomes at a 1:1 ratio in a water bath for 2 h at 40°C. The resulting solution was cooled to 4°C followed by 
instant purification by the FPLC system with the SXK16/40 Smartarose CL-4B filtration column. Finally, the fractions of 
the second peak were collected, concentrated in normal saline by ultrafiltration, and used as the peptides-PEG-lipid- 
exosome complex.

Immunization of the HLA-A2 Transgenic Mice with Peptides-PEG- Lipid-Exosomes
Eight-week-old hybrid C57BL/6 mice of the HLA-A0201+/+/DR1+/+/H-2-β2m−/−/I-Aβ−/− genotype and wild-type 
C57BL/6 mice were randomly divided into two groups (5 male mice per group) and vaccinated with peptides-PEG- 
lipid-exosome/Poly (I:C) (Vaccine group) and Poly (I:C)/normal saline (Control group), respectively. Each mouse was 
vaccinated subcutaneously three times on days 0, 7, and 21. The peptides-PEG-lipid-exosomes (containing 1.64 mg 
peptides) complex was mixed with 500 μg of Poly (I:C) (HMW VacciGrade, InvivoGen) and injected into five mice in 
the vaccine group (around 10 μg peptide/mouse). Each mouse in the control group was injected with 100 μg of Poly (I:C) 
in normal saline. Seven days after the final injection (day 28), the splenocytes of the mice were prepared to evaluate the 
epitope peptide-specific T cell responses.

ELISPOT and Intracellular IFN-γ Staining
The T cell epitope-specific responses in the primed mice were evaluated by IFN-γ ELISPOT. Briefly, the 31 VEPs 
restricted by the HLA-A0201 molecules were reconstituted in a PBS buffer containing DMSO before use at a storage 
concentration of 2 mg/mL. For the IFN-γ ELISPOT assay, the VEPs were grouped into eight pools according to their 
protein source, acidity and alkalinity characteristics. For the intracellular IFN-γ staining, the 31 VEPs were grouped into 
five pools according to their protein source.

ELISPOT microplates (96 wells, PVDF membrane, Merck & Millipore) were coated with anti-IFN-γ capture mAb 
(BD Biosciences) at 4°C overnight according to the manufacturer’s instructions. The spleen cells (2 × 105 cells/100μL/ 
well) from each of the primed mice were seeded into each well together with a single peptide pool (2 μg/well for each 
peptide), PHA (10 μg/mL as positive control), irrelevant T cell epitope peptides as non-specific control (HLA-A2- 
restricted AFP158-166 and A24-restricted AFP424-432 at 2 μg/well) or PBS without peptide as negative control. These 
mixtures were incubated for 20 h at 37°C and 5% CO2. Then, the plates were incubated with a biotinylated anti-IFN-γ 
detecting antibody (BD) for 2 h at RT. Then, the plates were incubated with streptavidin-conjugated HRP (BD) for 1 h at 
RT. Finally, AEC solution (BD) was used to develop the color. The spots were imaged and enumerated with a Mabtech 
IRISTM Elispot & FluoroSpot Reader (Mabtech, Nacka Strand, Sweden).

In addition, the spleen cells from each of the primed mice were incubated with a single peptide pool (20 μg/mL for 
each peptide), PHA (10 μg/mL), irrelevant epitope peptides (AFP158-166 and AFP424-432, 20 μg/mL for each peptide), or 
PBS without peptide for 16 h in a 48-well plate with serum-free RPMI-1640 medium at 37°C and 5% CO2. Then, the 
cells were co-cultured with the Brefeldin A (BFA)/monensin mixture (2.5 μL/well, MultiSciences, Hangzhou, China) for 
another 6 h. The cells were then harvested, washed, blocked with anti-mouse CD16/CD32 antibodies for 20 min at 4°C, 
and stained with FITC-labeled anti-CD3 and PE-labeled anti-CD8 antibodies for 30 min at 4°C. After washing, the cells 
were fixed and permeabilized using Fix&Perm kit (MultiSciences) according to the manufacturer’s protocol. The fixed 
cells were further incubated with APC-anti-mouse IFN-γ (clone XMG1.2, BD) for another 30 min at 4°C and analyzed 
by flow cytometry in a BD FACS Calibur (BD Bioscience). The frequencies of IFN-γ+ cells in the CD3+/CD8+ 

populations were calculated.

Hematoxylin-Eosin Staining
Twenty-eight days after primary immunization, mice were sacrificed, and the heart, liver, lung, and kidney tissues were 
harvested and fixed in 4% paraformaldehyde overnight. The individual lobes of the biopsy organs were placed in the 
processing cassettes, dehydrated with a serial alcohol gradient, and embedded in paraffin wax blocks. Five-micrometer- 
thick tissue sections were cut, dewaxed in xylene, rehydrated through decreasing concentrations of ethanol, and washed 
into PBS. Then, the sections were stained with hematoxylin and eosin, and photographed.
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Statistical Analysis
Statistical analyses were performed using GraphPad Prism 7 (GraphPad, La Jolla, CA, USA). Two-tailed unpaired t-test 
was used to compare the data between control group and vaccine group. p < 0.05 was considered significant.

Results
Preparation and Characterization of RBC-Derived Exosomes
The purification protocol of exosomes from human RBCs by ultracentrifugation is shown in Figure 1A. Majority (75%) 
of the RBC-derived exosomes were 50 −150 nm in diameter (average diameter: 128 nm) (Figure 1B). The exosomes 
displayed typical round shape in the TEM images (Figure 1C). Western blot analysis showed that the exosome markers, 
namely, Alix, CD63 and CD9 (Figure 1D).

Generation and Purification of BSA-PEG-Lipid-Exosomes
The NHS group-conjugated lipid-PEG (DMPE-PEG-NHS) complexes were prepared according to the manufacturer’s 
instructions. The NHS group forms covalent bonds with the COOH groups of proteins or peptides. This enables DMPE 
(lipid) to complex with any peptide or protein of interest. The BSA-PEG-lipid micelles or peptides-PEG-lipid micelles 
were allowed to insert into the lipid bilayers of the exosomes by self-assembly and structure relaxation caused by high 
temperature (Figure 2).

The feasibility of this novel approach in generating peptides-PEG-lipid-exosome complexes was first tested by 
preparing BSA-PEG-lipid-exosome complexes. The molar ratio between BSA and DPME-PEG-NHS was optimized 
by testing 1:1, 1:1.5, 1:3, and 1:4 ratios as shown in Table 1. In order to calculate the BSA loading capacity and loading 
efficiency in the BSA-PEG-micelles, the conjugated BSA with DMPE in BSA-PEG micelle solution and the free BSA in 
the filtered solution was quantified using BCA kit, respectively. The results showed that the BSA loading capacity was 
highest (85 μg BSA was conjugated with 2 mg DMPE-PEG-NHS) at 1:3 molar ratio of DMPE-PEG-NHS with BSA 
(Figure 3A). The loading efficiency was 91.84% at 1:3 molar ratio and then decreased rapidly when the BSA input 
increased (Figure 3B). Then, the RBC-exosomes were mixed with BSA-PEG-micelles in a 1:1 ratio based on the protein 
concentrations. The mixture was incubated in a water bath for 2 h at 40°C. The BSA-PEG-lipid-exosomes solution was 
then cooled to 4°C and instantly purified using size-exclusion chromatography.

The FPLC profile of the BSA-PEG-lipid-exosomes showed three major peaks (Figure 3C). Western blot analysis 
showed that most of the BSA at peak 2 and low BSA levels at peak 3, whereas, exosome marker CD63 was found at 
higher concentrations at peak 1 and in smaller quantities at peak 2 (Figure 3D). The liquid NMR analysis showed PEG (fl 
= 3.6 ppm), hydrolytic NHS (fl = 2.6 ppm), and DMPE (fl = 1.17 ppm) in peaks 1, 2, and 3, with the highest levels in 
peak 2 (Figure 3E). The morphology of exosomes in peaks 1 and 2 was measured by TEM. Peak 1 exosomes showed 
large piles of stacked vesicle structure (Figure 3F). Peak 2 exosomes were regular-sized exosomes with protein or 
micelle-like structures attached to the surface (Figure 3G). Exosome vesicle structures (100–200 nm in diameter) were 
not found at peak 3 (Figure 3H). Taken together, these data demonstrated that the second peak represented the BSA-PEG- 
lipid-exosome complex because this mixture contained high-levels of BSA, DMPE-PEG, hydrolytic NHS, and exosome 
(CD63inter), and displayed typical exosome morphology.

Generation of Peptides-PEG-Lipid-Exosomes
Next, a mixture of 31 T cell epitope peptides validated from SARS-CoV-2 proteins and presented by the HLA-A0201 
molecule was conjugated with DMPE-PEG-NHS and fused with the RBC-derived exosomes to form the peptides-PEG- 
lipid-exosome complex according to the procedure established previously for the BSA-PEG-lipid-exosome complex. The 
size-exclusion chromatography showed three major peaks (Figure 4A) with a similar FPLC profile as observed during the 
purification of the BSA-PEG-lipid-exosome complex. The peak 2 fractions were collected and concentrated by ultra-
filtration. Then, the peptide content in the peptides-PEG-lipid-exosome complex was calculated by subtracting the 
protein concentration in the peptide-PEG-lipid-micelle by the protein concentration in the peak 3 fraction.
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Figure 1 Preparation and characterization of RBC-derived exosomes. Exosomes were extracted from RBCs and characterized. (A) The diagram of exosomes preparation; 
(B) The size distribution and quantity of exosomes identified by nanoparticle tracking analysis; (C) The morphology of exosomes measured by TEM; (D) Protein markers 
(Alix, CD63, and CD9) of exosomes identified using Western blotting.
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Exosomal Vaccine Elicits Robust in vivo Epitope Specific CD8+ T Cell Response
The hybrid mice of HLA-A0201/DR1 transgenic C57BL/6 mice with wild-type C57BL/6 mice were bred in house and 
the expression levels of HLA-A0201 and DR1 molecules on the peripheral white blood cells were confirmed by Flow 
cytometry analysis (data not shown). The hybrid mice were randomly divided into two groups and vaccinated with either 
peptides-PEG-lipid-exosome/Poly (I:C) (Vaccine group) or Poly (I:C)/normal saline (Control group) three times on days 
0, 7, and 21 (Figure 4B). Seven days after the final injection (day 28), splenocytes of the primed mice were tested for 
epitope-specific T cell responses by IFN-γ ELSPOT and IFN-γ ICS.

The 31 VEPs were grouped into eight pools according to their original proteins and their acidic and alkaline features 
(Table 2). Then, splenocytes from each of the primed mice were co-incubated with each peptide pool, irrelevant CD8+ 

T cell epitope peptides (AFP158-166 and AFP424-432), PHA or PBS for 20 h in a 96-well PVDF membrane plate followed 
by the IFN-γ ELSPOT assay. The total number of SFUs per 2 × 105 splenocytes from each primed mouse was 
approximately 10–82 times higher in the vaccine group compared to the control group (1113 ± 274 vs 46.67 ± 14.31; 
Figure 4C, E and F). Two irrelevant CD8+ T cell epitope peptides (AFP158-166 and AFP424-432) were used as non-specific 
antigen control in ELISPOT assay and displayed results similar to the negative control. Figure S1 shows positive spots in 
the ELISPOT assay from 3 mice per group.

Furthermore, an intracellular cytokine staining (ICS) assay was performed for IFN-γ to confirm the specific CD8+ 

T cell responses. The 31 VEPs were grouped into five pools according to their original proteins (Table 2). Each peptide 
pool was co-incubated with the splenocytes from each of the primed mice for 16 h in a 48-well plate. Then, the 
splenocytes were co-incubated for 6 h with a BFA/monensin mixture. The frequency of IFN-γ+ cells in the CD3+CD8+ 

T cell populations of the vaccine group was 13–65 folds higher than in the Poly (I:C)/normal saline control group (11.5 ± 
2.634% vs 0.462 ± 0.246%; Figure 4D, G and H). The groups with two non-specific CD8+ T cell epitope peptides 

Figure 2 The diagram of Peptides-PEG-lipid-exosome generation. DMPE-PEG lipid molecules were conjugated with NHS group, then covalently bind to peptides of interest 
(A), and form the micelles with DSPE-PEG (B), and finally self-assembly insert into the lipid bilayer of exosome during co-incubation for 2 h at 40°C (C) to form the 
peptides-PEG-lipid-exosome (D).

Table 1 Optimization of BSA-PEG-DMPE Generation

Group DMPE-PEG-NHS BSA Molar Ratio TEA (1%)

1 2 mg (20 μL) 32 μg (64 μL) 1: 1 1.00 μL

2 2 mg (20 μL) 48 μg (96 μL) 1: 1.5 1.16 μL

3 2 mg (20 μL) 64 μg (128 μL) 1: 2 1.48 μL
4 2 mg (20 μL) 96 μg (192 μL) 1: 3 2.12 μL

5 2 mg (20 μL) 128 μg (256 μL) 1: 4 2.76 μL
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showed results similar to negative control. Figure S2 shows the flow cytometry plots of IFN-γ ICS for each mouse. As 
shown, peptides-PEG-lipid-exosome/poly (I:C) elicited robust epitope-specific CD8+ T cell response, whereas poly (I:C)/ 
normal saline did not activate CD8+ T cells.

Twenty Eight of the 31 VEPs Induced Robust in vivo T Cell Responses
Next, we identified the VEPs that elicited T cell responses in the hybrid mice. Briefly, each of the 31 VEPs were co- 
incubated with the splenocytes from the three mice in the vaccine group and two mice from the control group 
followed by the IFN-γ ELSPOT assay. The assay set up also included controls such as non-specific epitope peptides, 
PHA, and PBS control wells. As shown in Figure 5, 28 out of the 31 VEPs induced specific T cell responses in 
either three or two of the primed mice with at least 2-fold higher SFUs than the PBS control (no peptide 
stimulation). Furthermore, 3 VEPs (R3, R11, and R12) did not induce T cell responses in the three primed mice. 
The two mice in the Poly (I:C)/normal saline control group did not show any positive T cell responses specific to 
any of the 31 VEPs and their SFUs were similar to the PBS control. Figure S3 shows the spots from the ELISPOT 
assay for each of the 31 VEPs in each of the primed mice.

Exosomal Vaccine Did Not Cause Significant Organ Toxicity
Exosomes are biocompatible and biodegradable with low biotoxicity. Therefore, we investigated if the peptide-loaded 
exosomes in our in vivo experiments caused organ toxicity by checking the heart, liver, lung, and kidney tissues from all 
the experimental mice on day 28. Hematoxylin-eosin staining assay did not show any significant organ injury in any of 
the mice belonging to all the experimental groups (Figure 6).

Figure 3 Purification and identification of BSA-PEG-lipid-exosome. A series of amount of BSA was conjugated with 2 mg of DMPE-PEG-NHS first and then mixed with 
DSPE-PEG to form the BSA-PEG micelles. The free BSA was quantified and BSA loading capacity (A) and loading efficacy (B) in the BSA-PEG micelles was calculated, 
respectively. Furthermore, the BSA-PEG micelles were regenerated at 1:3 molar ratio of DMPE-PEG-NHS with BSA and incubated with RBC-exosomes for 2 h at 40°C to 
generate BSA-PEG-lipid-exosomes, and instantly purified using size-exclusion chromatography with the FPLC profile displaying three major peaks (C). The fractions of three 
peaks were subjected to Western blotting with anti-BSA and anti-CD63 for the identification of BSA and exosomes in each peak (D), and also subjected to liquid NMR for 
the identification of PEG, hydrolytic NHS and DMPE elements in each peak (E). Meanwhile, the fractions were measured using TEM to inspect the morphology of exosomes 
in peak 1 (F), peak 2 (G) and peak 3 (H).
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Figure 4 Peptides-PEG-lipid-exosomes elicited robust CD8+ T cell responses in hybrid mice. The cocktail of 31 VEPs was used to generate peptides-PEG-lipid- 
exosomes, and followed by three rounds of immunizations to the hybrid mice of HLA-A0201/DR1 transgenic C57BL/6 mice with wild-type mice. Then, splenocytes 
were collected 7 days after the final booster and ex vivo stimulated with each peptide pool, irrelevant peptide (HLA-A24 restricted AFP158-166, AFP424-432 epitope), no 
peptide (negative control), or PHA (positive control) overnight followed by IFN-γ ELISPOT and ICS. (A) The FPLC profile of peptides-PEG-lipid-exosomes 
purification. (B) The timeline of immunization. (C) Representative SFUs spot plots and SFUs numbers of splenocytes from each group in the IFN-γ ELISPOT assay 
under stimulation with each peptide pool. (D) Representative flow cytometric dot plots of IFN-γ+/CD8+ T cells in splenocytes from each group in the intracellular 
IFN-γ staining under stimulation with each peptide pool. (E) The IFN-γ SFUs number responding to all peptide pools (31 VEPs) in each group. Data in the histograms 
were presented as mean ± SEM, n = 3 per group. (F) Deconvolution of the SFUs numbers from (E) into the single SARS-CoV-2 protein. (G) The frequency of IFN-γ+ 

T cells reacting to all peptide pools (31 VEPs) in CD3+CD8+ T cell population in each group. Data in the histograms were presented as mean ± SEM, n = 5 per group. 
(H) Deconvolution of the frequency from (G) into the single SARS-CoV-2 protein. Control group: poly(I:C) plus normal saline; Vaccine group: peptides-PEG-lipid- 
exosomes plus poly(I:C). *p < 0.05; **p < 0.01.
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Table 2 31 VEPs Binding to the HLA-A0201 Molecule Were Grouped 
into Different Peptide Pools for IFN-γ ELISPOT and IFN-γ ICS Assay

VEPs Protein Sequence For 
ELISPOT

For 
ICS

A1 E FLAFVVFLL pool-s1 pool-c1

A3 VLLFLAFVV

A4 FLLVTLAIL

A5 RLCAYCCNIV

B1 M GLMWLSYFI pool-s2 pool-c2

B2 KLLEQWNLV

B4 FLFLTWICLL

B6 TLACFVLAAV

B3 FVLAAVYRI pool-s3

C1 N LLLDRLNQL pool-s4 pool-c3

C2 GMSRIGMEV

C3 WLTYTGAIKL

D2 S FIAGLIAIV pool-s5 pool-c4

D5 KLNDLCFTNV

D6 RLDKVEAEV

D7 VLNDILSRL

D12 FVFLVLLPLV

D13 MIAQYTSAL

D11 VVFLHVTYV pool-s6

R5 RdRp SLAIDAYPL pool-s7 pool-c5

R6 NLLKDCPAV

R8 FVNEFYAYL

R11 VMCGGSLYV

R12 MLDMYSVML

R14 RLANECAQV

R15 QLLFVVEVV

R3 LMIERFVSL pool-s8

R4 AMRNAGIVGV

R9 ILHCANFNV

R10 KIFVDGVPFV

R13 NMLRIMASL

Abbreviations: E, envelope proteins; M, membrane protein; N, nucleocapsid protein; S, spike 
glycoprotein; RdRp, RNA-dependent RNA polymerase.
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Figure 5 28 of 31 VEPs elicited T cell response in hybrid mice. Splenocytes from each primed mouse were harvested 7 days after the last booster and ex vivo stimulated 
with each of the 31 VEPs, AFP irrelevant peptides, PHA, or PBS, and followed by IFN-γ ELSPOT assay. Two mice in Control group (A and B) and three mice from Vaccine 
group (C–E) were tested. The IFN-γ SFUs responding to each peptide in 2×105 splenocytes from each mouse was presented as histograms. The fold of SFUs responding to 
each peptide compared to the SFUs responding to PBS (no peptide) was displayed on each histogram.
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Discussion
In this study, we generated an exosomal vaccine carrying 31 T cell epitope peptides of SARS-CoV-2 and confirmed its 
potential to elicit robust CD8+ T cell responses in HLA-A transgenic mice. Exosomes can be collected from a variety of 
sources including human biological fluids and cells. RBCs are a valuable natural source of large-scale exosomes 
because of their abundance and lack nucleus and other organelles.27 Therefore, in this study, we used RBC-derived 
exosomes to generate the exosomal vaccine. However, how to load multiple peptides onto the exosomes remains 
a challenge. The key points of this study were that: firstly, we established a new procedure to load peptides into exosome 
membrane without peptide and EVs pre-modification. Secondly, many T cell epitope peptides were loaded into exosome 
membrane rather than one peptide at a time for the spatial and temporal co-delivery. Thirdly, the exosomal vaccine 
carrying T cell epitope peptides of SARS-CoV-2 was established for the first time, and may have a much stronger 
potential to elicit epitope-specific CD8+ T cell responses in vivo than the peptides cocktail vaccine generated in our 
recent works.24

Exosomes transfer multiple biological cargos between cells and organs through blood circulation. Therefore, they are 
a good vehicle for the clinical delivery of therapeutic agents, thus numerous exosome engineering methods have been 
proposed, including endogenous and exogenous loading approaches. Endogenous loading refers to a system that involves 
deposition of the biological cargo in the engineered cell directly into the EVs prior to its shedding.25,28 Exogenous 

Figure 6 The peptide cocktail vaccine have no visible toxicity on the organs. Seven days after the last booster, all mice were executed. Heart, liver, lung and kidney were 
taken out, immersed and were finally stained with Hematoxylin-Eosin. No obvious pathological damage was found in all organs in each group. The representative HE staining 
of heart, liver, lung and kidney in two mice from each group were exhibited.
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loading includes passive loading that requires the incubation of EVs with cargos and active loading that requires 
disruption to the EV membrane through electroporation, saponin permeabilization, or sonication which may cause 
cargo and EVs aggregation and damage EVs phospholipid bilayer and cargos. Proteins or peptides can be loaded into 
EVs or displayed on the surface of EVs by various passive exogeneous techniques, such as liposome fusing with 
exosome, click chemistry conjugation, and aptamer coating.25 However, these commonly used passive cargo-loading 
techniques require pre-modifications of the cargo proteins/peptides and EVs. In click chemistry, alkynes are grafted onto 
the EV membranes and the cargos are tagged by azide.29,30 Freeze-thaw-induced or PEG-induced hybrid EV/liposomes 
require embedding the peptides or proteins into synthetic liposomes.31,32 Aptamer coating mediates the connection 
between proteins to the EV membrane, but requires pre-modification of the EVs.33

We used the amino group-conjugated lipid-PEG molecules (DMPE-PEG-NHS) to load a mixture of peptides into 
exosomes without pre-modification of the peptides or the EVs. This simplified the process and enabled conjugation of all 
peptides of interest with the lipid. This modified self-assembly approach involved passive exogeneous loading without 
any risk of damage to the EV membrane. In this process, the peptides were first covalently conjugated with the lipid 
micelles (DSPE-PEG-NHS/DMPE-PEG) through peptide bonds, which stably connected the peptides with the lipids. 
Then, the peptide conjugated lipid micelles were assembled into exosome membranes through simple co-incubation for 2 
h at 40°C to allow DSPE and DMPE phospholipids to fuse with the exosome membrane. Then, size-exclusion 
chromatography was used to isolate and purify the peptides-PEG-lipid-exosome complexes. These showed a specific 
FPLC profile with three apparent peaks, which related to the large pile of exosomal aggregates, peptides-PEG-lipid- 
exosomes, and free peptide-PEG-micelles, respectively. These were confirmed by Western blotting, liquid NMR, and 
TEM. A previous study used size-exclusion chromatography to isolate peptide-nanobody-PEG-lipid-EV; the required 
product appeared in the first peak, while the second and third peaks included EVs and peptides-PEG-micelle, 
respectively.22 This difference in our FPLC profile is mainly attributed to the smaller molecular size of peptide 
conjugated micelles compared to the peptide conjugated nanobody.

Our study demonstrates that many peptides of interest could be co-loaded into the exosomes through this modified 
protocol. This will pave the way to generate vaccines inducing T cell immune responses against multiple viral variants. 
The current vaccines are mostly designed to induce neutralizing antibodies that bind to the conformational B cell epitopes 
on the receptor-binding domain (RBD) of the S protein, thereby blocking the binding of SARS-CoV-2 to ACE2 surface 
receptor protein on the host cells. However, since the first outbreak, many variants have emerged with mutations in the 
RBD, which have resulted in conformational changes of the B cell epitopes and significant decline in the neutralizing 
activity of the vaccine-induced antibodies.4–6 However, T cell epitopes are 9–10-mer or 15–19-mer short peptides, and 
distributed along the entire viral proteome with a much larger amount than the B cell epitopes in the RBD. Therefore, the 
mutations of viral variants have less impact on these T cell epitopes than B cell epitopes. The more T cell epitope 
peptides are co-delivered by exosomal vaccine, the more virus-specific T cell clones will be activated in vivo. Therefore, 
the peptide cocktail-loaded exosomal vaccine will possess much stronger potential to protect against infection by the 
viral variants than the conventional B cell epitope vaccines. In addition, the peptide cocktail-loaded exosomal vaccine 
will be more effective in individuals with distinct HLA allotypes because a cocktail of peptides can be presented by many 
HLA subtypes, which will cover a larger population. More importantly, several studies have demonstrated that memory 
T cells persist in vivo for 6–17 years after natural infections by viruses, such as SARS-CoV and MARS-CoV.14,34,35 In 
contrast, the life-span of memory B cells is significantly shorter in the host.34,36 Therefore, T cell epitope-based vaccines 
are expected to provide long-lasting preventive and therapeutic effects against SARS-CoV-2 infection by inducing 
specific T cell responses.

Currently, the SARS-CoV-2 vaccine candidates designed to prime T cell responses are very limited. In a self- 
experimentation study, 13 peptides (15-mer) derived from the SARS CoV-2 S protein and N protein and predicted to 
cross-bind to several HLA-DR allotypes were emulsified with montanide and the TLR 1/2 ligand XS15 and vaccinated in 
a healthy donor as a single subcutaneous injection. The results showed that 9 out of 13 peptides induced robust CD4+ 

T cell responses, but five 9-mer peptides restricted by HLA-A01 or B08 molecules did not elicit CD8+ T cell responses 
after vaccination with the same adjuvants.37 Meanwhile, an ongoing Phase I clinical trial (NCT04546841) is testing the 
safety and immunogenicity of a peptide vaccine containing SARS-CoV-2 HLA-DR binding peptides in volunteers 
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without prior or current SARS-CoV-2 infections using XS15 adjuvant.37 Emergex Vaccines Holding Ltd is evaluating the 
safety and immunogenicity of a T-cell priming synthetic SARS-CoV-2 peptide vaccine mounted on gold nanoparticles in 
a clinical trial (NCT05113862). This vaccine is expected to be effective against all currently sequenced viral mutations. 
In the animal model, Venezuelan equine encephalitis replicon particles expressing single CD8+ or CD4+ T cell epitopes 
of the SARS-CoV-2 protein induced robust T cell responses in the Ad5-hACE2-transduced and SARS-CoV-2-infected 
mice and led to faster viral clearance than the neutralizing antibodies and attenuated lung pathological damage.38 

Furthermore, 54 peptides that derived from the nonstructural polyprotein 1a of SARS-CoV-2 and showed high or 
medium binding affinities to HLA-A0201 molecule were encapsulated into liposomes, and further administered into 
HLA-A0201 transgenic (HHD) mice. Eighteen of 54 peptides elicited peptide-specific CD8+ T cell activation and 
cytotoxicity, and 10 peptides induced high responses.39 To the best of our knowledge, this is the first study to provide 
experimental data regarding the efficacy of an exosomal vaccine candidate carrying multiple T cell epitope peptides of 
SARS-CoV-2 in a mouse model.

Whether the exosomal vaccine has advantages over the nanoparticle vaccine or liposome vaccine remains contro-
versial. However, the lipid and protein composition of exosomes can affect the pharmacokinetic properties of peptides 
and act as an adjuvant to enhance the immune response, while their natural constituents may play a role in enhanced 
bioavailability and in minimizing adverse reactions.15,21–23 Notably, this exosomal vaccine candidate may have a stronger 
potential to elicit specific CD8+ T cell responses than the classical peptide cocktail vaccine with an adjuvant. In a recent 
study,24 we used the 31 T cell epitope peptides of SARS-CoV-2 and restricted by HLA-A0201 molecule as peptide 
cocktail vaccine with R848 or Poly (I:C) to inject into the hybrid mice of HLA-A0201/DR1 transgenic C57BL/6 mice 
with wild-type C57BL/6 mic. The vaccination regimen was identical to the current exosomal vaccine, including the same 
31 T cell epitope peptides, the same usage dose of each epitope peptide (10μg/peptide), the same kind of hybrid mice, the 
same poly(I:C) control group, the same injection time line, the same time point to collect spleen cells of immunized mice, 
and the same IFN-γ ELISPOT and intracellular cytokine staining protocols. Additionally, both vaccine immunization 
experiments and later ELISPOT/ICS analysis were mainly carried out by the same person during around half year. IFN-γ 
ELISPOT assay showed 9-fold higher SFUs in the 2 × 105 splenocytes tested from each of the primed mice in the 
Vaccine B group (peptides/R848) and Vaccine C group (peptides/poly I:C) compared to the control group with adjuvants 
and normal saline without the peptides. The frequencies of IFN-γ+ cells in CD3+CD8+ T cell populations from each of the 
primed mice from the Vaccine B and C groups were approximately 5 folds higher than the control mice, as detected by 
IFN-γ ICS and flow cytometry experiments.24 However, in the current study, the SFUs were approximately 10–82 times 
higher in the vaccine group than in the control group (Figure 4C and E), while the frequencies of IFN-γ+ cells in 
CD3+CD8+ T cell populations in the vaccine group were 13–65 folds higher than in the control group (Figure 4D and G). 
Of note is that we did not directly compare the indicated IFN-γ SFUs number and IFN-γ+/CD8+ T cells frequency 
between the current vaccine group and the early vaccine group, so the deviation between the two experiments should be 
decreased to some extent. These results suggested that the exosomal vaccine may have a much stronger ability to induce 
specific T cell responses in vivo than the peptide cocktail vaccine, but more immunization experiments are needed to 
confirm this issue.

Conclusions
This study established a novel approach for passively conjugating many T cell epitope peptides of SARS-CoV-2 to the 
RBC-derived exosomes without pre-modification to both peptides and exosomes. Furthermore, this exosomal vaccine 
elicited robust peptide-specific CD8+ T cell responses in the HLA-A transgenic mice without any visible organ toxicity. 
This approach provides an alternative way to generate SARS-CoV-2 vaccines inducing T cell responses that may provide 
long-lasting protection from SARS-CoV-2 and its emerging variants.

Abbreviations
COVID-19, coronavirus disease 2019; SARS-CoV-2, severe acute respiratory syndrome coronavirus-2; HLA, Human 
leukocyte antigens; RBC, Red blood cells; EVs, extracellular vesicles; PBS, Phosphate-buffered saline; TEM, 
Transmission electron microscopy; DMPE, 1,2-Dimyristoyl-sn-glycero-3-phosphoethanolamine; DSPE, 1,2-Distearoyl-sn- 
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