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A B S T R A C T   

Background: In this pre-clinical study, we designed a candidate vaccine based on severe acute respiratory 
syndrome-related -coronavirus 2 (SARS-CoV-2) antigens and evaluated its safety and immunogenicity. 
Methods: SARS-CoV-2 recombinant protein antigens, including truncated spike protein (SS1, lacking the N-ter-
minal domain of S1), receptor-binding domain (RBD), and nucleoprotein (N) were used. Immunization program 
was performed via injection of RBD, SS1 +RBD, and SS1 +N along with different adjuvants, Alum, AS03, and 
Montanide at doses of 0, 40, 80, and 120 μg at three-time points in mice, rabbits, and primates. The humoral and 
cellular immunity were analyzed by ELISA, VNT, splenocyte cytokine assay, and flow cytometry. 
Results: The candidate vaccine produced strong IgG antibody titers at doses of 80 and 120 μg on days 35 and 42. 
Even though AS03 and Montanide produced high-titer antibodies compared to Alum adjuvant, these sera did not 
neutralize the virus. Strong virus neutralization was recorded during immunization with SS1 +RBD and RBD 
with Alum. AS03 and Montanide showed a strong humoral and cellular immunity; however, Alum showed mild 
to moderate cellular responses. Ultimately, no cytotoxicity and pathologic change were observed. 
Conclusion: These findings strongly suggest that RBD with Alum adjuvant is highly immunogenic as a potential 
vaccine.   

1. Introduction 

Coronavirus disease 2019 (COVID-19) is a new viral respiratory 

illness caused by severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2) which has been identified as a pandemic on March 11, 
2020 (Dikid et al., 2020). COVID-19 is identified as a main public health 
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emergency that has infected more than 240 million people and caused 
about 4.89 million deaths until October 17, 2021 (Coronavirus, 2019; 
Koutsakos and Kedzierska, 2020). So, public vaccination with a uni-
versal safe vaccine against most SARS-CoV-2 mutants is considered an 
emergency (Folegatti et al., 2020). SARS-CoV-2 is an enveloped, 
positive-sense, single-stranded RNA virus (Walls et al., 2020; Sternberg 
and Naujokat, 2020); containing a receptor-binding domain (RBD) as a 
fragment of the spike glycoprotein which mediates binding to 
angiotensin-converting enzyme 2 (ACE2); resulting in virus entry into 
host cells (Liu et al., 2020; Yang et al., 2020a; Dong et al., 2020). the 
nucleocapsid (N) proteins of numerous coronaviruses are extremely 
immunogenic (Cong et al., 2020) and high concentrations of IgG anti-
bodies against N proteins have been identified in serum from patients 
with SARS (Leung et al., 2004). Remarkably, these proteins are 
considered as representative antigens for triggering the proliferation of 
T-cell and cytotoxic activity in a vaccine setting (Gao et al., 2003; Okada 
et al., 2005). All vaccine platforms including mRNA-based, DNA-based, 
recombinant proteins-based, adenovirus vector-based, and even killed 
vaccines are based on evoking the host immune system against spike or 
RBD protein to prevent the virus from entry to the host cells. For 
example, Sputink V is a recombinant adenovirus types 26 and 5 (rAd26 
and rAd5 which used separately in two doses) vector-based SARS-CoV-2 
vaccine which displays a full-length spike protein (Logunov et al., 
2020a). Oxford–AstraZeneca ChAdOx1 nCoV-19 vaccine; a genetically 
changed adenovirus that presents spike protein, is another attempt in 
this regard (Knoll and Wonodi, 2020). In BioNTech/Moderna and Bio-
NTech/Pfizer nucleoside-modified mRNAs have been used (mRNA-1273 
& BNT162b2, respectively); demonstrating high neutralizing antibody 
titers as well as strong antigen-specific CD4+ and CD8+ T-cell responses 
against SARS-CoV-2. Studies have shown 50% serum geometric mean 
neutralizing antibody titers surpassing the geometric mean neutralizing 
antibody titers reported in convalescent human sera (Sahin et al., 2020a; 
Walsh et al., 2020; Jackson et al., 2020). However, older individuals 
showed a lower neutralizing response compared to younger ones (Walsh 
et al., 2020; Polack et al., 2020). Protein subunit vaccines including 
RBD-dimer vaccine (Anhui Zhifei Longcom) (Yang et al., 2021a) and 
NVX-CoV2373 recombinant nanoparticulated vaccine (Novavax) have 
shown to induce remarkable immune responses (Keech et al., 2020). A 
study conducted in Iran demonstrated appropriate immunity against the 
disease achieved by an inactivated whole virus SARS-CoV-2 vaccine 
(COVIran Barekat) (Abdoli et al., 2021). 

Due to the need for a safer and more potent vaccine for new variant 
SARS-CoV-2, many researchers and pharmaceutical companies are 
trying to introduce new vaccine platforms. Accordingly, in this study, we 
tried to design a new recombinant vaccine based on the immunogenic 
parts of the virus. Since the nucleocapsid (N) and spike (especially RBD 
of the spike) proteins of coronaviruses could induce high IgG antibody 
titers and proliferation of cytotoxic T cells in COVID-19 patients (Cong 
et al., 2020; Leung et al., 2004; Gao et al., 2003; Okada et al., 2005), we 
selected virus protein subunits N, SS1 (a fragment of spike protein 
without the N-terminal domain), and RBD separately and in combina-
tion forms, to determine the potential immunogenicity and protection 
against SARS-CoV-2. Regarding the nature of viral infections and the 
critical role of cell-mediated immunity, it was necessary to use adjuvants 
that could induce cellular immunity besides humoral immunity. Liter-
ature review showed that AS03 (GSK, UK) and Montanide (SEPPIC, 
France) are promising adjuvants that could potentially stimulate cellular 
immunity through activation and proliferation of T helper 1 cells 
(Prompetchara et al., 2020; Wang et al., 2020a; Yang et al., 2020b; 
Arunachalam et al., 2021). Accordingly, we aimed to assess the safety 
and immunogenicity of SARS-CoV-2 proteins N, RBD, and SS1 in a 
vaccine setting in animal models including mice, rabbits, and primates. 

2. Material and methods 

2.1. Designing and construction of SARS-CoV-2 recombinant proteins 

Amino acid sequences of SARS-CoV-2 subunits including RBD, SS1 
(Gen Bank accession: NC_045512; Gene ID: 43740568), and N (Gen 
Bank accession: NC_045512; Gene ID: 43740575) were obtained from 
the NCBI database (http://www.ncbi.nlm.nih.gov). The full-length 
sequence of the n gene, and the gene sequence encoding amino acids 
319–543 for the RBD, and the gene sequence encoding amino acids 
150–836 for SS1 were selected. The amino acid arrangement and 
physicochemical characterizations of the proteins including estimated 
half-life, net charge at pH7, molecular weight, theoretical isoelectric 
point, instability index, solubility, and aliphatic index were determined 
through Protparam (http://web.expasy.org/cgi-bin/protparam/protpar 
am). Moreover, the features of the messenger RNA including secondary 
structure, folding, and thermodynamic properties of the native and 
optimized mRNAs were evaluated by the mfold tools. The optimum 
Gene TM Algorithm software was used for the optimization of the gene 
to obtain high expression of the protein in E. coli BL21 DE3. The re-
striction sites for EcoRI, HindIII, BamHI, XhoI, NdeI, and HindIII enzymes 
were embedded. The restriction sites were considered at 5 ́ and 3 ́ ends of 
rbd, ss1, and n genes. The sequences were synthesized by the GenScript 
Company and subcloned in pET SUMO expression vectors. The con-
structs were confirmed through digestion with restriction enzymes and 
sequencing. 

2.2. Protein expression and purification in E. coli BL21 DE3 

To express the suggested proteins in E. coli BL21 DE3, we prepared 
the competent cells applying the calcium chloride method and the 
plasmids containing genes were transferred to the host, cultured in 
Luria-Bertani (LB), and complemented with 1 mM isopropyl ß-D-1-thi-
ogalactopyranoside (IPTG). The bacterial pellets were resuspended in 
lysis buffer (NaH2PO4 100 mM, Tris-HCl 10 mM, urea 8 M) and soni-
cated. The supernatant was purified by SUMO-tagged proteins from 
E. coli BL21 DE3 under denaturing conditions (Qiagen). The column- 
bound protein was eluted; using the elution buffer (100 mM NaH2PO4, 
8 M Urea, 10 mM Tris-Cl, pH:4.5). The denaturant agent (8 M urea) was 
removed from the purified proteins by stepwise dialysis and the SUMO- 
tag was cleaved by SUMO protease. Finally, the recombinant proteins 
were confirmed by 12% sodium dodecyl sulfate–polyacrylamide gel 
electrophoresis (SDS-PAGE) and western blotting. 

2.3. Characterization of antigens by ELISA and Western blot analysis 

For enzyme-linked immunosorbent assay (ELISA), purified RBD, SS1, 
and N antigens as well as combinations of SS1/RBD, SS1/N, and N/RBD 
antigens were coated (0.3 µg/100 µl/well) and incubated with SARS- 
CoV-2 convalescent human sera (1:100). Then, anti-human IgG-HRP 
was added and the absorbance was measured by ELISA reader (BioRad 
USA). For western blot, purified RBD, SS1, and N antigens were trans-
ferred into a membrane, treated with a 1:100 dilution of SARS-CoV-2 
convalescent human serum; followed by adding anti-human IgG-HRP. 
Then, the chromogenic reaction was performed; using 3, 3’- 
diaminobenzidine. 

2.4. Antigen formulation and animal immunization 

Three hundred and sixty female BALB/c mice (Razi Vaccine and 
Serum Research Institute, Iran) were allocated into three groups of 120 
mice for three distinct adjuvants including Alum (Alhydrogel® adjuvant 
2% InvivoGen, USA), AS03 (GSK, UK), and Montanide/ISA720 (SEPPIC, 
France). To assess immunization, each adjuvant group (Alum, AS03, and 
Montanide), was sub-divided into four antigen groups (SS1, RBD, SS1 +
N, and SS1 + RBD) with three different doses (40, 80, and 120 μg) 
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(Table 1). The control groups (30 mice) received phosphate-buffered 
saline (PBS) and the desired adjuvant. The animals received different 
concentrations for three time-points on days 0, 21, and 35. Blood sam-
ples were obtained after each immunization. Furthermore, 6 New Zea-
land White rabbits (Razi Vaccine and Serum Research Institute, Iran) 
were grouped for receiving 120 μg of each antigen (RBD and SS1 +RBD) 
along with Alum at the same administration intervals and compared to 
the control group (Table 2). 

A similar procedure was performed for 6 non-human primates 
(Rhesus macaque). All monkeys were checked for weight, nutritional 
regiment, and their health condition such as hematology, biochemistry, 
clotting time, and inflammation parameters before and during the study. 
Previous infections by SARS-CoV-2, hepatitis B and C, and HIV were 
studied as well (Supplementary T1 to T9). These animals were also 
immunized with 120 μg of each antigen (RBD and SS1 +RBD) along with 
Alum at the same administration intervals (Table 3). 

2.5. Evaluation of antibody titer by ELISA 

ELISA was performed to detect specific total IgG and IgG subclasses 
(IgG1 and IgG2a) in sera samples. Briefly, the plates were coated (0.3 
µg/100 µl/well) with SS1, RBD, or N and blocked. Then, diluted sera 
samples (1:100–1:204800) were added to antigen-coated plates and 
detected; using anti-mouse-IgG-HRP, anti-rabbit-IgG-HRP, anti- 
monkey-IgG-HRP, or IgG1 and IgG2a-HRP (1:1000) (Abcam, UK). 

2.6. Cytokine and flow cytometry assay 

ELISA was performed to assess the titration of interleukin (IL)-4, IL- 
12, and interferon-gamma (IFN-γ) of splenocytes according to the 
manufacturer’s instructions (Murine: Diaclone, France; Monkey: Bio-
sciences, Netherlands). In brief, cells were isolated from the spleens of 
immunized and control animals. Cell suspensions (105/well) were 
separately incubated with 10 μg/ml of SS1, RBD, and N proteins for 72 h. 
IFN-γ and ILs were detected in the supernatant culture according to the 
supplier’s protocol. Moreover, the CD3 + , CD4 + , and CD8 + T cells 
(Abcam, UK) were counted; using the fluorescence-activated cell sorting 
(FACS) calibur flow cytometer (Becton Dickinson, San Jose, USA). 
Flowjo7 software was used to analyze the results. 

2.7. Virus neutralization assay 

To analyze the neutralization capacity of immunized sera, we treated 
Vero cells with the serial dilutions of both the virus and pseudo-virus, 
and the IC50 dilution was determined. The convalescent human sera 
as well as control and immunized animal sera (1:10 and 1:100 serum 
dilutions) were incubated 45 min with 100 TCID50 and exposed to Vero 
cell culture. In addition, the neutralizing antibody was measured by 
Abnova ELISA kit (Abnova, USA) according to the supplier’s protocol. 

2.8. Safety assessment and challenge test 

Limulus amoebocyte lysate (LAL) test was used to detect leukocytic 
pyrogen contamination. To assess the protective efficacy of the candi-
date vaccine, the researchers challenged all primates with 106 virus 
particles two months after vaccination and then used real-time poly-
merase chain reaction (PCR) to quantify replicating viruses. The mon-
keys were anesthetized by a veterinarian and 106 virus induced in the 
nasopharyngeal. RT-PCR was done with referral virology laboratory 
through nasopharyngeal sampling. A novel coronavirus (2019-nCoV) 
Nucleic Acid Diagnostic Kit (PCR fluorescence probing, Sansure Biotech) 
was used for gene detection. For this purpose, 5 µl of purified RNA was 
added to the 20 µl PCR mix and the qRT-PCR thermocycling program 
(50 C for 20 min, followed by one cycle, 95 C for 60 s, followed by one 
cycle, 95 C for 15 s, and 60 C for 60 s, followed by 45 cycles) was done on 
a Corbett Instrument. Three months after the last immunization of mice 
and primates, lung, heart, liver, kidney, skin, and brain tissues were 
harvested and any inflammation or injury was assessed with Hematox-
ylin and Eosin staining. 

2.9. Statistical analyses 

All experiments were performed three times and the resulting data 
were evaluated by the one-way ANOVA, repeated measure ANOVA, and 

Table 1 
Different formulation of recombinant proteins and adjuvants for mice 
immunization.  

Adjutants Groups Dose 
finding 

Number of 
mice 

Number of 
injections 

Alum RBD  40  10 
10 
10  

3  
80  

120 
SS1  40  10 

10 
10  

80  
120 

SS1 +RBD  40  10 
10 
10  

80  
120 

SS1 +N  40  10 
10 
10  

80  
120 

AS03 RBD  40  10 
10 
10  

3  
80  

120 
SS1  40  10 

10 
10  

80  
120 

SS1 +RBD  40  10 
10 
10  

80  
120 

SS1 +N  40  10 
10 
10  

80  
120 

Montanide RBD  40  10 
10 
10  

3  
80  

120 
SS1  40  10 

10 
10  

80  
120 

SS1 +RBD  40  10 
10 
10  

80  
120 

SS1 +N  40  10 
10 
10  

80  
120 

Control Alum  –  10  3 
AS03  –  10 
Montanide  –  10  

Table 2 
Different formulation of recombinant proteins and adjuvants for rabbit 
immunization.  

Adjutants Groups Dose of injection Number of primates 

Alum SS1 +RBD 120  2 
RBD 120  2 
Control –  2  

Table 3 
Different formulation of recombinant proteins and adjuvants for primate 
immunization.  

Adjutants Groups Dose of injection Number of primates 

Alum SS1 +RBD 120  2 
RBD 120  2 
Control –  2  
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paired T test. In case of non-parametric variable, Kruskal-Wallis test and 
Wilcoxon test were used. A p-value < 0.05 was considered statistically 
significant. 

3. Results 

3.1. Bioinformatics design of the gene construct encoding SS1, RBD, and 
N antigens 

The complete amino acid sequence of N, partial amino acid sequence 
(150–836) of SS1, and partial amino acid sequence (319–543) of RBD 
were selected. Guanine-cytosine (GC) contents of native and optimized 
sequences of RBD, SS1, and N proteins were 35.61% and 53.61%, 
47.29% and 51.2%, and 36.7% and 52.5%, respectively. After optimi-
zation (SupplementaryS1 to S6), codon adaptation index of RBD, SS1, 
and N cassettes were altered from 0.63 to 0.91, 0.61–0.91, and 
0.63–0.79, respectively. In addition, the frequency of codon with 
91–100 frequency distributions of RBD, SS1, and N cassettes was raised 
from 42% to 80%, 38–81%, and 44–60%, respectively (Suppl. Fig. 6). 
The mfold webserver was used to analyze mRNA by the minimum free 
energy base-pairing (MFE) and probability matrix (BLAST-like) 
methods. Following optimization, the start codon at the 5′-end had a 
minimum of pseudoknot and interior loop size at 37 ◦C, and the ΔG of 
RBD, SS1, and N mRNA structures were declined to − 245.16, − 623.50, 
and − 469.11 kcal/mol, respectively. Epitope prediction factors 
including exposed surfaces, external availability, hydrophilicity, sec-
ondary structure, flexibility, and polarity were determined for all pro-
teins. The results of IEDB software for the prediction of final epitopes 
and their MHC-I and MHC-II binding capacities, and the antigenic, non- 
toxic, and non-allergenic T-cell/ B-cell epitopes for inducing inflam-
matory cytokines are shown in supplementary T10 and T11. The phys-
iochemical properties of three antigens including RBD (225 amino 
acids), SS1 (675 amino acids), and N protein (419 amino acids) were 
determined by the ProtParam program and, as demonstrated in Table 4. 

3.2. Expression, purification, and characterization of antigens 

The genes were cloned into a pET SUMO expression vector and 
expressed in E.coli BL21 DE3 under optimized culture and induction 
conditions. The proteins were purified and after cleavage, were 
analyzed; using SDS-PAGE 12%. Accordingly, 27, 47, and 67 kDa pro-
tein bands were representative of RBD, N, and SS1, respectively 
(Fig. 1A). As indicated in Fig. 1B-C, western blot and ELISA analysis 
could correctly recognize all three recombinant proteins in convalescent 
COVID-19 patients’ sera; containing anti-SARS-CoV-2 antibodies. 

3.3. Determination of antibody titer in mice sera 

The sera collected from mice on days 0, 14, 42, and 65 were evalu-
ated for IgG, IgG1, and IgG2a subclasses against all three SARS-CoV-2 
antigens by ELISA. The results showed that the 120 and 80 μg doses 
produced higher antibody titers than groups with other doses and the 
control group (p < 0.05). In addition, to produce high IgG antibody 

titers in mice (approximately 2 folds), the third booster was critical. 
Regarding antigen groups, the results showed that the RBD group, the 
SS1 group, and then the SS1 +RBD group could induce higher antibody 
titers, respectively (p < 0.05). As indicated in Fig. 2, AS03 and Mon-
tanide adjuvants could induce remarkably higher antibody responses 
against SARS-CoV-2 antigens compared to the Alum adjuvant 
(p < 0.05). In addition, the type of adjuvant could affect the nature of 
antigenicity of the SARS-CoV-2 proteins. For example, the combination 
of SS1 +N proteins induced the highest antibody response in favor of the 
N antigen when injected with Montanide compared to AS03 or Alum. 

Furthermore, this finding was better observed in IgG2a/IgG1 ratio. 
In Alum adjuvant, all antigens raised IgG1 antibody as Th2 cell immune 
response. AS03 induced an IgG2a response against RBD and S antigen, 
and it seemed that the antibody response was affected by Th1 cells. 
Montanide adjuvant could raise IgG2a against RBD antigen. Overall, 
AS03, as expected, induced a predominant Th1 response against both 
RBD and S1, whereas Montanide could induce only Th1 response against 
S1 antigen. It seems that the Alum adjuvant exclusively evoked Th2 
response due to its salty nature. However, these results should be 
analyzed regarding the virus neutralization test and the cytokine assay 
(Fig. 3). 

3.4. Titration of immunized rabbit sera by ELISA 

According to the results of antibody response in mice, 120 μg was 
selected as the best dose and Alum was selected as the best adjuvant for 
rabbit and primate assays. Rabbits were divided into two groups, the 
first group was injected with the SS1 +RBD antigen and the other group 
received RBD. ELISA assay on blood samples collected one week after 
each injection, showed that the RBD group could induce higher IgG 
antibody titrations (Fig. 2D). 

3.5. Titration of immunized primates’ sera by ELISA 

In three monkeys groups, one group received RBD antigen, one group 
received SS1 +RBD, and a control group received only the Alum adju-
vant. Similar to mice and rabbits, primates also developed higher anti-
body titers against SS1 and RBD with Alum (Fig. 2E). As indicated in 
Fig. 2E, the second injection was not sufficient for the elevation of 
antibody titer and the third injection was necessary. 

3.6. Cytokine assay and flow cytometry analysis 

Among different adjuvants and SARS-CoV-2 antigen combinations, 
AS03, Montanide, and then Alum induced the highest levels of cytokines 
including IL-12, IFN-γ, and IL-4, respectively. However, Alum adjuvant 
could induce more IL-4 levels. Regarding antigen combinations, N an-
tigen and then RBD could induce the highest levels of Th1 cytokines 
including IL-12 and IFN-γ. In general, comparing Montanide and Alum, 
the results showed that AS03 adjuvant could more significantly shift the 
immune responses toward Th1 (p < 0.05) (Fig. 4A and C). The results of 
Flow cytometry in all animal models confirmed the results of the cyto-
kine assay. AS03 and Montanide adjuvants could prime moderate and 
high levels of CD4 + and CD8 + T cells, respectively. In Alum adjuvant, 
mild CD4+ and CD8+ T cells were primed by antigens (Fig. 4B and D). All 
results of the cytokine assay and Flow cytometry were confirmed by the 
IgG2a/IgG1 ratio. 

3.7. Virus neutralization test and challenge 

According to the virus neutralization test, only the Alum group could 
significantly raise the neutralizing antibodies after the third injection in 
all animal models (p < 0.05). Regarding the antigen groups, although 
both RBD and SS1 +RBD groups could effectively neutralize the pseudo- 
virus and SARS-CoV-2 (p < 0.05), protection in the RBD and SS1 +RBD 
groups has been different in independent dilutions (100% in 1/10 serum 

Table 4 
Physiochemical properties of RBD, SS1, and N antigens.   

RBD SS1 N 

Molecular weight (Da) 25,203.50 67,301.00 45,625.70 
Theoretical pI 8.79 8.00 10.07 
Number of negatively charged residues 

(Asp þ Glu) 
16 52 36 

Number of positively charged residues 
(Arg þ Lys) 

22 55 60 

Estimated half-life (Escherichia coli, in 
vivo) 

> 10 h > 10 h > 10 h 

Instability index 21.96 31.12 55.09  
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dilution and 80% in 1/100 serum dilution) (Fig. 5A-F). These data were 
in agreement with the data obtained from Abnova ELISA neutralizing 
assay (Fig. 5G). The results of the viral load after the challenge with 
SARS-CoV-2 on days 2, 7, and 14 are summarized in Table 5. In 
immunized monkeys, the viral load was significantly reduced from day 2 
(CT:15) to day 7 (CT: 28). In contrary, non-immunized monkeys could 
not prevent the localization of the virus. 

3.8. Safety outcomes 

In the LAL test, endotoxin was estimated to be less than < 0.125 EU/ 
µg (Table 6). Safety experiments showed no serious adverse conse-
quence or specific pathologic change in the heart, liver, kidney, skin, 
and brain samples of mice and primates (Fig. 6). 

4. Discussion 

Despite the cutting-edge progress in the field of SARS-CoV-2 vaccine 
development and many clinical trials on viral components including 

mRNA, S1, S2, RBD, and N subunits, a global effort is necessary to 
achieve public health goals through vaccination (Thevarajan et al., 
2020). At the beginning of the SARS-CoV-2 pandemic, WHO officially 
stated that no worldwide vaccination is expected to enter the market 
until the next two years (Wang et al., 2020b). However, the WHO has 
now developed several vaccines. In the present study, we tried to 
develop a potential vaccine; using different SARS-CoV-2 antigens (SS1, 
RBD, “SS1/RBD”, and “SS1/N”) with three different adjuvants including 
Alum, AS03, and Montanide at three doses (40, 80, and 120 μg) in mice, 
rabbits, and primates. 

Previously, the S subunit was reported as a target for antibody re-
sponses and several studies on SARS-CoV-2 or Middle East respiratory 
syndrome-related coronavirus (MERS-CoV) have observed both CD4+

and CD8+ T cell epitopes in this subunit (Liu et al., 2017; Grifoni et al., 
2020). In this regard, currently, three COVID-19 vaccines have been 
listed by WHO for emergency use or in clinical trials with the capability 
to express the full-length S subunit. Among them, Russia worked on 
recombinant rAd26 and rAd5 vector-based SARS-CoV-2 vaccines 
(Logunov et al., 2020a). The other candidate is from the UK; using 

Fig. 1. The results of purification and characterization of SS1, receptor-binding domain (RBD), and nucleoprotein (N) antigens A: Purification of the proteins through 
affinity chromatography; using Ni-NTA resin columns. RBD, Lane 1: purified RBD by elution buffer, Lane 2: molecular weight marker; N, Lane 1: molecular weight 
marker, Lane 2: purified nucleoprotein by elution buffer; SS1, Lane 1: before column, M: molecular weight marker, Lane 2: flow through, Lanes 3 and 4: washing 
buffer, Lane 5: purified SS1 by elution buffer, B: SS1, RBD, and N antigens were confirmed by Western blotting using convalescent human sera. Lane 1: protein 
marker; lane2: SS1 protein; Lane 3: N protein; Lane 4: RBD protein. C: ELISA was used for convalescent patients sera with produced COVID-19 antigens compared 
to controls. 
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recombinant chimpanzee ChAdOx1 nCoV-19 vaccine with lower effi-
cacy results. This vaccine was able to prevent COVID-19-associated 
pneumonia in primates and significantly decreased the viral load in 
the respiratory tract (Knoll and Wonodi, 2020). Ultimately, the last one 
has been studied in China based on Ad5 (Zhu et al., 2020a, 2020b). It 
should be noted that the phase II clinical trials of these studies indicated 
a potential neutralizing antibody and T-cell responses in human subjects 

(Folegatti et al., 2020; Zhu et al., 2020a; Logunov et al., 2020b). The fact 
that using S subunit-vaccines with N terminal domain exhibit lower 
neutralizing potency; especially when compared to RBD-based vaccines, 
is of great importance (Chi et al., 2020). Here, we designed and used this 
subunit without the N-terminal domain as SS1 to strengthen its immu-
nogenic effect. 

On the other hand, the highest proportion of neutralizing antibodies 

Fig. 2. Antibody (IgG) response against various severe acute respiratory syndrome-related coronavirus 2 (SARS-CoV-2) antigens + adjuvants at the dose of 120 μg in 
different animal models. A: Antibody response against various SARS-CoV-2 antigens + Alum in mice. B: Antibody response against various SARS-CoV-2 antigens 
+ AS03 in mice. C: Antibody response against various SARS-CoV-2 antigens + Montanide in mice. D: Antibody response against various SARS-CoV-2 antigens 
+ Alum in rabbit. E: Antibody response against various SARS-CoV-2 antigens + Alum in primates. 

S. Nazarian et al.                                                                                                                                                                                                                               



Molecular Immunology 149 (2022) 107–118

113

specific for SARS-CoV-2 was reported to target the RBD part of the virus 
and block the interaction between RBD and ACE2 (Dai and Gao, 2021). 
According to previous studies related to MERS-CoV and SARS-CoV-2, 
this part of the virus has a variety of epitopes for T cells and has 
demonstrated a high-quality antibody response and lower 
antibody-dependent enhancement (ADE) (Yang et al., 2020a; Liu et al., 
2017; Zhang et al., 2020; Zhou et al., 2006). Considering these data, 
here, we used SS1 along with RBD to increase the antibody response of 
our candidate vaccine. Accordingly, we observed excellent results 
regarding the production of neutralizing antibodies. Recently, many 
studies have started to develop RBD-based vaccines for SARS-CoV-2. It 
was reported that using RBD in vaccines has resulted in the production 
of a high amount of neutralizing antibodies in mice, rabbits, and pri-
mates. Moreover, they indicated that the immune sera showed a pro-
tective effect in mice (Yang et al., 2020a). Another study on primates 
applied DNA producing RBD and observed that neutralizing antibodies 
levels are associated with immunity against SARS-CoV-2 (Yu et al., 
2020). As mentioned before, the phase I/II studies of BioNTech/Pfizer 
used a nucleoside-modified RNA-based vaccine named BNT162b2 to 
express RBD and showed high neutralizing antibodies as well as strong 
T-cell responses against SARS-CoV-2 (Mulligan et al., 2020; Sahin et al., 
2020b). 

Nevertheless, it should be considered that RBD might also show 
lower immunogenicity due to its small size and plausible mixed forms of 
peptides as monomer, dimer, or trimer (Dai and Gao, 2021). Therefore, 
this could lead to another challenge in designing a practical vaccine. 
Hence, we applied the SS1, RBD, and N antigens to augment the safety 
and immunogenicity of our candidate vaccine against SARS-CoV-2 and 
remarkable results were observed (Dai and Gao, 2021; Bachmann and 
Zinkernagel, 1997). It is worth bearing in mind that the structure of RBD 
in E.coli is notably similar to what is expressed in the mammalian cells 
and both can cause immunity response and protective immunity against 
SARS-CoV challenge without Fc tag (Du et al., 2009). However, the 
expression of RBD in E.coli is much more economical, simpler, and faster 
than in eukaryotes. Remarkably, RBD does not show any 
post-translational changes in E.coli (Prahlad et al., 2021). E.coli; as a 
superior system for the mass-production of recombinant proteins, is 
considered as an appropriate model for producing functional RBD as a 
vaccine (Boosani and Sudhakar, 2006; Farinha-Arcieri et al., 2008; 
Marblestone et al., 2006; Saitoh et al., 2009), and RBD-based vaccines 
could lead to a notable antibody response with long-term protective 

immunity in different models (Du et al., 2007). Indeed, the N subunit is 
the most highly expressed and immunogenic viral part of SARS-CoV-2 
(Long et al., 2020). Consequently, it is another likely target for 
inducing the neutralizing antibodies and T cell responses. There are 
several studies conducted in this area of research with inconsistent re-
sults. Among them, one study demonstrated that N subunit-based vac-
cine resulted in CD4+ and CD8+ T cell responses in mice model (Liu 
et al., 2006). Additionally, another study indicated that vaccination with 
Venezuelan equine encephalitis replicon expressing a SARS-CoV CD4+ T 
cell epitope results in specific protection against the disease by IFN-γ 
production in mice (Zhao et al., 2016). Nevertheless, earlier studies have 
questioned the possibility of N subunit as a practical vaccine against 
SARS-CoV-2 by suggesting that not only N subunit-based vaccines are 
not able to induce protection against the virus, but also increase pneu-
monia and enhance respiratory diseases (ERD); followed by infection 
through enhancing Th2 cell-based response and pulmonary eosinophil 
infiltration (Deming et al., 2006; Yasui et al., 2008). Moreover, a recent 
study on mice also showed that anti-N immune sera did not show pro-
tection against SARS-CoV-2 (Sun et al., 2020). In this manner, using N 
subunit in vaccine setting is a debatable issue which should be fully 
investigated by further investigations. To date, as far as the authors are 
concerned, no vaccine is completely progressed based on N subunit for 
SARS-CoV-2 (Dai and Gao, 2021). Based on previous studies which used 
a high dose of recombinant vaccine (such as NVX-CoV2373 and Zhifei), 
(Yang et al., 2021b; Tian et al., 2021), we used a higher dose in our 
animal experiment to investigate the effect of our candidate recombi-
nant vaccine on the immunity of animals. However, the obtained results 
suggested the potential of these subunits along with other adjuvants to 
be a candidate vaccine against SARS-CoV-2. According to the results, the 
80 and 120 μg concentration groups could induce superior antibody 
responses compared to other doses. Although the best immune response 
was induced through the AS03 adjuvant, unexpectedly, no significant 
neutralizing antibodies were evaluated in the VNT assay. Instead, 
despite lower humoral and cellular immune responses were detected in 
the Alum adjuvant, neutralizing antibody was produced against the RBD 
antigen. Furthermore protection has been just seen in RBD and combi-
nation of RBD with SS1. In this regard, the role of the adjuvant is critical 
as high stimulation of immune cells such as B cells to induce more 
neutralizing antibodies with a higher affinity. Adjuvants could shape 
and modulate the epitope recognition profile of antibodies (Wang et al., 
2016; Maeda et al., 2017; Ghalavand et al., 2021; Rezaie et al., 2019). 

Fig. 3. Different IgG2a/IgG1 ratios and humoral responses against severe acute respiratory syndrome-related coronavirus 2 (SARS-CoV-2) antigens in three adju-
vants, namely, Alum, AS03, and Montanide at the dose of 120 μg of the candidate vaccine in mice. A: COVID-19 specific IgG2a/IgG1 ratio in Alum at the dose of 
120 μg of the candidate vaccine. B: COVID-19 specific IgG2a/IgG1 ratio in AS03at the dose of 120 μg of the candidate vaccine. C: COVID-19 specific IgG2a/IgG1 ratio 
in Montanide at the dose of 120 μg of the candidate vaccine. D: Different humoral responses between three adjuvants. Receptor-binding domain (RBD) antigen with 
AS03 adjuvant-induced predominant Th1 response. 
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In addition, according to the VNT results, induced neutralizing an-
tibodies could recognize native viral RBD protein domain completely 
similar to the recombinant RBD antigen. As expected, due to the 
composition of the Alum adjuvant (aluminum hydroxide), a cell- 
mediated immune response including CD4/CD8 T cells ratio, IgG2a/ 
IgG1, IL-12, and IFNγ was lower for Alum compared to AS03 and 
Montanide; demonstrating switching the immune responses toward the 

Th2 T cell. As pathologic findings indicated, no inflammation and in-
juries were observed in the brain, lung, heart, liver, kidney, and skin of 
experimental animal models. In addition, during the whole process of 
animal vaccinations, no alterations were found in the biochemical pa-
rameters (especially creatine phosphokinase), hematological parame-
ters (especially platelets), clotting parameters (including prothrombin 
time, partial thromboplastin time, and international normalized ratio), 

Fig. 4. The results of cytokines assay and flow cytometry analysis in animal models vaccinated against severe acute respiratory syndrome-related coronavirus 2 
(SARS-CoV-2) antigens. A: Cytokine production against SARS-CoV-2 antigens + Alum in mice (1: IL-4, 2: IL-12, 3: IFNγ), AS03 (4: IL-4, 5: IL-12, 6: IFNγ), and 
Montanide (7: IL-4, 8: IL-12, 9: IFNγ). B: The results of flow-cytometry analysis against SARS-CoV-2 antigens in mice (1: Alum, 2: AS03, 3:Montanide). C: Cytokine 
production against SARS-CoV-2 antigens + Alum in rabbit (1: IL-4, 2: IFNγ), SARS-CoV-2 antigens + Alum in monkey (3: IL-4, 4: IFNγ). D: The results of flow 
cytometry analysis against SARS-CoV-2 antigens in the monkey model. 
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Fig. 5. Effect of incubated Vero cells with neutralizing titers of the immunized sera with various severe acute respiratory syndrome-related coronavirus 2 (SARS-CoV- 
2) antigens. A: Sera from positive humans was collected after immunization and analyzed. 1: Control, 2: OD: 1.1, 3: OD: 0.9, 4: OD: 0.7, 5: OD: 0.5. B: Neutralizing 
antibodies sera from the immunized mice with various SARS-CoV-2 antigens + Alum adjuvant. 1: Control, 2: SS1 +N, 3: SS1 +RBD, 4: SS1, 5: RBD. C: Neutralizing 
antibodies sera from the immunized mice with various SARS-CoV-2 antigens + AS03 adjuvant. 1: Control, 2: SS1 +N, 3: SS1 +RBD, 4: SS1, 5: RBD. D: Neutralizing 
antibodies sera from the immunized mice with various SARS-CoV-2 antigens + Montanide adjuvant. 1: Control, 2: SS1 +N, 3: SS1 +RBD, 4: SS1, 5: RBD. E: Next, 
according to the results of mice, primates were treated as following and neutralizing antibodies sera from the immunized primates were collected and analyzed. 1: 
Control, 2: SS1 +RBD with AS03 adjuvant, 3: SS1 +RBD with Alum adjuvant, 4: RBD with AS03 adjuvant, 5: RBD with Alum adjuvant. F: Morphological changes in 
Vero cells F1: Negative control; F2:Positive control after treatment with 100 TCID50; F3: after treated with SS1 +RBD and Alum mice; F4: after treated with 
SS1 +RBD and Alum rabbit; F5: after treated with SS1 +RBD and Alum monkey; F6: after treated with RBD and Alum mice; F7: after treated with RBD and Alum 
rabbit; F8: after treated with RBD and Alum monkey. Images were taken by a phase-contrast microscope (40 ×). G: The results of neutralization titers measured by 
ELISA. Human: human convalescent plasma and control: serum healthy person; in mice rabbit and monkey: negative: control (PBS+adjuvants); serum test 1: 
SS1 +RBD; serum test 2: RBD. 

S. Nazarian et al.                                                                                                                                                                                                                               



Molecular Immunology 149 (2022) 107–118

116

and inflammatory factors (including CRP, ESR, and ANA). 
As mentioned earlier, the S subunit contains two parts, S1 and S2, 

both of which have been investigated for developing a potential vaccine. 
Recently, it was illustrated that SS1 +Alum caused a stronger antibody 
response against SARS-CoV-2 in comparison with RBD. The reason 
might be due to the presence of neutralization epitopes in SS1 but 

outside the RBD (Wang et al., 2021). 

5. Conclusions 

In the present study, we evaluated the immunogenicity of different 
SARS-CoV-2 antigens including SS1, RBD, and N along with various 
adjuvants, namely Alum, AS03, and Montanide in a vaccine setting in 
mice, rabbits, and primates. It was observed that our candidate vaccines 
elicited superior antibody responses at the concentration of 80 and 
120 μg compared to other doses, especially when used in combination 
with AS03. However, a high level of neutralizing antibodies against the 
SARS-CoV-2 virus was observed in the sera of the animal models 
immunized with Alum adjuvant. The obtained results were confirmed by 
observing moderate levels of Th1/Th2 cytokines. Also, pathology, 
cytotoxicity, and other laboratory findings indicated the safety of our 
candidate vaccine. Ultimately, our statistical findings suggested that 
RBD or RBD+SS1 in combination with alum as the adjuvant could lead 
to remarkable antibody production, T-cell response, and significant 
immunity in various animal models. 

Table 5 
The results of challenge with SARS-CoV-2.  

Specimen Nasopharyngeal and throat swab 

Days 2 7 14 
Control Negative Negative Negative 
Non-Immunized monkey (CT) 15 18 27 
Immunized monkey (CT) 15 28 36  

Table 6 
The results of LAL test.  

Protein Result Unit Standard method Reference 

SS1 Negative EU/ml Gel clot lonza kit sensitivity USP 
RBD Negative EU/ml Gel clot lonza kit sensitivity USP 
N Negative EU/ml Gel clot lonza kit sensitivity USP  

Fig. 6. The microscopic findings of immunized monkeys collected tissues (heart, liver, brain, lung, kidney, and skin). A: Dense connective tissue with elastic fibers 
was present in the cardiac/fibrous skeleton. Cardiomyocytes were normal and branched, contained intercalated disks, and were mononucleated. B: Fat vacuoles were 
seen in the hepatocytes’ cytoplasm. Some sinusoids and central veins were congested but portal tracts were seen in normal condition. There was no increase in 
Kupffer cells and inflammation or dilation of sinusoids. C: No inflammation in meninges and neutrophils was observed. Molecular, granular, and pyramidal layers 
were intact and no neuron degeneration was noticed. D: No lesion in peribronchial and interalveolar spaces were seen. E: There was no evidence regarding in-
flammatory cells infiltration and no other lesion was noticed. F: Stratified squamous epithelium was intact with a thin layer of stratum corneum. Irregular dense 
connective tissue in the dermis layer with hair follicles and no inflammation, congestion, hyperemia, swelling, or other disorders were noticed. 
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