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Abstract: The urgent need for effective, safe and equitably accessible vaccines to tackle the ongoing 

spread of COVID-19 led researchers to generate vaccine candidates targeting varieties of immuno-

gens of SARS-CoV-2. Because of its crucial role in mediating binding and entry to host cell and its 

proven safety profile, the subunit 1 (S1) of the spike protein represents an attractive immunogen for 

vaccine development. Here, we developed and assessed the immunogenicity of a DNA vaccine en-

coding the SARS-CoV-2 S1. Following in vitro confirmation and characterization, the humoral and 

cellular immune responses of our vaccine candidate (pVAX-S1) was evaluated in BALB/c mice using 

two different doses, 25 µg and 50 µg. Our data showed high levels of SARS-CoV-2 specific IgG and 

neutralizing antibodies in mice immunized with three doses of pVAX-S1. Analysis of the induced 

IgG subclasses showed a Th1-polarized immune response as demonstrated by the significant eleva-

tion of spike-specific IgG2a and IgG2b compared to IgG1. Furthermore, we found that immuniza-

tion of mice with three doses of 50 µg of pVAX-S1 could elicit significant memory CD4+ and CD8+ T 

cell responses. Taken together, our data indicates that pVAX-S1 is immunogenic and safe in mice 

and is worthy of further preclinical and clinical evaluation. 
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1. Introduction 

The emergence and rapid spread of the severe acute respiratory syndrome-corona-

virus-2 (SARS-CoV-2), the causative agent of the coronavirus disease 2019 (COVID-19) 

pandemic, represent a serious public health and economic burden to humanity [1-4]. 

While the majority of COVID-19 patients are either asymptomatic carriers or have mild 

symptoms such as fever, myalgia and cough, millions have suffered from life-threatening 
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acute respiratory infections and deaths. As of June 2021, around 178 million confirmed 

cases have been reported with at least 3.8 million deaths [5]. Furthermore, the high trans-

missibility rate of SARS-CoV-2 among humans as well as the emergence of new variants 

of concern (VOC) of the virus pose significant obstacles toward controlling its spread [6-

8], highlighting the urgent need for the development of safe, effective and equitably ac-

cessible vaccines. 

Hundreds of SARS-CoV-2 vaccines have been or being developed using traditional 

and innovative technology platforms [9]. Several of these vaccines were approved for 

emergency use by multiple regulatory agencies across the globe. Examples of traditional 

vaccines include killed/inactivated vaccines which although demonstrated safety and ef-

ficacy in humans, several potential risks may still exist [10]. Other developers have 

adopted innovative technologies and/or novel approaches for antigen design, gene ex-

pression and vector optimization including adenovirus-based vaccines [11-14] as well as 

mRNA vaccines [15]. Additional platforms being used include novel viral vectors, recom-

binant subunit proteins, nanoparticles and plasmid DNA [16-18].  

The spike (S) protein of SARS-CoV-2 is composed of a globular head S1 subunit con-

taining the receptor-binding domain (RBD), and a membrane-proximal S2 subunit con-

taining the fusion machinery of the virus [19]. Most of these aforementioned vaccines rely 

on using either the full-length S protein or the RBD as the immunogen because of their 

critical roles in viral entry and host tropism [19,20], and ability to elicit protective immun-

ity in animals and humans after vaccination or infection [9, 10, 21]. Use of full-length S 

protein as immunogen, however, could be associated with undesired responses by induc-

ing non-neutralizing antibodies which may contribute to disease enhancement, immuno-

pathological inflammation and fatality [22-28]. As such, targeting the S1 subunit could 

help minimize potentially undesirable effect. Here, we evaluated the humoral and cellular 

immunogenicity of a plasmid DNA vaccine candidate expressing the S1 subunit of the S 

protein in an attempt to focus the immune response towards the neutralizing-epitope rich 

domains. 

2. Materials and Methods 

2.1 Generation of DNA construct 

SARS-CoV-2 S1 coding sequence was PCR amplified from codon-optimized full-

length S gene (GenBank accession number: MN908947) synthesized by GenScript USA 

Inc. (Piscataway, NJ). The coding sequence of S1 (1-681 aa) was subcloned into the mam-

malian expression vector pVAX1 under the control of the cytomegalovirus immediate-

early promoter, denoted as pVAX-S1. The construct was cloned between NheI and KpnI 

restriction sites. The construct was then confirmed by restriction digestion and sequenc-

ing. Bulk endotoxin-free preparations of pVAX-S1 and empty vector (pVAX) were pre-

pared using the GenElute™ HP Select Plasmid Gigaprep Kit (Sigma, Germany) for animal 

studies. 

2.2 Detection of SARS-CoV-2 S1 protein expression by Western blot 

HEK-293A cells (70-90% confluent) in 6-well plates were transfected with 2 μg of 

pVAX-S1, pVAX1, or pcDNA3.1 expressing full-length S protein (pcDNA-S) using 

Lipofectamine 2000 Transfection Reagent (Invitrogen, Carlsbad, CA) according to manu-

facturer’s instructions, followed by incubation at 37°C in a 7% CO2 incubator for 48 h. After 

that, media were removed, and transfected cells were then washed with phosphate-buff-

ered saline (PBS) and lysed with radioimmunoprecipitation assay buffer (RIPA buffer) 

(Sigma, Germany). The lysates were subjected to western blot analysis to test protein ex-

pression using in-house anti-S1 (SARS-CoV-2) mouse polyclonal antibodies at a 1:1000 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 28 June 2021                   doi:10.20944/preprints202106.0650.v1

https://doi.org/10.20944/preprints202106.0650.v1


 

dilution. Also, β-actin was detected with anti β-actin antibodies at a 1:3000 dilution (Ori-

Gene Technologies, Inc., Rockville, MD) as a loading control. 

2.3 Detection of SARS-CoV-2 S1 protein expression by immunofluorescence  

HEK-293A cells were seeded on cell culture slide and incubate at 37°C in a 7% CO2 

incubator to be 70% confluent by the next day. Cells were then transfected with 1 μg of 

either pVAX-S1 or pVAX control plasmid using Lipofectamine 2000 Transfection Reagent 

(Invitrogen, Carlsbad, CA) according to manufacturer’s instructions and incubated at 37°C 

in a 7% CO2 incubator for 36 h. The media was removed, cells were washed with PBS, 

fixed with 4% formaldehyde at 4°C for 10 min and permeabilized with 0.2% PBS-Triton 

100 (PBS-T) at 4°C for 20 min. Cells were washed twice with PBS-T and blocked with 2% 

goat serum/PBS-T at room temperature for 30 min. Cells were then stained with in-house 

mouse anti-S1 primary polyclonal antibodies at a 1:1000 dilution in 2% goat serum/PBS-T 

at 4°C for 1 h. This was followed by three washes and staining with Alexa Fluor-488 la-

beled goat anti-mouse IgG H&L secondary antibody (Abcam, UK) at 1:500 dilution in 

blocking buffer in the dark at room temperature for 1 h. Cells were finally washed three 

times with PBS-T and mounted with VECTASHIELD with DAPI counterstain antifade 

mounting medium (Invitrogen, Carlsbad, CA). Images were captured using Olympus 

BX51 Fluorescence Microscope and analyzed using ImageJ 1.53e Software. 

2.4 Immunization and samples collection 

6- to 8-week-old female BALB/c mice were provided from King Fahd Medical Re-

search Center (KFMRC) core animal facility, King Abdulaziz University (KAU). All ani-

mal experiments were done according to guidelines and the approval of the Animal Care 

and Use Committee (ACUC) at KFMRC and ethical approval from the bioethical commit-

tee at KAU (approval number 04-CEGMR-Bioeth-2020). Mice were randomly divided into 

three experimental groups (8 mice/group) and immunized with three doses of 25 μg or 50 

μg of pVAX-S1, or 50 μg of pVAX on days 0, 21 and 42. Mice were immunized intramus-

cularly using customized needle-free Tropis system (PharmaJet, Golden, CO). Serum sam-

ples were collected every three weeks and mice were euthanized on day 63 to collect final 

bleed and spleens for immune response analysis. 

2.5 Binding antibodies measurement by indirect ELISA.  

End-point titers of anti-S1 total IgG or its isotypes (IgG1, IgG2a and IgG2b) from 

immunized mice were determined by ELISA as previously described [29]. Briefly, 96-well 

plates were coated with SARS-CoV-2 S1 protein (Sino Biological, China) at 1 μg/ml in at 

4°C overnight. Plates were washed three times with PBS containing 0.1% Tween-20 before 

blocking with 5% skim milk in PBS-T for 1 h at room temperature. After washing, 2-fold 

serial dilution of mouse sera starting from 1:100 were added to wells and incubated for 1 

h at 37°C. Then, peroxidase-conjugated rabbit anti-mouse IgG secondary antibodies 

(Sigma, Germany) were added at the recommended concentrations and incubated for 1 h 

at 37°C. After extensive washing, 3,3’,5,5’-tetramethylbenzidine (TMB) substrate (KPL, 

Gaithersburg, MD) was added for 30 min to develop a colorimetric reaction. Finally, reac-

tion was stopped with 0.16 M sulfuric acid, and absorbance was read spectrophotometri-

cally at 450 nm on ELx808™ Microplate Reader (BioTek, Winooski, VT). End-point titers 

were determined as the reciprocals of the highest dilution with an OD above the cut-off 

value which was defined as the OD mean from the control group plus three standard 

deviations (SDs). 

2.6 Neutralizing antibodies measurement by pseudovirus neutralization assay 

To assess the ability of induced antibodies to inhibit virus entry, pseudovirus neu-

tralization assay was performed as previously described [30]. Briefly, recombinant 
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vesicular stomatitis virus expressing codon-optimized full-length SARS-CoV-2 S protein 

(GenBank accession number: MN908947) (rVSV-ΔG/SARS-2-S*-luciferase pseudovirus) 

was generated in BHK21/WI-2 cells. Pseudovirus was collected and titrated on Vero E6 

cells as previously described [30]. Then, neutralization assay was conducted by co-incu-

bating two-fold serial dilutions of heat-inactivated mouse sera from vaccinated and con-

trol groups started from 1:20 dilution (in duplicate) with media containing 5x104 relative 

luciferase unit (RLU) of rVSV-ΔG/SARS- 2-S*-luciferase pseudovirus for 1 h at 37°C in a 

7% CO2 incubator. The mixtures were then transferred onto confluent Vero E6 cell mono-

layers in white 96-well plates and incubated for 24 h at 37°C in a 7% CO2 incubator. Fol-

lowing that, cells were lysed, luciferase activity was measured using Luciferase Assay 

System (Promega) according to the manufacturer’s instructions, and luminescence activ-

ity was measured using BioTek Synergy 2 microplate reader (BioTek, Winooski, VT). Cell 

only control (CC) and virus control (VC) were included with each assay run. The median 

inhibitory concentration (IC50) of neutralizing antibodies (nAbs) was determined using 

GraphPad Prism version 9.0.2 software. 

2.7 Determination of T cell response by flow cytometry 

Single cell suspensions of splenocytes were prepared from each mouse in immun-

ized and control groups. One million splenocytes/well were re-stimulated with 5 μg/ml 

of a pool of 15-mer peptides overlapping with 11 amino acid and covering the SARS-CoV-

2 S1 protein (GenScript USA Inc, Piscataway, NJ) for 6 h at 37°C in a 7% CO2 incubator in 

the presence of brefeldin A (BD Biosciences, San Jose, CA) at a final concentration of 

1:1000. Phorbol myristate acetate/ionomycin was used as a positive control and RPMI 1640 

medium as a negative unstimulated control. Cells were then washed in FACS buffer (PBS 

with 2% heat inactivated FBS) and stained with LIVE/DEAD Fixable Violet Dead Cell 

Stain Kit (Invitrogen, Carlsbad, CA) for 30 min at room temperature. After washing with 

FACS buffer, cells were stained for surface markers with PB-conjugated anti-mouse CD8, 

PB-conjugated anti-mouse CD4, APC-conjugated anti-mouse CD44 antibody and Pe-Cy7-

conjugated anti-mouse CD62L antibodies (BioLegend, UK). The cells were then washed 

with FACS buffer and fixed and permeabilized using Cytofix/Cytoperm Solution (BD Bi-

osciences, San Jose, CA) according to the manufacturer’s protocol. For intracellular stain-

ing, cells were labeled with FITC-conjugated anti–mouse IFN-γ (clone XMG1.2), PE-con-

jugated anti-mouse TNF-α (clone MP6-XT22) and PerCP/Cy5.5–conjugated anti-mouse 

IL-2 (clone JES6-5H4) antibodies (BioLegend, UK) for 20 min at 4°C. Cells were then 

washed twice with permeabilization buffer and once with FACS buffer. All data were col-

lected using BD FACSAria™ III flow cytometer (BD Biosciences, San Jose, CA) and ana-

lyzed using FlowJo v10 software (Tree Star). 

2.8 Statistical analysis 

Statistical analysis and graphical presentations were generated using GraphPad 

Prism version 9.0.2 software (Graph-Pad Software, Inc., CA, USA). Statistical analysis was 

conducted using the Mann–Whitney test or one-way analysis of variance with Bonferroni 

post-hoc test to adjust for multiple comparisons between groups. All values are repre-

sented as mean ± SD and statistical significance is reported as *, P≤0.05, **, P≤0.01, ***, p ≤ 

0.001, and ****, p ≤ 0.0001. 

 

3. Results 

3.1 In vitro confirmation of protein expression from the candidate vaccine 
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The generated DNA vaccine candidate (Figure 1a) was evaluated for protein expression 

in vitro in HEK293A cells prior to animal experiments. As shown in Figure 1b, western 

blot analysis confirmed that the recombinant construct was able to express S1 subunit 

protein at the expected molecular weight. A plasmid expressing full-length S protein 

(pcDNA3.1-Full S) was used as a positive control. Similarly, immunofluorescence analysis 

showed expression of SARS-CoV-2 S1 protein in transfected cells (Figure 1c), suggesting 

that the expressed protein maintained structural confirmation to be detected by polyclo-

nal anti-S antibodies. As expected, no protein was detected from cells transfected with the 

empty control plasmid pVAX (Figures 1b and 1c). 

Figure 1. Vaccine design and characterization. a) DNA vaccine (pVAX-S1) map. The inserted gene 

(SARS-CoV-2 S subunit 1) is indicated by orange color in the pVAX1 plasmid. b) Western blot anal-

ysis. Figure shows bands of expressed full-length S from cells transfected with pcDNA3.1-Full S 

(positive control) and S1 subunit protein expressed from pVAX-S1. Empty pVAX was used as neg-

ative control. c) Immunofluorescence analysis. Cells transfected with pVAX-S1 or empty control 

pVAX were stained with anti-SARS-CoV-2 S1 mouse polyclonal antibodies. Scale bars are 50 µm. 

Red square is magnified to scale bar of 10 µm. Merging and magnification were processed by ImageJ 

1.53e. 

3.2 Evaluation of binding and neutralizing antibodies in immunized mice 

Mice were intramuscularly immunized with 3 doses of 25 μg or 50 μg of pVAX-S1 in a 

three-week interval regimen (Figure 2a). As a control, a group of mice was immunized 

with 50 μg of empty control vector (pVAX). Vaccine-induced binding antibodies were 

assessed by indirect ELISA from serum samples collected on weeks 3, 6 and 9. As shown 

in Figure 2b, analysis of S1-specific total IgG showed significant levels only after 3 doses 

with both doses of pVAX-S1 vaccine compared to control group (pVAX). Although no 

significant difference was found between 25 μg and 50 μg of pVAX-S1, the 50 μg dose of 

pVAX-S1 showed significantly higher level of antibodies than the 25 μg dose when both 

were compared to the control group. Testing levels of IgG subclasses (IgG1, IgG2a and 

IgG2b) in samples collected on week 9 from mice immunized with 50 µg suggested a Th1-

skewed immune response as shown by the high IgG2a:IgG1 and IgG2b:IgG1 ratios (Figure 
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2c). Determination of end-point titers of S1-specific total IgG also confirmed the induction 

of significant levels of binding antibodies in samples collected on week 9 from each im-

munized mouse (Figure 2d). To investigate whether the vaccine-induced antibodies were 

able to inhibit viral entry in cells, levels of nAbs were determined using pseudovirus neu-

tralization assay from samples collected on week 9 in the 50 µg group. As shown in Figure 

2e, immunized mice were only able to induce low levels of nAbs against SARS-CoV-2 

pseudovirus in Vero cells. Collectively, these results confirm the ability of the vaccine to 

elicit significant Th1-skwed humoral immunity against SARS-CoV-2. 

Figure 2. Humoral immunity in pVAX-S1 immunized mice. a) Animal experimental plan. Mice 

were divided into three experimental groups (n=8) and immunized intramuscularly with three 

doses on days 0, 21 and 42 using 25 μg or 50 μg of pVAX-S1, or 50 μg of pVAX1 using a customized 

needle-free Tropis system (PharmaJet, Golden, CO). b) Values of optic density (OD) of S1-specific 

binding total IgG at 1:100 dilution from every single mouse were determined by ELISA at 3, 6 and 

9 weeks after immunizations. c) IgG2a:IgG1 and IgG2b:IgG1 ratios were calculated in samples col-

lected on week 9 from immunized mice in the group that received the 50 µg dose of pVAX-S1. d) 

End-point titers of S1-specific total IgG were determined by ELISA in samples collected on week 9 

from each mouse in all groups. e) The median inhibitory concentration (IC50) of neutralizing anti-

bodies (nAbs) was determined against rVSV-ΔG/SARS-2-S*-luciferase pseudovirus as described in 

the materials and methods. 

 

 

 

3.3 Evaluation of cellular immune response in immunized mice 
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Next, we investigated the memory CD8+ and CD4+ T cell response from 9-week samples 

(3 weeks post last immunization) using peptide pool covering the entire S1 protein. As 

shown in Figure 3a, memory CD4+ T cells (CD4+CD62L-CD44+ T cells) from mice immun-

ized with 50 μg dose of pVAX-S1 produced significant levels of IFN-γ and TNF-α but not 

IL-2 compered to control group. Similarly, antigen-specific CD8+CD44+CD62L+ central 

memory T cells showed significant levels of IFN-γ and TNF-α but not IL-2 compared to 

pVAX control group (Figure 3b). On the other hand, effector CD8+CD62L-CD44+ memory 

T cells only produced IFN-γ at significant level compared to control group (Figure 3c). 

These data show that pVAX-S1 could elicit significant memory CD4+ and CD8+ T cell re-

sponses in mice. 

Figure 3. Memory T cells response in immunized mice. Histograms and FACS plots display IFN-

γ, TNF-α and IL-2 expression from ex vivo re-stimulated a) memory CD4 (CD4+CD62L-CD44+ T 

cells), b) central memory CD8 (CD8+CD62L+CD44+ T cells) and c) effector memory CD8 

(CD8+CD62L-CD44+ T cells). Data in histograms are shown as percentages of induced cytokines from 

peptides-stimulated cells after subtracting levels produced by unstimulated splenocytes from each 
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mouse. Representative FACS plots are shown. Data are shown as mean ± SD for each group from 

one experiment. 

4. Discussion 

There is still an urgent need for multiple safe and protective vaccines against SARS-

CoV-2 to combat the ongoing COVID-19 pandemic [9]. DNA-based vaccines represent a 

fast and safe approach to develop vaccines for such unprecedented situations [31]. Nu-

merous studies on SARS-CoV-2 and other pathogenic human CoVs such as MERS-CoV 

and SARS-CoV have dementated that most of the neutralizing antibodies that are gener-

ated to either natural infection or full-length S based vaccines candidates target the S1 

subunit, making S1 an attractive and probably safer immunogen for vaccine development 

[32-36]. This is due to the fact S1 contains the RBD and the N-terminal motif (NTD) which 

are critical for mediating binding to the host receptor. In this work, we successfully devel-

oped and evaluated the immunogenicity of a new DNA vaccine candidate against SARS-

CoV-2 encoding the S1 subunit of the S protein. After in vitro confirmation and character-

ization of the S1 expression, we evaluated the immunogenicity and safety of the vaccine 

in mice. Overall, our data showed that pVAX-S1 was able to induce strong antibody re-

sponses in mice after three doses regimen of intramuscular immunization in a dose de-

pendent manner.  Furthermore, we showed that pVAX-S1 induced a Th1-biased protec-

tive immune response, characterized by antibody production predominantly of IgG2a and 

IgG2b subclasses and secretion of significantly elevated levels of Th-1 cytokines (IFN-γ 

and TNF-α) by memory CD4+ and CD8+ T cells. Interestingly, while the vaccine candidate 

induced high levels of S1 specific Abs titers, we noticed that the level of the produced 

nAbs was relatively low which should be investigated for further improvement may be 

through novel antigen design or use of molecular adjuvants. Nonetheless, similar immune 

response induced by a similar DNA vaccine provided protection in non-human primates 

[37], suggesting protection through multiple mechanisms.  

It is of note that several vaccine candidates have been developed using S1 subunit as 

immunogen such as DNA vaccine expressing S1 domain with a foldon trimerization motif 

[37], live-attenuated YF17D expressing S1 (YF-S1) [38], S1-Fc fusion subunit protein [39], 

and S1 subunit protein alone (S1) or fused to the norovirus shell domain (S1-S) [33]. Those 

candidates used different technologies to test S1 immunogenicity in numbers of animal 

models. Similar to our work, single-dose of YF-S1 in hamsters or two doses of DNA vac-

cine expressing S1-foldon in rhesus macaques induced significant levels of binding anti-

bodies and low-to-medium levels of nAbs compared to other tested vaccines expressing 

full-length cleavable S protein, prefusion-stabilized S or other truncated versions such as 

those lacking the transmembrane or the cytoplasmic domains [37, 38]. Also consistent 

with our data, both of these S1-based vaccines induced highly elevated levels of Th1-

skewed T cell responses compared to other vaccines [37, 38]. Interestingly, while YF-S1 

failed to protect hamsters from viral replication [38], S1-foldon DNA vaccine led to reduc-

tion of viral RNA after SARS-CoV-2 challenge in rhesus macaques [37]. On the other hand, 

other developed subunit vaccines such as S1-Fc and S1-S fusion proteins elicited signifi-

cantly high levels of nAbs in multiple animal models that exceeded the levels observed in 

acutely infected individuals [33, 39]. These previous reports as well as our current data 

clearly show the potential of SARS-CoV-2 S1 as a promising immunogen [33, 37-39]. 

The use of S1 as an immunogen has been proposed for other highly pathogenic coro-

naviruses such as MERS-CoV and SARS-CoV because its potential high safety profile com-

pared to the use of full-length S. Although full-length S protein can induce the highest 

immune response, some reports suggest its association with possible side effects in the 

currently used COVID-19 vaccines [22, 23]. Additionally, previous reports on MERS-CoV, 

SARS-CoV and other coronaviruses have suggested that the use of full-length S based 

vaccine could lead to undesired immune response upon infection [24-28]. Although, exact 

mechanism of this vaccination-induced immunopathology and/or disease enhancement 
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has not been fully elucidated, it has been postulated that the non-neutralizing epitopes 

within the S protein may be responsible for the harmful immune response in vaccinated 

hosts [40, 41]. These data suggested that using the neutralizing-epitope rich S1 subunit of 

the S protein could be a better approach to avoid any potential safety concerns.  

Within the past year and half, several COVID-19 vaccines have been approved for 

emergency use with hundreds of others being currently in different stages of clinical de-

velopment [9, 42, 43]. Among the ones that have been approved and in late stages of clin-

ical development are the nucleic acid-based vaccines. DNA and mRNA vaccines have sev-

eral advantages over the platforms. For example, these vaccines can be developed rapidly 

without the need for the cultivation of the target pathogen and can be easily produced in 

a large industrial scale. Furthermore, nucleic acid-based vaccines can be rapidly and easily 

adapted to respond to potential mutations/variants. Compared to mRNA vaccines which 

requires a cold-chain system, DNA vaccine are more thermo-stable with less stringent 

storage condition and easier formulation, enabling it as a promising platform for wide 

distribution across the globe. Our approach using plasmid DNA (pVAX) to encode the 

SARS-CoV-2 S1 as a proof of principle have demonstrated that S1 can lead to high hu-

moral and cellular immunity in mice with a predominant Th1-biased response. Such ap-

proach can be further enhanced by the use of efficient adjuvant and improved method of 

delivery. 

 

Author Contributions: K.A.A., R.Y.A., M.H., A.A., X.L. and A.M.H. designed and conceptualized 

the work. K.A.A., R.H.A., R.Y.A., N.D.A., S.S.A., M.B., R.H., M.A.A., L.T., and W.Z. performed and 

optimized experiments and analyzed data. W.A., M.H., A.A., X.L., and A.M.A. provided resources 

and materials. A.M.A. and A.M.H. acquired the funding. K.A.A., A.A., X.L. and A.M.H. drafted the 

manuscript. All authors have reviewed and edited the manuscript and agreed to the published ver-

sion of the manuscript. 

Funding: This project was funded by the Deanship of Scientific Research (DSR) at King Abdulaziz 

University, Jeddah under Grant Number GCV19-43-1441. The authors therefore acknowledge with 

thanks DSR for financial and technical support. 

Institutional Review Board Statement: The study was conducted according to the guidelines of the 

Declaration of Helsinki, and all animal experiments were done according to guidelines and the ap-

proval of the Animal Care and Use Committee (ACUC) at KFMRC and ethical approval from the 

bioethical committee at KAU (approval number 04-CEGMR-Bioeth-2020). 

Data Availability Statement: The raw data collected in this study are available on request from the 

corresponding author. 

Acknowledgments: We would like to thank King Fahd Medical Research Center (KFMRC) and 

King Abdulaziz University (KAU) for their continuous support. 

Conflicts of Interest: A.M.H., M.A.A., K.A.A., S.S.A. and A.A. are named as inventors on a US pa-

tent application related to this work. A.M.H. and A.A. work as scientific consultants in SaudiVax 

ltd and receive fees for consulting. M.H. is an employee of SaudiVax ltd and receives salary and 

benefits. All other authors report no competing interests. 

 

 

 

 

References 

 

1. Hui, D.S. et al. The continuing 2019-nCoV epidemic threat of novel coronaviruses to global health - The latest 2019 novel 

coronavirus outbreak in Wuhan, China. Int J Infect Dis. 2020,91,264-266. doi:10.1016/j.ijid.2020.01.009. 

2.  Zheng, B.J.; et al. SARS-related virus predating SARS outbreak, Hong Kong. Emerg Infect Dis. 2004,10,176-178. 

doi:10.3201/eid1002.030533. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 28 June 2021                   doi:10.20944/preprints202106.0650.v1

https://doi.org/10.20944/preprints202106.0650.v1


 

3. Oboho, I.K.; et al. 2014 MERS-CoV outbreak in Jeddah--a link to health care facilities. N Engl J Med. 2015,372,846-854. 

doi:10.1056/NEJMoa1408636. 

4. Lu, R.; et al. Genomic characterisation and epidemiology of 2019 novel coronavirus: implications for virus origins and 

receptor binding. Lancet. 2020,395,565-574. doi:10.1016/S0140-6736(20)30251-8. 

5. Coronavirus disease (COVID-19) Pandemic. Available online:  https://www.who.int/emergencies/diseases/novel-corona-

virus-2019. (Accessed on 12-June-2021). 

6. Adhikari, S.P.; et al. Epidemiology, causes, clinical manifestation and diagnosis, prevention and control of coronavirus 

disease (COVID-19) during the early outbreak period: a scoping review. Infect Dis Poverty. 2020,9 doi:10.1186/s40249-020-

00646-x. 

7. Bai, Y.; et al. Presumed Asymptomatic Carrier Transmission of COVID-19. JAMA. 2020,323,1406-1407. 

doi:10.1001/jama.2020.2565. 

8. Xu, Z.; et al. Pathological findings of COVID-19 associated with acute respiratory distress syndrome. Lancet Respir Med. 

2020,8,420-422. doi:10.1016/S2213-2600(20)30076-X. 

9. Zhang, J.; et al. Progress and Prospects on Vaccine Development against SARS-CoV-2. Vaccines. 2020; 8. doi:10.3390/vac-

cines8020153. 

10. Dong, Y.; et al. A systematic review of SARS-CoV-2 vaccine candidates. Signal Transduct Target Ther. 2020,5 

doi:10.1038/s41392-020-00352-y. 

11. Voysey, M.; et al. Safety and efficacy of the ChAdOx1 nCoV-19 vaccine (AZD1222) against SARS-CoV-2: an interim analysis 

of four randomised controlled trials in Brazil, South Africa, and the UK. Lancet. 2021,397,99-111. doi:10.1016/S0140-

6736(20)32661-1. 

12. Zhu, F.C.; et al. Immunogenicity and safety of a recombinant adenovirus type-5-vectored COVID-19 vaccine in healthy 

adults aged 18 years or older: a randomised, double-blind, placebo-controlled, phase 2 trial. Lancet. 2020,396,479-488. 

doi:10.1016/S0140-6736(20)31605-6. 

13. Sadoff, J.; et al. Interim Results of a Phase 1-2a Trial of Ad26.COV2.S Covid-19 Vaccine. N Engl J Med. 2021,384,1824-1835. 

doi:10.1056/NEJMoa2034201. 

14. Logunov, D.Y.; et al. Safety and efficacy of an rAd26 and rAd5 vector-based heterologous prime-boost COVID-19 vaccine: 

an interim analysis of a randomised controlled phase 3 trial in Russia. Lancet. 2021,397,671-681. doi:10.1016/S0140-

6736(21)00234-8. 

15. Vasireddy, D.; et al. Review of COVID-19 Vaccines Approved in the United States of America for Emergency Use. J Clin 

Med Res. 2021,13, 204-213. doi:10.14740/jocmr4490. 

16. Keech, C.; et al. Phase 1-2 Trial of a SARS-CoV-2 Recombinant Spike Protein Nanoparticle Vaccine. N Engl J Med. 

2020,383,2320-2332. doi: 10.1056/NEJMoa2026920. 

17. Poland, G. A.; et al. SARS-CoV-2 immunity: review and applications to phase 3 vaccine candidates. Lancet. 2020,396,1595-

1606. doi:10.1016/S0140-6736(20)32137-1. 

18. Tebas, P.; et al. Safety and immunogenicity of INO-4800 DNA vaccine against SARS-CoV-2: A preliminary report of an 

open-label, Phase 1 clinical trial. EClinicalMedicine. 2021,31. doi:10.1016/j.eclinm.2020.100689. 

19. Walls, A.C.; et al. Structure, Function, and Antigenicity of the SARS-CoV-2 Spike Glycoprotein. Cell. 2020,181,281-292.e6. 

doi:10.1016/j.cell.2020.02.058. 

20. Hoffmann, M.; et al. SARS-CoV-2 Cell Entry Depends on ACE2 and TMPRSS2 and Is Blocked by a Clinically Proven Pro-

tease Inhibitor. Cell. 2020;181,271-280.e8. doi:10.1016/j.cell.2020.02.052. 

21. Krammer, F. SARS-CoV-2 vaccines in development. Nature. 2020,586, 516-527. doi:10.1038/s41586-020-2798-3. 

22. McNaughton, A. L.; et al. Fatal COVID-19 outcomes are associated with an antibody response targeting epitopes shared 

with endemic coronaviruses. medRxiv. 2021. doi: https://doi.org/10.1101/2021.05.04.21256571. 

23. Fang, Y.T.; et al. Annexin A2 on lung epithelial cell surface is recognized by severe acute respiratory syndrome-associated 

coronavirus spike domain 2 antibodies. Mol Immunol. 2010;47,1000-1009. doi:10.1016/j.molimm.2009.11.019. 

24. Weingartl, H.; et al. Immunization with modified vaccinia virus Ankara-based recombinant vaccine against severe acute 

respiratory syndrome is associated with enhanced hepatitis in ferrets. J Virol. 2004,78,12672–6. doi:10.1128/JVI.78.22.12672-

12676.2004. 

25. Jaume, M.; et al. SARS CoV subunit vaccine: antibody-mediated neutralisation and enhancement. Hong Kong Med J. 

2012,18 Suppl 2:31-36. 

26. Jaume, M.; et al. Anti-severe acute respiratory syndrome coronavirus spike antibodies trigger infection of human immune 

cells via a pH- and cysteine protease-independent FcγR pathway. J Virol. 2011,85,10582-10597. doi:10.1128/JVI.00671-11. 

27. Weiss, R.C.; Scott, F.W. Antibody-mediated enhancement of disease in feline infectious peritonitis: comparisons with den-

gue hemorrhagic fever. Comp Immunol Microbiol Infect Dis. 1981,4,175-89. doi: 10.1016/0147-9571(81)90003-5. 

28. Olsen, C.W. A review of feline infectious peritonitis virus: molecular biology, immunopathogenesis, clinical aspects, and 

vaccination. Vet Microbiol. 1993,36,1-37. doi:10.1016/0378-1135(93)90126-r. 

29. Al-Amri, S.S.; et al. Immunogenicity of Candidate MERS-CoV DNA Vaccines Based on the Spike Protein. Sci Rep. 2017,7. 

doi:10.1038/srep44875. 

30. Almahboub, S.A.; et al. Evaluation of Neutralizing Antibodies against Highly Pathogenic Coronaviruses: A Detailed Pro-

tocol for a Rapid Evaluation of Neutralizing Antibodies Using Vesicular Stomatitis Virus (Vsv) Pseudovirus-Based Assay. 

Front Microbiol. 2020,4. doi: 10.3389/fmicb.2020.02020. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 28 June 2021                   doi:10.20944/preprints202106.0650.v1

https://doi.org/10.20944/preprints202106.0650.v1


 

31. Williams, J.A. Vector Design for Improved DNA Vaccine Efficacy, Safety and Production. Vaccines. 2013,1,225-249. 

https://doi.org/10.3390/vaccines1030225. 

32. Fernández, A. SARS-CoV-2 Glycosylation Suggests That Vaccines Should Have Adopted the S1 Subunit as Antigen. ACS 

Pharmacol Transl Sci. 2021,4,1016-1017. doi: 10.1021/acsptsci.1c00036. 

33. Wang, Y.; et al. SARS-CoV-2 S1 is superior to the RBD as a COVID-19 subunit vaccine antigen. J Med Virol. 2021,93,892-

898. doi: 10.1002/jmv.26320. 

34. Ababneh, M.; et al. Recombinant adenoviral vaccine encoding the spike 1 subunit of the Middle East Respiratory Syndrome 

Coronavirus elicits strong humoral and cellular immune responses in mice. Vet World. 2019,12,1554-1562. doi: 10.14202/vet-

world.2019.1554-1562. 

35. Hashem, A.M.; et al. A Highly Immunogenic, Protective, and Safe Adenovirus-Based Vaccine Expressing Middle East Res-

piratory Syndrome Coronavirus S1-CD40L Fusion Protein in a Transgenic Human Dipeptidyl Peptidase 4 Mouse Model. J 

Infect Dis. 2019,8,1558-1567. doi: 10.1093/infdis/jiz137. 

36. Yang, Y.; Du, L. SARS-CoV-2 spike protein: a key target for eliciting persistent neutralizing antibodies. Signal Transduct 

Target Ther. 2021,6. doi: 10.1038/s41392-021-00523-5. 

37. Yu, J.; et al. DNA vaccine protection against SARS-CoV-2 in rhesus macaques. Science. 2020,369,806-811. doi:10.1126/sci-

ence.abc6284. 

38. Sanchez-Felipe, L.; et al. A single-dose live-attenuated YF17D vectored SARS-CoV-2 vaccine candidate. Nature. 

2021,590,320-325. doi:10.1038/s41586-020-3035-9. 

39. Ren, W.; et al. Recombinant SARS-CoV-2 spike S1-Fc fusion protein induced high levels of neutralizing responses in non-

human primates. Vaccine. 2020,38,5653-5658. doi:10.1016/j.vaccine.2020.06.066. 

40. He, Y.; et al. Identification of immunodominant sites on the spike protein of severe acute respiratory syndrome (SARS) 

coronavirus: implication for developing SARS diagnostics and vaccines. J Immunol. 2004,173,4050-4057. doi:10.4049/jim-

munol.173.6.4050. 

41. Hotez, P. J.; et al. Calling for rapid development of a safe and effective MERS vaccine. Microbes Infect. 2014,16, 529-531. 

doi: 10.1016/j.micinf.2014.05.002. 

42. Pushparajah, D.; et al. Advances in gene-based vaccine platforms to address the COVID-19 pandemic. Adv Drug Deliv 

Rev. 2021,170,113-141. doi:10.1016/j.addr.2021.01.003. 

43. COVID-19 vaccine tracker and landscape. Available online: https://www.who.int/publications/m/item/draft-landscape-of-

covid-19-candidate-vaccines. (Accessed on 24-June-2021). 

 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 28 June 2021                   doi:10.20944/preprints202106.0650.v1

https://doi.org/10.20944/preprints202106.0650.v1

