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A B S T R A C T   

COVID-19 has caused significant morbidity and mortality worldwide but also accelerated the clinical use of 
emerging vaccine formulations. To address the current shortcomings in the prevention and treatment of SARS- 
CoV-2 infection, this study developed a novel vaccine platform that closely mimics dendritic cells (DCs) in an-
tigen presentation and T-cell stimulation in a cell-free and tunable manner. Genetically engineered DCs that 
express the SARS-CoV-2 spike protein (S) were chemically converted into extracellular blebs (EBs). The resulting 
EBs elicited potentially protective humoral immunity in vivo, indicated by the production of antibodies that 
potently neutralized S-pseudotyped virus, presenting EBs as a promising and safe vaccine.   

1. Introduction 

The high morbidity and mortality rate of COVID-19 has necessitated 
the rapid development of vaccines against severe acute respiratory 
syndrome coronavirus (SARS-CoV-2). Vaccines based on mRNA, viral 
vectors, and recombinant protein have been rapidly introduced to a 
large population and have demonstrated effective protection [1,2]. 
However, these vaccines are associated with mild to severe side effects 
and must be frequently given at a high dose. Moreover, the protection 
they elicit is of short duration [3–5], and the vaccines are less effective 
against emerging strains of SARS-CoV-2 [3]. 

Dendritic cells (DCs) are professional antigen-presenting cells (APCs) 
that are capable of activating T cells and inducing adaptive and humoral 
immune responses after internalizing antigens and presenting antigenic 
peptides on MHC molecules [6]. DCs also migrate between lymphoid 
and non-lymphoid tissues and modulate cytokine and chemokine gra-
dients for inducing a durable immune response [7]. The effective use of 
DCs for vaccination has not been clinically demonstrated due to ineffi-
cient antigen presentation, limited migratory capacity, and unsustain-
able immune stimulation in vivo, also called DC exhaustion [8,9]. In 
overcoming the technological shortcomings of employing live DCs for 

vaccination, DC-derived extracellular vesicles (EVs) have demonstrated 
the possibility of eliciting antigen-specific neutralization of SARS-CoV-2 
[10,11]. However, vaccine development is challenged by the contra-
dictory immune-privileged property of EVs and by difficulties in their 
characterization and manufacturing arising from the high structural and 
functional heterogeneity [12], necessitating an alternative DC- 
mimicking vaccine. 

In an attempt to develop a new vaccine against COVID-19 while 
avoiding the limitations of live DCs and DC-derived EVs, DCs were 
genetically engineered to efficiently express the spike protein (S) of 
SARS-CoV-2 and converted to a cell-free, DC-mimicking vaccine via 
chemical blebbing [13]. Chemical blebbing creates cell-mimicking 
vesicles in a highly efficient, rapid, and scalable fashion, and the 
resulting extracellular blebs (EBs) are homogenous in both structure and 
function [13,14]. The S-expressing DC-derived EBs were used to vacci-
nate mice, and the collected plasma were tested for SARS-CoV-2 
neutralization. This study demonstrated the feasibility of developing a 
novel vaccine platform that is capable of bypassing the hurdles in 
vaccination, including targeted uptake by APCs and antigen processing 
in an APC for desired antigen presentation. 
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2. Materials and methods 

2.1. Preparation of SARS-CoV-2 spike protein-expressing cells 

The mouse dendritic cell (DC) line DC2.4 (ATCC, Manassas, VA), 
which was derived from C57BL/6, was cultured in high glucose DMEM 
supplemented with 10 % (v/v) FBS and penicillin–streptomycin (100 U/ 
mL), all purchased from Thermo Fisher Scientific (Waltham, MA), at 
37 ◦C with 5 % CO2 and passaged every other day. The cells were plated 
at a density of 5 × 105/well in a 6-well plate for 24 h and then trans-
duced with 2 × 106 TU/well of SARS-CoV-2 spike protein (full-length S 
alpha)-encoding lentivirus (BPS bioscience, San Diego, CA) in the 
presence of 5 µg/ml of polybrene (Thermo Fisher Scientific). After 72 h 
of transduction, transduced cells were selected in the media containing 
puromycin at 0.5 µg/mL (Thermo Fisher Scientific) for an additional 2 
weeks. The S expression in the resulting DC2.4 S cells was analyzed by 
flow cytometry after staining with anti-S1 primary antibody (BPS 
Bioscience, San Diego, CA) and FITC-conjugated goat anti-human IgG 
secondary antibody (Thermo Fisher Scientific). 

2.2. Production, collection, and characterization of DC- derived 
extracellular blebs (EBs) 

NEM stock solution was prepared by dissolving N-Ethylmaleimide 
(NEM, Thermo Fisher Scientific) at 37 ◦C in 10 mL DI water to a con-
centration of 2 mM, and sterile filtered using a 0.22 μM syringe filter. 
Blebbing buffer was prepared immediately before use by adding 90 µL of 
NEM stock solution to 10 mL DPBS, making it at 0.22 mM NEM. DC2.4 or 
DC2.4 S cells (5 × 106 cells) were washed 3 times in warm DPBS and 
incubated in the blebbing buffer for 6 h at 37 ◦C and 5 % CO2 to produce 
micro-sized EBs. The supernatant was collected and centrifuged at 
1,000 × g for 5 min to pellet cells and cell debris, followed by another 
centrifugation of the supernatant at 16,100 × g for 15 min. The collected 
DC2.4 and DC2.4 S EBs were further washed 3 times using 1 × DPBS via 
repeated centrifugation at 16,100 × g for 10 min to remove any residual 
blebbing reagent. The DC2.4 and DC2.4 S EB pellets were finally 
resuspended in 1 × DPBS and confirmed to be free of cells and cell debris 
under a microscope. The S expression on the surface of the EBs was 
analyzed by flow cytometry as described for DC2.4 S cells earlier. The 
surface areas of the EBs were compared with those of the corresponding 
DC2.4 cells. Briefly, the membrane of an equal number of DC2.4 and 
DC2.4 S cells was stained with PKH26 according to the manufacturer’s 
instructions (Thermo Fisher Scientific), followed by blebbing to EBs as 
described earlier. The PKH26-stained DC2.4 or DC2.4 S cells and DC2.4 
or DC2.4 S EBs were lysed in RIPA buffer with gentle vortexing to obtain 
homogenized membranes. The resulting lysates were analyzed for 
fluorescence at 550 nm Ex/570 nm Em using a BioTek Synergy plate 
reader (Agilent, Santa Clara, CA), and their fluorescence was compared 
using an equal amount by surface area. 

2.3. In vivo vaccination, antibody quantification, and virus neutralization 

All animal work was reviewed and approved by the UCI Institutional 
Animal Care and Use Committee (IACUC protocol #AUP-20–116). Fe-
male 7–10-week-old C57BL/6 mice (Charles River Laboratories, Wil-
mington, MA) were subcutaneously injected with 100 μL of 1 × DPBS, S 
protein (15 ng or 10 μg), 2.5 × 105 DC2.4 or DC2.4 S cells, and DC2.4 or 
DC2.4 S EBs at an equivalent surface area to DC2.4 and DC2.4 S cells 
along with an IVAX adjuvant containing 1 nmole MPLA and 3 nmole 
CpG-1018 in sterile PBS, mixed with an equal volume of AddaVax™ 
[15]. The mice received a priming injection on Day 0 and a booster 
injection on Day 14. Immediately before and 10 days after the booster 
injection (Days 14 and 24), blood was collected into heparinized 
microcapillary tubes from the saphenous vein. After centrifugation at 
6,000 × g for 15 min, the resulting plasma was tested for specific binding 
to SARS-CoV-2 spike proteins by ELISA. Briefly, recombinant SARS-CoV- 

2 spike protein (Raybiotech, Peachtree Corners, GA) was coated at 2 μg 
in 100 μL coating buffer (Thermo Fisher Scientific) per well in a 96-well 
plate overnight using an orbital shaker. The plates were blocked by 
adding 100 µL per well of blocking buffer consisting of 5 % (w/v) non-fat 
dry milk and 0.05 % (w/v) Tween-20 in DPBS and incubated at room 
temperature (RT) for 2 h. The plate was then rinsed three times using an 
ELISA wash buffer (Thermo Fisher Scientific). The plasma samples were 
diluted 20-fold in 150 μL 1 × ELISA diluent buffer, added to the wells 
and incubated for 2 h at RT. The plates were washed three times using an 
ELISA wash buffer, and the detection antibody (mouse IgG-HRP [H + L], 
Waltham, MA) was added according to the manufacturer’s recom-
mended concentration, followed by an additional 1 h incubation at RT. 
After the plate was washed five times, 100 μL of TMB substrate solution 
(Thermo Fisher Scientific) was added to each well before incubation for 
15 min at RT. The reaction was stopped by addition of 100 μL ELISA stop 
solution (Thermo Fisher Scientific) per well, and the absorbance was 
measured at 450 nm and 570 nm using a SpectraMax Plus plate reader 
(Molecular Devices, San Jose, CA, USA). The absorbance reading at 570 
nm was subtracted by that at of 450 nm for optical correction. The 
antibody concentration in the plasma samples was quantified by 
comparing the calibration curve of the standard. For the virus neutral-
ization assay, 100 μL of serially diluted plasma was incubated with 100 
μL of 1 × 104 GFP-expressing lentivirus pseudotyped with SARS-CoV-2 
spike alpha protein (BPS bioscience, San Diego, CA) in DMEM media 
supplemented with 10 % FBS and 1 % penicillin–streptomycin for 1 h at 
37 ◦C, followed by the addition of 1 × 104 HEK 293 T cells expressing 
human angiotensin-converting enzyme 2 (hACE2) (BEI Resources [NR- 
52511], NIAID/NIH) and further incubated for 48 h. For reference, 
anti-S antibodies, named COVA1-18, gifted from Marit J. van Gils 
(University of Amsterdam) were used after a series of dilutions from the 
highest concentration of 1 μg/mL. The cells were analyzed for GFP 
expression using flow cytometry, and the relative transduction inhibi-
tion was determined by mean GFP fluorescence intensity. 

2.4. Statistical analysis 

For all in vitro studies, triplicate data were analyzed. To achieve 
statistical significance in in vivo studies, 5 animals per treatment group 
(n = 5) were used. Two-tailed Student’s t-test (GraphPad Prism Ver. 8) 
was used to calculate the statistical significance of comparisons between 
two groups, and p-values<0.05 were considered significant. S antibody 
quantification by ELISA and S-pseudotyped lentivirus neutralization 
assays were analyzed using one-way analysis of variance (ANOVA) with 
Tukey’s post hoc test for multiple comparisons between subgroups. 

3. Results 

DC2.4 cells derived from C57BL/6 mice were lentivirally transduced 
to express a SARS-CoV-2 spike protein (S) and further chemically 
blebbed to prepare a DC-mimicking vaccine (Fig. 1A). The moderate S 
expression by DC2.4 S cells, which was preserved on DC2.4 S EBs, was 
confirmed by flow cytometry (Fig. 1B). Notably, S expression on DC2.4 S 
EBs was higher than that on DC2.4 S cells, possibly due to non-specific 
optical background signal of the smaller DC2.4 S EBs than DC2.4 S 
cells for the same S density on the surface, as evidenced by the equiv-
alent S contents in the lysates (Fig. 1C). The highly efficient conversion 
of DC2.4 and DC2.4 S cells to the corresponding EBs was confirmed by 
comparing the fluorescent lysates of PKH26-labeled cells and the 
resulting EBs (Fig. S1). In addition to the S expression, DC surface and 
maturation markers, CD11c, MHC I, CD40, CD80, and CD86, were found 
to be comparable between DC2.4 and DC2.4 S cells and their corre-
sponding EBs when characterized by flow cytometry (Fig. S2), although 
EBs showed slightly higher signals than the cells for CD11c, CD80, and 
CD86, likely for the reason described for S expression quantification. 
The results in Fig. 1 confirmed highly efficient preparation of S- 
expressing DCs from which EBs closely mimicking their molecular 
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profiles were produced for the vaccination of animals against SARS-CoV- 
2 virus. 

To investigate the DC2.4 S EBs’ ability to induce neutralizing anti-
bodies against SARS-CoV-2 spike-expressing virus, C57BL/6 mice were 
vaccinated twice with PBS, S (10 μg as a conventional vaccination dose), 
S (15 ng; equivalent to the S amount in 2.5 × 105 DC2.4 S and DC2.4 S 
EBs), 2.5 × 105 DC2.4 cells or DC2.4 S cells, and DC2.4 EBs or DC2.4 S 
EBs an equivalent surface area of 2.5 × 105 of their corresponding cells. 
The EBs were subcutaneously injected 14 days apart at an equivalent 
amount of their corresponding cells according to the surface area. 
Plasma for anti-S IgG and virus neutralization assays were collected at 
the time of the prime and booster as well as 10 days after the booster 
(Fig. 2A). DC2.4 S and DC2.4 S EBs generated similar levels of anti-S 
antibodies, while no antibody production was observed by S-free 
DC2.4 cells and their EBs (Fig. 2B). Notably, the antibody production by 
DC2.4 S EBs was slightly higher than that of DC2.4 S cells, especially 10 
days after the booster, indicating efficient activation of humoral im-
munity by DC2.4 S EBs in vivo. Compared to an equivalent amount of 
vaccinated S (15 ng per mouse), DC2.4 S EBs were substantially more 
efficient (~350 fold) than the free S in driving antibody production. The 
booster increased IgG production by ~ 2-fold with S (10 μg per mouse) 
but not with DC2.4 S EBs, implying the feasibility of achieving single- 
shot vaccination. The use of an adjuvant, IVAX-1 increased antibody 
production by S vaccines (15 ng per mouse) by 5-fold (Fig. S3). In 
contrast, IVAX-1 marginally affected the antibody production by DC2.4 
S and DC2.4 S EBs, likely because these vaccines are already equipped 
for T cell activation. 

In contrast to a wild-type SARS-CoV-2, a pseudotyped lentivirus can 
only infect cells in a single round, has broad range of host cells, prepared 
at a high titer, and is not easily inactivated by serum complement [16]. 

To determine the virus neutralization, plasma samples obtained from 
mice vaccinated with S (10 μg per mouse) and DC2.4 S EBs were 
observed by incubation with S-pseudotyped lentivirus (Fig. 2C). Despite 
the ~ 670-fold difference in dose of S, the animals vaccinated with 10 μg 
had similar, though slightly higher neutralizing antibody responses as 
the animals vaccinated with DC2.4 S EBs, indicating the high neutral-
izing efficacy by DC2.4 S EBs. Vaccination with either DC2.4 EBs or S at 
15 ng resulted in little if any neutralizing antibody response. These re-
sults demonstrate that S-presenting DC-derived EBs given at a very low 
dose were efficient in producing anti-S antibody that is capable of 
neutralizing S-pseudotyped virus. 

4. Discussion 

Traditional forms of vaccines consisting of antigenic proteins have 
proven safety and efficacy in generating antibodies that target multiple 
epitopes, while inactivated and attenuated viruses are often regarded as 
the most potent in generating both cellular and humoral immunity [17]. 
The shortcomings of the rapidly developed, currently approved mRNA 
and viral-vector COVID-19 vaccines include mild to critical side effects, 
limited efficacy and durability against variants, and challenging storage 
and distribution [4,5]. In this study, EBs derived from S-expressing DCs 
(Fig. 1) substantially reduced the dose of S required to elicit a neutral-
izing antibody response (Fig. 2). In addition, adjuvants were not 
required with the EB-based vaccine (Fig. S3 and S4), lowering 
adjuvants-caused side effects [18] and bars for regulatory approval with 
simpler vaccine formulation, altogether promising for clinical trans-
lation. In this study, a novel protein-based vaccination strategy of using 
DC-derived EBs loaded with SARS-CoV-2 spike proteins to present their 
antigenic peptides was compared with vaccination by direct 

Fig. 1. Preparation and characterization of EBs derived from SARS-CoV-2 spike protein (S)-expressing DC2.4 cells. A) Lentiviral transduction of DC2.4 cells 
for S expression, followed by blebbing and vaccination of the syngeneic mice. Briefly, DC2.4 cells were transduced with S-expressing lentivirus prior to puromycin 
selection. DC2.4 S cells were then treated with blebbing buffer to produce EBs. The micro-sized EBs were isolated by centrifugation and used to vaccinate the animals, 
followed by assays for antibody binding to S and neutralization of S-pseudotyped virus. B) DC2.4 cells, DC2.4 S cells, DC2.4 EBs, and DC2.4 S EBs were analyzed for S 
expression by flow cytometry. C) 2.5 × 105 DC2.4 S cells and DC2.4 S EBs at a surface area equivalent to 2.5 × 105 DC2.4 S cells were lysed, and their S contents were 
quantified by ELISA. 
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administration of the antigenic proteins. The longevity of the antigen- 
loaded, EB-derived vaccines for sustainable immune activation, espe-
cially in comparison with antigen-encoding mRNA vaccines, needs to be 
evaluated in a subsequent study. EB-based vaccines also offer the pos-
sibility for biologically tunable immune activation based on the matu-
ration status of the parent DCs. In this proof-of-concept study, an 
established cell line of DC2.4 incapable of changing maturation status 
was used. However, the use of EBs that are derived from primary DCs or 
bone marrow-derived DCs with varying co-stimulatory signals could 
allow controlled levels of immune activation. In order to vaccinate a 
large population of people, allogeneic DCs should be used to manufac-
ture EB vaccines while autologous DC-derived EBs can be used for 
personalized vaccination. 

While DC-derived, S-expressing EBs generated neutralizing anti-
bodies against the S-pseudotyped virus, they might also have been able 
to induce S-specific cytotoxic CD8 T cells (CTLs). According to recent 
evidence, cellular immunity plays a crucial role in recovering from 
COVID-19 [19]. Thus, it will be of interest in future studies to evaluate 
DC-derived EBs as a COVID-19-treatment strategy. DC2.4 S EBs not only 
present antigenic peptides on MHC but also carry the protein inside. A 
study reported that MHC I-loaded exosomes were poorly immunogenic, 
while the exosomes loaded with a full-length protein elicited strong CD8 
T cell responses in vivo [20]. Like exosomes, the S-encapsulating EBs 
could have been taken up, processed, and presented by APCs, possibly 
resulting in directed cellular immunity. It is uncertain how much the EBs 
contributed to neutralizing antibody generation via direct antigen pre-
sentation to T cells vs antigenic protein delivery, which could be further 
investigated by hollow EBs depleted of proteins inside. Ready and 
affordable access to vaccines is essential in developing community 
protection. 

In conclusion, a new vaccine platform that mimics DCs’ antigen 
presentation to T cells, likely along with direct antigen delivery, was 
developed to address the limitations of the current COVID-19 vaccines. 
The resulting EBs derived from DCs transduced to express the SARS- 
CoV-2 spike protein generated neutralizing antibodies comparable to 
levels elicited by a protein vaccine but at a much lower dose. EB-derived 
vaccines, which are highly stable and tolerate lyophilization (data not 
shown), unlike currently approved COVID-19 vaccines, may prove to be 
a useful strategy for preventing COVID-19 in locations where cold chain 
transportation and storage are unavailable. 
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