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Abstract
The efficacy of current coronavirus disease 2019 (COVID- 19) vaccines has been dem-
onstrated; however, emerging evidence suggests insufficient protection in certain 
immunocompromised cancer patients. We previously developed a cell- based anti- 
cancer vaccine platform involving artificial adjuvant vector cells (aAVCs) capable of 
inducing a strong adaptive response by enhancing the innate immunity. aAVCs are 
target antigen- transfected allogenic cells that simultaneously express the natural 
killer T- cell ligand– CD1d complex on their surface. In the present study, we applied 
this system for targeting the severe acute respiratory syndrome coronavirus 2 (SARS- 
CoV- 2) spike protein (CoV- 2- S) using CoV- 2- S- expressing aAVCs (aAVC- CoV- 2) and 
evaluated the immune response in a murine model. A single dose of aAVC- CoV- 2 in-
duced a large amount of CoV- 2- S- specific, multifunctional CTLs in addition to CD4+ T- 
cell- dependent anti- CoV- 2- S- specific Abs. CoV- 2- S- specific CTLs infiltrated the lung 
parenchyma and persisted as long- term memory T cells. Furthermore, we immunized 
mice with CoV- 2- S-  and tumor- associated antigen (TAA)- co- expressing aAVCs (aAVC- 
TAA/CoV- 2) and evaluated whether the anti- SARS- CoV- 2 and antitumor CTLs were 
elicited. We found that the aAVC- TAA/CoV- 2- S therapy exerted apparent antitumor 
effects and induced CoV- 2- S- specific CTLs. These findings suggest aAVC- TAA/CoV- 
2- S therapy as a promising vaccine candidate for preventing COVID- 19, as well as 
enhancing the effectiveness of cancer therapies.
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1  |  INTRODUC TION

The coronavirus disease 2019 (COVID- 19) pandemic caused by se-
vere acute respiratory syndrome coronavirus 2 (SARS- CoV- 2) has 
recently been a formidable threat to humanity.1 Several COVID- 19 
vaccines, including an mRNA- based vaccine-  and an adenovirus- 
vectored vaccine expressing the SARS- CoV- 2 spike protein (CoV- 
2- S), have been administered through global vaccination programs. 
Specifically, antigen- encoding nucleoside- modified mRNA encap-
sulated in LNPs (referred to as nucleoside- modified mRNA- LNP 
vaccines) have recently demonstrated significant promise and are 
widely accepted, showing a vaccine efficacy of ~95% in healthy sub-
jects.2,3 Furthermore, the benefits of the vaccine, including safety, 
ease of production, and scalability, have been proven. Recently, a 
third dose of the current vaccine has been attempted, with the num-
ber of required doses dependent on the results of a durable, protec-
tive neutralizing Ab and CTLs against SARS- CoV- 2. However, even 
with a complete return to pre- pandemic normalcy, some challenges 
for high- risk groups remain to be considered.

CD8+ CTLs can eliminate viruses in infected cells or la-
tently infected cells, and their role against COVID- 19 has been 
re- evaluated.4– 6 CTLs against SARS- CoV- 2- specific epitopes, as 
well as cross- reactive epitopes with seasonal coronaviruses, were 
reportedly induced in SARS- CoV- 2- infected patients and con-
valescents.7– 11 Notably, several studies have demonstrated that pre- 
existing CTLs with cross- protection against SARS- CoV- 2 can expand 
in vivo to support rapid viral control.5,6,12 Recently, we and other 
groups identified immunodominant epitopes of SARS- CoV- 2 protein 
and reported pre- existing CD8+ T cells cross- reacting with seasonal 
coronavirus in an HLA- dependent manner.13– 16 Additionally, we 
showed that pre- existing, cross- reactive CTLs generated from sea-
sonal coronavirus respond against the CoV- 2- S QYI peptide in >80% 
of HLA- A24+ healthy donors, but only in 14% of HLA- A24+ patients 
with hematologic malignancies.13 By contrast, despite extremely 
low B- cell or Ab production, a sufficient CD8+ T- cell frequency can 
reduce COVID- 19- related mortality in hematologic malignancies.4 
Therefore, a vaccine eliciting a strong CD8+ CTL response against 
SARS- CoV- 2 is needed as another vaccine candidate for high- risk 
groups.

When activated by α- galactosylceramide (α- GalCer), invari-
ant natural killer T (iNKT) cells induce DC maturation in vivo, and 
co- administration of protein and α- GalCer generates an antigen- 
specific T- cell response.17,18 Additionally, we previously established 
an mRNA- transfected cell- based vaccine (the aAVC system19– 21) that 
includes an antigen- derived mRNA and CD1d mRNA co- transfected, 
iNKT cell ligand- loaded cell- based vaccine. When administered 
intravenously, aAVC can activate iNKT and NK cells as an adjunct 
activity of iNKT cells, and after activation, innate iNKT/NK cells re-
ject the aAVCs; however, the killed aAVCs are taken up by DCs in 
situ, thereby activating several DC- specific immunogenic features. 
In the lungs, liver, and spleen, DCs that capture aAVCs undergo 
maturation via interaction with iNKT cells that is brought about by 
CD40L/CD40 interactions and inflammatory cytokines (interferon 

[IFN]- γ and tumor necrosis factor [TNF]- α).19– 21 Subsequently, 
high- frequency of antigen- specific, IFN- γ- producing CD8+ T cells 
can be induced by the antigen- captured mature DCs22,23 Previous 
studies have reported that administration of tumor (melanoma- 
associated antigen recognized by T cells- 1 and WT1) or influenza 
antigen, HA- expressing aAVCs in tumor therapeutic models or 
influenza- prevention infectious models induced potent CD4+ and 
CD8+ T- cell responses.20,21,24 Moreover, following therapy, mem-
ory CD8+ T cells in lymphoid and non- lymphoid tissues have been 
observed. Vaccination with aAVC elicits not only long- term induc-
tion of antigen- specific CD4+ T helper (Th) cells but also an efficient 
Ab response through B- cell lymphoma- 6 in CD4+ T follicular helper 
cells. Furthermore, the HA- expressing aAVC vaccine demonstrated 
protection against influenza virus infection in mice.24 Recently, we 
developed WT1- antigen- expressing aAVC (aAVC- WT1) therapy 
for humans as cancer therapeutic drugs13 and completed the first 
human clinical trial of aAVC- WT1 therapy for patients with relapsed 
and refractory AML.

In this study, we establish CoV- 2- S- antigen- expressing aAVCs 
(aAVC- CoV- 2) and evaluated the immunological evidence of CD4+ 
and CD8+ T- cell responses through cross- priming of in vivo DCs, as 
well as Ab production, by aAVC- CoV- 2 treatment. Furthermore, as 
a new vaccine model, we evaluated the potential establishment of 
a multivalent vaccine capable of expressing two types of different 
antigens (CoV- 2- S plus tumor- associated antigen [TAA]) and deter-
mined its ability to simultaneously generate CTLs against the virus 
and tumor cells.

2  |  MATERIAL S AND METHODS

2.1  |  Animals and cell lines

Pathogen- free C57BL/6 (B6) mice (6– 8 weeks old) were purchased 
from Charles River Japan. B6.129S2- H2dlAb1- Ea/J (MHC class II- KO) 
mice were purchased from the Jackson Laboratory. CD1d1- deficient 
mice25 were provided by Dr. Luc van Kaer (Vanderbilt University 
Medical Center, Nashville, TN, USA). All mice were maintained 
under specific pathogen- free conditions and studied in compliance 
with institutional guidelines. The NIH3T3 cell line was obtained 
from the RIKEN Cell Bank. The B16 and MO4 (OVA- expressing B16 
melanoma) cell line26 was received from Dr. R. M. Steinman (The 
Rockefeller University). Murine NKT hybridoma, 1B6 cell line was 
kindly provided by Dr. Kronenberg M (La Jolla Institute).

2.2  |  In vitro transcription of RNA

The OVA and human TRP2 plasmids used for this study have been 
described previously.20 To clone the CoV- 2- S gene (accession no. 
NC_045512.2), the sequence was divided into four fragments 
with 15 bases of homology at each end and artificially synthesized 
using GeneArt High- Q Strings (Thermo Fisher Scientific). The four 
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CoV- 2- S gene fragments were inserted into the HindIII and EcoRI 
sites of the pGEM- 4Z vector. Sequence analysis confirmed that 
the cloned sequence encoded the CoV- 2- S protein. Before IVT, 
the CoV- 2- S plasmid was linearized with EcoRI and purified as de-
scribed. IVT was performed using the mMessage mMachine T7 
Ultra kit (Ambion; Thermo Fisher Scientific) according to manu-
facturer's instructions. RNA was purified using the RNeasy Mini/
Midi kit (Qiagen), and integrity was verified by denaturing agarose 
gel electrophoresis.

2.3  |  Preparation of artificial adjuvant vector cells

To load α- GalCer, NIH3T3 cells were cultured for 48 h in the pres-
ence of 500 ng/ml α- GalCer (Funakoshi Co., Ltd.) and then washed 
three times before electroporation with antigen mRNA together 
with murine CD1d mRNA. RNA electroporation of NIH3T3 cells 
was performed as previously described.20 Briefly, cells were resus-
pended in OptiMEM at a concentration of 5 × 107 cells/ml. After 
RNA was transferred to a cuvette (Harvard Apparatus), the cell sus-
pension was added and pulsed in an ECM 830 square wave elec-
troporation system (Harvard Apparatus) using a single 500- V, 3- ms 
square pulse. Immediately after electroporation, the cells were 
transferred to medium and cultured in the presence of 500 ng/ml 
α- GalCer. Transfected cells were analyzed via western blot for the 
CoV- 2- S protein and flow cytometry for CD1d.

2.4  |  Semi- quantitative antigen- specific IgG ELISA

The antigen- specific IgG, IgG1, and IgG2b titers in mouse sera were 
assessed by semi- quantitative ELISA. Sera were harvested at days 
14, 28, and 56 and 6 months after immunization with aAVC- CoV- 2. 
Mice were re- challenged with aAVC- CoV- 2 at 6 months, and sera 
were harvested 7 days after re- challenge. MaxiSorp high- binding 
ELISA plates (Nunc; Thermo Fisher Scientific) were coated with 
100 μl of 1 μg/ml recombinant CoV- 2- S glycoprotein S1 (ab272105) 
or CoV- 2- S glycoprotein S2 (ab272106) in PBS. To recognize standard 
anti- SARS- CoV- 2 S1 and anti- SARS- CoV- 2 S2, we used anti- SARS- 
CoV- 2 S1 (mouse IgG2b, clone #57, 40,592- MM57; Sino Biological 
Inc.) and anti- SARS- CoV- 2 S2 (Mouse IgG1, clone 1A9, GTX632604; 
GeneTex) Abs. After overnight incubation at 4°C, the plates were 
washed three times and blocked for 1 h at room temperature with 
200 μl super blocking buffer (#37535; Thermo Fisher Scientific). 
The plates were then washed, and the diluted samples or a two- fold 
dilution series of the standard anti- SARS- CoV- 2 S1 or anti- SARS- 
CoV- 2 S2 Ab was added at 100 μl/well. Plates were incubated for 
2 h at room temperature and washed, followed by the addition of 
the secondary Ab (1:1000) in blocking buffer (100 μl/well) using ei-
ther anti- mouse HRP- conjugated IgG1 (#18– 4015- 82; eBioscience) 
or IgG2b (Cat.#M32407; Invitrogen). After incubation and washes, 
plates were developed using 100 μl 3,3,5,5- tetramethylbenzidine 
substrate (BD Biosciences), and the reaction was stopped after 

5 min with 50 μl/well of 1 N H2SO4. Absorbance was read on an 
iMark microplate reader at 450 nm (Bio- Rad).

2.5  |  Sample processing and flow cytometry

Mononuclear cells from the spleen and lungs of mice were isolated, 
as previously described.21 Briefly, splenocytes were obtained by 
pressing the spleen through a 70- μm cell strainer or digested using 
collagenase D (Roche), and erythrocytes were lysed with ACK lys-
ing buffer (Gibco), followed by two washes with RPMI medium. 
For isolation of lung MNCs, the tissues were digested with colla-
genase D (Roche) and then layered on Percoll gradients (40/60%; 
Amersham plc) and centrifuged for 20 min at 900 g. The cells were 
then washed with PBS, and erythrocytes were lysed with ACK lys-
ing buffer (Gibco), followed by two washes with RPMI medium. 
The following mAbs were used: anti- mouse CD3, CD8α, CD11b, 
CD69, CD19, CD45, CD107a, GL7, I- A/I- E, interleukin (IL)- 2, and 
TCR β chain from BioLegend; CD4, CD8β, CD40 CD44, CD62L, 
CD80, CD86, IL- 12p40/p70, IFN- γ, and TNF from BD Biosciences; 
and CD11c, CD45R, CD95, and granzyme B from eBioscience. The 
CD1d- tetramer was purchased from MBL.

2.5.1  |  NK/iNKT cells

After preparation, spleen cells were immediately analyzed via flow 
cytometry. Cells were incubated with anti- CD16/CD32 (BioLegend) 
in FACS buffer (PBS with 2% heat- inactivated FBS) for Fc blockade 
and then stained with surface Abs (CD1d- tetramer/GalCer, anti- 
TCRVβ- FITC, anti- NK1.1- PE/Cy7, anti- CD69- PE) and viability dye 
for 30 min on ice. For IFN- γ intracellular staining, after staining with 
all surface Abs, cells were fixed and permeabilized using the Cytofix/
Cytoperm kit (BD Biosciences) and stained with anti- IFN- γ- PE for 
30 min at room temperature. After washing, cells were analyzed 
using a Canto II flow cytometer (BD Bioscience).

2.5.2  |  Dendritic cells

Spleen cells were obtained by collagenase D digestion and then in-
cubated with anti- CD16/CD32 in FACS buffer for Fc blockade. Cells 
were then stained with surface Abs (anti- CD11b- FITC, anti- CD8- 
APC, anti- CD11c- PE/Cy7, anti- I- AE/K- PB, anti- CD40, anti- CD80, 
or anti- CD86 biotin) and viability dye for 30 min on ice, followed 
by incubation with streptavidin- PE. For IL- 12 intracellular stain-
ing, splenic CD11c+ cells were isolated using CD11c MACS beads 
(Miltenyi Biotec) for 4 h after aAVC- CoV- 2 immunization and then 
cultured for 2 h in the presence of GolgiPlug (BD Biosciences). After 
Fc blockade, cells were stained with anti- CD8- APC, anti- CD11c- PE/
Cy7, anti- I- A/I- E- PB, and viability dye for 30 min on ice, fixed and 
permeabilized using the Cytofix/Cytoperm kit (BD Biosciences), 
and then stained with anti- IL- 12p40/p70- PE for 30 min at room 
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temperature. After washing, cells were analyzed using a Canto II 
flow cytometer (BD Bioscience).

2.5.3  |  B- cells

After preparation, spleen cells were immediately analyzed by flow 
cytometry. Cells were incubated with anti- CD16/CD32 in FACS 
buffer for Fc blockade and then stained with surface Abs (anti- B220- 
FITC, anti- CD95- PE, anti- GL7- APC) and viability dye for 30 min on 
ice. After washing, cells were analyzed using a Canto II flow cytom-
eter (BD Bioscience).

2.5.4  |  T cells

In vivo Ab labeling
To distinguish lung- infiltrating and vascular T cells, mice were in-
jected i.v. with 2 μg of the anti- CD45- APC Ab. After 5 min, mice 
were euthanized via cervical dislocation, and organs were collected 
for analysis. Spleen cells and lung MNCs were incubated with anti-
 CD16/CD32 in FACS buffer for Fc blockade and then stained with 
surface Abs (anti- CD44- FITC, anti- CD62L- PE, anti- TCRVβ- PB, anti- 
CD4- BUV737, and anti- CD8- BUV395) and viability dye for 30 min 
on ice. After washing, the cells were analyzed using Fortessa flow 
cytometry (BD Bioscience).

Intracellular cytokine staining
To measure antigen- specific T cells, 3– 5 × 106 lung or spleen 
cells/well were stimulated with Peptivator SARS- CoV- 2 Prot_S 
Complete (Miltenyi Biotec) in a 96- well U- bottom plate for 16 h in 
the presence of 2 μg/ml anti- CD28 (BioLegend), 5 μg/ml Alexa488- 
conjugated anti- CD107a, 5 μg/ml brefeldin A (Sigma- Aldrich), and 
2 μM monensin (Sigma- Aldrich), with DMSO used as a negative 
control. Cells were incubated with anti- CD16/CD32 (BioLegend) 
in FACS buffer for Fc blockade and then stained with surface an-
tibodies (anti- TCRVβ- PB, anti- CD4- BUV737, anti- CD8- BUV395) 
and viability dye for 30 min on ice, followed by fixation and perme-
abilization using the Cytofix/Cytoperm kit (BD Biosciences) and 
staining with anti- IL- 2- PE and anti- TNF- α- PE- Cy7, anti- IFN- γ- APC 
or - PE, and anti- granzyme B- APC for 30 min at room temperature. 
After washing, the cells were analyzed using a Foretessa flow cy-
tometer (BD Bioscience).

2.6  |  Tumor experiments

C57BL/6 mice were inoculated with 5 × 105 MO4 cells s.c. and then 
treated with or without 5 × 105 aAVC- OVA or aAVC- OVA/CoV- 2 i.v. 
on day 10. Additionally, C57BL/6 mice were inoculated with 1 × 105 
B16 cells s.c. and then treated with or without 5 × 105 aAVC- TRP2 
or aAVC- TRP2/CoV- 2 i.v. on day 7. Tumor growth was monitored by 

measuring three perpendicular diameters, and tumor volume was 
calculated according to the formula V = L × W2 × 0.52, where V is the 
volume, L is the length, and W is the width.

2.7  |  Statistical analysis

Statistical significance was determined at p < 0.05 using StatMate 
(3B Scientific). The number of animals (n), median values, and sta-
tistical comparison groups are described in the figure legends. All 
p- values were calculated using Tukey's test for three or more groups 
or the Mann– Whitney U- test for two groups.

3  |  RESULTS

3.1  |  Establishment of the whole spike region of 
aAVC- CoV- 2

To establish aAVC- CoV- 2, we synthetically generated CoV- 2- S 
genes. After IVT, NIH3T3 cells were both co- transfected with CoV- 
2- S mRNA and CD1d mRNA and loaded with α- GalCer (Figure 1A). 
We verified that aAVC- CoV- 2 expressed CoV- 2- S (mean ± SEM; 
1.79 ± 0.13 μg/106 cells) using western blot analysis (Figure 1B) and 
CD1d molecules on the surface using flow cytometry (Figure 1C). 
Additionally, we confirmed that aAVC- CoV- 2 directly stimulated 
iNKT cells in vitro (Figure 1D).

3.2  |  Activation of iNKT and NK cells by 
administration with aAVC- CoV- 2

We then analyzed the innate immune response in vivo using aAVC- 
CoV- 2. B6 mice were injected i.v. with aAVC- CoV- 2, and after 16 h, 
we confirmed that CD1d- tet/Gal+ iNKT cells in the spleen expressed 
CD69 and produced IFN- γ (Figures 1E and S1A). Simultaneously, NK 
cells expressed CD69 and produced IFN- γ in wild- type mice but not 
in CD1d- KO mice (Figures 1F, S1A and S2A). These results suggested 
that the NK cell adjunctive effect was observed soon after activa-
tion of iNKT cells by aAVC- CoV- 2. To assess the function of iNKT 
and NK cells in the spleen, spleen cells of aAVC- CoV- 2- injected mice 
were re- stimulated with or without α- GalCer. We subsequently 
detected high- IFN- γ- producing spots in immunized mice but not 
in non- immunized mice (Figure 1G). These findings indicated that 
aAVC- CoV- 2 activated iNKT cells directly and NK cells indirectly.

3.3  |  Maturation of endogenous DCs after aAVC- 
CoV- 2 administration

For optimal cross- priming of CTLs against CoV- 2- S, the phenotypi-
cal maturation of host DCs (e.g., upregulation of co- stimulatory 
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molecules) and functional maturation of DCs (e.g., IL- 12 production) 
are essential and critical steps for linking innate and adaptive im-
munity. Initially, we observed that both CD8a+ and CD8a− subsets 
of host splenic DCs highly expressed CD40, CD80, and CD86 in 
wild- type mice at 16 h after administration of aAVC- CoV- 2 but not 
in CD1d- KO mice (Figures 1H, S1B, and S2B). Addition, we con-
firmed that splenic DCs expressed IL- 12 as an indicative marker of 
functional DCs (Figure 1I). These findings showed that aAVC- CoV- 2 
caused full maturation of in situ DCs.

3.4  |  aAVC- CoV- 2 vaccination elicits a Th1- biased 
Ab response in a CD4+ T- cell- dependent manner

C57BL/6 mice were immunized with aAVC- CoV- 2 to evaluate its Ab- 
producing activity. We observed that the anti- S1 and - S2 subunits 
of CoV- 2- S- specific IgG1 and IgG2b in serum were elevated on days 
14, 28, and 56 after immunization (Figure 2A), with the production 
of the anti- S1 and anti- S2 subunit- specific IgG2 Abs significantly 
higher than that of the anti- S1 and anti- S2 subunit- specific IgG1 Abs 

F I G U R E  1  aAVC- CoV- 2 vaccination elicits an innate immune response. (A) Establishment of aAVC- CoV- 2. aAVC- CoV- 2 vectors were 
established using NIH3T3 cells cultured in the presence of α- GalCer and co- electroporation with CoV- 2- S and CD1d mRNA. (B, C) 
Expression levels of CoV- 2- S protein and CD1d were assessed by (B) western blot analysis [aAVC- CoV- 2 vs. control (NIH3T3)] and (C) flow 
cytometry for CD1d (red, aAVC- OVA; bold, NIH3T3; shaded, isotype). (D) α- GalCer presentation by aAVC- CoV- 2. aAVC- CoV- 2 was co- 
cultured with Vα14 iNKT cell hybridoma 1.2 for 24 h, and IL- 2 production in the culture supernatant was evaluated by ELISA (mean ± SEM; 
n = 4). The gray bar and other symbols represent the average and each data point, respectively. ***p < 0.001, Tukey's test. (E– H) C57BL/6J 
mice were administered 5 × 105 aAVC- CoV- 2 i.v. at day 0. Flow cytometry identified CD69 expression and IFN- γ production by (E) iNKT 
cells and (F) NK cells in the spleen 16 h after an injection of aAVC- CoV- 2 (n = 4) (red, aAVC- CoV- 2 injected; blue, non- immunized; shaded, 
isotype). (G) IFN- γ enzyme- linked immune absorbent spot (ELISPOT) assay at day 3. Spleen cells from immunized or non- immunized mice 
(2 × 105 cells/well) were cultured in the presence or absence of α- GalCer (100 ng/ml) for 16 h, followed by the detection of IFN- γ- producing 
cells (mean ± SEM; n = 5). The gray bar and other symbols represent the average and each data point, respectively. ***p < 0.001 Tukey's test. 
(H) Splenic DC maturation. Expression of the co- stimulatory molecules CD40, CD80, and CD86 on splenic DCs was analyzed using flow 
cytometry 16 h after aAVC- CoV- 2 administration (n = 4). (I) IL- 12 production by splenic DCs. Splenic DCs were harvested 4 h after aAVC- 
CoV- 2 administration, harvested using CD11c MACS beads, and cultured in the presence of GolgiPlug for 2 h. IL- 12 production was analyzed 
using intracellular staining using flow cytometry (n = 4)
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(Figure 2B). Additionally, to demonstrate the CD4+ T- cell- dependent 
Ab response, C57BL/6 or MHC class II- KO mice were immunized 
with aAVC- CoV- 2. We detected Ab production in aAVC- CoV- 2- 
immunized wild- type mice, whereas anti- S1 and anti- S2 subunit- 
specific IgG2b levels were extremely low in aAVC- CoV- 2- immunized 
MHC class II- KO mice (Figure 2C). These results indicated that 
aAVC- CoV- 2 induced Th1- biased Ab production in mice.

Because germinal center (GC) formation is required for affinity mat-
uration and long- term Ab production,27 we analyzed the GC response 
in aAVC- CoV- 2- immunized mice. At 14 days after immunization of 
wild- type mice with aAVC- CoV- 2, we detected GC B220+CD95hiGL7hi 
B- cells in the spleen using flow cytometry and immunohistochemistry 
(Figures 2D,E, and S1C). Subsequent examination of the secondary 

effects of the CoV- 2- S- specific Ab revealed that anti- S1 and anti- S2 
specific Abs in serum persisted for 6 months after aAVC- CoV- 2 im-
munization (Figure 2F). Moreover, when boosted with aAVC- CoV- 2 6 
months later, we detected robust Ab production (Figure 2F). These 
results demonstrated that aAVC- CoV- 2 promoted long- term anti- CoV- 
2- S- specific Ab production and secondary effects.

3.5  |  aAVC- CoV- 2 vaccination generates antiviral 
memory CTLs

To assess the generation of CoV- 2- S- specific CTL responses, we 
immunized C57BL/6 mice with aAVC- CoV- 2 and analyzed the CTL 

F I G U R E  2  aAVC- CoV- 2 vaccination elicits an humoral immune response. (A) Schematic diagram of analysis of the humoral response 
elicited by aAVC- CoV- 2. (B– D) C57BL/6J mice were administered 5 × 105 aAVC- CoV- 2 i.v. In some experiments, mice were re- challenged 
with 5 × 105 aAVC- CoV- 2 at 6 months later. (B) Anti- CoV- 2- S S1 subunit and S2 subunit- specific IgG1 and IgG2b levels were determined 
using ELISA on days 0, 14, 28, and 56 after aAVC- CoV- 2 vaccination (mean ± SEM; n = 7). **p < 0.01, Mann– Whitney U- test. (C) Anti- CoV- 
2- S S1 subunit and S2 subunit- specific IgG2b levels in wild- type mice vs. MHC Class II- KO mice on day 28 after aAVC- CoV- 2 vaccination 
(mean ± SEM; n = 5). **p < 0.01 (WT vs. MHC Class II- KO), Mann– Whitney U- test. (D, E) GC formation following aAVC- CoV- 2 vaccination. 
After 14 days, (D) GC formation in the spleen was analyzed using flow cytometry using B220- FITC, CD95- PE, and GL7- Alexa678. (E) GC 
formation in the spleen was verified using fluorescence microscopy using IgD- PE (red) and PNA- Alexa647 (green). Scale bar, 200 μm (n = 4). 
(F) Vaccinated mice were re- administered aAVC- CoV- 2 at 6- months later, and the boosting effect on the anti- CoV- 2- S S1 subunit and S2 
subunit- specific IgG2b level was examined (mean ± SEM; n = 4– 7). The gray bar and other symbols represent the average and each data 
point, respectively. *p < 0.05, Mann– Whitney U- test
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response 1 week later. Examination of the T- cell response using 
in vitro re- stimulation with 15- mer peptide pools for CoV- 2- S 
(Figure 3A) revealed robust expansion of CoV- 2- S- specific CD8+ 
CTLs in the spleen and lung (Figures 3B,D, and S1D), whereas CoV- 
2- S- specific CD4+ T cells also expanded, but to a lesser extent 
(Figure 3C,E). Additionally, both CD4+ and CD8+ T cells displayed 
the production of multiple cytokines (IFN- γ, TNF- α, and IL- 2) in 
response to antigen stimulation. In particular, lung CD8+ T cells 
showed high levels of cytotoxic molecules, granzyme B, and CD107a 
(Figure 3F). These findings suggested that aAVC- CoV- 2 promoted 
an antigen- specific multifunctional T- cell response. Moreover, we 

detected memory CD4+ and CD8+ T cells in the lungs 6 months after 
aAVC- CoV- 2 immunization and identified a clear boosting effect of 
antigen- specific CD4+ and CD8+ T- cell immunity as a secondary re-
sponse (Figures 3G and S3). This finding confirmed that aAVC- CoV- 2 
immunization established CoV- 2- S- specific memory CD4+ and CD8+ 
T cells.

We then determined whether vaccine- induced T cells infiltrated 
the lung parenchyma by performing i.v. labeling with the anti- CD45 
antibody to differentiate between tissue- infiltrating (CD45−) and 
circulating (CD45+) lung CD4+ and CD8+ T cells (Figure 4A). In the 
aAVC- CoV- 2- treated group, we found that the tissue- infiltrating 

F I G U R E  3  aAVC- CoV- 2 vaccination elicits an antigen- specific T- cell response. (A) Schematic diagram of analysis of the T- cell response 
elicited by aAVC- CoV- 2. C57BL/6J mice were administered 5 × 105 aAVC- CoV- 2 i.v. In some experiments, mice were re- challenged with 
5 × 105 aAVC- CoV- 2 at 6- months later. Spleens and lungs were harvested and stimulated with CoV- 2- S peptide pools. (B, D) CD8+ and (C, 
E) CD4+ T cells were analyzed for cytokine production using intracellular staining at day 7 after immunization (mean; n = 7– 10/group). 
**p < 0.01, ***p < 0.001, Mann– Whitney U- test. (F) Analysis of CD8+ T cells for the cytolytic markers granzyme B and CD107a (left) or IFN- γ 
and CD107a (right) (mean ± SEM; n = 7– 8/group). The gray bar and other symbols represent the average and each data point, respectively. 
**p < 0.01, Mann– Whitney U- test. (G) Recall response of CoV- 2- S- specific CD8+ T- cell response. At 6 months after initial immunization, mice 
were re- challenged with aAVC- CoV- 2 and, 7 days later, lung CD8+ T cells were analyzed using flow cytometry (mean; n = 4). The gray bar and 
other symbols represent the average and each data point, respectively. *p < 0.05, Mann– Whitney U- test
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population was increased between both lung CD8+ and CD4+ T 
cells (Figure 4B,C), with most of this population an effector/effec-
tor memory subset (CD44+CD62L−; Figure 4D,E). In fact, we identi-
fied infiltration of lymphocytes (CD4+ and CD8+ T cells) along with 
CD11c+ cells into parenchymal tissue around blood vessels in lungs 
from immunized mice (Figure 4F). These findings confirmed the infil-
tration of vaccine- induced effector/effector memory subsets in lung 
parenchyma.

3.6  |  Establishment of an antitumor model while 
maintaining anti- SARS- CoV- 2 viral potential using 
dual antigen- expressing aAVCs

Because cancer patients are often immunocompromised, they are 
susceptible to SARS- CoV- 2 infection, therefore treatments dem-
onstrating high efficacy against cancer, while also maintaining an-
tiviral capacity, would be a critically important strategy for cancer 
patients. Because the present results showed that aAVC- CoV- 2 in-
duced long- term CTL induction (Figures 3Gand S3), we attempted 
to establish a dual antigen- expressing aAVC for the induction of 
antitumor CTLs together with the prevention of SARS- CoV- 2. For 
this purpose, we evaluated antitumor responses using aAVCs co- 
expressing OVA antigen or TAA together with the CoV- 2- S antigen 
(Figures 5A). Initially, we examined the CD8+ T- cell response to 
CoV- 2- S and OVA in mice administered aAVCs expressing both an-
tigens (aAVC- OVA/CoV- 2), as well as in vitro re- stimulation with 
peptide pools of CoV- 2- S or OVA protein, respectively, at day 7 
post- immunization (Figure 5B,C). We then assessed the antitu-
mor effects of dual antigen- expressing aAVCs. Comparison of the 
therapeutic effect of aAVC- OVA/CoV- 2 and aAVC- OVA against 
MO4 (OVA- expressing B16 melanoma) revealed similar antitumor 
effects (Figure 5B,D). Additionally, we established aAVC- TRP2/
CoV- 2 and aAVC- TRP2 using a real melanoma antigen and then 
compared their respective therapeutic effects against B16 mel-
anoma. As shown in Figure 5E, we observed a similar sufficient 
therapeutic effect for both aAVC- TRP2 and aAVC- TRP2/CoV- 2. 
Furthermore, immunohistochemistry analysis of the trafficking of 
CD8+ T cells revealed many CD8+ T cells (but fewer CD4+ T cells) 
located close to CD31+ tumor vessels along with CD11c+ DCs 
in aAVC- injected mice but not in untreated mice (Figures 5F,G, 
and S4). These results demonstrated that aAVC- TAA/CoV- 2 and 

aAVC- TAA could not only induce a CD8+ T- cell response against 
tumors and SARS- CoV- 2 but also elicit an antitumor therapeutic 
effect (Figure S5).

4  |  DISCUSSION

For complete elimination of latent virus, a strong CTL response in 
addition to neutralizing Abs is required. In this study, we demon-
strated that the aAVC- CoV- 2 vaccine generated multifunctional 
CoV- 2- S- antigen- specific CD4+ and CD8+ T cells by promoting 
full maturation of in situ DCs via long- term iNKT cell activation as 
memory T cells in addition to Th1- biased Ab production. Previous 
reports showed that vaccination using CoV- 2- S mRNA (~1 μg/mouse, 
two immunizations) sufficiently protected against viral replication 
in a murine model.28– 30 To show the T- cell immune responses, an-
other group reported the levels of CoV- 2- S- antigen- specific IFN- γ- 
producing CD4+ T and CD8+ T cells at the effector phase at ~0.6% 
and 4.5% of total CD4+ and CD8+ T cells, respectively, in the lungs of 
mice vaccinated with 30 μg mRNA/mouse.31 In the present study, we 
demonstrated levels of CoV- 2- S- antigen- specific IFN- γ- producing 
CD4+ T cells and CD8+ T cells at 8% and 25% of total CD4+ and 
CD8+ T cells, respectively, in the lungs of mice vaccinated with 
aAVC- CoV- 2 (3 μg of CoV- 2- S mRNA; Figure 4). Our results showed 
that vaccination with aAVC- CoV- 2 harboring a 10- fold lower amount 
of CoV- 2- S mRNA resulted in the generation of up to 10- fold higher 
levels of antigen- specific CD4+ or CD8+ T cells relative to the cur-
rently used mRNA vaccine. Moreover, this suggests that, although 
mRNA vaccines for SARS- CoV- 2 can induce CD8+ CTLs,28,31 aAVC- 
CoV- 2 induced the generation of higher numbers of CTLs that were 
not only capable of producing multiplex cytokines (Figure 4) but also 
demonstrating high- frequency infiltration of the lungs of vaccinated 
mice. This is particularly beneficial, because SARS- CoV- 2 initially in-
fects the lungs. In fact, we observed that CTLs were maintained in 
the lung for at least 6 months as long- term memory CTLs that were 
capable of being robustly boosted. Because the lifespan of mice is 
~1 to ~2 years, CTLs against SARS- CoV- 2 could potentially persist 
for considerable periods in humans. This implies that a single vacci-
nation could elicit memory CTLs and CD4+ T- cell- mediated Ab pro-
duction. Therefore, aAVC- CoV- 2 could be beneficial as a second- line 
treatment for patients who may be resistant to current vaccines and 
members of a high- risk group.

F I G U R E  4  aAVC- CoV- 2 promotes T- cell infiltration in the lungs of vaccinated mice. (A) Schematic illustration of the T- cell response 
elicited by aAVC- CoV- 2 in the lungs of vaccinated mice. To distinguish between tissue- infiltrating cells and circulating cells in the lung 
vasculature, mice were injected i.v. with 2 μg anti- CD45- APC Ab, and lungs were collected after 5 min. Lung CD4+ and CD8+ T- cell subsets 
were analyzed using flow cytometry. Representative flow cytometry data of lung (B, left; D left) CD8+ T cells and (C, left; E, left) CD4+ 
T cells in non- immunized or aAVC- CoV- 2- immunized mice (day 7). Data show the proportion of CD45+ (circulating) and CD45− (tissue- 
infiltrating) cells between (B, right) CD8+ T cells and (C, right) CD4+ T cells. The proportion of CD45+CD44hiCD62L− (circulating effector/
effector memory) and CD45−CD44hiCD62L− (infiltrating effector/effector memory) cells in lung (D, right) CD8+ T cells or (E, right) CD4+ T 
cells (mean ± SEM; n = 8) The gray bar and other symbols represent the average and each data point, respectively. **p < 0.01, Mann– Whitney 
U- test. (F) Representative H&E staining and immunohistochemistry staining of lung tissues. The sections of mouse lung tissues were stained 
with H&E (right) and examined under a microscope (original magnification, ×20). For immunohistochemistry, lung tissues were stained with 
CD11c (blue), CD31 (green), and CD8 (red) or CD4 (red). Images are representative of four experiments. Scale bar, 100 μm



2544  |    SHIMIZU et al.

Furthermore, we showed that aAVC- TAA/CoV- 2 elicited both 
an antitumor effect together with protection against SARS- CoV- 2. 
Fatality in cancer patients suffering from COVID- 19 is substantially 
higher than that of healthy individuals.32– 37 Additionally, studies re-
port chronic viral persistence and shedding of SARS- CoV- 2 in im-
munocompromised patients, reporting the emergence of mutated 

variants.38,39 Moreover, patients with solid tumors and vaccinated 
against COVID- 19 do not show Ab production until receiving a sec-
ond dose.40 Furthermore, in B- cell malignancies, such as chronic 
lymphocytic leukemia and multiple myeloma, Ab titers remain low, 
even after the second vaccine dose.41,42 Cancer progression or che-
motherapy can also increase the risk of infection for cancer patients; 
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therefore, a second- line vaccine capable of inducing a robust and du-
rable CTL response against both SARS- CoV- 2 and tumors for these 
high- risk groups is warranted. The aAVC- TAA/CoV- 2 vaccine pre-
sented here showed promising efficacy in murine preclinical models 
as a specialized vaccine for cancer patients.

In summary, we demonstrated that the potential efficacy of the 
aAVC- CoV- 2 vaccine as prophylactic immunotherapy and a novel 
SARS- CoV- 2 vaccine, particularly for high- risk patients. We detected 
T- cell responses in the lungs of vaccinated mice, highlighting the 

potential protective role of lung- homing T cells against SARS- CoV- 2. 
Subsequent evaluation of vaccination with dual antigen- expressing 
aAVC- TAA/CoV- 2 revealed both antiviral and antitumor efficacy. 
Future studies dual antigen- expressing aAVC are warranted to demon-
strate the function of each type of generated CTL and elucidate the 
precise mechanisms associated with multivalent aAVC platforms as 
cancer therapeutic vaccines, as well as preventive COVID- 19 vaccines. 
These results illustrate the potential of these vaccines as candidates 
with beneficial features for future application and development.

F I G U R E  5  Antigen- specific CD8+ T- cell response and the antitumor effect of multivalent aAVC- TAA/CoV- 2. (A) aAVC- TAA/CoV- 2 
expresses TAA (OVA or TRP2) and CoV- 2- S protein inside cells and the CD1d/α- GalCer complex on the cell surface. (B) Schematic illustration 
of the (C) T- cell response and (D, E) antitumor responses elected by aAVC- TAA/CoV- 2. (C) C57BL/6J mice were administered 5 × 105 aAVC- 
OVA/CoV- 2 i.v. (left). On day 7, OVA- specific CD8+ T- cell (left) and CoV- 2- S- specific CD8+ T- cell (right) responses were evaluated using IFN- γ 
ELISPOT assay after culturing with protein or peptide pools for 24 h (mean ± SEM; n = 5). The gray bar and other symbols represent the 
average and each data point, respectively. ***p < 0.001, Tukey's test. (D) The antitumor effect of aAVC- OVA/CoV- 2. Mice were inoculated 
with 5 × 105 MO4 s.c. and treated with 5 × 105 aAVC- OVA/CoV- 2 or aAVC- OVA i.v. 10- days later, after which tumor size was measured 
(mean ± SEM; n = 6– 7/group) ***p < 0.001, Tukey's test. (E) Antitumor effect by aAVC- TRP2/CoV- 2. Mice were inoculated with 1 × 105 
B16 s.c. and treated with 5 × 105 aAVC- TRP2/CoV- 2 or aAVC- TRP2 i.v. on day 7. Tumor size was measured (mean ± SEM, n = 6– 7/group). 
***p < 0.001, Tukey's test. (F, G) Representative immunohistochemistry staining of tumor tissues (F) MO4 and (G) B16 harvested 7– 10 days 
after aAVC treatment. The sections of tumor tissues were stained with CD11c (blue), CD31 (green), and CD8 (red). Images are representative 
four experiments. Scale bar, 100 μm. NS, not significant
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