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SARS-CoV-2 vaccines currently in use have contributed to controlling the

COVID-19 pandemic. Notwithstanding, the high mutation rate, fundamentally

in the spike glycoprotein (S), is causing the emergence of new variants. Solely

utilizing this antigen is a drawback that may reduce the efficacy of these

vaccines. Herein we present a DNA vaccine candidate that contains the genes

encoding the S and the nucleocapsid (N) proteins implemented into the non-

replicative mammalian expression plasmid vector, pPAL. This plasmid lacks

antibiotic resistance genes and contains an alternative selectable marker for

production. The S gene sequence was modified to avoid furin cleavage (Sfs).

Potent humoral and cellular immune responses were observed in C57BL/6J

mice vaccinated with pPAL-Sfs + pPAL-N following a prime/boost regimen by

the intramuscular route applying in vivo electroporation. The immunogen fully
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protected K18-hACE2 mice against a lethal dose (105 PFU) of SARS-CoV-2.

Viral replication was completely controlled in the lungs, brain, and heart of

vaccinated mice. Therefore, pPAL-Sfs + pPAL-N is a promising DNA vaccine

candidate for protection from COVID-19.
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Introduction

Vaccines are considered the most effective method to control

the COVID-19 pandemic and have helped restore the global

economy (1, 2). However, efficacy of the protective immune

response induced by these vaccines against variants of concern

(VOCs) is problematic (3). New VOCs present a high mutation

rate in the receptor binding domain (RBD) and the N-terminal

domain sequences of the SARS-CoV-2 spike glycoprotein

(S). Antibody-based immunity against these VOCs is less

effective compared to the original strain, Wuhan-Hu-1 (4, 5).

Nonetheless, the T-cell response remains robust to these VOCs

(6). T cells recognize more epitopes on the S protein than

antibodies do (6). T-cell responses do not fade as quickly as

antibody responses, and are, therefore, more effective at

protecting from emerging variants (3, 7–9). Vaccines

expressing the S protein from the Omicron variants don’t

improve efficacy when compared to the original S protein.

This indicates that altering the vaccine antigen to the most

recent S form may not necessarily correlate with improved

efficacy (3). Developing highly efficacious vaccines to prevent

COVID-19 remains a global need. Vaccines that elicit an

adequate cellular immune response will be necessary in the

future to limit the impact of new VOCs on health systems (10).

DNA vaccines have been used in veterinary medicine and

induce specific protective immune responses against pathogens.

They are easily modifiable allowing for quick testing of multiple

vaccine candidates against new virus strains. One of the benefits

of DNA vaccine production is that it can easily be scaled up.

DNA vaccines are thermotolerant, and, consequently, cold chain

maintenance is not required for long-term storage or worldwide

distribution. Developing countries would benefit from this

feature (11). Several DNA vaccine candidates are being tested

in clinical trials against COVID-19 (12), although most contain

an antibiotic resistance gene as a selectable marker for the

manufacturing process (12). We have developed a new DNA

vaccine candidate for the prevention of SARS-CoV-2 infection

that consists of the complete S and the nucleocapsid (N) gene

sequences cloned into the non-replicative antibiotic resistance

gene-free pPAL plasmid (13). The S gene was modified to

stabilize the protein product against furin cleavage (Sfs) and
02
includes the RBD, which mediates virus entry into the host cell

(14). The vaccine candidate, pPAL-Sfs + pPAL-N, is composed

of a 1:1 mass ratio mixture of each plasmid dissolved in sterile

water. We decided to include the genes in separate plasmids to

avoid a single larger plasmid, which would result in reduced

production yield. The pPAL plasmid vehicle includes a long CpG

island (13) and does not require additional adjuvants. The N

protein was chosen as it remains significantly conserved among

betacoronaviruses (15). A protective role for the N protein

against SARS-CoV-2 infections has been recently proposed

(16). The N protein is the most abundant viral protein, highly

immunogenic in coronavirus infections, and may contribute to

broadening the T-cell response, improving cross-reactivity.

Therefore, we assessed the efficacy of the pPAL-Sfs + pPAL-

N vaccine candidate against SARS-CoV-2 using a prime/boost

administration regime by the intramuscular route followed by in

vivo electroporation (11). Humoral and cellular immunity were

evaluated in wild-type C57BL/6J mice and the level of protection

against a lethal challenge of SARS-CoV-2 was assessed in the

mouse line B6Cg-Tg(K18-hACE2)2Prlmn/J (17). The present

study provides evidence that pPAL-Sfs + pPAL-N is a promising

vaccine candidate against SARS-CoV-2 infection.
Materials and methods

pPAL constructs

DNA vaccines require a vector to replicate genes and express

encoding antigens. Antibiotic resistance genes are often used as

selection markers, which must not be released into the

environment upon final product commercialization.

Considering this, the use of antibiotic resistance-free vectors is

imperative. The pPAL mammalian expression plasmid vector is

based on the cytomegalovirus enhancer and promoter

sequences. This plasmid does not replicate in mammalian cells

and does not contain selectable markers based on antibiotic

resistance. The selectable marker is the E. coli fabI gene, which

encodes for the enoyl-ACP reductase. This enzyme is inhibited

by the bacteriostatic compound triclosan, which is the selection

agent at an optimal concentration of 3 µM (13). The pPAL-Sfs
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construct (Figure 1A) contains a modified version of the SARS-

CoV-2 S-encoding gene with NCBI acc. no. NC045512, gene ID

43740568. First, the sequence was optimized by the Monte Carlo

approach according to relative codon usage frequencies. Second,

the cleavage site was modified to avoid furin cleavage (PRRA !
PGGS; 681-684). For this purpose, the nucleotide sequence

CCTCGGCGGGCA was replaced by CCAGGCGGCAGC

(2041–2052). The pPAL-N construct contains the SARS-CoV-

2 N protein with NCBI acc. no. NC045512, gene ID 43740575.

The KpnI-site-flanked pPAL-Sfs and pPAL-N constructs were

obtained by gene synthesis in the pGH vector (ATG

Biosynthetics, Merzhausen, Germany) and transferred to the

E. coli SURE2 (Agilent, Santa Clara, CA) strain by

electroporation at 1,800 V, 200 W, and 25 µF. Selection in LB-

agar medium was performed with 3 µM triclosan (Sigma-

Aldrich, St. Louis, MO, United States). pGH was excised by

KpnI (NEB, Ipswich, MA) digestion, and the vaccine constructs

were circularized with T4 DNA ligase (NEB). Endotoxin-free

pPAL, pPAL-Sfs, and pPAL-N plasmid preparations were

obtained with PureLink™ Expi Endotoxin-Free Giga Plasmid

Purification Kit (Invitrogen, Waltham, MA) following the

manufacturer’s instructions.
Antigen gene expression in transfected
HEK293 cells

HEK293 cells (CRL-1573™, ATCC®, Manassas, VA) were

grown at 37 °C in a 5% CO2 atmosphere in complete medium

(CM) containing DMEM supplemented with 10% heat-

inactivated fetal bovine serum (HIFBS) (Sigma-Aldrich,

Burlington, MA), 100 IU penicillin – 100 µg/mL streptomycin.

Semi-confluent HEK293 cells were detached by mild pipetting

and washed once with 1 mL sterile PBS and once with 0.3 mL

GTporator®-M (Protean, Ceske Budejovice, Czech Republic)

per 3 x 106 cells. The cells were transfected by electroporation

with pPAL, pPAL-S, pPAL-Sfs, or pPAL-N, and a mock

transfection control that didn't contain DNA was included.

Transfection of 1.2 x 106 cells with 5 µg of DNA was

performed at 220 V, 25 W, and 950 µF in 80 µL of

GTporator®-M solution in a sterile 2 mm-gap cuvette (BTX,

Cambridge, United Kingdom) using an ECM 630 Electro Cell

Manipulator Precision Plus® (BTX, Cambridge, United

Kingdom). 1.2 mL of pre-warmed medium was immediately

added to the cells. 0.2 mL of the cell suspension were placed in an

8-well culture slide (Nunc® Lab-Tek® Chamber Slide™, Sigma-

Aldrich, Burlington, MA) and 1 mL in a 24-well plate. The cell

suspensions were incubated at 37 °C for 24 h in a 5%

CO2 atmosphere.

Transfected HEK293 cells in 24-well plates were washed

twice with 1 mL CM and lysed with 50 µL of a buffer containing

25 mM Tris-HCl pH 7.8, 2 mM EDTA, 2 mMDTT, 1% glycerol,

and 1% Triton-X100. The protein extracts were quantified by the
Frontiers in Immunology 03
Bradford method. Each 20 µg protein extract was treated with

8.3 U/µL of TurboNuclease from Serratia marcescens (Sigma-

Aldrich, Cambridge, United Kingdom) at room temperature for

10 min and prepared for SDS-PAGE in Laemmli buffer, heated

at 95 °C for 5 min, and run at 30 mA for 90 min in 8-20% TGX

precast SDS-PAGE gels (BioRad, Hercules, CA). Semi-dry

transfer was performed on 0.45 µm nitrocellulose membranes

(BioRad, Hercules, CA) at 1.3 A and 25 V for 10 min (high

molecular weight transfer) in a TransBlot Turbo device (BioRad,

Hercules, CA) following the manufacturer’s instructions. The

membranes were blocked with 5% skimmed milk in PBS-0.1%

Tween 20 (PBS-Tween) at room temperature under mild

shaking for 1 h and washed thrice in PBS-Tween, 15, 5, and 5

min, respectively. The membrane was incubated at room

temperature under mild shaking for 90 min with the primary

antibodies prepared at the appropriate dilutions in blocking

buffer. The rabbit anti-SARS-CoV-2 S polyclonal antibody

#ab272504, specifically recognizing the S2 subunit (Abcam,

Cambridge, United Kingdom), was used at a 1:750 dilution in

blocking solution. The anti-SARS-CoV-2 N polyclonal antibody,

kindly provided by Mercedes Domıńguez and Inmaculada

Moreno (Centro Nacional de Microbiologı ́a, Virologı ́a e

Inmunologıá Sanitarias, Instituto de Salud Carlos III), was

used at a 1:500 dilution in blocking solution. After washing

three times, a 1 h incubation was carried out with the secondary

HRP-conjugated goat anti-rabbit whole IgG polyclonal antibody

(DAKO Agilent Technologies, Santa Clara, CA) at a 1:2,000

dilution in blocking solution. After repeating the wash steps,

chemoluminescence was developed with ECL Western Blotting

Reagent (Thermo Fisher Scientific, Waltham, MA) for 1 min.

The images were acquired with a ChemiDoc MP Image System

(BioRad, Hercules , CA). The colorimetric and the

chemoluminescence images were merged using ImageLab 6.1.

software (BioRad, Hercules, CA).

Transfected cells in 8-well slides were washed once with 200

µL of a hypotonic solution (11:9 water:DMEM) and twice with

1:1 acetone:methanol. Fixation and permeabilization was

performed with 1:1 acetone:methanol at -20 °C for 10 min.

The preparations were air-dried and the wells were carefully

removed from the slides. Three 5 min washes with 0.22 µm-

filtered PBS were carried out in a Coplin jar. The preparations

were then air-dried and blocked with 20 µL of a 5% skimmed

milk solution in 0.22 µm-filtered PBS-Tween at 37 °C in a humid

chamber for 1h. After removing the excess blocking solution, 20

µL of a 1:50 dilution in blocking buffer of the anti-S2 and anti-N

primary antibodies mentioned above were added to the

corresponding preparation and incubated for 1 h. A single 5

min wash step was applied. Then, the cells were incubated with

20 µL of 1:200-diluted Alexa Fluor® 488-conjugated goat anti-

rabbit IgG secondary antibody (Jackson ImmunoResearch, West

Grove, PA) at room temperature in the dark for 1 h. 10 min

before the secondary antibody incubation was completed, 20 µL

of 10 µg/mL DAPI in 0.22 µm-filtered PBS were added. The
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slides were washed four times with 0.22 µm-filtered PBS, 5 min

per wash, and were then mounted with 50 µL Mowiol 4-88 and

left to dry at 4 °C for 16 h in the dark. The fluorescence images

were acquired with an SP8 STED 3X confocal microscope (Leica

Wetzlar, Germany).
Immunization with pPAL-Sfs + pPAL-N

87 eight-week-old wild-type C57BL/6J female mice (Charles

River, Wilmington, MA) were used for immune response

analysis, and 140 eight-week-old B6Cg-Tg(K18-hACE2)

2Prlmn/J female mice (Jackson ImmunoResearch, West Grove,

PA) were employed in protection experiments. The animals

were generally lodged in groups of five, except for four groups of

eight C57BL/6J mice in the dose-response experiment, always

following the space requirements specified in legislation (EU

Directive 2010/63 and Spain regulation RD53/2013, modified by

RD1386/2018). The mandatory permits to perform the

experiments were approved by the Consejo Superior de

Investigaciones Cientıfícas (CSIC) Ethics Committee and the

Comunidad Autónoma de Madrid. Experimentation with

infected mice was carried out in BSL3+ laboratories (CISA-

INIA-CSIC). All animals received food and water ad libitum.

Animal welfare measures were applied, considering

replacement, reduction, and refinement. Environmental

enrichment was implemented. Anesthesia with isofluorane (3%

for induction, 1.5% for maintenance) was administered while the

vaccine inoculation followed by in vivo electroporation were

being applied. 0.2 mg/Kg ibuprofen was then added to the

drinking water. The same anesthesia was administered upon

sacrifice by intracardiac puncture. All other measures specified

in the regulations were applied. The endpoint criterion was

adopted when appropriate. In the specific case of the K18-

hACE2 mice after the viral challenge, euthanasia was

immediately applied when animal weight decreased 20% or

more and when any incipient sign of suffering was detected.

The procedures applied in challenge experiments were then

subject to retrospective evaluation.

C57BL/6J and K18-hACE2 mice were immunized by the IM

route with the pPAL-Sfs + pPAL-N vaccine, which is an

endotoxin-free DNA mixture composed of 20 µg pPAL-Sfs

and 20 µg pPAL-N in sterile CHROMASOLV™ water

(Honeywell Riedel-de Haën, Charlotte, NC). Control mice

received 40 µg of pPAL. Electroporation was applied using two

30G (0.3 x 13 mm) electrode needles connected to an ECM 830

Square Wave Electroporation System (BTX, Harvard Bioscience

Inc., Cambridge, MA, USA), which were placed equidistant to

the inoculation point in the direction of the muscle fibers,

leaving a ~5 mm separation between them. The negative pole

was placed in the posterior position. Six 50 ms 100 V pulses were

applied in 1 s intervals. The animals were immobilized on an

electrically isolated surface and were kept under isofluorane
Frontiers in Immunology 04
anesthesia (3% induction, 1.5% maintenance) during the

procedure. 0.2 mg/Kg ibuprofen was administered in drinking

water after the procedure. Wild-type C57BL/6J mice were

euthanized a week after the booster dose for cellular immune

response evaluation in the spleen. K18-hACE2 mice were

subjected to challenge 2 weeks after the booster dose following

humoral immune response evaluation.
ELISA

100 µL of peripheral blood was collected 1 week before

vaccination and 15 days post-vaccination. Blood was left to clot

at 4 °C for 5 h. Serum samples were obtained by centrifugation at

8,000 xg for 10 min and stored at -20 °C until use. Serial dilutions

(1/3) of sera were prepared with 1% BSA in PBS-0.05% Tween

20. 96-well flat-bottom microplates were coated with 50 mL of 50

mg/mL recombinant S1+S2 ECD-His protein (Sino Biological,

Beijing, China) and RBD (RayBiotech Life, Peachtree Corners,

GA) in 3.36 mM carbonate–10 mM bicarbonate buffer at 4° C

for 16 h. After three washes with 1% BSA in PBS-0.05% Tween

20, blocking was performed in PBS-0.05% Tween 20 containing

3% BSA for 1 h at room temperature. Next, the washes were

repeated, and 100 mL of diluted serum samples were added,

incubating for 1 h. After repeating the wash step, incubations

with 1:8,000-diluted HRP-conjugated protein A (Invitrogen,

Waltham, MA), 1:20,000 goat anti-mouse IgG1, or 1:20,000

goat anti-mouse IgG2c (Bethyl Laboratories, Montgomery,

TX) were performed for 1 h, followed by three final washes.

Color development was executed with TMB Substrate Kit

(Thermo Scientific, Waltham, MA) for 10 min in 100 µL. The

reactions were stopped by adding 100 mL of 2 N H2SO4. A450 was

registered with Microplate Reader 680 (BioRad, Hercules, CA)

and Microplate Manager 5.2.1 software (BioRad, Hercules, CA).
SARS-CoV-2 neutralization assays

The SARS-CoV-2 MAD6 viral strain and B.1.617.2 (Delta)

variant were kindly provided by Dr. Luis Enjuanes and Dr. Juan

Francisco Garcı́ a-Arriaza (CNB-CSIC, Madrid, Spain),

respectively. The MAD6 SARS-CoV-2 genome sequence is

identical to the Wuhan-Hu-1 isolate (GenBank MN908947).

Serial dilutions of heat-inactivated mouse sera (starting at 1:10)

were incubated with 100 PFU of SARS-CoV-2 MAD6 or

B.1.617.2 (Delta) for 1 h at 37 °C in 96-well flat-bottom plates.

2×104 Vero E6 cells per well were then seeded on the sera/virus

mixture and incubated for 3 days at 37 °C, 5% CO2. Culture

media was then removed, and cells were fixed with 2%

paraformaldehyde prior to staining with 2% crystal violet.

Neutralizing antibody (NAb) titers were calculated as the

serum dilution at which less than 50% cytopathic effects were

observed in replicate wells.
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ELISpot and intracellular
cytokine staining

Splenocyte suspensions were obtained in 15 mL of PBS

containing 0.3 mM EDTA and 2% HIFBS (wash solution)

using 0.45 µm BD Falcon Cell Strainers (BD Biosciences, San

Jose, CA). The cells were harvested by centrifugation at 500 xg

for 7 min and erythrocytes were lysed at room temperature for 2

min with 5 mL of 1X RBC Lysis Buffer (pluriSelect Life Science,

Leipzig, Germany). 25 mL of wash solution were immediately

added, and the cells were centrifuged at 500 xg for 7 min. After

an additional wash, the cells were resuspended in 5 mL of

proliferation medium containing RPMI supplemented with

10% HIFBS, 100 UI penicillin – 100 µg/mL streptomycin, and

4.5 µM b-mercaptoethanol. The cell suspensions were filtered

through 0.45 µm BD Falcon Cell Strainers (BD Biosciences, San

Jose, CA) and an aliquot was 1:1 diluted with 0.4% Trypan Blue

solution (Sigma-Aldrich, St. Louis, MO) for live cell counting in

TC10 Cell Counting Slides using a TC10 Automated Cell

Counter (BioRad, Hercules, CA).

ELISpot assays were performed with the Murine IFN-g
ELISpot Kit (Abcam, Cambridge, United Kingdom) following

the manufacturer’s instructions. In the stimulation step, 2 x 105

splenocytes were seeded in 200 µL of proliferation medium

containing the appropriate stimulus. Stimulation was

performed in triplicate at 37 °C for 20 h in a 5% CO2

atmosphere. The stimuli were: i) 1 µg/mL concanavalin A

(Sigma-Aldrich, St. Louis, MO); ii) an equimolar peptide

mixture at a final concentration of 25 µg/mL representing the

whole S protein sequence prepared from the PepTivator® SARS-

CoV-2 Prot_S1 and PepTivator® SARS-CoV-2 Prot_S (Miltenyi

Biotec, Bergisch Gladbach, Germany) mixtures; and iii) an

equimolar peptide mixture representing the whole N protein

sequence at a final concentration of 25 µg/mL prepared from the

PepTivator® SARS-CoV-2 Prot_N (Miltenyi Biotec, Bergisch

Gladbach, Germany) mixture.

Splenocytes were plated in 96-well flat-bottom tissue culture

plates (1x106 per well) and stimulated with S peptide pool (25

mg/mL) (Peptivator® SARS-CoV-2 Prot_S Miltenyi Biotec,

Bergisch Gladbach, Germany), or with phorbol 12-myristate

13-acetate (50 ng/mL) (Sigma-Aldrich, St. Louis, MO) and

ionomycin (1 mg/mL) (Sigma-Aldrich, St. Louis, MO) as the

positive control, or left unstimulated as the negative control.

Brefeldin-A (5 mg/mL), monensin (2 mM), and anti-CD107a

antibody (1 mg/mL) (PE anti-mouse CD107a; clone 1D4B)

(Biolegend, San Diego, CA) were also added to all wells at this

stage. Splenocytes were incubated for a further 4 h in a

humidified incubator at 37 °C, 5% CO2. Cells were then

washed with PBS and stained with viability marker LIVE/

DEAD™ Fixable Near-IR Dead Cell Stain Kit (Thermofisher,

Waltham, MA) as described in the manufacturer’s protocol for

20 min on ice. Cells were then washed in staining buffer (PBS +
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2% HIFBS + 0.02% sodium azide) and stained for surface cell

markers (Alexa Fluor® 488 anti-mouse CD8a, clone 53-6.7;

Brilliant Violet 510™ anti-mouse CD4, clone GK1.5; and

PerCP/Cyanine5.5 anti-mouse CD3, clone 17A2; all from

Biolegend, San Diego, CA) for 20 min on ice. Cells were

washed twice in staining buffer, and fixed and permeabilized

using the Cytofix/Cytoperm Fixation/Permeabilization kit (BD

Biosciences, San Jose, CA) according to the manufacturer’s

instructions for 20 min on ice, followed by staining for

intracellular cytokines for 30 min on ice (Brilliant Violet

421™ anti-mouse TNF-a, clone MP6-XT22; Alexa Fluor® 647

anti-mouse IFN-g, clone XMG1.2; and Brilliant Violet 785™

anti-mouse IL-2; all from Biolegend, San Diego, CA). After

washing as indicated in the Cytofix/Cytoperm Fixation/

Permeabilization kit, cells were resuspended in staining buffer

and acquired with a FACSCelestaSORP flow cytometer (BD

Biosciences, San Jose, CA). Data analysis was performed with

FlowJo Software (BD Biosciences, San Jose, CA).
SARS-CoV-2 maintenance and
infectious challenge

The Calu3 cell line was grown in DMEM medium

supplemented with 20% HIFBS and 10 mM HEPES. This cell line

was kindly provided by Luis Enjuanes (CNB-CSIC, Madrid, Spain)

and was used for viral propagation at a multiplicity of infection

(MOI) of 0.001 PFU per cell. The supernatant was harvested 72 h

after infection (hpi), subjected to three freeze/thaw cycles, and

clarified by centrifugation at 1,970 xg for 10 min. The virus was

titrated and stored at -80 °C until use. Titration was performed

using the Vero E6 cell line (CRL-1586, ATCC®, Manassas, VA),

which was maintained in DMEM medium supplemented with 5%

HIFBS. Viral adsorption was allowed for 1 h in 70-80% confluent

Vero E6 cell culture monolayers. 2 mL of 0.5% semisolid agar in

DMEM medium supplemented with 2% HIFBS were then added.

The PFU count was performed after 6 days.

Mice were challenged with 105 PFU of MAD6 or Delta

SARS-CoV-2 by the intranasal route 15 days after the booster

dose. Thereafter, body weight and clinical profiles were followed

daily. Body weight and clinical score follow-up included 10 K18-

hACE2 mice per group (pPAL control and pPAL-Sfs + pPAL-N)

for each experiment. The clinical score was calculated as

explained in Supplementary Table 1. 20 mice per group in

each experiment were employed for viral burden evaluation in

subgroups of five on days 2, 4, 7, and 14 post-challenge.
Clinical score evaluation

Mice were observed and weighed daily post-challenge, and

clinical signs were scored according to Table S1. The sum score
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in clinical signs (based on body weight, appearance, motility, and

respiration) was used to evaluate disease severity. A humane

endpoint was implemented when this score reached >50 to

reduce animal suffering.
Viral load evaluation in target organs

Samples of the target organs (lung, heart, and brain) obtained

on days 2, 4, 7, and 14 post-challenge were lysed applying three

freeze-thaw cycles and 20 sonication cycles/min at 5 W for 2 min.

The lysates were centrifuged at 220 xg for 5 min to obtain clarified

viral stocks. Total RNA extraction was performed with Trizol

Reagent (Invitrogen, Waltham, MA) following the manufacturer’s

instructions. Two-step qRT-PCR was performed using SuperScript

III reverse transcriptase (Invitrogen,Waltham,MA) and EHFDNA

polymerase (Roche, Basel, Switzerland) as described by Toussaint

et al. (18) using the N1-F (GACCCCAAAATCAGCGAAAT) and

N1-R (TCTGGTTACTGCCAGTTGAATCTG) primers, and the

N1-P (FAM-ACCCCGCATTACGTTTGGTGGACC-BHQ1)

probe. The primers and probe for the b-actin reference gene were

ACT_F_1005-1029 (CAGCACAATGAAGATCAAGATCATC),

ACT_R_1135-1114 (CGGACTCATCGTACTCCTGCTT), and

ACT_P_1081-1105 (JOE-TCGCTGTCCACCTTCCAG

CAGATGT-BHQ1). The same clarified viral stocks from target

organs were used to titrate viral replication by plaque assays in

VERO cells measured as PFU/g tissue.
Statistical analysis

Two-way ANOVA with Fisher’s LD post-hoc test was

applied to intracellular cytokine staining experiments only. In

all other experiments, statistical inference was performed with

the Student’s t-test applying p-value adjustment by the Holm-

Sidak method.
Results

HEK293 cells transfected with the pPAL-
Sfs + pPAL-N vaccine candidate
expresses the SARS-CoV-2 Sfs and
N genes

S and N protein gene sequences were retrieved from the

SARS-CoV-2 Wuhan-1 isolate genome sequence (GenBank Acc.

No. MN908947). Sfs is a modified version of the S gene

generated to avoid furin cleavage (2041 CCTCGGCGGGCA

! CCAGGCGGCAGC; 681 PRRA ! PGGS). Endogenous

furin from HEK293 cells only cleaves the S glycoprotein and

not Sfs as the S2 fragment is only observed in pPAL-S

transfectants (Figure 1A). The Sfs and the N clones were
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separately cloned into the pPAL mammalian expression

plasmid vector under the control of the CMV enhancer/

promoter (13), obtaining the pPAL-Sfs + pPAL-N vaccine

candidate (Figure 1). HEK293 cells transfected with each DNA

construct express the respective antigen genes according to

Western blot (Figures 1A, B). Indirect immunofluorescence

experiments using anti-S2 and anti-N polyclonal antibodies

confirmed Sfs and N expression (Figures 1C, D).
pPAL-Sfs + pPAL-N vaccination induces
SARS-CoV-2-specific humoral and
cellular immune responses in mice

C57BL/6J (B6) mice were immunized with pPAL-Sfs +

pPAL-N (20 mg each) by the intramuscular route by applying

an in vivo electroporation procedure following a 15-day-interval

prime-boost homologous regimen. The average titers of

circulating anti-S IgG, anti-RBD IgG, and anti-RBD IgG2c

were >2,000. The IgG2c/IgG1 ratio was ~750 in pPAL-Sfs +

pPAL-N vaccinated mice (Figure 2A). All vaccinated animals

were positive for neutralizing antibodies (NAb). The average

NAb titers were ~100 after the booster dose (Figure 2B). Hence,

the pPAL-Sfs + pPAL-N vaccine candidate elicits a SARS-CoV-

2-specific neutralizing humoral immune response in mice.

According to an ELISpot assay, all vaccinated mice

produced >500 IFN-g-secreting spot-forming colonies (SFC)

per million splenocytes on day 7 post-boost, specifically against

an 11-mer peptide pool representing the whole SARS-CoV-2 S

protein sequence with an overlap of 7 amino acids. The average

was ~1,600, and the maximum was ~3,100 (Figure 3A). The

mean of IFN-g-secreting SFC per million splenocytes specific

to a peptide pool representing the whole SARS-CoV-2 N

protein sequence with the same characteristics is much lower

(~200) (Figure 3A). A second independent ELISpot assay

confirmed high levels of IFN-g-secreting splenocyte clones

and showed that pPAL-Sfs + pPAL-N response is dose-

dependent (>2,000, ~1,500, ~1,300, and 0 in mice immunized

with 20, 10, 5, and 1 mg of each plasmid, respectively)

(Figure 3B). The T-cell response was assessed by intracellular

cytokine staining (ICS). The CD107a, IFN-g, IL-2, and TNF-a
markers were monitored in CD4+ and CD8+ T cell populations

in splenocyte preparations stimulated with the S and N peptide

pools. All vaccinated mice produced CD4+ and CD8+ T cells

stimulated specifically against the S and N peptide pools

(Figure 4A). CD4+ and CD8+ T cell populations activated

against the S peptide pool for the CD107a, IFN-g, IL-2, and
TNF-amarkers were registered, except for IL-2 in CD8+ T cells

(Figure 4B). Activation against the N peptide pool was lower

compared to the S peptide pool for all markers, except for

CD107a in CD4+ T cells. Particularly, no activation against the

N peptides was observed for IFN-g and IL-2 (Figure 4B). CD8+

T cells showed higher polyfunctionality than CD4+ T cells.
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FIGURE 1

The pPAL-Sfs + pPAL-N vaccine candidate. (A) pPAL-Sfs map. Sfs is a codon-optimized modified version of the SARS-CoV-2 Wuhan reference
sequence that contains a modification to avoid furin cleavage of the protein product. Large-scale laboratory preparation of the pPAL-Sfs plasmid
containing supercoiled (CCC), open-circular (OC), CCC-dimer, and CCC-trimer conformers. Western blot of whole protein extracts from HEK293 cells
transfected with pPAL, pPAL-S, and pPAL-Sfs. The primary antibody was 1:800-diluted goat anti-S polyclonal antibody (Abcam #ab272504, Cambridge,
United Kingdom), which only recognizes the S2 subunit. The secondary antibody was 1:2,000-diluted HRP-conjugated goat polyclonal anti-rabbit Ig.
Furin cleaves the S protein obtained from pPAL-S but not Sfs from pPAL-Sfs. (B) Large-scale laboratory preparation of the pPAL-N plasmid containing
CCC, OC, CCC-dimer, and CCC-trimer conformers. Western blot of whole protein extracts from HEK293 cells transfected with pPAL and pPAL-N. The
primary antibody was 1:500-diluted rabbit anti-N polyclonal antibody. The secondary antibody was 1:2,000-diluted HRP-conjugated goat polyclonal
anti-rabbit Ig. (C, D) immunofluorescence of cultured HEK293 cells transfected with pPAL, pPAL-Sfs, and pPAL-N plasmids. The anti-S and anti-N
antibody dilutions were 1:50. The pPAL control was incubated with both antibodies. The secondary antibody was Alexa Fluor® 488-conjugated goat
anti-rabbit IgG diluted to 1:200. Sfs and N expression is observed.
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Patients positive for CD8+ T cells are less sensitive to

reinfection (19), highlighting the need for vaccines eliciting a

potent cellular immune response. Approximately 30% of CD8+

T cells were positive for three markers (Figure 5). S-specific

CD8+ T cells expressing CD107a, IFN-g, and TNF-a were the

most abundant. In summary, vaccination with pPAL-Sfs +

pPAL-N triggers robust T-cell activation including Th1,

cytotoxic CD4+, and polyfunctional cytotoxic CD8+ T cell

populations in vaccinated animals. The presence of cytotoxic

CD4+ T cells in vaccinated mice is consistent with previous

studies (20).
pPAL-Sfs + pPAL-N vaccination induces
complete protection in K18-hACE2 mice

The pPAL-Sfs + pPAL-N vaccine candidate induces a

specific immune response against SARS-CoV-2. Therefore, a

protection efficacy experiment was performed in B6Cg-Tg

(K18-hACE2)2Prlmn/J mice following the same vaccination

protocol as for WT B6 mice (see below). 15 days after the
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booster dose, all vaccinated animals were positive for total anti-

RBD IgG, IgG1, and IgG2c, with high average titers (~10,000,

~600, and ~7,000, respectively). The IgG2c/IgG1 titer ratio was

~12 (Figure 6A). SARS-CoV-2 antibody neutralization titers

were also high except in one mouse (Figure 6A). Therefore, the

animals were challenged with a lethal dose (105 PFU) of the

SARS-CoV-2 MAD6 isolate intranasally. Clinical signs and

body weight were monitored after the challenge to evaluate

protection. Vaccinated mice did not show any weight loss

compared with control mice, which started to lose weight by

day 3 post-challenge (Figure 6B). Furthermore, clinical signs

were significantly reduced in vaccinated mice, whereas the

clinical score of non-vaccinated controls increased on day 3

post-challenge (Figure 6C). All control mice were sacrificed by

day 7 post-challenge (Figure 6B). Hence, complete protection

was achieved in mice vaccinated with two doses of the pPAL-

Sfs + pPAL-N plasmid mixture (20 mg each) administered by

the intramuscular route applying in vivo electroporation.

Subgroups of five mice were sacrificed on day 4, day 7, and

day 14 post-challenge to quantify viral replication levels. Lungs,

heart, and brain were collected from each mouse to evaluate viral
B

A

FIGURE 2

The pPAL-Sfs + pPAL-N vaccine candidates activate SARS-CoV-2 S- and RBD-specific humoral immunity in C57BL/6J mice. The serum samples
were collected 15 days after the booster dose. (A) ELISA determinations of individual and average titers of total circulating anti-S and anti-RBD
IgG determined by ELISA using HRP-conjugated protein (A) ELISA determinations of individual and average titers of circulating anti-RBD IgG,
IgG1, and IgG2c using HRP-conjugated goat anti-mouse IgG1, anti-IgG2, and anti-IgG2c. The average anti-S and anti-RBD IgG titers are
≥2,000. The IgG2c/IgG1 ratio is ~750 in vaccinated animals with respect to the pPAL control group. (B) The neutralizing antibody titer average is
>100. Statistical inference was performed using the Student’s t-test applying p-value adjustment by the Holm-Sidak method (a = 0.05; *p<0.05;
**p<0.01; ***p<0.001; ns, non-significant).
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load by qRT-PCR and to titrate viral replication by plaque assay.

Vaccinated mice showed a significant reduction in SARS-CoV-2

RNA levels in all evaluated organs compared with control mice

(Figure 6D). The Ct values in target organs notably decreased in

most vaccinated mice by day 4 post-challenge, and no viral RNA

was detected on day 14 post-challenge. Quantification of

replicative infectious virus in the different tissues indicated a

significant reduction in vaccinated mice, with undetectable levels

in most cases (Figure 6E). Infectious virus was only detected in

the lungs of 2 out of 5 mice on day 7 post-challenge and in the

hearts of 3 out of 5 mice on day 4 post-challenge. However, viral

load was significantly lower compared to control animals (2.2 x

103 in vaccinated mice versus 9 x 103 PFU/g). The levels of

infectious virus in the brain were considerably higher in control

mice. The data indicates that there was initial viral replication in

the lungs of control animals, followed by dissemination to the

heart and brain, whereas vaccination completely controlled

viral replication.

An important issue regarding new SARS-CoV-2 vaccines is

long-term memory (21). To evaluate long-term protection, K18-

hACE2 mice were vaccinated with two doses of 20 mg of pPAL-
Sfs + 20 mg of pPAL-N with a 15-day interval between prime and

boost, and lethally challenged with SARS-CoV-2 3 months after

the booster dose. Antibody titers were still significantly higher in

vaccinated mice compared with control mice (Figure 7A) after 3

months, with a value of IgG2c higher than IgG1, indicating a

Th1 immune response. Protection was determined by daily

registration of weight and clinical signs. Control mice lost
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weight continuously during the 7-day period post-challenge,

and all had to be sacrificed by day 7. On the contrary, pPAL-Sfs

+ pPAL-N vaccinated mice did not lose weight post-challenge

(Figure 7B). Furthermore, the clinical score was significantly

higher in the control group than in the vaccinated group

(Figure 7C). These data indicate that the pPAL-Sfs + pPAL-N

vaccine induces long-term immunity in mice and, accordingly,

confers protection.
pPAL-Sfs + pPAL-N vaccination is
effective against the dominant B.1.617.2
(Delta) variant

Efficacy of the same prime-boost pPAL-Sfs + pPAL-N

vaccination protocol was evaluated in K18-hACE2 mice

against 105 PFU of the B.1.617.2 (Delta) variant. The

circulating anti-RBD IgG, IgG1, and IgG2c titers were high in

vaccinated animals (>10,000, ~1,000, and 8,000, respectively).

The IgG2c/IgG1 ratio was ~8, suggesting a Th1 immune

response (Figure 8A). Weight and clinical signs were

monitored daily after challenge with the SARS-CoV-2 Delta

variant. All vaccinated mice maintained their initial weight,

whereas the control group continuously lost weight post-

challenge (Figure 8B). Vaccinated mice did not show

significant clinical signs compared with the control group

(Figure 8C). Therefore, the pPAL-Sfs + pPAL-N vaccine

protected mice against a lethal challenge with the Delta variant.
BA

FIGURE 3

S- and N-specific activation of IFN-g-producing splenocytes induced by the pPAL-Sfs + pPAL-N vaccine candidate in C57BL/6J mice is dose-
dependent. Splenocytes were obtained 7 days post-boost after prime/boost inoculation of pPAL and pPAL-Sfs + pPAL-N. Splenocytes (2x105 cells/well)
were stimulated at 37 °C in IFN-g ELISpot plates for 16 h with 11-mer 8 amino acid-overlap peptide pools (25 µg/well) representing the whole S and N
amino acid sequences in equimolar amounts. Negative stimulation controls were subtracted from the SFC per million cell values. Statistical inference
was performed using the Student’s t-test applying p-value adjustment by the Holm-Sidak method (a = 0.05; **p<0.01; ***p<0.001). (A) Robust S- and
N-specific activation of IFN-g-producing splenocytes is observed with a prime/boost immunization regime with pPAL-Sfs + pPAL-N. (B) S-specific
activation of IFN-g-producing splenocytes with pPAL-Sfs + pPAL-N is dose dependent.
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B

A

FIGURE 4

Specific CD3+CD4+ and CD3+CD8+ T-cell response induced by pPAL-Sfs + pPAL-N in C57BL/6J mice. Splenocytes were obtained from mice
after prime/boost inoculation with pPAL and pPAL-Sfs + pPAL-N. Splenocytes were stimulated for 4 h with 11-mer 8 amino acid-overlap
peptide pools representing the whole S and N amino acid sequences in equimolar amounts. (A) Percentage of CD3+CD4+ and CD3+CD8+ T
cells producing CD107a, IFN-g, TNF-a, and IL-2 in response to stimulation with peptide S or N pools. (B) Percentage of CD4+ and CD8+ T cells
responding to S and N peptide pools above background, calculated as the sum of T cells positive for CD107a and/or IFN-g and/or TNF-a and/or
IL-2. Statistical inference using Two-way ANOVA with Fisher’s LD post-hoc test (*p<0.05; **p<0.01; ***p<0.001).
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Discussion

The COVID-19 pandemic continues to be a primary concern

worldwide even though a high proportion of individuals in

developed countries have been vaccinated with vaccines that

protect from severe symptoms. COVID-19 vaccines currently

in use are based on the S antigen delivered in adenoviral vectors,
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or as mRNA or recombinant protein formulations. Most are

effective at containing the severity of the disease (22). mRNA

vaccines are usually included in lipid nanoparticles and induce

high protection levels (23–27). These vaccines require the strict

maintenance of the cold chain (-80 or -20 °C), which is a

drawback for delivery in developing countries. Adverse effects

such as anaphylaxis and myocarditis of these mRNA vaccine
FIGURE 5

Polyfunctionality analysis of specific CD3+CD4+ and CD3+CD8+ T cell populations stimulated by pPAL-Sfs + pPAL-N immunization in C57BL/6J
mice. Analyses of concomitant expression of CD107a, IFN-g, TNF-a, and IL-2 in CD3+CD4+ T cells and CD3+CD8+ T cells in response to N
peptide pool or S peptide pool stimulation. Pie charts split the percentage of T cells expressing either 1, 2, 3, or 4 markers upon stimulation.
Statistical inference using Two-way ANOVA with Fisher’s LD post-hoc test (*p<0.05; **p<0.01; ***p<0.001).
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formulations are rare (reviewed in (22)). Non-replicating viral

vector vaccines also require the cold chain (2-8 °C) and cause rare

adverse events, such as thrombosis with thrombocytopenia and

the Guillain-Barré syndrome, and proinflamatory response (22,
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28). Second generation vaccines based on recombinant proteins

with adjuvants lead to high specific antibody responses but confer

low T-cell activation levels (29, 30). Although existing vaccines

protect against severity of clinical signs, currently dominant
B C
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A

FIGURE 6

The pPAL-Sfs + pPAL-N vaccine confers full protection against challenge with 105 PFU of the MAD6 SARS-CoV-2 isolate in the K18-hACE2
murine model. (A) Titration of circulating anti-RBD IgG, IgG1, IgG2c, and neutralizing antibodies 15 days after prime/boost immunization with
pPAL-Sfs + pPAL-N. (B) Body weight evolution after 105 PFU SARS-CoV-2 challenge. Vaccinated animals maintained their weight throughout
the experiment. Weight decreased in the control group until the endpoint criteria had to be applied (20% of weight loss). (C) Clinical sign
follow-up after challenge. (D) Reduction of the viral load in target organs. DCt accounting for SARS-CoV-2 mRNA levels. b-actin was the
reference gene. (E) Reduction of viral replication (PFU/g tissue) in VERO cells. Statistical inference was performed using the Student’s t-test
applying p-value adjustment by the Holm-Sidak method (a = 0.05; *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001).
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variants, such as Omicron (B.1.1.529), are not very sensitive to

these vaccines (5). Additional vaccine doses will unlikely tackle

the problem of vaccine escape variants (31). New vaccines

providing protection against a broader spectrum of VOCs are

required. DNA vaccines are a promising method for COVID-19

control given their ability to be efficiently modified to achieve

protection against new variants, their low cost, the relatively

simple manufacturing process, and their thermotolerance, which

would facilitate worldwide distribution (32). Low-income

countries would particularly benefit from this vaccine because

the cold chain isn’t required for storage and distribution (12). In

this study, we describe a DNA vaccine against SARS-CoV-2

delivered by in vivo electroporation after injection via the IM

route. This vaccine elicits a robust SARS-CoV-2-specific humoral

and cellular immune response that protects mice from a lethal

challenge with the Wuhan strain and the Delta variant.
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The N protein in coronaviruses is a critical structural

protein (33, 34) whose genetic stability and conservation

among coronaviruses, including new putative variants, make

it a suitable vaccine candidate (34). The S gene was modified to

Sfs to avoid furin cleavage. HEK293 cells transfected with

pPAL-Sfs + pPAL-N properly express the codon-optimized

Sfs and N genes from the Wuhan strain. C57BL/6J mice

vaccinated with two doses of pPAL-Sfs + pPAL-N by

electroporation induced a robust humoral response,

producing specific IgGs against the S protein and its RBD

domain. Anti-RBD IgG subclass analysis showed the

predominance of IgG2c, indicating a Th1/Th2 balance

skewed towards Th1. Most of the asymptomatic SARS-CoV-2

infected mice exhibited an effective and robust Th1 response,

which favors infection clearance (35). Several studies have

shown that the initial establishment of a robust Th1 immune
B
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FIGURE 7

Full protection of K18-hACE2 mice after three months of vaccination with pPAL-Sfs+ pPAL-N against challenge with 105 PFU of the MAD6
SARS-CoV-2 isolate in the K18-hACE2 murine model. (A) Titration of circulating anti-RBD IgG, IgG1, and IgG2c three months after the pPAL-Sfs
+ pPAL-N booster dose administration. (B) Body weight evolution after 105 PFU SARS-CoV-2 challenge. Vaccinated animals maintained their
weight throughout the experiment, whereas weight decreased in the control group. (C) Clinical sign follow-up after challenge with 105 PFU
SARS-CoV-2. Statistical inference was performed using the Student’s t-test applying p-value adjustment by the Holm-Sidak method (a = 0.05;
*p<0.05; **p<0.01).
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response leads to control of viral replication, whereas a potent

Th2 response correlates with severe forms of the disease

(36, 37). In addition to the generation of anti-S IgG

antibodies, we have demonstrated that immunization with

pPAL-Sfs + pPAL-N also induced production of neutralizing

antibodies. Virus neutralization is a measure of antibody

efficacy (38) and a correlate of vaccine-induced protection

(39). Therefore, pPAL-Sfs + pPAL-N induces a humoral

response compatible with protection against SARS-CoV-2.

T-cell responses likely play a significant role in SARS-CoV-2

infection. Strong T-cell responses correlated with recovery of

patients that suffered mild disease (40, 41). A robust CD8+ T-cell

response with broad specificity is considered a signature of

successful protective immunity against SARS-CoV-2 (42).

Patients who tested positive for CD8+ T cells are less sensitive

to reinfection (19), highlighting the need for vaccines that elicit a

potent cellular immune response. One of the main advantages of

DNA vaccines is their ability to stimulate a strong T-cell

immune response. Vaccination with pPAL-Sfs + pPAL-N

activates specific T-cell responses to the SARS-CoV-2 S and N
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proteins. We assessed four functional parameters: CD107a, IFN-

g, IL-2, and TNF-a, to better understand the function and

phenotype of the anti-S and anti-N T cells elicited by

vaccination. The finding that cytotoxic CD4+ T cells are

present in vaccinated mice is consistent with past studies (20).

Cytokine profile analysis of antigen-specific CD4+ and CD8+ T

cells indicated that pPAL-Sfs + pPAL-N vaccination induced

polyfunctional T cells to different extents depending on the T cell

compartment and the antigen. Very few activated cells

expressing the four parameters were detected. Nonetheless, we

found that more than 50% of CD8+ T cells specific to the S

peptide pool were positive for two or more functional

parameters, which indicates that these cells are polyfunctional

effectors. Curiously, anti-N CD8+ T cells were less

polyfunctional and most exclusively displayed a cytotoxic

phenotype. Similarly, both anti-S and anti-N CD4+ T cells

showed limited polyfunctionality. Still, both cell populations

expressed CD107a in response to peptide stimulation, which

demonstrates that these CD4+ T cells possess a cytotoxic

phenotype. The presence of cytotoxic CD4+ T cells specific for
B C
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FIGURE 8

The pPAL-Sfs + pPAL-N vaccine confers full protection against challenge with 105 PFU of the SARS-CoV-2 Delta variant in the K18-hACE2
murine model. (A) Titration of circulating anti-RBD IgG, IgG2c, and neutralizing antibodies 15 days after prime/boost immunization with pPAL-
Sfs + pPAL-N. (B) Body weight evolution after 105 PFU SARS-CoV-2 challenge. Vaccinated animals maintained their weight throughout the
experiment, whereas weight decreased in the control group. (C) Clinical sign follow-up after challenge with 105 PFU SARS-CoV-2. Statistical
inference was performed using the Student’s t-test applying p-value adjustment by the Holm-Sidak method (a = 0.05; *p<0.05; ****p<0.0001).
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SARS-CoV-2 in murine models has been reported (20), and it

correlates with protection in some viral infections, such as West

Nile fever (43). In future work, it would be interesting to

determine to which extent these cytotoxic anti-SARS-CoV-2

CD4+ T cells contribute to protection. Overall, the data indicate

that vaccination induces cellular immune responses against the

SARS-CoV-2 antigens included in the vaccine formulation and

that anti-S CD8+ T cell effectors are polyfunctional. Since T cell

polyfunctionality can be a correlate of protection (44), pPAL-Sfs

+ pPAL-N vaccination could activate potent T cell effectors

capable of recognizing the viral infection.

As previously stated, the pPAL-Sfs + pPAL-N vaccine

triggers specific T-cell activation against N. In some viral

infections, non-neutralizing antibodies directed to the

nucleoprotein can help clear the infection of enveloped viruses

(45–47). One of the mechanisms behind the protective role of

these anti-N antibodies has been recently described (15). The E3

ubiquitin ligase TRIM21 may target the N protein for

proteasomal degradation through anti-N antibodies, thus

triggering the activation of effective cytotoxic T-cell responses

against the N antigen (15). This suggests that including the

SARS-CoV-2 N gene in the vaccine formulation may improve

protection as it could provide T cell reactivity against this highly

conserved antigen through multiple mechanisms.

The pPAL-Sfs + pPAL-N vaccine was capable of protecting

mice against the Wuhan strain and the Delta VOC. Therefore,

the humoral and cellular immune response triggered against the

S and N antigens of SARS-CoV-2 by pPAL-Sfs + pPAL-N was

likely capable of protecting mice from the disease. Our viral load

analysis by qRT-PCR and PFU titration in lung, heart, and brain

tissue homogenates indicate that pPAL-Sfs + pPAL-N

vaccination prevented the virus from spreading to organs,

such as the heart (19) or the brain, linked to serious long-term

side effects of COVID-19. Noteworthy, protection was achieved

in all vaccinated animals, including those with low specific

antibody titers, indicating that the pPAL-Sfs + pPAL-N

vaccine produces humoral and cellular immune responses,

thus enhancing protection. Additionally, protection was

achieved in all vaccinated animals when the SARS-CoV-2

challenge was performed 3 months after the last vaccination.

Hence, pPAL-Sfs + pPAL-N vaccination induces long-term

immunity against the disease and fully protects mice from the

SARS-CoV-2 Wuhan strain and the Delta VOC. Therefore, the

pPAL-Sfs + pPAL-N vaccine is ready to advance to human

clinical trials.

In summary, homologous prime/boost administration of

sterile-water-dissolved pPAL-Sfs + pPAL-N (20 µg per

plasmid per dose) administered by the IM route and applying

subsequent in vivo electroporation fully protects mice against

challenge with 105 PFU of the Wuhan-Hu-1 MAD6 isolate and

the Delta variant. pPAL-Sfs + pPAL-N triggers a Th1 cell
Frontiers in Immunology 15
response, a polyfunctional CD8+ cytotoxic T-cell response, and

the production of neutralizing antibodies. This DNA vaccine is

safe, easy to produce at the industrial scale, and suitable for

distribution and storage at room temperature.
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Vallet-Regı,́ Martıń, Sevilla and Larraga. This is an open-access article
distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is
permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in
accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.
frontiersin.org

https://doi.org/10.1038/s41580-021-00432-z
https://doi.org/10.1038/s41580-021-00432-z
https://doi.org/10.1016/j.chom.2020.03.002
https://doi.org/10.3390/biomedicines10020296
https://doi.org/10.3390/biomedicines10020296
https://doi.org/10.3389/fimmu.2020.596553
https://doi.org/10.1016/S0140-6736(20)30183-5
https://doi.org/10.1038/s41591-021-01377-8
https://doi.org/10.1038/s41591-021-01377-8
https://doi.org/10.1038/s41577-020-00479-7
https://doi.org/10.1038/s41577-020-00479-7
https://doi.org/10.1172/jci.insight.139024
https://doi.org/10.3389/fimmu.2020.00827
https://doi.org/10.1016/j.jvacx.2020.100076
https://doi.org/10.4049/jimmunol.181.12.8568
https://doi.org/10.4049/jimmunol.181.12.8568
https://doi.org/10.1371/journal.pone.0138395
https://doi.org/10.1371/journal.pone.0138395
https://doi.org/10.3389/fimmu.2017.01590
https://doi.org/10.1371/journal.ppat.1006601
https://doi.org/10.1371/journal.ppat.1006601
https://doi.org/10.4049/jimmunol.181.6.4168
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fimmu.2022.1023255
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Non-replicative antibiotic resistance-free DNA vaccine encoding S and N proteins induces full protection in mice against SARS-CoV-2
	Introduction
	Materials and methods
	pPAL constructs
	Antigen gene expression in transfected HEK293 cells
	Immunization with pPAL-Sfs + pPAL-N
	ELISA
	SARS-CoV-2 neutralization assays
	ELISpot and intracellular cytokine staining
	SARS-CoV-2 maintenance and infectious challenge
	Clinical score evaluation
	Viral load evaluation in target organs
	Statistical analysis

	Results
	HEK293 cells transfected with the pPAL-Sfs + pPAL-N vaccine candidate expresses the SARS-CoV-2 Sfs and N genes
	pPAL-Sfs + pPAL-N vaccination induces SARS-CoV-2-specific humoral and cellular immune responses in mice
	pPAL-Sfs + pPAL-N vaccination induces complete protection in K18-hACE2 mice
	pPAL-Sfs + pPAL-N vaccination is effective against the dominant B.1.617.2 (Delta) variant

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


