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Abstract

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) emerged in 2019 and

caused the coronavirus disease 2019 (COVID-19) pandemic worldwide. As of September

2023, the number of confirmed coronavirus cases has reached over 770 million and caused

nearly 7 million deaths. The World Health Organization assigned and informed the charac-

terization of variants of concern (VOCs) to help control the COVID-19 pandemic through

global monitoring of circulating viruses. Although many vaccines have been proposed,

developing an effective vaccine against variants is still essential to reach the endemic stage

of COVID-19. We designed five DNA vaccine candidates composed of the first isolated

genotype and major SARS-CoV-2 strains from isolated Korean patients classified as VOCs,

such as Alpha, Beta, Gamma, and Delta. To evaluate the immunogenicity of each genotype

via homologous and heterologous vaccination, mice were immunized twice within a 3-week

interval, and the blood and spleen were collected 1 week after the final vaccination to ana-

lyze the immune responses. The group vaccinated with DNA vaccine candidates based on

the S genotype and the Alpha and Beta variants elicited both humoral and cellular immune

responses, with higher total IgG levels and neutralizing antibody responses than the other

groups. In particular, the vaccine candidate based on the Alpha variant induced a highly

diverse cytokine response. Additionally, we found that the group subjected to homologous

vaccination with the S genotype and heterologous vaccination with S/Alpha induced high

total IgG levels and a neutralization antibody response. Homologous vaccination with the S

genotype and heterologous vaccination with S/Alpha and S/Beta significantly induced IFN-γ
immune responses. The immunogenicity after homologous vaccination with S and Alpha

and heterologous vaccination with the S/Alpha candidate was better than that of the other

groups, indicating the potential for developing novel DNA vaccines against different SARS-

CoV-2 variants.

Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), first identified and isolated

in Wuhan, China in late 2019, has spread worldwide, with more than 770 million confirmed
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coronavirus cases and nearly 7 million deaths, according to the World Health Organization

(WHO) Coronavirus Disease 2019 (COVID-19) Dashboard as of September 13, 2023 [1]. The

most prevalent symptoms of SARS-CoV-2 infection are fever, dry cough, fatigue, myalgia, dys-

pnea, anorexia, and acute pneumonia [2]. SARS-CoV-2 has mutated over time, resulting in

new variants such as Alpha, Beta, Gamma, and Delta. The world has faced a high burden of

COVID-19, owing to the risk of reinfection even after vaccination [3]. Several reports have

shown that receiving a single vaccine dose can rapidly induce cellular and humoral immune

responses, but it is not enough to maintain long-term immunity [4]. Moreover, with the emer-

gence of new variants, people face an increased risk of breakthrough reinfections and spread-

ing the virus to others despite full or partial vaccination and prior infection with SARS-CoV-2

[5]. Previous studies have demonstrated that obtaining a second booster is essential for pre-

venting the natural decline in anti-SARS-CoV-2 antibody levels and neutralizing activity over

time from a single vaccine dose [6].

The emergence of new variants poses a risk; even full vaccination has resulted in a decline

in the effectiveness of current vaccines, such as Moderna and Pfizer-BioNTech, against new

variant infections based on the S genotype, the first isolated and circulating virus [7]. Although

several effective COVID-19 vaccine platforms based on the S genotype have been proposed,

developing safe and novel vaccine strategies is still a high priority to reduce the risk of reinfec-

tion and severe disease leading to death caused by new variants [8].

Our previous study on DNA vaccine candidates presents a safe platform technology for

development in an emergency such as the COVID-19 pandemic. It demonstrates the superior-

ity of various vaccine candidates, including the entire spike protein S genotype that includes

the first virus strain (Wuhan strain) isolated in Korea, to truncated variants by showing vac-

cine-induced immunity. Additionally, their good safety profile and stability at room tempera-

ture makes DNA vaccine platforms more convenient to store and ship than other platforms

[9,10]. However, DNA vaccines often do not induce significant clinical benefits despite elicit-

ing strong humoral and cellular immune responses [10,11]. In order to address these con-

straints, several strategies, such as prime-boosting immunization and electroporation, can

improve the effectiveness of the delivery methods by inducing the activation of immune

response [12,13]. Moreover, to further boost vaccine strategies to improve the immune

response after vaccination, research on homologous and heterologous prime-boost vaccina-

tion has gained great interest worldwide. Previous research on homologous and heterologous

vaccination against SARS-CoV-2 and influenza indicated that the level of humoral and cellular

immunity was successfully elevated by increasing neutralization activity and inducing T cell

responses [14]. Therefore, we combined DNA vaccination and electroporation via intramus-

cular injection in a platform to follow a prime-boost regimen and constructed five DNA vac-

cine candidates based on the major SARS-CoV-2 strains, including the first genotype S, and

Alpha, Beta, Gamma, and Delta, which are classified as VOCs by the WHO. We also evaluated

the humoral and cellular immune responses in mice vaccinated with these DNA vaccine can-

didates to assess their immunogenicity.

Materials and methods

Cells and viruses

Vero E6 cells were passaged in Dulbecco’s modified Eagle’s medium (Gibco, USA) supple-

mented with 10% heat-inactivated fetal bovine serum (Gibco, USA) containing 1% penicillin/

streptomycin (Gibco, USA) and maintained in a humidified 5% CO2 incubator at 37˚C.

SARS-CoV-2 strains, including the S, Alpha, Beta, Gamma, and Delta variants (NCCP43326,

NCCP43381, NCCP43382, NCCP43388, NCCP43390) used in this study as infectious viruses,
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were collected from human isolates from Korea and provided by the National Culture Collec-

tion for Pathogens (NCCP). All sequences were deposited in GenBank under the accession

numbers MW46691.1, OL958605.1, OL958606.1, OL958675.1, and OL966996.1. These strains

were passaged and titrated via plaque-forming units in cells. All experiments with live viruses

were performed in a biosafety level 3 (BL3) facility, following all standard precautions.

COVID-19 DNA vaccine construction and expression

Gene sequences encoding the spike proteins of isolates from Korean patients belonging to the

S genotype and the Alpha, Beta, Gamma, and Delta variants were aligned, and consensus

sequences from 63, 98, 73, 17, and 536 isolates, respectively, were determined from the Global

Initiative for Sharing All Influenza Data using BioEdit (Informer Technologies, Inc., USA).

The sequences of the vaccine candidates were optimized using the OptimumGeneTM algo-

rithm to increase their expression and were synthesized by GenScript Biotech (USA). The syn-

thetic full-length S protein of the five strains was subcloned into the mammalian expression

vector pVax1 (Invitrogen, USA) and an N-terminal tPA leader sequence was added to enhance

in vivo expression. Chemically competent cells were prepared using the Escherichia coli JM108

strain. E. coli were incubated along with the plasmids at 37˚C and harvested. The plasmids

were purified and subjected to the endotoxin test. The endotoxin levels of the DNA vaccine

were found to be 0.01 EU/μg. The recombinant plasmid was purified using an EndoFree Plas-

mid Giga Kit (QIAGEN GmbH, China) and stored at −20˚C until use.

Mouse experiments

The mouse studies were approved by the Institutional Animal Care and Use Committee of the

Korea Disease Control and Prevention Agency (KDCA-IACUC-21-037). Briefly, 4-week-old

female C57BL/6 mice were homologously or heterologously immunized twice with 50 μg of

the DNA vaccine candidate based on diverse genotypes at 3-week intervals. After intramuscu-

lar immunization with a single dose of the DNA vaccine, a two-needle array electrode pair was

immediately inserted into the tibialis anterior muscle of the mice. After delivering three 100

V-pulses using an ECM 830 square and an electrophoresis system (BTX, USA), the needles

were carefully checked for proper contact between the target tissue and electrode. To evaluate

the humoral immune responses, the sera of the mice were collected 4 weeks after the first vac-

cine dose was administered.

Enzyme-linked immunosorbent assay (ELISA)

To analyze the levels of SARS-CoV-2-specific total IgG, each well of Nunc MaxiSorp 96-well

plates (Thermo Scientific, USA) was coated with 50 ng of SARS-CoV-2 S1+S2 ECD protein

(Sino Biological, China) and incubated overnight at 4˚C. After removing the proteins, the

wells were blocked with 1% bovine serum albumin in phosphate-buffered saline (PBS) for 2 h

at 37˚C and washed twice with washing buffer containing PBS with 0.02% Tween-20 (0.02%

PBST). The immunized mouse sera were serially diluted 2-fold, added to the plates, and incu-

bated for 1 h at 37˚C. After washing thrice with 0.02% PBST, horseradish peroxidase (HRP)-

conjugated anti-mouse IgG (Invitrogen, USA) was added to the wells and incubated at 37˚C

for 1 h. Next, the wells were washed five times with 0.02% PBST. Tetramethyl benzidine

(TMB) substrate (Thermo Fisher Scientific, USA) was then added to the wells and incubated

with the HRP-conjugated anti-mouse IgG secondary antibody for 10 min at 20–25˚C. Subse-

quently, the reaction between TMB and HRP-conjugated anti-mouse IgG was stopped by add-

ing the corresponding stop solution. The absorbance of the contents of the wells was recorded

at 450 nm using a Spectra Max i3X microplate reader (Molecular Devices, USA). The results of
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half-maximal effective concentration (EC50) were generated by a four-parameter logistic func-

tion [15].

To evaluate the SARS-CoV-2-specific IgG isotypes, the protocols employed were similar to

those of ELISA for total IgG without the secondary antibodies, which were HRP-conjugated

goat anti-mouse IgG1, IgG2a, IgG2b, IgG2c, and IgG3 (Invitrogen, USA).

Viral neutralization assay

The plaque reduction neutralization test (PRNT) and surrogate virus neutralization test (sVNT)

were performed to evaluate viral neutralization. For PRNT, 12-well plates seeded with 2 × 105

Vero E6 cells in triplicate were incubated overnight at 37˚C in a 5% CO2 incubator. SARS-CoV-

2 virus particles (60 plaque-forming units) were mixed with an equal volume of 2-fold serial

dilutions of heat-inactivated immunized mouse sera and incubated at 37˚C for 1 h. Then, the

serum-virus mixtures were added to the cells in the prepared 12-well plates and incubated for 1

h. The infected cells were then overlaid with 1% agarose (Lonza, Switzerland) in 2× Minimum

Essential Medium (Gibco, USA) containing 4% heat-inactivated fetal bovine serum (Gibco,

USA) and incubated at 37˚C for 3 days. Then, the cells were stained with 0.8% crystal violet

solution after fixation with 10% formaldehyde. After removal and drying at room temperature,

the plaques were counted immediately. The neutralizing antibody titer was defined as the dilu-

tion factor corresponding to a 50% plaque reduction compared with the control. Based on the

Kärber formula, Neutralizing antibody titer (NT titer) was calculated for the PRNT titer [16].

For sVNT, the sera of vaccinated mice were mixed with a diluted HRP-receptor binding

domain solution in a 1:1 volume ratio, and the mixtures were incubated at 37˚C for 30 min.

The sample mixture in duplicate was added to 96-well plates from a commercial kit (GenScript

Biotech, USA) and incubated at 37˚C for 15 min. After washing the plates using a Biotek 405

TS microplate washer (Agilent, USA), a TMB solution was added to the wells and reacted for

15 min at 25˚C, and the corresponding stop solution was added to stop the reaction. Finally,

the absorbance of the wells was recorded at 450 nm on a Spectra Max i3X spectrophotometer

(Molecular Devices, USA).

Cytokine analysis

To evaluate interferon-gamma (IFN-γ)-secreting splenocytes, we performed an enzyme-linked

immunosorbent spot (ELISpot) assay using a Mouse IFN-γ ELISpot kit (R&D Systems, USA).

Briefly, 5 × 105 splenocytes from immunized mice were seeded in 96-well polyvinylidene fluoride-

backed microplates and cultured in RPMI 1640 medium (Gibco, USA) stimulated with 1 μg of a

SARS-CoV-2 spike glycoprotein peptide pool (GenScript Biotech, USA) overnight at 37˚C. The

peptide pool used in this study included 315 peptides through the entire spike protein of SARS-

CoV-2 (15-mers with 11 amino acid overlaps). The plates were washed after stimulation and incu-

bated at 20–25˚C for 2 h with biotinylated anti-IFN-γ antibodies. Alkaline phosphatase-conju-

gated streptavidin was then added to each well and incubated at room temperature for 2 h. Spot

development was assessed after adding a 3-amino-9-ethylcarbazole chromogen solution for 20

min, and the number of colored spots formed was counted using a CTL Immunospot reader

(Immunospot, USA). To analyze cytokine expression, the MILLIPLEX Mouse High Sensitivity T

Cell Magnetic Bead Panel kit (Millipore, USA) was used according to the manufacturer’s instruc-

tions and the samples were subjected to a Luminex MAGPIX system (Luminex Corp., USA).

Statistical analysis

Statistical analysis was performed using one-way ANOVA with Dunnett’s and Tukey’s multi-

ple comparison tests, one-way ANOVA with uncorrected Fisher’s LSD test, and two-way
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ANOVA with Dunnett’s and Tukey’s multiple comparison tests. The statistical tests were

adjusted for multiple comparisons between the control group vaccinated with pVax1. All sta-

tistical analyses were conducted using the GraphPad Prism software (La Jolla, USA). P-
values< 0.05 were defined as statistically significant.

Results

Design of DNA vaccine candidates against SARS-CoV-2

We constructed five DNA vaccine candidates expressing the full-length S protein of five geno-

types: the S genotype and the Alpha, Beta, Gamma, and Delta variants (Fig 1). The DNA

sequences of all five SARS-CoV-2 genotypes were aligned with isolated and reported sequences

from Korean patients at the Global Initiative for Sharing All Influenza Data using 63 isolates of

the S genotype, 98 isolates of Alpha, 73 isolates of Beta, 16 isolates of Gamma, and 537 isolates

of Delta. The tPA leader sequence was linked to the DNA sequences of the spike protein, and

the full DNA vaccine sequences were optimized to enhance expression and immunogenicity.

The optimized sequence was digested with BamHI and XhoI and cloned into the pVax1 vector

for expression.

Immune response induced by SARS-CoV-2 DNA vaccine candidates in mice

To evaluate the immune response induced by the vaccine candidates in mice, C57BL/6 mice were

randomly divided into seven groups (n = 6 mice per group) and vaccinated via electroporation

with 50 μg of the DNA vaccine candidates twice at 3-week intervals. The mouse sera were col-

lected one week after the final vaccine administration to analyze spike-specific IgG levels via

ELISA and neutralizing antibody responses. Mice immunized with the DNA vaccine candidates

based on the S genotype and Alpha and Beta variants had elevated SARS-CoV-2-specific total IgG

levels compared with those of the other groups (Fig 2A and 2B). The IgG subtypes from vacci-

nated mice indicated that higher IgG1 and IgG2c levels were produced than those of the other

Fig 1. Design of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) DNA vaccine candidates. Schematic diagram of the five DNA vaccine

constructs used in this study. Five DNA vaccine candidates were designed using various SARS-CoV-2 strains, including the first genotype S and the Alpha,

Beta, Gamma, and Delta variants, which are classified as variants of concern (VOCs) by the World Health Organization. Abbreviations: CD, cytoplasmic

domain; NTD, N-terminal domain; RBD, receptor-binding domain; RBM: Receptor-binding motif; SP: Signal peptide; TM: Transmembrane domain.

https://doi.org/10.1371/journal.pone.0295594.g001
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Fig 2. Evaluating humoral immunogenicity induced by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) DNA vaccine candidates. (A)

The blood samples of vaccinated mice were collected one week after the final vaccination. Sera of vaccinated mice were analyzed for SARS-CoV-2 specific total

IgG using ELISA. Each sample was tested in duplicate. (B) The total IgG titers were calculated as EC50 (half maximal effective concentration). P-values were

determined using one-way ANOVA with uncorrected Fisher’s LSD test. (C) The IgG subtypes in the sera of vaccinated mice were also analyzed using ELISA.
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IgG subtypes in all groups (Fig 2C and 2D). In particular, the S genotype-vaccinated group

showed a high IgG2b subtype immune response. To quantify the neutralizing antibodies against

SARS-CoV-2 in vitro, PRNT using a mixture of diluted serum samples containing viruses was

performed in triplicate and sVNT was performed by mixing the mouse sera with a diluted HRP-

receptor binding domain solution in duplicate. The level of neutralizing antibodies increased in

the groups vaccinated with the candidates based on the S genotype and Alpha and Beta variants

compared with the Gamma and Delta variants (Fig 2E). The S and Alpha groups showed higher

inhibition rates than the other groups (Fig 2F). We also performed an ELISpot assay using vacci-

nated mouse splenocytes stimulated with a SARS-CoV-2 spike glycoprotein peptide pool and a

multiplex cytokine assay to measure the level of antigen-specific T cell response induced by the

DNA vaccine candidates. The S, Alpha, and Beta groups showed quantitatively more robust

SARS-CoV-2-specific T cell responses than the Gamma and Delta groups (Fig 3A). In particular,

the vaccine candidates based on the Alpha and Beta variants induced strong, diverse cytokine

responses, showing significantly higher levels of IL-6, IL-13, and IFN-γ than the other candidates

(Fig 3B). These data demonstrate that the mice vaccinated with the DNA vaccine candidates

based on the S genotype and the Alpha and Beta variants elicited stronger humoral and cell-medi-

ated immune responses than the mice administered with the other vaccine candidates.

Immune responses in mice after cross-vaccination with SARS-CoV-2 DNA

vaccine candidates

To evaluate the immunogenicity elicited by the DNA vaccination regimens based on the

SARS-CoV-2 variants, C57BL/6 mice were immunized twice at three-week intervals using five

DNA vaccine candidates via homologous or heterologous vaccination and sacrificed one week

P-values were determined using two-way ANOVA with Tukey’s test. (D) The ratios of IgG2b to IgG1 and IgG2c to IgG1 were calculated. P-values were

determined using two-way ANOVA with Tukey’s test. (E) The neutralizing antibody titers in the sera of the vaccinated mice were analyzed via a plaque

reduction neutralization test (PRNT) using the SARS-CoV-2 virus. P-values were determined using two-way ANOVA with Tukey’s test. (F) The sera of mice

were tested for their neutralization rate using a SARS-CoV-2 surrogate virus neutralization test (sVNT). P-values were determined using one-way ANOVA

with Dunnett’s test. * P< 0.05, ** P< 0.01, *** P< 0.001, **** P< 0.0001.

https://doi.org/10.1371/journal.pone.0295594.g002

Fig 3. Induction of cell-mediated immune responses in mice after immunization with DNA vaccine candidates. (A) Splenocytes from mice immunized

with the DNA vaccine candidates were collected 1 week after the final vaccination. They were tested in duplicate using a spike glycoprotein peptide pool and

compared to those in unstimulated cells. Sample wells with spots were measured using a CTL Immunospot reader. Data are shown as the mean ± SD from

individual mice (n = 6) per group. P-values were determined using two-way ANOVA with Dunnett’s test. (B) Multiplex cytokines using the supernatant of a

mouse splenocyte culture were measured using a Luminex Megapix system. P-values were determined using two-way ANOVA with Tukey’s post-hoc test. *
P< 0.05, ** P< 0.01.

https://doi.org/10.1371/journal.pone.0295594.g003
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after the final vaccination. Humoral immune responses, including IgG levels and neutralizing

antibody titers, were analyzed using ELISA, PRNT, and sVNT assays. The mice in the S/S and

S/Alpha groups showed high levels of SARS-CoV-2-specific total IgG and IgG subtypes, espe-

cially IgG1, IgG2b, and IgG2c (Fig 4A–4D). In addition, the S/S and S/Alpha groups showed

high levels of neutralizing antibody responses (Fig 4E and 4F). Cellular immune response was

also measured by determining the number of IFN-γ-secreting cells using an ELISpot assay.

The mice vaccinated with S/Alpha and S/Beta showed robust IFN-γ immune responses com-

pared to those in the S/Gamma and S/Delta groups (Fig 4G). These data indicated that homol-

ogous vaccination with the S genotype and heterologous vaccination with S/Alpha induced

humoral and cellular immune responses in mice.

Discussion

The emergence of SARS-CoV-2 in late 2019 has changed many aspects of human life, includ-

ing the lockdown of economies, social disruption, public health, and human psychological

states [17]. Therefore, developing a safe and effective vaccination strategy is the key to prevent-

ing increasing cases of hospitalization and death from SARS-CoV-2 infection.

Previous studies have provided various opinions on optimizing strategies using homolo-

gous and heterologous vaccinations against many diseases [18]. Several previous studies have

indicated that numerous successful homologous vaccination strategies, such as the oral polio

vaccine, hepatitis A and B vaccines, and Haemophilus influenzae type B vaccine, have been rig-

orously evaluated based on scientific evidence and clinical trials [18]. Moreover, various scien-

tific studies confirm the beneficial effects of heterologous vaccination strategies against

malaria, influenza, and human papillomavirus using different vaccine platforms, such as DNA,

adenoviral vectors, modified vaccinia Ankara viral vectors, and recombinant subunit vaccine

immunization regimens. These strategies have shown significantly increased humoral and cel-

lular immunity [19–22]. Utilizing different vaccination strategies in advanced vaccine develop-

ment plays a major role, especially in the emergency caused by the global COVID-19

pandemic. Therefore, we performed homologous and heterologous and heterologous immuni-

zations using DNA vaccine candidates based on the VOCs to develop a safe and effective vac-

cine strategy based on the prevalent SARS-CoV-2 situation.

In the present study, we evaluated the immunogenicity of the vaccine candidates by pro-

cessing induced humoral and cellular immune responses in mice vaccinated with 50 μg of the

prime-boost DNA vaccine candidates. Based on our prior study on the dose-dependent effects

of the full-length SARS-CoV-2 S DNA vaccine candidates, a 50-μg antigen dose most effec-

tively triggered immune responses by showing the highest antibody and NAb titers [23].

Herein, we observed that the mice immunized with DNA vaccine candidates based on the S

genotype and Alpha and Beta variants had higher total IgG levels and neutralization antibody

responses than the others; the vaccine candidate based on the Alpha variant induced an excep-

tionally robust and diverse cytokine response. In this study, we discovered that mice vacci-

nated with the DNA vaccine candidates showed high levels of various cytokines, such as IL-6,

IL-13, and IFN-γ, and the Alpha candidate induced tumor necrosis factor-α (TNF-α) produc-

tion. These cytokines are associated with essential functions that activate and differentiate

inflammatory and immune responses in patients with COVID-19 [24,25] and comprise inte-

grated immune signatures in patients infected with SARS-CoV-2 [26]. In mice that received

homologous vaccination with Alpha, elevated levels of IL-6 and IL-13 were associated with

reduced angiotensin-converting enzyme-2 expression and increased host cell entry of SARS-

CoV-2 in airway epithelial cells, particularly in the nasal and bronchial epithelium [27–30].

Specifically, the type 2 cytokine IL-13 is known as the central mediator of lung inflammation
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Fig 4. Evaluating the immunogenicity of cross-vaccination using severe acute respiratory syndrome coronavirus 2

(SARS-CoV-2) DNA vaccine candidates. (A) The blood samples of vaccinated mice were collected one week after the

final vaccination, at week four after first vaccination. SARS-CoV-2-specific total IgG levels in the vaccinated mice were

measured using ELISA. Each sample was tested in duplicate. (B) The total IgG titers were calculated as EC50 (half

maximal effective concentration). P-values were determined using one-way ANOVA with Dunnett’s test. (C) The IgG
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caused by respiratory allergies and less severe COVID-19 infection [26,27,31]. IFN-γ is known

to be an essential antiviral and antimicrobial cytokine. It is upregulated both locally and sys-

temically in the mucosa and involved in regulating the differentiation of CD4 T cells into Th1

effectors, which moderate the cellular immune system [29,32–34]. In particular, IFN-γ is a

treatment target in many diseases, including COVID-19. Several scientific studies have dem-

onstrated that decreased circulating IFN-γ levels are a risk factor for lung fibrosis in COVID-

19 infection [35,36]. In addition, mice vaccinated with the Alpha candidate had increased lev-

els of TNF-α compared to levels in the other groups. The pro-inflammatory cytokine TNF-α
plays a key role in protecting against infectious pathogens that cause acute and chronic inflam-

mation by inhibiting the replication of the infectious agent via activation of innate immune

responses, promotion of cellular apoptosis and proliferation, and simultaneous stimulation of

the production of other chemokines and cytokines [37–39]. Moreover, TNF-α is crucial for

pathological processes, including cell survival, differentiation, and proliferation, and it pro-

motes the recruitment of macrophages, dendritic cells, and neutrophils to areas invaded by

viral contagions in order to control and clear the contagions [37–40]. Numerous studies have

investigated the cytokine release syndrome, which is commonly discovered in patients with

SARS-CoV-2 and is characterized by excessive secretion of TNF-α, IL-6, and other inflamma-

tory cytokines [37,41]. Other studies have indicated that TNF-α may be a major cytokine that

plays a protective role as part of the host response especially in acute viral myocarditis, hepati-

tis B virus (HBV), and respiratory syncytial virus infection [42–45]. TNF-α modulation may

result in increased rates of protein synthesis and reduced rates of protein degradation in adult

cardiac myocytes [43]. TNF-α also exerts antiviral activity by promoting the infiltration of leu-

kocytes into affected areas in order to eliminate infectious factors [44]. Moreover, TNF-α may

enhance the heart’s ability to contract and induce moderate compensatory hypertrophy and

normal tissue homeostasis in cardiac myocytes under stressful conditions [43,44]. Further-

more, TNF-α and IFN-γ produced by HBV-specific cytotoxic T cells inhibit the expression

and replication of HBV [44,45]. Therefore, understanding the roles of IL-6, IL-13, IFN-γ, and

TNF-α is essential for developing an effective vaccine and treatment against SARS-CoV-2 and

other respiratory diseases.

Since the beginning of the COVID-19 pandemic, the role of T cell activation has been

extensively studied in clinical trials and experimental models. Secretory Th1 cells promote cel-

lular immune responses and are required for host defense against intracellular pathogens. Th2

cells mediate humoral responses to activate and maintain the antibody reaction against bacte-

ria, allergens, and toxins [34,36,46,47]. In this study, we demonstrated that mice vaccinated

with S/S and S/Alpha showed significantly increased levels of Th1 cell-secreted cytokines, such

as IFN-γ, and Th2 cytokines, such as IL-6 and IL-13. In particular, we discovered that high lev-

els of S-specific IgG1, a representative Th2 cytokine, IgG2b, and IgG2c are modulated by Th1

cells in all groups, especially in the S/S and S/Alpha groups. These data suggest that DNA

subtypes in the sera of the vaccinated mice were also measured using ELISA. P-values were determined using two-way

ANOVA with Dunnett’s test. (D) The ratios of IgG2b to IgG1 and IgG2c to IgG1 were calculated. P-values were

determined using two-way ANOVA with Tukey’s test. (E) Neutralizing antibody titers in the vaccinated mouse sera were

detected using a plaque reduction neutralization test (PRNT). P-values were determined using two-way ANOVA with

Dunnett’s test. (F) Neutralizing antibody levels in the sera of the mice were tested using a SARS-CoV-2 surrogate virus

neutralization test (sVNT) kit. P-values were determined using one-way ANOVA with Dunnett’s test. (G) An autopsy of

the mice was performed one week after the final vaccination. The splenocytes of the sacrificed mice were isolated and the

levels of cytokines secreted were measured using ELISpot. The splenocytes were stimulated with a SARS-CoV-2 spike

glycoprotein peptide pool to determine if there was a significant difference compared to the unstimulated group, and the

spots were counted using a CTL Immunospot reader. Data are shown as the means ± SD from individual mice (n = 6) per

group. P-values were determined using two-way ANOVA with Tukey’s test. * P< 0.05, ** P< 0.01, *** P< 0.001, ****
P< 0.0001.

https://doi.org/10.1371/journal.pone.0295594.g004
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vaccine candidates drive robust Th1 and Th2 responses by maintaining cytokine balance.

Therefore, modulating these subsets of Th1 and Th2 reactions plays a prominent role in con-

trolling and treating primary SARS-CoV-2 infection by developing an adaptive immune

system.

In this study, mice vaccinated with the S/S and S/Alpha variants showed high levels of total

IgG, IgG subtypes, and neutralization antibody responses. Even though it remains unclear

whether homologous or heterologous DNA vaccine candidates are superior in eliciting

humoral and cellular immune responses against SARS-CoV-2 infections, the results of this

study indicate that the DNA vaccine candidates based on the S and Alpha variants might be a

more effective approach to enhance immune responses than the other candidates. Vaccination

with booster doses, whether homologous or heterologous, requires prolonging and improving

the immune response by increasing their protective efficacy against SARS-CoV-2 [48]. More-

over, our data showed similar results regardless of prime-boost vaccination programs, in

which mice in the S/S and S/Alpha groups elicited both humoral and cellular immune

responses compared with others. This result indicates that the efficacy of the DNA vaccine

candidates used in this study was variant-dependent. Further studies are needed to confirm

which vaccination strategies are optimal for long-term immunity and which T resident mem-

ory cells will contribute to protection after vaccination against SARS-CoV-2.
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