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ABSTRACT 

The coronavirus disease (COVID-19) caused by the severe acute respiratory syndrome coronavirus 

2 (SARS-CoV-2) has resulted in numerous infections and deaths. The emergence of SARS-CoV-

2 variants of concern (VOCs) resulted in reductions in the protective efficacies of current mRNA 

and viral-vectored vaccines targeting the spike (S) protein from the SARS-CoV-2 Wuhan strain. 

A more promising strategy involves targeting highly conserved and immunogenic sequences from 

SARS-CoV-2 structural proteins to produce immune responses against the Wuhan strain and 

circulating VOCs. Recombinant protein vaccines could serve as a valuable vaccine development 

platform based on their high stability, safety, and immunogenicity in clinical development. This 

research project aimed to develop a recombinant protein vaccine against SARS-CoV-2. Antigens 

were identified through literature mining and derived from the SARS-CoV-2 S and membrane (M) 

in the form of six peptides specifying highly conserved B cell and T cell epitopes. The expressed 

recombinant protein of interest, GST-6Phis, was purified through ammonium sulfate precipitation, 

gel filtration, immobilized metal affinity chromatography (IMAC), nickel-nitrilotriacetic acid (Ni-

NTA) histidine affinity chromatography, and a protein concentrator. Four groups of 5 BALB/c 

mice each were intramuscularly or intranasally immunized with 10 µg GST-6Phis or with PBS. 

Cellular and humoral responses were evaluated at 42 days’ post-immunization. Intramuscular 

administration of GST-6Phis resulted in IFN-γ secreting CD4+ T cells, while intranasal 

administration produced IFN-γ secreting CD8+ T cells. Robust IgG antibody responses, as 

represented by absorbance values and mean reciprocal antibody titers, resulted from the 

intramuscular and intranasal administration of GST-6Phis. Sera obtained from mice immunized 

both intramuscularly and intranasally with GST-6Phis contained neutralizing antibodies against 

the SARS-CoV-2 Wuhan strain, while intramuscular administration produced neutralizing 
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antibodies against Omicron. In conclusion, the recombinant protein vaccine demonstrated the 

promise of utilizing conserved and immunogenic epitopes to produce immune responses against 

both the SARS-CoV-2 Wuhan and Omicron strains. 

Keywords -  SARS-CoV-2, VOC, recombinant protein vaccines, epitopes
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CHAPTER 1: INTRODUCTION 

The COVID-19 which was caused by the novel etiological agent, the SARS-CoV-2 

originated in Wuhan City, China in December 2019. COVID-19 spread across the globe at an 

alarmingly accelerated rate (Sannathimmappa & Nambiar, 2020). On March 11, 2020, the World 

Health Organization (WHO) officially classified the global COVID-19 outbreak as a pandemic 

(Cucinotta & Vanelli, 2020). Academic groups and pharmaceutical companies actively 

collaborated at an unprecedented pace in history to develop effective vaccines against SARS-CoV-

2 (Ahmed et al., 2021). These vaccine candidates were based on vaccine platforms such as 

messenger ribonucleic acid (mRNA) and viral-vectored and also conventional ones such as the 

inactivated and protein subunit. These vaccine candidates were licensed under emergency approval 

for large-scale public immunizations (Shahcheraghi et al., 2021). Notably, all these vaccine 

candidates were based on the S glycoprotein of the SARS-CoV-2 Wuhan strain (Martínez-Flores 

et al., 2021). Indeed, these vaccine candidates conferred high levels of protection against infections 

caused by the SARS-CoV-2 Wuhan strain (El Sahly et al., 2022; Falsey et al., 2021).  

1.1 Problem statement 

Reported vaccine efficacies of the licensed vaccines against the SARS-CoV-2 Wuhan 

strain were high. For example, mRNA-1273, BNT162b2, ChAdOx1 nCoV-19, and BBIBP-

CorV showed a protective efficacy of 94.1%, 95%, 90%, and 78.1%, respectively (Puranik et al., 

2021; Voysey et al., 2021; Zhang et al., 2022). However, the SARS-CoV-2 is subjected to 

spontaneous mutations due to the replication process carried out by the viral ribonucleic acid 

(RNA) polymerase (Cosar et al., 2022). Throughout the duration of the pandemic, there has been 

a consistent evolution of the SARS-CoV-2, resulting in the emergence of Alpha, Beta, Gamma, 

Delta, and Omicron VOCs that are different in genome sequences when compared to the original 
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SARS-CoV-2 Wuhan strain (Farhud & Mojahed, 2022). The majority of these mutations primarily 

were located in the S gene (Magazine et al., 2022).  

The emergence of SARS-CoV-2 VOCs is associated with a reduction in the protective 

efficacies of current vaccines. Decreased efficacies of the mRNA-1273, BNT162b2, ChAdOx1 

nCoV-19, BBIBP-CorV vaccines against SARS-CoV-2 VOCs have been reported (Tseng et al., 

2022). The emergence and dissemination of SARS-CoV-2 variants pose a significant challenge in 

effectively preventing and controlling the pandemic through immunizations with vaccines based 

on the S protein of the SARS-CoV-2 Wuhan strain. Therefore, despite the existence of effective 

vaccines against the SARS-CoV-2 Wuhan strain, the number of infections and deaths attributable 

to SARS-CoV-2 VOCs continued to increase. As of 14 June 2023, there were 767,984,989 

infections and 6,943,390 deaths associated with COVID-19 (WHO, 2023a). The COVID-19 

pandemic has demonstrated a significant propensity for causing harm to the health and well-being 

of individuals as well as inducing financial repercussions, economic crises, and leading to the 

widespread implementation of stringent lockdown measures (Belitski et al., 2022; Dai et al., 2021; 

Hill, 2022; Shang et al., 2021). There is a high probability of the emergence of novel VOCs, 

characterized by multiple mutations in the S protein. Consequently, this could potentially render 

current vaccines less effective against these novel VOCs with modified S proteins, thereby 

increasing susceptibility to infection and the potential for immune escape.  

Vaccine development approaches involving mRNA, DNA, or recombinant protein serve 

as a promising solution against the problem of emerging SARS-CoV-2 VOCs and the associated 

reduction in the protective efficacies of current vaccines against SARS-CoV-2. Indeed, mRNA, 

deoxyribonucleic acid (DNA), and recombinant protein vaccines may be developed to incorporate 

different antigenic targets specific to the sequences of novel SARS-CoV-2 VOCs (Maruggi et al., 
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2019; Moyle & Toth, 2013; Smith et al., 2020). Indeed, Moderna's bivalent booster vaccine, 

mRNA-1273.222, which consisted of the mRNA encoding the S protein from both the SARS-

CoV-2 Wuhan strain and the SARS-CoV-2 Omicron BA.4/BA.5 variants, quickly progressed to 

phase 2/3 clinical development and demonstrated the induction of higher neutralizing antibody 

titers against BA.4/BA.5 compared to a booster dose of mRNA-1273 (Chalkias et al., 2022). While 

this proactive approach to developing vaccines is commendable, such targeted development may 

not be sustainable in the long run in light of the emergence of the continuously mutating SARS-

CoV-2 virus. A more viable prospect for vaccine development against emerging SARS-CoV-2 

VOCs is associated with the identification of highly conserved and immunogenic epitopes that 

may be incorporated in mRNA, DNA, or recombinant protein vaccines as antigenic determinants 

to develop immunization strategies effective against emerging SARS-CoV-2 VOCs. 

The use of the conventional live attenuated vaccine (LAV) platform is not considered to 

be feasible or safe in terms of large-scale productions of LAVs to vaccinate against COVID-19 

because of the danger it poses in terms of potential reversion of live attenuated viruses to virulence 

through mutations or recombination (Hanley et al., 2011). Moreover, in order to develop LAVs 

for large-scale production, the growth of the highly pathogenic live SARS-CoV-2 virus has to be 

conducted in large quantities which can pose an alarming problem of safety. Furthermore, 

installing bioreactors and engaging in extensive purification procedures to manufacture both LAVs 

and inactivated vaccines (IVs) is costly and may serve as a limitation for the production of the 

vaccine in low-income countries (Fang et al., 2022).  

A modification in the antigenic region of mRNA vaccines does not change the physical 

and chemical properties of the vaccine and large-scale production of mRNA vaccines may be 

standardized and performed using a complex 1 or 2-step in vitro reaction and a purification 
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platform with steps such as DNase digestion, precipitation, chromatography, or tangential flow 

filtration (Rosa et al., 2021). Also, when compared to the preparation of DNA vaccines using E. 

coli which may result in endotoxin contamination, the mRNA vaccine platform is attractive in 

terms of safety because of minimal cell-derived impurities and contaminants. Additionally, unlike 

DNA vaccines, mRNA vaccines do not need to cross the nucleus and are not associated with 

genome integration (Rosa et al., 2021). However, mRNA vaccines require ultra-cold storage 

conditions of around -70°C, which limits their deployment across the globe (Uddin & Roni, 2021). 

An additional challenge is the lack of thermostability in mRNA vaccines. Advancements towards 

improvements in the thermostability of mRNA vaccines and global collaboration to facilitate their 

deployment in resource-limited areas are required.  Viral-vectored vaccines are also associated 

with various drawbacks, including vector-induced immunity, impractical for use in 

immunocompromised individuals, inconsistent immune responses, potential genetic changes, and 

substantial challenges in mass production and long-term storage (Strizova et al., 2021).  

This project aims to develop a recombinant protein vaccine candidate based on highly 

conserved and immunogenic epitopes incorporated into expression plasmids for the development 

of recombinant protein vaccines that could be easily modified in response to emerging VOCs. 

Justifications include the positive attributes of rapid development of recombinant vaccines based 

on different antigens and freeze-drying or lyophilization of recombinant protein vaccines. Similar 

to nucleic acid vaccines, recombinant protein vaccines also have the advantage of accelerated 

development of different vaccines based on different antigenic regions. Vaccination in low-income 

countries such as Ethiopia, Nigeria, Kenya, Malawi, Tanzania, Uganda, Cameroon, Mozambique, 

Lesotho, and India is hampered due to a lack of finances and infrastructural facilities for cold 

storage of mRNAvaccines (Ashok et al., 2017). In contrast, recombinant protein vaccines may be 
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freeze-dried or lyophilized, allowing them to be preserved in a dried powdered form and they could 

be used to cater to large populations in Asia and Africa. 

1.2 Aims of the current research  

Concerns of reduced protective efficacies of current vaccines against SARS-CoV-2 VOCs 

and the emergence of highly transmissible VOCs warrant the development of vaccines that could 

offer convenience of production at low cost and storage conditions especially for developing and 

under-developed nations. In particular, a promising solution lies in the utilization of highly 

conserved and immunodominant epitopes from S and other SARS-CoV-2 antigenic regions 

identified from reverse vaccinology bioinformatics approaches which could confer broad 

protection against the ancestral SARS-CoV-2 strain as well as VOCs. 

The aim of this research study is to develop a recombinant protein vaccine against SARS-

CoV-2 which is composed of highly conserved and immunogenic peptides representing B and T 

cell epitopes that were identified through literature mining approaches. The peptides were linked 

together using KK, AAY, or GPGPG linkers. The nucleotides encoding this linked sequence of 

six peptides were then incorporated into the pET-41a(+) vector, which was subsequently expressed 

in E. coli to produce the recombinant protein. The characterization of the recombinant expression 

plasmid was conducted by restriction enzyme digestions of the plasmid, followed by determination 

of the size of the plasmid and confirmation of the nucleotide sequence of the cloned gene of 

interest. The recombinant expression plasmid was grown in E. coli cells and the expression of the 

protein of interest in the crude lysate was confirmed. A purification scheme based on ammonium 

sulfate precipitation, gel filtration chromatography, IMAC, and a centricon protein concentrator 

was developed to obtain a purified protein which was further used for intramuscular and intranasal 

immunizations of BALB/c mice for evaluation of the elicited humoral and cellular immune 
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responses. The humoral responses in mice were evaluated in terms of the neutralizing and IgG 

antibody levels in the sera of immunized mice while cellular responses were evaluated in terms of 

interferon-gamma (IFN-γ) production by CD4+ and CD8+ T cells. This allowed a comparison to 

be made between the immune responses elicited from the intranasal and intramuscular 

administration of the recombinant protein vaccine. 

1.3 Research objectives 

This research project has the following objectives: 

 To express and purify a recombinant protein vaccine candidate incorporating validated 

peptides capable of eliciting neutralizing antibodies (nAbs) and cytokines to produce 

humoral and cellular immune responses against SARS-CoV-2 Wuhan strain and VOCs 

 To immunize BALB/c mice with the naked recombinant protein vaccine through 

intramuscular and intranasal administrations and conduct immunogenicity testing to 

evaluate humoral and cellular responses 

1.4 Research questions 

 Are the individual peptides representing B and T cell epitopes immunogenic and what is 

their global HLA population coverage? 

 Is the recombinant protein vaccine safe in animal models? 

 What are the levels of antibody titres (binding as well as nAbs) and cytokine production 

that can be elicited by the recombinant protein vaccine when administered 

intramuscularly and intranasally? 



7 
 

 Are the antigen regions encoding the B-cell epitopes of the SARS-CoV-2 genome used to 

develop the recombinant protein vaccine effective to elicit immune responses against the 

SARS-CoV-2 Wuhan and Omicron strain? 
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CHAPTER 2: LITERATURE REVIEW 

2.1 Epidemiology 

In December 2019, several cases of pneumonia were reported in Wuhan City, China. The 

initial cases were largely connected to the Huanan seafood wholesale market, where the sale of 

aquatic animals and live animals took place (Li et al., 2020a). Following the initial report from 

China, the disease began to spread rapidly, and the number of cases increased significantly. On 11 

January 2020, the first case outside mainland China was reported in Thailand. In a matter of 

months, the disease had made its way to every continent except Antarctica (Dhar Chowdhury & 

Oommen, 2020). Multiple countries such as the European continent (276,780,884 infections and 

2,253,193 deaths), the Americas (193,320,888 infections and 2,970,993 deaths), Western Pacific 

(207,412,892 infections and 417,658 deaths), Eastern Mediterranean (23,401,838 infections and 

351,665 deaths), South-East Asia (61,208,962 infections and 808,058 deaths), and African region 

(9,553,390 infections and 175,443 deaths) have been affected (WHO, 2023b).  

2.2 Symptoms 

The type and severity of COVID-19 symptoms varied from person to person. The most 

commonly reported symptoms were fever, dry cough, difficulty breathing, gastrointestinal 

symptoms, joint and muscle pain, chest pain, altered smell and taste, and diarrhea (Aiyegbusi et 

al. 2021; Grant et al., 2020). Severe symptoms in line with pneumonia were reported in the second 

or third week of infection and were associated with reduced oxygen saturation, altered blood gas, 

abnormal chest X‐rays, alveolar exudates, and interlobular involvement which demonstrated 

eventual deteriorations. Lymphopenia was usually reported with increased levels of inflammatory 

markers such as C‐reactive protein and proinflammatory cytokines (Velavan & Meyer, 2020). 
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2.3 Genomic organization 

The genome of the SARS-CoV-2 is a single-stranded positive-sense RNA with a size of 

approximately 29.9 kb (Jungreis et al., 2021). The genome is composed of two large open-reading 

frames, ORF1a and ORF1b, located at the 5’ end. These are responsible for encoding 16 non-

structural proteins ranging from NSP1 to NSP16 which are involved in the formation of a 

replication–transcription complex (RTC) (Alanagreh et al., 2020). The other ORFs located at the 

3’ end are responsible for encoding four structural proteins, namely S, envelope (E), membrane 

(M), and nucleocapsid (N) proteins. The M protein provides shape and structure to the viral 

particles, the E protein ensures proper virion assembly and release, and the N protein packages the 

RNA genome and enhances pathogenicity by reducing interferon production, while the S protein 

recognizes the angiotensin-converting enzyme 2 (ACE2) host cell receptor (Rastogi et al., 2020). 

The structure of the SARS-CoV-2, its genomic organization and encoded proteins are shown in 

Figure 2.1.
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Figure 2.1. Structure (A) and genomic organization (B) of SARS-CoV-2. ORF = Open-reading frame; UTR= untranslated region; 

NSP = non-structural protein; S = Spike; E = Envelope; M = Membrane; N = Nucleocapsid  
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2.4 The importance of the S protein and its interaction with ACE2 

The S structural protein is of particular importance to vaccine design since it mediates binding and 

entry into the host (Shang et al., 2020). The S protein is a glycosylated type I membrane protein 

and consists of two subunits S1 and S2. The S protein exists in a trimeric prefusion form which is 

cleaved by the host furin protease into S1 and S2. The S1 subunit contains the N terminal domain 

(NTD) and the receptor-binding domain (RBD) which is responsible for binding to the ACE2 cell 

receptor (Nguyen et al., 2020) (Figure 2.2).
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Figure 2.2. The genomic organization of the S protein of SARS-CoV-2 showing the signal peptide (Sig), NTD, RBD, C-terminal 

domains (CTD1 and CTD2), fusion peptide (FP), heptad repeat regions (HR1 and HR2), central helical region (CH), the connector 

domain (CD), transmembrane region (TM), endodomain/cytoplasmic tail (CT), and endoplasmic reticulum retention signal (ERsig)  
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The S protein requires priming by host cell proteases such as endosomal cysteine protease 

cathepsin L and the serine proteases furin and transmembrane serine protease 2 (TMPRSS2) for 

viral entry and membrane fusion. Priming refers to the cleavage of the S protein subunits and it 

was reported that S protein cleavage occurs at two sites. The first is the S1/S2 site between the S1 

and S2 subunits by furin to expose the RBD in the “up” conformation and allow it to bind to the 

ACE2 receptor. The RBD allows the enveloped virus to bind to host cells by interacting with the 

ACE2 receptor expressed by host cells in the lower respiratory tract (Mariano et al., 2020) (Figure 

2.3.). After the RBD binds to ACE2, additional cleavage of the S2 subunit occurs at a second 

specific site by the host serine protease TMPRSS2 which leads to the dissociation between S1 and 

S2 and produces the mature N-terminus of the fusion peptide. This allows the fusion of viral and 

host membranes and facilitates virus entry (Figure 2.3.). When the SARS-CoV-2 enters the host 

cell, it will release its RNA and polyproteins will be produced following translation. The RNA 

genome of the SARS-CoV-2 is replicated. The RNA genome of SARS-CoV-2 is replicated in the 

cytoplasm, where it serves as a template for translation of large replicase polyproteins. These 

proteins form replication–transcription complexes responsible for RNA synthesis, aided by 

modifications of endoplasmic reticulum membranes. This process yields full-length genome 

complements and subgenomic RNAs, crucial for viral protein production and assembly. Viral 

protein translation is regulated by programmed ribosomal frameshifting and leaky ribosomal 

scanning (Malone et al., 2022). This is followed by the arrangement of structural proteins formed 

in the host cell, followed by a release of the virus particles (Vallamkondu et al., 2020).   

The binding of the RBD to the ACE2 receptor induces a conformational change in the S 

protein from a metastable prefusion conformation to a stabilized postfusion conformation (Figure 

2.3.). However, the S protein may be maintained in a stabilized prefusion state. Previous structural 
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studies facilitated an improved understanding of the structural properties of SARS-CoV-2 S. 

Kirchdoerfer et al. (2017) introduced a strategy to stabilize the S protein through the introduction 

of two proline mutations through cryo-EM analyses of stabilized trimeric SARS-CoV S. The 

mRNA-1273 (Corbett et al., 2020) and BNT162b2 as well as the protein subunit vaccine by 

Novavax (Phase 3) utilized the two proline mutations to develop a prefusion-stabilized S protein 

as the main antigenic target (Dai & Gao, 2021). These mutations were made by inducing mutations 

in two consecutive residues (K986 and V987) in the S2 subunit located between the central helix 

(CH) and the heptad repeat 1 (HR1) (Dai & Gao, 2021). In contrast to the wild-type SARS-CoV-

2 S protein, the SARS-CoV-2 S protein carrying two proline mutations shows an open 

conformation with the RBD in the ‘up’ position, thus allowing induction of high neutralizing 

antibody titers (Juraszek et al., 2021).  
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Figure 2.3. The induction of conformational changes in the S protein resulting from the binding 

of the RBD to the ACE2 receptor showing a pre-binding open SARS-CoV-2 conformation 

(PDBID: 7DDN), allowing it to bind to the ACE2 receptor and a post-binding SARS-CoV-2 S 

protein closed conformation (PDBID:6VXX). The open and closed structures were obtained 

from the Research Collaboratory for Structural Bioinformatics Protein Data Bank (RCSB PDB).
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2.5 Conventional vaccine development 

Conventional vaccines such as LAVs have been developed against rabies and measles and 

reduced the incidence of several diseases such as rubella, influenza, rotavirus, tuberculosis and 

typhoid (Greenwood, 2014). The inactivated polio vaccine (IPV) was shown to confer protection 

against symptomatic poliomyelitis and paralysis, and the live virus oral polio vaccine (OPV) 

provided potent intestinal immunity which was useful in preventing viral shedding and 

transmission of infection (Alfaro-Murillo et al., 2020). Whole live vaccines were used to immunize 

against pneumococcus, meningococcus and typhoid bacillus in addition to the use of a toxoid 

vaccine such as a tetanus toxoid, diphtheria toxoid and a killed pertussis vaccine. Sinovac Biotech 

and Sinopharm vaccine developed the CoronaVac and BBIBP-CorV vaccines, respectively against 

COVID-19.  

There is preclinical research associated with the development and immunogenicity testing 

of LAV candidates against SARS-CoV-2. Different modifications have been employed to 

ameliorate the possible risk of reversion to virulence. For example, Wang et al. (2021b) utilized 

codon deoptimization to develop a SARS-CoV-2 LAV which resulted in prevention of reversion 

to virulence and potent induction of host immunogenicity. Additionally, Adler et al. (2023) 

demonstrated that the removal of the S protein furin cleavage site from a SARS-CoV-2 LAV may 

be effective in inhibiting its transmission as evidenced by the full inhibition of horizontal 

transmission in hamsters who were administered with the LAV vaccine candidate. Importantly, 

the protection offered by the vaccine against SARS-CoV-2 infection and the potency of immune 

responses was similar to immunogenicity elicited from the administration of the live attenuated 

candidate possessing the furin cleavage site. Additionally, the vaccine did not exhibit any 

propensity to recombine in vivo or in vitro with a field strain of SARS-CoV-2. 
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Another study found that the sCPD9 LAV candidate elicited superior immune responses 

when compared to the mRNA BNT162b2 and the Ad2-spike adenovirus-vectored vaccine when 

immunogenicity was evaluated in Syrian hamsters (Nouailles et al., 2023).  These differences were 

observed in terms of effective viral clearance, decreased tissue damage, rapid pre-plasmablast 

development, robust mucosal humoral responses, and prompt retrieval of memory T cells from 

lung tissue following exposure to heterologous SARS-CoV-2. Notably, the development of an 

effective LAV for SARS-CoV-2 vaccine development necessitates extensive information about 

the viral genes and their functions to deter any potential reversion to virulence. Nevertheless, there 

are several SARS-CoV-2 accessory proteins whose functions are unknown (Malik, 2020).  

 

2.6 Vaccine development against COVID-19 focusing on S protein 

Upon analysis of the SARS-CoV-2 genome sequence, several academic and 

pharmaceutical groups developed mRNA and viral-vectored vaccines based on the S protein which 

was identified as a key antigenic target. Moderna and the Vaccine Research Center at the National 

Institute of Allergy and Infectious Diseases (NIAID) developed mRNA-1273, a lipid nanoparticle 

(LNP) encapsulated mRNA vaccine expressing the prefusion-stabilized S glycoprotein (Baden et 

al., 2021). Concurrently Pfizer and BioNTech developed BNT162b2, a lipid nanoparticle–

formulated, nucleoside-modified RNA vaccine that encodes a prefusion-stabilized, membrane-

anchored SARS-CoV-2 full-length S protein (Thomas et al., 2021). Viral-vectored vaccines by 

Janssen Pharmaceutical, CanSino Biologics, and AstraZeneca in collaboration with the University 

of Oxford were also developed to target the S protein. These vaccine candidates quickly obtained 

emergency approval by the Food and Drug Administration (FDA) and European Medicines 

Agency (EMA) and were administered globally for large-scale public immunizations. mRNA-
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1273, BNT162b2, ChAdOx1 nCoV-19 (low-dose, followed by a standard dose), and BBIBP-

CorV showed protective efficacies of 94.1% and 95.0%, 90·0%, and 78.1%, respectively (Puranik 

et al., 2021; Voysey et al., 2021; Zhang et al., 2022). However, multiple SARS-CoV-2 VOCs with 

high transmission and neutralization escape capabilities began to emerge soon after the success of 

the mRNA, viral-vectored, and IVs. 

2.6.2 Mutations in the S protein 

An important mutation that differentiated the SARS-CoV-2 Wuhan strain from the six 

previous coronaviruses (HCoV-229E, HCoV-OC43, SARS-CoV (SARS-CoV-1), HCoV-NL63, 

CoV-HKU1, and MERS-CoV) was the D614G, a S-protein mutation, associated with the 

carboxy(C)-terminal region of the S1 domain. The D614G mutation has been linked to reduced S1 

shedding and increased infectivity, resulting in increased transmission advantage over past 

coronaviruses known to infect humans (Zhang et al., 2020a). The D614G was also shown to be 

consistently present in SARS-CoV-2 VOCs (Ahmad et al., 2022).  

SARS-CoV-2 VOCs were associated with multiple mutations in the S protein. Currently, 

five VOCs of SARS-CoV-2 have been identified. The VOCs B.1.1.7 (UK), B.1.351, (South 

Africa), P.1 (Brazil), and B.1.617.2 (India) were associated with mutations leading to virus 

adaptations such as increased transmissibility and immune evasion (Noh et al., 2021a). For 

example, the B.1.1.7 variant has the following mutations: N501Y substitution in the RBD, 

H69/V70 deletion in the NTD, and a P681H mutation adjacent to the furin cleavage site in the S 

protein (Zahradník et al., 2021; Kemp et al. 2020; Planas et al., 2021). These mutations were linked 

to increased transmissibility of the SARS-CoV-2 variant. In particular, the H69/V70 deletion 

modified the conformation of the NTD loop which enhanced infectivity (Kemp et al., 2020). 

Furthermore, the B.1.351 variant was associated with the K417N, E484K, and N501Y mutations 
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while the P.1 variant carried the K417T, E484K, and N501Y substitutions in the RBD (Planas et 

al., 2021). A total of 9, 10, 12, 17, and 39 mutations were present in the S protein in the Alpha 

(B.1.1.7), Beta (B.1.351), Gamma (P.1), Delta (B.1.617.2), Omicron (B.1.1.529) VOCs, 

respectively (Ahmad et al., 2022). Recently, as of 15 March 2024, Omicron BA.2, BA.4 and BA.5 

are no longer considered VOCs since the European Centre for Disease Prevention and Control 

(ECDC) has de-escalated these from the list of SARS-CoV-2 VOCs, since these parental lineages 

are not currently circulating (ECDC 2024). As of 9 February 2024, Variants of Interest (VOIs) 

include Omicron XBB.1.5, XBB.1.16, Eris EG.5, Omicron BA.2.86, and JN.1. The Omicron JN.1 

variant was reported as the dominant variant in the U.S., responsible for more than 60% SARS-

CoV-2 cases (WHO, 2024). 

2.6.3 Reduction in protective efficacies of current vaccines in response to VOCs 

Harvey et al.  (2021) reasoned that since the Wuhan S glycoprotein was present as the main 

antigenic determinant in viral-vectored and mRNA vaccines that were first licensed under 

emergency use, mutations in the S protein in SARS-CoV-2 VOCs could impact antigenicity and 

the interaction of the S protein with the host to elicit nAbs. Indeed, mRNA-1273, BNT162b2, and 

ChAdOx1 nCoV-19 were soon reported to exhibit reduced protective efficacies against SARS-

CoV-2 VOCs.  

Collier et al. (2021) conducted in vitro pseudotyped neutralization assays evaluating 

neutralizing antibody responses following first and second immunizations using pseudoviruses 

expressing the SARS-CoV-2 wild-type S protein or a SARS-CoV-2 mutated S protein with 8 eight 

amino acid changes as present in the B.1.1.7 variant.  The results showed that 16.1% of the 

monoclonal antibodies targeting the receptor-binding motif (RBM) had a 100-fold reduction in 
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neutralizing activity while 19.4% were associated with a partial 2–10-fold reduction in neutralizing 

activity against the B.1.1.7 VOC (Collier et al., 2021). 

In participants immunized with the ChAdOx1 nCoV-19 vaccine, there was a 4-fold 

reduction in neutralizing activity against the B.1.351 variant; geometric mean titers reduced from 

297 against the Wuhan SARS-CoV-2 to 74 against the VOC (Madhi et al., 2021). Another study 

reported that mutations in the Beta B.1.351 VOC could lead to a 6.4-fold reduction in geometric 

mean titers in the sera of individuals immunized with the mRNA-1273 vaccine (Wu et al., 2021).  

The most recent is the Omicron (B.1.1.529) VOC which has emerged in multiple countries 

and has been repeatedly associated with a high potential for immune evasion and transmissibility 

(Carabelli et al., 2023; Willett et al., 2022). In particular, cross-neutralization experiments were 

conducted with patients infected with the SARS-CoV-2 Wuhan strain and Alpha, Beta, Gamma, 

and Delta VOCs demonstrated that SARS-CoV-2 Wuhan strain and Alpha, Beta, Gamma, and 

Delta VOCs form one antigenic cluster. However, the Omicron variant represents a separate 

antigenic variant and may belong to a distinct serotype compared to other SARS-CoV-2 strains 

(van der Straten et al., 2022). Consequently, immunity generated by Omicron infection or 

vaccination may not offer substantial protection against other strains, nor would immunity from 

previous strains be highly effective against Omicron (Suryawanshi et al., 2022).  

The increased infectivity could be explained by the D614G, E484A, N501Y, K417N, 

Y505H, and G496S mutations that were present in Omicron and could enhance the molecular 

flexibility of the S protein to bind to the ACE2 receptor (Chakraborty et al., 2022).  A research 

study conducted with 12 individuals in South Africa demonstrated that the protective efficacy of 

the Pfizer-BioNTech vaccine could be significantly reduced against the omicron variant (Cele et 

al., 2022). In individuals immunized with the Pfizer vaccine, a 22-fold reduction in the levels of 
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nAbs was observed in response to Omicron as compared to the prototype Wuhan strain. Geometric 

mean titre (GMT) of the 50% focus reduction neutralisation test (FRNT50) of nAbs in the sera of 

participants was 1,963 against the ancestral prototype SARS-CoV-2 strain with the D614G 

mutation and reduced to 89 for Omicron (Cele et al., 2022). Plaque reduction neutralization test 

(PRNT50) titers associated with immunized or convalescent cohorts were significantly reduced 

against the Omicron variant. In fact, when compared with the neutralizing antibody titers elicited 

against the wild-type SARS-CoV-2, there was a 31-fold, 6.5-fold, and 10.6-fold reduction in 

neutralizing antibody titers after immunization with the BNT162b2 vaccine, the CoronaVac 

vaccine, and in COVID-19 convalescent sera against the Omicron strain (Cheng et al., 2022).  

In a different study, an evaluation of neutralizing antibody titers against the SARS-CoV-2 

Wuhan strain and the Omicron BA.1, BA.2, BA.2.12.1, and BA.4 or BA.5 subvariants showed 

that when compared to the Wuhan strain, the neutralizing antibody titers were reduced by a factor 

of 6.4 against BA.1, by a factor of 7.0 against BA.2, by a factor of 14.1 against BA.2.12.1, and by 

a factor of 21.0 against BA.4 or BA.5. Omicron subvariants BA.2.12.1, BA.4 and BA.5 was shown 

to be more likely to escape neutralizations than the BA.1 subvariant. The median neutralizing 

antibody titer was lowered by a factor of 2.2 against the BA.2.12.1 subvariant and by a factor of 

3.3 against the BA.4 or BA.5 subvariant when compared to the BA.1 subvariant (Hachmann et al., 

2022). Moreover, sera from BNT162b2 and mRNA-1273 vaccinees showed a 1-3-fold decrease 

in neutralizing activity against a pseudovirus containing the E484K, N501Y, and a combination of 

K417N, E484K, and N501Y mutations. All of these mutations were present in the Omicron VOC 

(Wang et al., 2021a). 

Apart from immune escape from antibodies elicited by B cell epitopes, the evasion of 

cytotoxic T lymphocyte (CTL) immunity by SARS-CoV-2 VOCs through T cell mutations in viral 
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epitopes has also been a serious concern. Overall, it was reported that SARS-CoV-2 variants had 

less than a marginal effect on the elicitation of CD4+ and CD8+ T cell responses in convalescent 

patients and vaccinees receiving the mRNA vaccines. The overall SARS-CoV-2 T cell reactivity 

was not considerably affected by the SARS-CoV-2 B.1.1.7, B.1.351, P.1, and CAL.20C lineages 

(Tarke et al., 2021). Moreover, T cell responses in terms of overall SARS-CoV-2–specific IFN-γ 

responses were found to be similar to those elicited from the original Wuhan strain of SARS-CoV-

2 (Guo et al., 2022; Noh et al., 2021b). Noh et al. (2021b) concluded that 93% and 97% of CD4+ 

and CD8+ T cell epitopes, respectively, were largely conserved in the Alpha, Beta, Gamma, and 

Epsilon (B.1.429) variants. However, through mutations in the major histocompatibility complex 

(MHC)-I restricted viral epitope genes, there is a likelihood for SARS-CoV-2 variants to overcome 

CD8+ T cell surveillance (Agerer et al., 2021). Agerer et al. (2021) conducted bioinformatics 

analysis to detect 194 SARS-CoV-2 nonsynonymous mutations from 27 CTL epitopes which 

reduced the binding of peptides to MHC-I. The majority of these epitopes (13 out of 27) were 

situated within the S protein, while the rest were spread across various other viral proteins: 6 in 

the N protein, 4 in ORF1ab, 3 in the M protein, and 1 in the E protein. These mutations ultimately 

resulted in reduced proliferation, IFN-γ production as well as lower cytotoxic activity of CD8+ T 

cells. Given the reported reduction in T cell activity against SARS-CoV-2 VOCs, it is crucial to 

actively monitor T cell reactivity in the context of SARS-CoV-2 infections. 

Vaccines incorporating different epitopes serve as a promising solution against the problem 

of emerging SARS-CoV-2 VOCs and the associated reduction in protective efficacy of currently 

available vaccines against SARS-CoV-2. mRNA, DNA, and recombinant protein vaccines can be 

developed to incorporate different antigenic targets specific to the sequence of SARS-CoV-2 

VOCs (Maruggi et al., 2019; Moyle & Toth, 2013; Smith et al., 2020). Indeed, Moderna's bivalent 
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booster vaccine, mRNA-1273.222 which consisted of the S protein of Omicron BA.4/BA.5 

quickly progressed to phase 2/3 clinical development and demonstrated the induction of higher 

neutralizing antibody titers against BA.4/BA.5 compared to a booster dose of mRNA-1273 

(Chalkias et al., 2022). While this proactive approach to developing vaccines is commendable, 

such targeted adaptations may not be sustainable in the long run in light of the emergence of 

continuously mutating SARS-CoV-2 strains.  

2.7 Identification of broadly conserved and immunogenic B and T cell epitopes  

While the S protein was the main antigenic target which was used during early vaccine 

development initiatives against COVID-19, the emergence of SARS-CoV-2 VOCs and the 

reduction in protective efficacies conferred by current S-based vaccines warrants the need for new 

vaccine development strategies. The current research project builds on previously identified 

peptide sequences representing conserved and immunogenic B and T cell epitopes within the S 

and M proteins. Using such an approach might be useful for providing broad coverage against the 

SARS-CoV-2 Wuhan strain and its VOCs which would eradicate the need for multiple booster 

immunizations to sustain protective immunity upon the emergence of different VOCs. This 

strategy of identifying potential antigens and then validating them through immunogenicity and 

challenge studies in protective models is a strategy known as reverse vaccinology 1.0 (Burton, 

2017). Well-established methods like reverse vaccinology combined with bioinformatics have 

brought stability and efficiency to the vaccine development process. By examining the genetic 

information, this approach enables the identification of specific protein components within the 

viral genome that are capable of eliciting robust humoral and cellular immune responses 

(Enayatkhani et al., 2022). This strategy shows promise in locating immunogenic and conserved 
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epitopes related to SARS-CoV-2, which is necessary for developing multi-epitope or subunit 

vaccines (da Silva et al., 2023).  

2.7.1 Current research on immunoinformatics-based identification of epitopes 

The development of recombinant protein vaccines against the SARS-CoV-2 Wuhan strain 

and its VOCs first requires the identification of epitopes from antigenic regions that would elicit 

broad and long-lasting immune responses. Such an approach is warranted because it shows 

promise in boosting the effectiveness of immunization and its breadth of protection against viral 

variants/subvariants that are constantly emerging and being transmitted to the community. 

There is extensive research being conducted in identifying such immunogenic epitopes. 

For example, Heide et al. (2021) identified immunogenic epitopes from different structural 

proteins present in SARS-CoV-2 towards the generation of specific T cell epitopes. These epitopes 

were obtained from 135 overlapping 15-mer peptides spanning the envelope (E), membrane (M) 

and nucleoprotein (N) of SARS-CoV-2, interacting with sera from both infected and convalescent 

SARS-CoV-2 patients. Peptide-specific CD4+ T cell responses in terms of IFN-γ production were 

evaluated using enzyme-linked immunosorbent spot (ELISpot) and corroborated by single-peptide 

intracellular cytokine staining (ICS) analysis. It was observed that 97% of the participants 

demonstrated the elicitation of CD4+ T cell responses directed towards either the N, M or E 

proteins. More specifically, high response frequencies were demonstrated, with a total of 10 N, M 

or E-specific peptides, half of these peptides showing strong binding affinities to several HLA 

class II binders. Notably, three peptides Mem_P30 (aa146–160), Mem_P36 (aa176–190), and 

Ncl_P18 (aa86–100) were able to elicit CD4+ specific T cell responses in approximately 55% of 

participants, showing a high population coverage. Mem_P30 and Mem_P36 belonged to the M 

protein and the Ncl_P18 peptide was found in the N protein. After specifying the length and HLA 
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restriction of the peptides, a novel DRB*11 tetramer (Mem_aa145–164) was developed and used 

for ex vivo phenotype evaluation of SARS-CoV-2-specific CD4+ T cells. This in-depth analysis of 

single T cell peptide response showed that SARS-CoV-2 infection universally primed a broad T 

cell response that was focused on several specific peptides found within the N, M, and E structural 

proteins. 

As reported by Lim et al. (2022), B cell responses could be identified by epitope 

identification using literature mining and bioinformatics tools to identify antigenic regions capable 

of eliciting humoral immune responses. Although current vaccines could confer lower levels of 

protection against SARS-CoV-2 VOCs due to multiple mutations in antigenic regions,  satisfactory 

protective efficacy was still observed against SARS-CoV-2 VOCs. This protection might be 

attributable to cellular immunity. The identification of epitopes capable of eliciting CD8+ specific 

T cell responses is promising because multifunctional CD8+ T cells could allow inhibition of the 

viral escape of SARS-CoV-2 VOCs. The existence of conserved CD8+ T cell epitopes could 

effectively compensate for the reduction in the CD8+ T cell activity resulting from mutations 

within T cell epitopes. Boni et al. (2021) demonstrated that several immunodominant CD8+ T cell 

epitopes could be found in conserved locations within the SARS-CoV-2 genome that were highly 

unlikely to undergo mutations without significantly impairing functional SARS-CoV-2 genes. It 

was significant that several of these conserved epitopes were labelled as degenerate, which enabled 

them to associate with several HLA class I molecules on antigen presenting cells (APCs) and 

interact with CD8+ T cell populations of various HLA restrictions at the same time. Degenerate 

CD8+ T cell epitopes were seen to be logical candidates for the development of CD8+ T cell 

response-enhanced COVID-19 vaccines. 
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Research has also focused on identifying CD4+ T cell epitopes to provide protection against 

the SARS-CoV-2 Wuhan strain and its VOCs. Although the impact of mutations in the SARS-

CoV-2 genome on CD4+ T cell immune responses is not well understood, epitope mapping might 

provide useful knowledge regarding the ability of CD4+ T cells to provide broad and conserved 

protection against VOCs. 21 epitopes in S, M, and N were identified after isolation of 159 

SARS-CoV-2 CD4+ T cell clones from healthcare workers who were infected with 

wild-type SARS-CoV-2 (D614G) in the past (Tye et al., 2022). 10 out of 17 epitopes 

from the S protein, were mutated in VOCs and 7 showed impaired CD4+ T cell 

recognition. Impaired CD4+ T cell recognition in response to VOCs warrants the need for the 

identification of broad CD4+ T cell epitopes that could ameliorate immune evasion capabilities 

associated with SARS-CoV-2 VOCs. 

The emergence of SARS-CoV-2 variants that show an increased propensity to evade 

antibodies has led to recurrent waves of infections with reduced vaccine efficacy. In our search for 

broadly protective vaccinations, there is still a crucial knowledge gap regarding the degree to 

which vaccine-elicited mucosal or systemic memory T cells can defend against such antibody-

evasive SARS-CoV-2 variants. Using adjuvanted S protein-based vaccines that elicited potent T 

cell responses, Kingstad-Bakke et al. (2022) assessed whether systemic or lung-resident CD4+ and 

CD8+ T cells protected against SARS-CoV-2 variants in the presence or absence of virus-nAbs. It 

was observed that the elicitation of mucosal response was associated with potent viral control and 

protection of lung pathology through the production of nAbs. Although mucosal immunity resulted 

in the elicitation of mucosal memory CD8+ T cells, humoral immune responses had a more 

prominent role in effectively neutralizing the invading virus. In fact, mucosal memory CD8+ T 

cells were not able to confer adequate levels of protection in response to homologous SARS-CoV-
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2 without CD4+ T cells and nAbs. Nevertheless, when virus-nAbs were not present, memory 

CD8+ T cells helped by CD4+ T cells were able to confer protection against the B1.351 (β) variant 

without symptoms of lung immunopathology. It might be useful to induce systemic and mucosal 

memory T cells that were directed against conserved epitopes to combat SARS-CoV-2 variants 

that can avoid nAbs. 

2.7.2 Variability in immune responses across disease severity: Contrasts between asymptomatic 

vs symptomatic, recovered vs chronically infected individuals 

Since the S protein of SARS-CoV-2 is implicated in the entry of the virus into the host cell, 

the RBD of the S1 protein has been the most prominent target for vaccine development against 

SARS-CoV-2 (Li et al., 2020b). Furthermore, following the isolation of antibodies from 

convalescent patients with high neutralizing titers, the epitopes associated with these antibodies 

were mapped onto the S1 region, more specifically the RBD and the NTD (Sun et al., 2020). The 

S protein has also been associated with the elicitation of T cell responses. Chen et al. (2021) 

employed an immunoinformatics approach to predict conserved B and T cell epitopes located on 

the S protein.  MHC-I KIADYNYKL and MHC-II LEILDITPC showed a high antigenicity score 

of 1.6639 and 1.6390, respectively. 

In a study evaluating seroprevalence of S-specific antibodies, it was reported that following 

infection with SARS-CoV-2, there were detectable levels of antibodies elicited against the S 

protein (Wajnberg, 2020). Seroprevalence studies demonstrated that the peak serum geometric 

mean neutralizing antibody titer of patients infected with SARS-CoV-2 admitted to the intensive 

care unit (ICU) was significantly higher than those not admitted to the ICU (Liu et al., 2020). nAbs 

were detectable in the early stage of COVID-19. They peaked around 4-5 weeks and gradually 

decreased within 3 months (Seow et al., 2020). Other studies have also shown neutralizing or anti-
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spike antibody levels to wane quickly which may contribute to susceptibility to SARS-CoV-2 

infection (Israel et al., 2021; Levin Einav et al., 2021). 

Considering that S-based humoral responses may wane over time, it may be useful to 

explore utilizing other structural regions for their potential to elicit more sustained humoral 

responses. Indeed, Poland et al. (2020) found that humoral responses in the form of IgG antibodies 

were elicited also against the N protein (Poland et al., 2020) (Figure 2.4.). Xiang et al. (2021) 

reported that IgG antibodies elicited against the N protein and the RBD of SARS-CoV-2 were still 

present one-year post-infection with SARS-CoV-2. However, nAbs were only detectable in 43% 

of the recovering patients. Furthermore, these nAbs against the original Wuhan strain could 

neutralize the B.1.351 variant in only 22.6% of recovering patients (Xiang et al., 2021).  
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Figure 2.4. The structural, non-structural, and accessory proteins of SARS-CoV-2 other than the S protein that can elicit humoral and 

cellular immune responses (Adapted from Poland et al., 2020)
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Enzyme-linked immunosorbent assay (ELISA) experiments, using a stabilized SARS-

CoV-2 S trimer protein, yielded a positive rate of 41.5% for IgG titers ≥1:80. A significant 

proportion of COVID-19 IgG positive samples exhibited moderate (1:320 or 1:960) to high 

(1:2880) antibody titers against the S protein. Notably, plasma with IgG titers of 1:320, 1:960, or 

≥1:2880 corresponded to neutralizing antibody titers of 1:30, 1:75, and 1:550, respectively 

(Wajnberg, 2020). Samples with IgG titers ranging from 1:960 to ≥1:2880 demonstrated effective 

neutralization of SARS-CoV-2 infections. In conclusion, IgG antibodies against the S protein were 

found to neutralize SARS-CoV-2 infection, with a strong correlation observed between IgG titers 

and neutralizing antibody titers (Wajnberg, 2020). 

T cell responses were also associated with SARS-CoV-2 infection. When compared to 

healthy controls, the elevated expression levels of perforin and granzyme B in severe COVID-19 

patients indicated the functionality of memory CD8+ T cells and CD8+PD-1+CD38+ T cells (Braun 

et al., 2020). Importantly, the number of CD4+ and CD8+ T cells was associated with the severity 

of COVID-19 disease. For example, in serious illness, the number of CD4+ and CD8+ T cells was 

significantly decreased than in moderate illnesses (Poland et al., 2020). Furthermore, Diao et al. 

(2020) found that the number of CD4+ and CD8+T cells were significantly reduced in severe 

disease groups when compared to mild/moderate disease groups. Lower counts of CD4+ or CD8+ T 

cells may be associated with worse prognosis following SARS-CoV-2 (Hu et al., 2020). 

Zuo et al. (2021) evaluated T cell response after mild asymptomatic infection with SARS-

CoV-2 by stimulation with peptides from SARS-CoV-2 proteins. The T cell count was performed 

using the proinflammatory cytokine interferon IFN-γ. Although T cell response was detectable in 

all patients, the magnitude of T cell response was significantly higher 6 months after symptomatic 

infection as compared to asymptomatic infection. 
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Quantification of SARS-CoV-2 specific CD4+ and CD8+ T cells and the cytokines 

produced by them such as IFN-γ, IL-2, IL-4, and Tumor Necrosis Factor (TNF), showed that CD4+ 

T cells were in greater abundance than CD8+ T cells. The cytokine IL-2 was prominently produced 

by CD4+ T cells while IFN-γ was produced by CD8+ T cells (Dan et al., 2021; Zuo et al., 2021). 

Dan et al. (2021) further reported the presence of CD40L+OX40+ Tfh cells several months after 

infection. Furthermore, CD4+ T cells were shown to be involved in aiding the humoral response 

as T follicular helper (Tfh) cells provided assistance in the development of humoral immune 

memory. Tfh cells also correlated with the levels of nAbs (Dan et al., 2021). 

In a study evaluating T cell responses against SARS-CoV-2 infection, it was reported that 

symptomatic patients showed the presence of peripheral T cell lymphopenia which was 

significantly associated with disease severity, length of RNA positivity, and death. The T cell count 

was found to be limited and preserved in asymptomatic patients. Those suffering from severe 

disease demonstrated strong T cell responses specific to SARS-CoV-2 infection (Shrotri et al., 

2021). Moreover, in another study, T cell responses against the SARS-CoV-2 were elicited 

specifically in response to the structural S, M, and N proteins as well as accessory proteins in 

samples collected from convalescent patients (Gallais et al., 2020). Furthermore, T cell responses 

were determined by using IFN-γ ELISpot assays in convalescent patients (Peng et al., 2020).  

Although major vaccine candidates have focused on the full-length S protein to induce B 

cell, CD4+, and CD8+ T cell immune responses, Hellerstein (2020) explain that the search for CD4+ 

and CD8+ T cell epitopes by analyzing the sera from convalescent patients shows that the immune 

response is not dictated solely by the S protein. Natural infection, in fact, was associated with 

broad epitope coverage from several regions other than the S protein. This was evidenced by the 

S protein being associated with only 27% of the CD4+ T cell response. Interestingly the M and N 
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proteins accounted for 27% and 11% of the CD4+ T cell response, respectively. Therefore, efficient 

vaccine formulation must consist of epitopes from the M, N, as well as the S protein to induce 

broad epitope coverage and potent humoral and cellular responses.  

2.7.4 Validation of selected epitopes through incorporation in recombinant protein vaccines 

Although initial findings, which utilize in silico immunoinformatic approaches associated 

with vaccine development and immunogenicity, can identify epitopes based on high levels of 

antigenicity and broad conservancy, in vivo immunogenicity experiments need to be conducted to 

validate these epitopes and the resulting immune responses in both animal and human models. 

Identification of conserved and immunogenic epitopes in combination with the incorporation of 

these epitopes in multi-epitope-based vaccines can allow the targeting of multiple epitopes 

simultaneously (Herrera et al., 2021).  

As witnessed by vaccine development against SARS-CoV-2, DNA, mRNA, and 

recombinant protein vaccines offer certain advantages over traditional vaccine platforms in terms 

of convenience, potent elicited immune responses, and stronger safety profiles. DNA, mRNA, and 

recombinant protein vaccines may serve as antigens after processing by APCs and subsequently 

presented on MHC class I and class II molecules for the activation of CD4+ and CD8+ T cells. 

Specialized CD4+ T cells, namely Tfh and Foxp3+ T follicular regulatory (Tfr) cells, play crucial 

roles in facilitating germinal centre B cell formation through interactions with T and B cells. Tfh 

cells provide assistance to B cells through interactions between CD40L on Tfh cells and CD40 on 

B cells, leading to the release of cytokines such as IL-2, IL-4, IL-21, and IFN-γ. These cytokines 

further stimulate the formation of germinal centres, promoting maturation into plasma cells that 

produce memory B cells and long-lived antibody-secreting plasma cells. On the other hand, 

CD8+ T cells directly combat infections by targeting and eliminating infected cells using perforin 
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and granzymes, thereby restricting the pathogen’s spread within the body. The elicitation of 

humoral and cellular immune responses from the administration of DNA, mRNA, and recombinant 

protein vaccines is illustrated in Figure 2.5.  
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Figure 2.5. Elicitation of humoral and cellular immune responses from the administration of DNA, mRNA, and recombinant protein 

vaccines
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Nucleic acids have also been used as therapeutics for cancer. For the purpose of cancer 

immunotherapy, plasmids, mRNA, and immunomodulatory DNA/RNA, can precisely transport 

and release therapeutics to target tissues and cells (Zhou et al., 2020). Recently, promising 

research has been conducted on nanoparticles which can be equipped with ligands to disrupt cell 

membranes and enhance nucleic acid delivery to specific cells (Mollé et al. 2023). The mRNA 

vaccine platform is viewed as a promising solution to develop vaccine candidates against SARS-

CoV-2 at an accelerated pace. mRNA vaccines were the first vaccine candidates against SARS-

CoV-2 that progressed to clinical development and received emergency use authorization (EUA) 

for large-scale public immunization (Barbier et al., 2022). Smith et al. (2020) explained how a 

number of nucleic acid vaccine candidates based on different antigenic regions could be 

efficiently and quickly developed when faced with emerging resistant pathogenic strains (Smith 

et al., 2020). 

To improve immunogenicity, DNA vaccines often require the use of adjuvants, which can 

enhance the immune response (Tomljenovic & Shaw, 2011). Furthermore, the administration of 

DNA vaccines typically requires a medical device such as electroporator that can deliver electric 

pulses to facilitate the uptake of DNA by cells (Babuadze et al., 2022; Smith, et al., 2020; Zhao et 

al., 2023). Recent advances have enhanced the stability of mRNA vaccines by optimizing mRNA 

structure and effectively screening excipients such as modified nucleotides and sucrose. 

Improvements in manufacturing processes also facilitated the preparation of thermally stable 

mRNA vaccines with high safety and protective efficacy (Cheng et al., 2023). Increasing RNA 

length was shown to decrease the half-life of mRNA vaccines. The shelf life of the second-

generation Moderna COVID-19 mRNA vaccine, mRNA-1283, which encodes the shorter N-

terminal and receptor-binding region of the S protein, was extended from 6 to 12 months at 2–8 
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°C, indicating a significant improvement in mRNA stability. Sequence optimization in terms 

of translation efficiency and mRNA stability was also substantially enhanced by the selection of 

human α- and β-globin 3′ UTR sequences. Instead of using uridine triphosphate (UTP), N1-methyl 

pseudouridine triphosphate (m1ψTP) was used in the development of mRNA-1273 and 

BNT162b2. m1ψTP is associated with higher stability levels and has a superior safety profile 

(Cheng et al., 2023). An excipient that is frequently used to lower the temperature of crystallization 

and ice crystal formation in the aqueous phase is sucrose. The use of sucrose improves the freeze-

thaw stability of mRNA vaccines and was used as a stabilizing agent and cryoprotectant in mRNA-

1273 and BNT162b2 (Ayat et al. 2019). The distribution of vaccination services and the supply of 

vaccines have undergone as a result of developments in vaccine equity and factors associated with 

globalization such as increased international investment, harmonization of regulatory 

requirements across borders, and manufacture in developing nations (Omidvar Tehrani & Perkins, 

2022). 

Subunit vaccines stand as remarkable achievements in modern medicine, offering potent tools 

to immunize against infectious diseases. For example, Cervarix, Gardasil, and Gardasil-9 are three 

commercially available HPV preventive vaccines. These vaccines are non-infectious subunit 

vaccines comprising virus-like particles (VLPs) of HPV 16, 18, 31, 33, 45, 52, and 58; and HPV 

6, 11, 16, and 18. 360 copies of the virus's L1 main capsid protein self-assemble to generate the 

VLPs. HPV L1 virus-like particle (VLP) vaccines have shown exceptional prophylactic efficacy 

in clinical trials and success in national vaccination programs with high coverage rates when given 

in a prime/boost sequence of three injections spaced six months apart (Schiller & Lowy, 2018). 

Moreover, Engerix-B developed by GlaxoSmithKline (GSK) and Recombivax HB developed by 

Merck) are two licensed recombinant subunit vaccines against hepatitis B. Both are formed up of 
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HBsAg that has been extracted and refined from Saccharomyces cerevisiae and are antigen 

suspensions that have been adjuvanted with alum (Gomez & Robinson, 2018). Engerix-B and 

Recombivax HB are linked to with ≥90% seroprotection rates upon primary 3-dose vaccination 

and adequate safety profiles, respectively (Van Den Ende et al., 2017).  

The reactivity of mRNA vaccines depends on their ability to express foreign antigens, leading 

to the elimination of infected APCs. Although lipid nanoparticles (LNPs) can induce an acute 

inflammatory response, the trials conducted so far have not detected significant signs of adverse 

safety when employing LNPs for the delivery of small molecules, non-expressing RNAs, or RNAs 

encoding endogenous proteins (Krishna et al., 2016). While careful assessment of their usage is 

necessary, new advancements in mRNA vaccines offer potential remedies for various diseases in 

the context of biomedical technologies.  

The development of recombinant protein vaccines has been described as a promising 

approach to elicit potent immune responses (Pollet et al., 2021a). They are associated with practical 

advantages of stability, safety, high immunogenicity with the use of adjuvants, and a proven track 

record in clinical development. The recombinant protein platform is considered to be safe and non-

infectious. It is easier to produce a vaccine antigen as a recombinant protein when compared to 

LAVs and IVs (Liu, 2019). The advantage associated with immunization using recombinant 

protein vaccines is that they do not require the use of cold chain storage in freezers and liquid 

nitrogen to store and preserve the vaccine at temperatures lower than −80 °C, which suggests that 

they could be used to immunize populations in resource-poor third-world countries lacking cold 

chain facilities. Freeze-drying or lyophilization of recombinant protein vaccines has also been 

performed. For example, Lai et al. (2021) discussed the development of insect cell-expressed 

SARS-CoV-2 S protein ectodomain constructs compatible with lyophilization and storage in a dry 
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thermostabilized state (Lai et al., 2021). Moreover, freeze-dried, heat-stable formulations of 

influenza subunit vaccines were safe and immunogenic when administered to mice (Flood et al., 

2016). 

There are several expression systems available for the production of recombinant proteins. E. 

coli is commonly used as an expression system since it possesses unparalleled fast-growth kinetics, 

enabling the rapid production of recombinant proteins. Although heterologous glycoproteins can 

be produced using yeast, insect, and mammalian systems, the E. coli system is often only used to 

generate non-glycosylated proteins. On the other hand, improvements in E. coli glycosylation have 

been made.  The N-glycosyltransferase from Actinobacillus pleuropneumoniae (ApNGT) can be 

co-expressed for the in vivo transfer of a glucose residue to IFNα at an NX(S/T) N-glycosylation 

sequon, according to Prabhu et al. (2021).  Using an in vitro chemoenzymatic approach, the N-

glucosylated protein was effectively elaborated with biantennary sialylated complex-type N-

glycan in the second phase. It was discovered that the N-glycosylated IFNα product exhibited 

markedly enhanced proteolytic stability and was physiologically active. Another important 

advantage associated with the development of recombinant protein vaccines is the ability to obtain 

bacterial cultures with high cell densities, which makes it possible to produce proteins on a larger 

scale more effectively. E. coli expression systems use media that can be easily developed from 

inexpensive, generally accessible components, lowering production costs. Furthermore, it is 

simple and quick to transform E. coli with exogenous recombinant DNA, making it easier to 

introduce the required genes for protein expression (Rosano & Ceccarelli, 2016). Another useful 

technique for creating recombinant glycoproteins is by using Spodoptera frugiperda (Sf9) insect 

cells with baculovirus-mediated expression. This approach is favored due to its simplicity and 

rapidity in expressing foreign proteins. Moreover, it offers a high likelihood of obtaining 

https://www.mdpi.com/2076-393X/11/7/1264#B51-vaccines-11-01264
https://www.mdpi.com/2076-393X/11/7/1264#B52-vaccines-11-01264
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biologically active proteins, further contributing to its popularity in the field of protein production 

(Altmann et al., 2016). In general, it is true that newly produced polypeptides can be folded, 

modified, trafficked, and assembled by insect cells to generate very authentic, soluble end products 

(Kost et al., 2005). However, not all proteins can be expressed in insect cells. Proteins that need 

complex post‐translational modifications and folding may be more suited for mammalian 

expression systems because insect cells are able to produce less complex N‐glycans than 

mammalian cells (Felberbaum, 2015). In particular, the expression of membrane-active proteins 

in insect cells may result in misfolding of polypeptides to form non-functional protein (Liu et al., 

2013). 

The resemblance of protein secretion pathways between yeasts and higher eukaryotic 

organisms has meant that yeasts such as Pichiapastoris (syn Komagataella spp.) are now also 

widely recognized as favorable hosts for the production of various recombinant proteins (Thak et 

al., 2020). The extracellular secretion of recombinant proteins by yeasts simplifies the downstream 

purification process, making it more cost-effective (Pollet et al., 2021b). Nevertheless, integrative 

plasmids are used for transformation of Pichia pastoris cells for which maintaining antibiotic 

selection pressure after transformants have been selected is not required. Since zeomycin is costly, 

no antibiotic is used. The lack of antibiotic in the Yeast Extract–Peptone–Dextrose (YPD) medium 

means that bacterial contamination might occur (Haon et al., 2015). Furthermore, fungal 

bioprocessing is generally carried out in solid-state fermentation systems (SSF) and is associated 

with limitations such as contamination issues and low substrate utilisation rate (Arora et al., 2018). 

Recombinant proteins, such as those produced in E. coli, require purification from mixtures 

of crude lysates. The process can be facilitated by the use of glutathione S-transferase (GST) or 

poly-histidine (His) affinity tags to enable purification through affinity chromatography (Fujita-
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Yamaguchi et al., 2015, Schäfer et al., 2015). Endotoxins in Gram-negative bacteria like E. coli 

can cause inflammation and septic shock when they get into the bloodstream. This happens 

because the endotoxins stimulate the production of inflammatory substances by cells sensitive to 

lipopolysaccharide (LPS). Recombinant proteins obtained from E. coli often contain endotoxin 

contamination due to high levels of LPS in the cell wall. Even small amounts of endotoxin in 

recombinant protein preparations can lead to adverse reactions such as shock. Therefore, it is 

crucial to remove endotoxins from recombinant proteins to prevent these harmful reactions (Liu 

et al., 1997). Nevertheless, endotoxins may be conveniently removed from purified proteins 

through the use of a porous cellulose bead surface modified with covalently attached poly(ϵ-lysine) 

chains, which possess high binding affinity for endotoxins. The purified proteins may then be 

monitored for endotoxins using endotoxin quantification assays (Ghaemi et al., 2022). 

Additionally, recombinant protein vaccines may require the use of adjuvants to enhance and 

prolong the immune response. Adjuvants are added to vaccines to stimulate the immune system 

and have dose-sparing effects. While adjuvants can be beneficial, their use also introduces 

additional considerations such as safety, compatibility, and potential side effects. Adjuvants such 

as aluminum salts are frequently used to boost the immunogenicity of recombinant protein 

vaccines. Nevertheless, it is frequently noted that vaccines made with these adjuvants lose 

effectiveness when they are refrigerated or lyophilized. Typically, processing-related adjuvant 

particle aggregation is attributed to this decline in potency (Pan et al., 2021). Additionally, it has 

been reported that adjuvants like MF59 or alum cause localized tissue damage and cell death, 

which in turn creates a pro-inflammatory environment (Díaz-Dinamarca et al., 2022). 

Recombinant protein vaccines offer several advantages, including their non-replicating nature 

and absence of infectious components. These characteristics help position them as a safer 
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alternative when compared to vaccines derived from live viruses. Extensive testing of this vaccine 

platform has demonstrated that these vaccines typically elicit only mild side effects. As a result, 

multiple recombinant protein vaccines have been successfully utilized in clinical settings 

worldwide (Pollet et al., 2021a). Due to the distinct advantages associated with the recombinant 

protein vaccine platform in terms of ease of production following the establishment of an effective 

purification strategy, a strong safety profile, the ability to elicit potent immune responses, and 

convenient storage at room temperature in freeze-dried form, this research project has incorporated 

the 6 selected epitope sequences into a recombinant expression plasmid to produce a recombinant 

protein vaccine. The advantages and limitations associated with the use of recombinant protein, 

DNA, and mRNA vaccines have been summarized in Table 2.1. 
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Table 2.1. The advantages and limitations associated with the use of recombinant protein, DNA, and mRNA vaccines  

Vaccine Advantages Limitations References 

 

Recombinant 

protein vaccines 

 

 Safe and non-infectious. 

 Elicit strong immune responses. 

 Proven track record. 

 Convenient storage in freeze-dried forms. 

 Do not require ultra-cold storage 

temperatures. 

 

 

 Require several purification steps 

involving column and affinity 

chromatography. 

 Adjuvant is needed to enhance long-term 

immunity. 

 

Liu (2019)  

Lai et al. (2021)  

Flood et al. (2016)  

Rosano & Ceccarelli, 

(2016) 

Altmann et al. (2016)  

Thak et al. (2020)  

Pollet et al. (2021a) 

 

DNA 

vaccines 

 Can be conveniently produced in bulk 

quantities compared to IVs and mRNA 

vaccines. 

 Cost-effective when compared to the 

complexities involved in producing IVs or 

mRNA vaccines. 

 Suitable for distribution and large-scale 

immunization in underdeveloped countries. 

 Lower immunogenicity. 

 Risk of genomic integration. 

 Requires adjuvants for enhanced 

immunogenicity. 

 Immunizations necessitate the use of 

medical devices like electroporators. 

 Needleless patch administration is still 

under development. 

Poland et al. (2021) 

Krammer (2020)  

Khalid & Poh (2023) 

Hobernik & Bros (2018) 

Kutzler & Weiner (2008) 

Tomljenovic & Shaw 

(2011)  

Al-Fattah Yahaya et al. 

(2023) 

https://www.mdpi.com/2076-393X/11/7/1264#B52-vaccines-11-01264


43 
 

 Can be conveniently produced in 

prokaryotic cells, like E. coli, or expressed in 

mammalian cells, such as HEK-293 T cells 

 

mRNA 

vaccines 

 Accelerated development from preclinical to 

clinical stages using established regulatory 

pathways. 

 High levels of safety. 

 Effective in providing protection against 

COVID-19. 

 The nucleotide sequence of mRNA vaccines 

can be easily modified to target emerging 

resistant pathogenic strains. 

 

 Expensive to develop and produce. 

 Requires ultra-low temperatures of 

−80°C. 

 The high cost and demanding storage 

conditions of mRNA vaccines can render 

them logistically inconvenient and 

expensive for many low-income countries. 

Barbier et al. (2022) 

Polack et al. (2020) 

Baden et al. (2021) 

Smith, et al. (2020) 

Cao et al. (2021) 

Rosa, et al.  (2021) 
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2.8 Current recombinant protein vaccine development landscape  

The current vaccine developmental landscape against SARS-CoV-2 may be broadly 

divided into recombinant protein vaccines focusing on the full-length S protein, and those utilizing 

the RBD as the main antigenic region or virus-like particle (VLP)-based vaccines (Krammer, 

2020). Recombinant protein vaccines based on the S protein were able to attain high vaccine 

efficacy through the use of certain alterations to the S protein. The S protein in its unmodified 

activated form is unstable and occurs in various conformations that do not fully expose the 

neutralizing epitopes. Moreover, recombinant protein vaccines such as the one developed by 

Novavax utilized two proline mutations to develop a prefusion-stabilized S protein as the main 

antigenic target. These mutations were made by introducing mutations in two consecutive residues 

(K986 and V987) in the S2 subunit located between the central helix (CH) and the heptad repeat 

1 (HR1) (Dai & Gao, 2021). The existence of the polybasic cleavage site in SARS-CoV-2 S protein 

at S1/S2 has been shown to be associated with higher transmissibility, and pathogenesis, allowing 

the virus to evade the immune response as well as increased instability. Therefore, current S-based 

recombinant protein vaccines use these modifications either alone or in combination. For example, 

Amanat et al. (2020) demonstrated that S-based recombinant protein vaccine candidates either 

consisting of the polybasic cleavage site deletion or the inclusion of proline mutations were able 

to elicit nAbs and induce full protection of mice in in vivo challenge studies.  

2.8.1 Novavax 

A prominent example of a recombinant nanoparticle protein vaccine developed against 

SARS-CoV-2 is the NVX-CoV2373 developed by Novavax which was composed of the 

prefusion-stabilized full-length S protein of the original Wuhan strain in combination with the 

Matrix-M adjuvant. NVX-CoV2373 S form 27.2 nm thermostable nanoparticles that can bind 
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strongly to the ACE2 receptor. Promising reports in terms of safety and immunogenicity have been 

obtained from a phase 1–2 Trial of NVX-CoV2373. Participants were divided into groups 

receiving either the vaccine with or without the Matrix-M adjuvant or the placebo. The vaccine 

was considered to be safe as evidenced by a complete absence of serious side effects along with 

minimal reactogenicity which was enhanced upon the administration of the adjuvant. Moreover, 

potent humoral and cellular responses were elicited upon the administration of the vaccine. The 

groups receiving vaccine formulated with the Matrix-M adjuvant elicited geometric mean anti-S 

IgG antibody titer of 63,160 and neutralization responses of 3906 that were higher than in 

convalescent patients recovering from symptomatic COVID-19. In conclusion, the vaccine was 

shown to be safe and capable of eliciting strong immune responses in immunized adults in a Phase 

1–2 trial (Keech et al., 2020).  

Heath et al. (2021) detailed the safety, efficacy, and immunogenicity data acquired 

following the administration of the NVX-CoV2373 vaccine in a larger cohort of adults in a phase 

3 clinical trial. Participants of the study were either immunized using two 5 μg doses of NVX-

CoV2373 or administered the placebo. Efficacy studies showed that SARS-CoV-2 infections were 

observed in 10 participants from the vaccine group and in 96 from the placebo group. An extremely 

positive vaccine efficacy of 96.4% was reported against the SARS-CoV-2 Wuhan strain. It was 

noteworthy that vaccine efficacy was reduced to 86.3% by the Alpha B.1.1.7 VOC. All five cases 

of severe infections belonged to participants in the placebo group. Furthermore, adverse effects 

were mild and transient in nature.  

2.8.2 RBD Recombinant SARS-CoV-2 vaccine (Sf9 Cell) 

A promising vaccine candidate against SARS-CoV-2 is the recombinant peptide vaccine 

focusing on the full RBD as the main antigenic region produced by baculovirus expressed in Sf9 
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cells. Being developed by West China Hospital in collaboration with Sichuan University, the 

vaccine candidate has shown promising results in phase 1 and phase 2 clinical trials in terms of 

safety and immunogenicity evaluated after full vaccination in adults. Although side effects such 

as pain at the site of injection, fever, cough, and fatigue were reported, laboratory parameters in 

terms of blood cell counts (white blood cell, lymphocyte, neutrophil, platelet, and hemoglobin) 

liver function tests (alanine aminotransferase, aspartate aminotransferase, and total bilirubin), 

kidney function tests (creatinine), blood coagulation tests (prothrombin and activated partial 

thromboplastin time) and other biochemical markers (blood sugar, urine protein, and urine 

erythrocyte) did not significantly alter as compared to the naïve group receiving the placebo (Meng 

et al., 2021). Moreover, potent humoral responses were elicited in both phase 1 and phase 2 clinical 

trials in terms of binding antibodies produced against the RBD. In phase 1, the high-dose group 

receiving 3 doses of the vaccine at days 0, 14, and 28 showed the highest binding antibody 

geometric mean titre of 1282.1, followed by the high-dose group receiving 2 doses of the vaccine 

at days 0 and 28 with a binding antibody geometric mean titre of 96.9, lastly by the low-dose group 

receiving 2 doses of the vaccine at days 0 and 28 with a binding antibody geometric mean titre of 

39.3. Neutralizing antibody responses against the live virus showed that the neutralizing 

antibody geometric mean titre (102.9) elicited in the high-dose group was significantly higher than 

in the low-dose (1.2) and placebo (0.7) groups (Meng et al., 2021). Furthermore, an evaluation of 

cellular immune responses in phase 1 clinical trial showed that the highest levels of IFN-γ were 

recorded at day 14 after vaccination. Approximately, 25.2 spot-forming cells were observed in the 

low-dose group (days 0 and 28), followed by 21.8 in the high-dose group (day 0 and 28), 39.9 in 

the high-dose group (days 0, 14, and 28), and 9.1 in the placebo group (Meng et al., 2021). 

Similarly, in phase 2, the high-dose group receiving 3 doses of the vaccine at days 0, 14, and 28 
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showed the highest binding antibody with a geometric mean titre of 1099.9, followed by the low-

dose group receiving 3 doses of the vaccine with a binding antibody geometric mean titre of 156.2. 

The high-dose group receiving 2 doses of the vaccine showed a binding antibody geometric mean 

titre of 135.9 and the low-dose group showed a binding antibody geometric mean titre of 40.0. 

Neutralizing antibody levels were highest (102.6) in the high-dose group receiving 3 doses, 

followed by a significant reduction in groups receiving 3 low doses (8.1), 2 high-doses (3.6), and 

2 low doses (1.9) (Meng et al., 2021). The recombinant protein vaccine is currently in a phase 3 

clinical trial (WHO, 2023). 

2.8.3 VAT00008 adjuvanted with AS03 

The SARS-CoV-2 S recombinant protein vaccine VAT00008, developed by Sanofi Pasteur 

and GlaxoSmithKline was tested in various formulations either with the AF03 or AS03 adjuvant. 

Safety testing demonstrated that while local and systemic reactions were reported, there were no 

serious adverse effects occurring due to vaccine administration. There was higher reactogenicity 

upon vaccine administration in the 50 year-old and older age group. Moreover, immunogenicity 

testing showed that a single dose was not adequate in terms of the production of nAbs. The 

administration of two vaccine doses was able to elicit effective neutralizing antibody responses. 

For participants aged 18-49, neutralizing antibody titres were reported to be 13.1 for the low-dose 

(1.3 μg) group adjuvanted with AF03, 20.5 in the low-dose group adjuvanted with AS03, 43.2 in 

the high-dose (2.6 μg) group adjuvanted with AF03, 75.1 in the high-dose group adjuvanted with 

AS03, 5.00 in the high-dose group without adjuvant, and also 5.00 in the placebo group. For older 

participants with ages 50 and above, neutralizing antibody titres were reported to be 8.62 for the 

low-dose (1·3 μg) group adjuvanted with AF03, 12.9 in the low-dose group adjuvanted with AS03, 

12.3 in the high-dose (2·6 μg) group adjuvanted with AF03, 52.3 in the high-dose group adjuvanted 
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with AS03, 5.00 in the high-dose group without adjuvant, and also 5·00 in the placebo group. Due 

to the relatively higher humoral immune responses elicited as a result of immunization with the 

vaccine adjuvanted with the AS03, the collaborators decided to proceed with this formulation for 

future clinical trials (Goepfert et al. 2021). The vaccine showed tolerable levels of safety and high 

elicited immune responses in the phase 2 clinical trial when adjuvanted with AS03. Adverse side 

effects upon immunization were reported to be transient and mostly mild to moderate. The second 

immunization increased both the frequency and intensity of the adverse effects reported. 

Moreover, humoral responses in terms of neutralizing antibody titres were reported to be 

significantly higher in participants immunized with the vaccine as compared to participants 

receiving the placebo. Neutralizing antibody geometric mean titres were recorded to be 3143 in 

the low-dose group, and 2338 in the medium-dose group, with the highest being 7069 in the high-

dose group (Sridhar et al., 2022).  

2.8.4 UB612 

The UB-612 multi-epitope recombinant protein vaccine was associated with the use of specific 

immunogenic peptides from the S protein, RBD of S1 linked to a single chain Fc domain of 

human IgG1 (S1-RBD-sFc), peptides specifying CD4+ and CD8+ T cells from the S2 subunit, as 

well as those from the M and N protein The vaccine also employs the use of an aluminum 

phosphate adjuvant and CpG1 which produces a Th1 polarized response. Phase I/II trial results 

of UB-612 no related serious adverse events, durable neutralizing activity and broad T cell 

responses against SARS-CoV-2 Delta and Omicron VOCs (Wang et al., 2022). Following 

primary immunization, a booster dose of the UB-612 vaccine led to an increase in neutralizing 

antibody levels by 131-, 61-, and 49-fold against Wuhan SARS-CoV-2, Omicron BA.1 and BA.2 
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variants, respectively with 95% efficacy against symptomatic Wuhan strain SARS-CoV-2 

(Guirakhoo et al., 2022). 

Indeed, the current developmental landscape of vaccine development against SARS-CoV-

2 reflected that recombinant protein vaccines were being quickly progressed to the clinical stage. 

As many as 16 vaccine candidates had already progressed to phase 3 clinical trial with 1 vaccine 

candidate in phase 4 being approved for global immunizations under emergency use as of 8th 

March 2022 (WHO, 2023). Table 2.2. provides a comprehensive overview of the clinical 

development of recombinant protein vaccines against SARS-CoV-2. 
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Table 2.2. An overview of the clinical development of recombinant protein vaccines against SARS-CoV-2 

# Type of Vaccine 

Candidate 

Number 

of Doses 

Route of 

administration 

Developers Clinical 

Trial 

Phase 

NCT # 

1.  MVC-COV1901 (S-2P 

protein + adjuvant CpG 

1018) 

2 IM Medigen Vaccine Biologics + 

Dynavax + National Institute of 

Allergy and 

Phase 4 NCT05079633 

 

2.  SARS-CoV-2 rS/Matrix 

M1-Adjuvant (Full-

length recombinant 

SARS CoV-2 

2 

 

IM Anhui Zhifei Longcom 

Biopharmaceutical + Institute of 

Microbiology, 

Phase 3 NCT04611802 

 

3.  Recombinant SARS-

CoV-2 vaccine (CHO 

Cell) 

2-3 IM Sanofi Pasteur + GSK Phase 3 ChiCTR2100050849  

 

4.  VAT00008:   SARS-

CoV-2 S protein with 

adjuvant 

2 IM Clover Biopharmaceuticals 

Inc./Dynavax 

Phase 3 PACTR202011523101903* 

5.  CpG 1018/Alum-

adjuvanted Recombinant 

SARS-CoV-2 Trimeric 

S-protein Subunit 

Vaccine (SCB-2019) 

2 IM Vaxine Pty Ltd./CinnaGen Co. Phase 3 NCT05012787 

6.  COVAX-19® 

Recombinant S protein 

+ adjuvant 

2 IM Instituto Finlay de Vacunas Phase 3 IRCT20150303021315N24 

7.  FINLAY-FR-2 anti-

SARS-CoV-2 Vaccine 

(RBD chemically 

2 IM Federal Budgetary Research 

Institution State Research Center of 

Virology and Biotechnology 

"Vector" 

Phase 3 RPCEC00000354 

https://clinicaltrials.gov/ct2/show/NCT05079633
https://clinicaltrials.gov/ct2/show/NCT04611802?term=NCT04611802&draw=2&rank=1
https://www.chictr.org.cn/showprojen.aspx?proj=133228
https://pactr.samrc.ac.za/TrialDisplay.aspx?TrialID=13475
https://clinicaltrials.gov/ct2/show/NCT05012787
https://en.irct.ir/trial/57559
http://https/rpcec.sld.cu/en/trials/RPCEC00000354-En
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conjugated to tetanus 

toxoid plus adjuvant) 

8.  EpiVacCorona 

(EpiVacCorona vaccine 

based on peptide 

antigens for the 

prevention of COVID-

19) 

2 IM Federal Budgetary Research 

Institution State Research Center of 

Virology and Biotechnology 

"Vector" 

Phase 3 NCT04780035 

9.  RBD (baculovirus 

production expressed in 

Sf9 cells) 

2 IM West China Hospital + Sichuan 

University 

Phase 3 NCT04887207 

10.  UB-612 (Multitope 

peptide based S1-RBD-

protein based vaccine) 

2 IM Vaxxinity Phase 3 NCT05293665 

11.  CIGB-66 

(RBD+aluminium 

hydroxide) 

3 IM Center for Genetic Engineering and 

Biotechnology (CIGB) 

Phase 3 RPCEC00000359 

12.  BECOV2 2 IM Biological E. Limited Phase 3 CTRI/2021/08/036074 

13.  Recombinant Sars-CoV-

2 S protein, Aluminum 

adjuvanted (Nanocovax) 

2 IM Nanogen Pharmaceutical 

Biotechnology 

Phase 3 NCT04922788 

14.  S-268019 2 IM Shionogi Phase 3 NCT05212948 

15.  GBP510 2 IM SK Bioscience Co., Ltd. and CEPI Phase 3 NCT05007951 

16.  Razi Cov Pars 3 IM Razi Vaccine and Serum Research 

Institute 

Phase 3 IRCT20210206050259N3 

17.  EuCorVac-19 2 IM POP Biotechnologies and 

EuBiologics Co.,Ltd 

Phase 3 NCT05572879 

18.  ReCOV 2 IM Jiangsu Rec-Biotechnology Phase 3 NCT05398848 

https://www.clinicaltrials.gov/ct2/show/NCT04780035?term=vaccine&cond=Covid19&draw=2
https://clinicaltrials.gov/ct2/show/NCT04887207
https://clinicaltrials.gov/ct2/show/NCT05293665
https://rpcec.sld.cu/trials/RPCEC00000359-En
http://www.ctri.nic.in/Clinicaltrials/pmaindet2.php?trialid=59772
https://clinicaltrials.gov/ct2/show/NCT04922788
https://clinicaltrials.gov/ct2/show/NCT05212948
https://clinicaltrials.gov/ct2/show/NCT05007951
https://en.irct.ir/trial/57980
https://clinicaltrials.gov/ct2/show/NCT05572879
https://clinicaltrials.gov/ct2/show/NCT05398848
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19.  Recombinant SARS-

CoV-2 Fusion Protein 

Vaccine (V-01) 

2 IM Livzon Pharmaceutical Phase 3 NCT05096832 

20.  Recombinant SARS-

CoV-2 Vaccine (CHO 

cell) 

2 IM National Vaccine and Serum 

Institute, China; Beijing Zhong 

Sheng Heng Yi 

Phase 3 NCT05599516 

21.  RBD protein 

recombinant SARS-

CoV-2 vaccine  (Noora 

Vaccine) 

3 IM Bagheiat-allah University of 

Medical Sciences/AmitisGen 

Phase 3 IRCT20210620051639N3 

22.  COVID-19 Vaccine 

Hipra 

2 IM Laboratorios Hipra, S.A. Phase 3 NCT05246137 

23.  SCTV01C 1 IM Sinocelltech Ltd. Phase 3 NCT05308576 

24.  SARS-CoV-2 

Recombinant Vaccine 

adjuvanted With 

Alum+CpG 1018 

2 IM PT Bio Farma Phase 3 NCT05433285 

25.  MF59 adjuvanted 

SARS-CoV-2 Sclamp 

vaccine 

2 IM CSL Ltd. + Seqirus + University of 

Queensland 

Phase 2/3 NCT04806529 

26.  SARS-CoV-2 Protein 

Subunit Recombinant 

Vaccine 

2 IM PT Bio Farma Phase 2/3 NCT05313035 

27.  PIKA-Adjuvanted 

Recombinant SARS-

CoV-2 S Protein 

Subunit Vaccine 

2 IM Yisheng Biopharma Phase 2/3 NCT05463419 

28.  ARVAC-CG 2 IM Laboratorio Pablo Cassara S.R.L. Phase 2/3 NCT05752201 

https://clinicaltrials.gov/ct2/show/NCT05096832
https://clinicaltrials.gov/ct2/show/NCT05599516
https://en.irct.ir/trial/60796
https://clinicaltrials.gov/ct2/show/NCT05246137
https://clinicaltrials.gov/ct2/show/NCT05308576
https://clinicaltrials.gov/ct2/show/NCT05433285
https://clinicaltrials.gov/ct2/show/NCT04806529
https://clinicaltrials.gov/ct2/show/NCT05313035
https://clinicaltrials.gov/ct2/show/NCT05463419
https://clinicaltrials.gov/ct2/show/NCT05752201
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29.  Convacell 2 IM St. Petersburg Research Institute of 

Vaccines and Sera 

Phase 2/3 NCT05726084 

30.  FINLAY-FR1 anti-

SARS-CoV-2 Vaccine 

(RBD + adjuvant) 

2 IM Instituto Finlay de Vacunas 

 

Phase 2 RPCEC00000366 

31.  SARS-CoV-2-RBD-Fc 

fusion protein (AKS-

452) 

1-2 IM University Medical Center 

Groningen + Akston Biosciences 

Inc. 

Phase 2 NCT05124483 

32.  COVAC-1 and 

COVAC-2 sub-unit 

vaccine (S protein) + 

SWE adjuvant 

2 IM University of Saskatchewan Phase 2 NCT05209009 

33.  SCB-2020S, an 

adjuvanted recombinant 

SARS-CoV-2 trimeric 

S-protein (from B.1.351 

variant) 

2 IM Clover Biopharmaceuticals AUS 

Pty Ltd 

Phase 2 NCT04950751 

34.  V-01-351/V-01D 

Bivalence Vaccine 

(Omicron) or V-01D-

351 

1 IM Livzon Pharmaceutical Group Inc. Phase 2 NCT05273528 

35.  KBP-COVID-19 (RBD-

based) 

2 IM Kentucky Bioprocessing Inc. Phase 1/2 NCT04473690 

36.  IMP CoVac-1 (SARS-

CoV-2 HLA-DR 

peptides) 

1 SC University Hospital Tuebingen Phase 1/2 NCT04954469 

37.  CIGB-669 

(RBD+AgnHB) 

3 IN Center for Genetic Engineering and 

Biotechnology (CIGB) 

Phase 1/2 RPCEC00000345 

https://clinicaltrials.gov/ct2/show/NCT05726084
https://rpcec.sld.cu/trials/RPCEC00000366-En
https://clinicaltrials.gov/ct2/show/NCT05124483
https://clinicaltrials.gov/ct2/show/NCT05209009?term=vaccine&recrs=abdf&cond=COVID-19&phase=0123&sort=nwst&draw=2
https://clinicaltrials.gov/ct2/show/NCT05273528
https://clinicaltrials.gov/ct2/show/study/NCT04473690?term=vaccine&cond=covid-19&draw=3
https://clinicaltrials.gov/ct2/show/NCT04954469?term=vaccine&recrs=abdf&cond=COVID-19&phase=012345&sort=nwst&draw=1&rank=16
https://rpcec.sld.cu/en/trials/RPCEC00000345-En
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38.  QazCoVac-P - COVID-

19 Subunit Vaccine 

1-2 IM Research Institute for Biological 

Safety Problems 

Phase 1/2 NCT04930003 

39.  202-CoV; SARS-CoV-2 

S trimer protein + 

adjuvant, CpG7909. 

2 IM Shanghai Zerun Biotechnology + 

Walvax Biotechnology  + CEPI 

Phase 1/2 NCT05313022 

40.  Versamune-CoV-2FC 

vaccine, recombinant S1 

antigen 

3 NR Farmacore Biotecnologia Ltda Phase 1/2 NCT05016934 

41.  SII B.1.351 + Matrix-

M1 adjuvant 

2 IM Novavax Phase 1/2  NCT05029856 

42.  SII Bivalent + Matrix-

M1 adjuvant 

1 IM Novavax Phase 1/2  NCT05029857 

43.  SII B.1.617.2 + Matrix-

M1 adjuvant (Delta) 

1-2 IM Novavax Phase 1/2  NCT05029858 

44.  PepGNP-SARSCoV2 2 ID Emergex Vaccines Holding 

Limited 

Phase 1/2 NCT05633446 

45.  Betuvax-CoV-2 

COVID-19 vaccine 

2 IM Human Stem Cell Institute, Russia Phase 1/2 NCT05270954 

46.  AdimrSC-

2f (recombinant RBD 

+/- Aluminium) 

NR NR Adimmune Corporation Phase 1 NCT04522089 

47.  MF59 adjuvanted 

SARS-CoV-2 Sclamp 

2 IM The University of Queensland Phase 1 NCT04495933 

48.  SK SARS-CoV-2 

recombinant surface 

antigen protein subunit 

(NBP2001) + 

adjuvanted with alum. 

2 IM SK Bioscience Co., Ltd. Phase 1 NCT04760743 

https://clinicaltrials.gov/ct2/show/NCT04930003?term=vaccine&recrs=adf&cond=COVID-19&phase=0123&sort=nwst&draw=2
https://clinicaltrials.gov/ct2/show/NCT05313022
https://clinicaltrials.gov/ct2/show/NCT05016934
https://clinicaltrials.gov/ct2/show/NCT05029856
https://clinicaltrials.gov/ct2/show/NCT05029856
https://clinicaltrials.gov/ct2/show/NCT05029856
https://clinicaltrials.gov/ct2/show/NCT05633446
https://clinicaltrials.gov/ct2/show/NCT05270954
https://clinicaltrials.gov/ct2/show/record/NCT04522089
https://clinicaltrials.gov/ct2/show/NCT04495933
https://clinicaltrials.gov/ct2/show/NCT04760743
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49.  SpFN + QS21 (ALFQ) 

adjuvant. 

2-3 IM Walter Reed Army Institute of 

Research (WRAIR) 

Phase 1 NCT04784767 

50.  CoVepiT 1-2 SC OSE Immunotherapeutics Phase 1 NCT04885361 

51.  CoV2-OGEN1, protein-

based vaccine 

1-2 Oral USSF/Vaxform Phase 1 NCT04893512 

52.  Baiya SARS-CoV-2 

VAX1, a plant-based 

subunit vaccine (RBD-

Fc + adjuvant) 

2 IM Baiya Phytopharm Co., Ltd. Phase 1 NCT04953078 

53.  SARS-CoV-2 Vaccine 

(IN-B009) 

2 IM HK inno. N Corporation Phase 1 NCT05113849 

54.  DoCo-Pro-RBD-1 + 

MF59 

1 IM University of Melbourne Phase 1 NCT05272605 

55.  VXS-1223U Microarray 

patch (HD-MAP) 

(HexaPro) 

1 ID Vaxxas Pty Ltd Phase 1 ACTRN12622000597796 

56.  PRIME-2-CoV_Beta 2 IM Speransa Therapeutics Phase 1 NCT05367843 

57.  ACM-SARS-CoV-2-

beta ACM-CpG vaccine 

candidate (ACM-001) 

2 IN ACM Biolabs Phase 1 NCT05385991 

58.  OMV-linked HexaPro 1 IN Intravacc B.V. Phase 1 NCT05604690 

59.  Recombinant SARS-

CoV-2 S-Trimer 

Vaccine (CHO Cell) 

booster 

1 IM Binhui Biopharmaceutical Co., Ltd. Phase 1 NCT05716347 

Adapted from COVID-19 vaccine tracker and landscape as of March 30, 2023. 

https://www.who.int/publications/m/item/draft-landscape-of-covid-19-candidate-vaccine

https://clinicaltrials.gov/ct2/show/NCT04784767
https://www.clinicaltrials.gov/ct2/show/NCT04885361?term=NCT04885361&draw=2&rank=1
https://clinicaltrials.gov/ct2/show/NCT04893512
https://clinicaltrials.gov/ct2/show/NCT04953078?term=vaccine&recrs=abdf&cond=COVID-19&phase=0123&sort=nwst&draw=2
https://clinicaltrials.gov/ct2/show/NCT05113849?term=vaccine&recrs=adf&cond=COVID-19&phase=0123&sort=nwst&draw=2&rank=2
https://clinicaltrials.gov/ct2/show/NCT05272605?term=vaccine&type=Intr&cond=COVID-19&strd_s=03%2F03%2F2022&strd_e=03%2F22%2F2022&draw=2&rank=2
https://anzctr.org.au/Trial/Registration/TrialReview.aspx?ACTRN=12622000597796
https://clinicaltrials.gov/ct2/show/NCT05367843
https://clinicaltrials.gov/ct2/show/NCT05385991
https://clinicaltrials.gov/ct2/show/NCT05604690
https://clinicaltrials.gov/ct2/show/NCT05716347?term=NCT05716347&draw=2&rank=1
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2.9 Rationale for utilizing highly conserved and immunogenic epitopes as vaccine antigens 

Current recombinant protein vaccine development against SARS-CoV-2, consisting of the 

S protein, presents certain challenges. Schaub et al. (2021) asserted that the S protein is challenging 

to express in large quantities recombinantly because it is metastable and glycosylated. This directly 

relates to low production and the number of vaccine doses that can be mass-produced. Such a 

challenge requires a thorough evaluation of expression systems, host cell organisms, and 

optimization of culture conditions to maximize heterologous protein expression. Vaccines 

focusing on the S protein as the main antigenic region are also susceptible to a reduction in 

protective efficacy as a result of SARS-CoV-2 VOCs. 

Vaccines focusing on only the RBD may potentially be highly susceptible to antigenic drift, 

whereby mutations in the SARS-CoV-2 may significantly reduce the protective efficacies of such 

vaccines. The SARS-CoV-2 Omicron B.1.1.529 variant was shown to have 15 mutations in the 

RBD. Different mutations in Omicron help it to evade neutralizing antibodies. Some mutations, 

such as K417N, G446S, E484A, and Q493R, mainly affected antibodies that target specific regions 

overlapping with the ACE2-binding motif (groups A–D). Others, including G339D, N440K, and 

S371L, were reported to impact a subset of neutralizing antibodies from groups E and F, but 

antibodies like S309 and CR3022 were less affected (Cao et al., 2022). Moreover, Greaney et al. 

(2021) showed that mutations such as K417 and E484 are highly effective at evading particular 

types of antibodies and are prevalent among many sequenced viral isolates. Following the evasion 

of class 2 antibodies, the immune response relies predominantly on class 1 and class 3 antibodies 

to combat the virus. Notably, certain emerging viral lineages carrying the E484K mutation often 

acquire additional mutations, such as K417N/T (seen in B.1.351 and P.1 variants), which enhance 

their ability to evade class 1 antibodies. Additionally, viral lineages like B.1.427/429 and B.1.617.2 



57 
 

possess a moderate class 3 escape mutation (L452R), while B.1.617.1 harbours both E484Q and 

L452R mutations. Other clusters of viral sequences exhibit mutations in epitopes targeted by class 

2 and class 3 antibodies, such as E484K and R346K, further affecting antibody recognition and 

neutralization. 

In light of mutations that can lower the protective efficacies of current vaccines, this 

research project aims to express a recombinant protein vaccine composed of peptides representing 

highly conserved and immunogenic B and T cell epitopes from SARS-CoV-2 M and N proteins. 

It is hypothesized that upon assessment of the neutralizing activity against the SARS-CoV-2 

Wuhan and Omicron strains, the vaccine would be able to inhibit the interaction between the RBD 

from both strains and the ACE2 receptor. 

2.10 Rationale for the use of linkers in the current study 

In the current research study, peptides SB6 and SB10 were linked to each other using a KK 

linker. KK linkers have been used to join B cell epitopes in several studies (Ayyagari et al., 2020, 

Gu et al., 2017; Sarkar et al., 2020). By preventing the formation of antibodies for the peptide 

sequence that individual epitopes can form when they are linked linearly, KK linkers are essential 

in lowering junctional immunogenicity (Yano et al., 2005). Additionally, KK linkers boost 

immunogenicity (Li et al., 2015). Peptides B6 and B10 were connected to S1 through an AAY 

linker, while S1 was linked to S19 using a GPGPG linker. Subsequently, S19 was connected to S5 

via an AAY linker, and S5 was linked to M1 using an AAY linker. Junctional epitopes may form 

if linkers are not used. These are new antigenic determinants that are created when two separate 

protein fragments, typically derived from different proteins, are linked together artificially. These 

epitopes arise at the junction where the two fragments are connected. AAY linkers enhance epitope 

presentation designed to minimize the formation of junctional epitopes by providing a stable and 
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predictable linkage between peptide fragments (Atapour et al., 2022). The AAY linker enhances 

epitope partitioning by attempting to make the C-terminus of CTLs more accessible for molecule-

mediated binding, leading to increased epitope presentation (Hasan & Mia, 2022). In another 

study, GPGPG linkers used to connect the HTLs, boosted their immune response. These linkers, 

rich in glycine, not only improve solubility but also enhance activity, accessibility, and flexibility 

for neighboring domains (Tarrahimofrad et al. 2011). 
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CHAPTER 3: MATERIALS AND METHODS 

3.1 Peptides used to develop the recombinant protein vaccine 

The peptides ST1258-279, ST51052-1073, ST19339-371, MT1, SB6553-568 and SB10554-573 were 

identified though literature mining. Lim et al. (2021) comprehensively evaluated the data from 11 

different publications that used bioinformatics to identify promising CD4+ and CD8+ T cell 

epitopes from the S protein of SARS-CoV-2. WTAGAAAYYVGYLQPRTFLLKY (ST1258-279) 

was identified as a highly potent T cell epitope, capable of inducing both CD4+ and CD8+ T cell 

responses. It was associated with positive IFN-γ production, a high immunogenicity score of 

97.729%, and a high global HLA population coverage of 99.63%. ST51052-1073 

FPQSAPHGVVFLHVTYVPAQEK was identified as a highly potent T cell epitope, capable of 

inducing both CD4+ and CD8+ T cell responses. It was associated with positive IFN-γ production, 

a high immunogenicity score of 98.6%, and a high global HLA population coverage of 96.4% 

(Lim et al., 2021). Prioritizing the identification of epitopes from conserved regions of the SARS-

CoV-2 as well as from regions associated with high viral infectivity, Yarmarkovich et al. (2020) 

demonstrated that viral epitope GEVFNATRFASVYAWNRKRISNCVADYSVLYNS (denoted 

ST19339-371 in the current study) from the RBD of the S protein scored in the 90.9th percentile of T 

epitopes. It was also shown to be third of 1,546 epitopes scored in the S, E, and M genes for 

combined B and T cell epitopes, with high MHC class I coverage of 98.3%. Peptide ST19 was 

located between residues 325-357 of the S1 subunit of SARS-CoV-2, coinciding with part of the 

SARS-CoV-2 RBD. 

Moreover, GEVFNATRFASVYAWNRKRISNCVADYSVLYNS was used as a peptide 

along with 45 other peptides which were mixed to form a multi-peptide cocktail to serve as a 

COVID-19 vaccine. Intramuscular administration of this COVID-19 peptide vaccine in addition 
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to a tetanus vaccine in horses was able to induce nAbs against the SARS-CoV-2 Delta variant 

(Deng & Sweeney, 2022). GLMWLSYFIASFRLFARTRSM (denoted MT1 in the current study) 

was identified as a CD4+ T cell epitope through in silico predictions of potential T cell epitopes 

through retrieval of protein sequences from the NCBI database, analysis of average antigenic 

propensity and binding affinity of peptides for class II MHC, assessment of immunogenicity 

score and the ability to induce Th1 immune response together with IFN-γ production (Lim et al., 

2021). Lastly, SB6553-568 (TESNKKFLPFQQFGRDIA) and SB10554-573 

(ESNKKFLPFQQFGRDIADTT) were chosen as linear B cell epitopes. Amrun et al. (2020) found 

that patients in the ICU with severe COVID-19 had elevated IgG titers directed against the linear 

B cell epitope, TESNKKFLPFQQFGRDIA. Moreover, Heffron et al. (2021) utilized ultradense 

peptide microarray mapping to identify TESNKKFLPFQQFGRDIADTT as one of the epitopes 

associated with potent antibody responses as a result of SARS-CoV-2 infection. 

ESNKKFLPFQQFGRDIADTT was predicted as a dominant SARS-CoV B Cell Epitope as 

identified by the EpitopeVec software that utilizes residue properties, modified antigenicity scales, 

and protein language model-based representations for linear BCE predictions. Information on the 

sequences of the six selected peptides representing immunogenic B and T cell epitopes as well as 

their location on the location on SARS-CoV-2 viral genome is shown in Table 3.1.  
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Table 3.1. The sequences and location on genome of the six selected peptides representing immunogenic B and T cell epitopes 

 

 

 

Peptide Peptide Sequence 

Location on 

Genome 

Type of 

Epitope 

1. ST1 WTAGAAAYYVGYLQPRTFLLKY S T Cell 

2. ST5 FPQSAPHGVVFLHVTYVPAQEK S T Cell 

3. MT1 GLMWLSYFIASFRLFARTRSM M T Cell 

4. ST19 GEVFNATRFASVYAWNRKRISNCVADYSVLYNS S T Cell 

5. SB6 TESNKKFLPFQQFGRDIA S B Cell 

6. SB10 ESNKKFLPFQQFGRDIADTT S B Cell 
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3.2 Analysis of conservancy of the 6 peptides against Omicron using the IEDB epitope 

conservancy analysis 

Sequences of a total of 4260 SARS-CoV-2 Omicron strains were downloaded from the 

Global Initiative on Sharing All Influenza Data (GISAID) (https://gisaid.org/) in a FASTA format. 

The sequences were pasted onto a Google Colaboratory notebook along with a Python code 

developed by Dr Cheah Wai Ching from the Sunway University Department of Engineering to 

convert the nucleotide sequences to amino acid sequences. The 6 peptides were then checked to 

determine if they were conserved against 4,260 Omicron strains. 

3.2 Construction of recombinant plasmid pET41a-GST-6PHis 

Nucleotide sequences consisting of the gene of interest fused to Glutathione-S-transferase 

(GST) at the N terminal and to 8 histidine residues (8x His) at the C terminal were synthesized and 

cloned into the pET-41a (+) expression plasmid by a commercial company (GenScript, California, 

USA) to form the recombinant plasmid pET41a-GST-6PHis. The gene of interest consisted of 

nucleotide sequences encoding six peptides representing predicted immunogenic epitopes from 

the SARS-CoV-2 S, M, and N proteins. Peptides were joined together with AAY and GPGPG 

linkers (Figure 3.1). The expected size of the GST-6Phis recombinant protein of interest was 

determined to be approximately 46 kDa using the ExPASy ProtParam tool 

(https://web.expasy.org/protparam/). The insert comprising the GST- tag linked to 6 peptides and 

8 histidine residues was considered a singular transcriptional unit which was under the control of 

the T7 promoter. The expression of the gene insert would produce GST-6Phis with gene expression 

terminated at the T7 terminator. The plasmid also includes a lac operon. the lac repressor protein 

binds to the lac operator region of the lac operon, preventing transcription of the gene of interest. 

The lac operon can be induced by IPTG which will bind to the lac repressor to allow transcription. 

https://gisaid.org/
https://web.expasy.org/protparam/
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Therefore, IPTG will be added for the expression of the gene insert. pET41a-GST-6PHis also 

contained nucleotides encoding kanamycin resistance genes to serve as a selection marker to 

enable the selection of recombinants resistant to kanamycin. The final size of the plasmid was 

6181 base pairs (bp).  The plasmid map for pET41a-GST-6PHis is shown in Figure 3.2.
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The amino acid sequence of GST-6Phis expressed from the gene insert 

 

 

 

The expected size of the protein expressed from the cloned gene insert = 45851.73 kDa ≈ 46 kDa 

 

Figure 3.1. The amino acid sequence of GST-6Phis. The peptides SB6, SB10, ST1, ST19, ST5, and MT1 are labelled and underlined. 

Linkers joining these peptides are shown in green. Nucleotides encoding this sequence was incorporated to form  pET41a-GST-6PHis
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Figure 3.2. The plasmid map for pET41a-GST-6PHis generated using SnapGene Viewer 
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3.3 Preparation of competent E. coli BL21(DE3) cells 

Competent E. coli BL21(DE3) cells were prepared using the calcium chloride method. An 

aliquot of 10 ml of Luria-Bertani (LB) broth was inoculated with a single colony of the desired E. 

coli strain and cultured overnight at 37°C with shaking at 200 revolutions per minute (rpm). An 

aliquot of 1 ml of the overnight culture was inoculated into 100 ml of sterile LB broth and cultured 

overnight at 37°C with shaking at 200 rpm. The culture was divided equally between two sterile 

50 ml centrifuge tubes and centrifuged for 10 minutes at 7,000 rpm at 4°C (Eppendorf Centrifuge 

5810/ 5810 R, Hamburg, Germany) and the supernatant was discarded. An aliquot of 20 ml of 

sterile, ice-cold 100 mM CaCl2 was added to the cell pellets, followed by gentle resuspension. The 

resuspended cells were placed on ice for 15 minutes and centrifuged for 10 minutes at 7,000 rpm 

at 4°C after which the supernatant was discarded. An aliquot of 5 mL of sterile, ice-cold 100 mM 

CaCl2 supplemented with 15% glycerol was added to each cell pellet, followed by gentle 

resuspension. The resuspended cells were divided into 100 μl aliquots in sterile, ice-cold 

Eppendorf tubes and stored at -80oC.  

3.4 Transformation of competent E. coli cells  

4 µg of lyophilized plasmid DNA in 1x TE buffer was added to thawed competent cells in 

a 1.5 ml centrifuge tube and kept on ice for 30 minutes. The tubes were subjected to heat shock at 

42°C for 42 seconds. LB broth was added to each tube, followed by incubation at 37°C with 

shaking at 200 rpm for 60 minutes. Transformed E. coli cells were spread on LB + kanamycin 

selection plates (50 μg/ml) and incubated overnight at 37°C.  

3.5 Plasmid extraction 

A single colony of transformed E. coli was inoculated into 10 ml of LB broth supplemented 

with kanamycin (50 μg/ml) and incubated at 37°C with shaking at 200 rpm. Plasmid extraction 
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was performed using the QIAprep Spin Miniprep Kit (QIAGEN, Hilden, Germany). Following 

centrifugation, the pellet was mixed with Buffer P1 (resuspension buffer RNase), followed by the 

addition of Buffer P2 (lysis buffer). After incubation at room temperature, Neutralization Buffer 

N3 was added. The supernatant was collected and added to the spin column directly. PB buffer 

was added, followed by centrifugation to remove the ethanol residue. Elution of DNA was 

performed using the elution buffer. The concentration and purity of the extracted DNA was 

determined using the Thermo Fisher Scientific NanoDrop One (Thermo Fisher Scientific, 

Massachusetts, USA). 

3.6 Confirming the pET41a-GST-6PHis plasmid sequencing 

Characterization of pET41a-GST-6PHis was performed using restriction enzyme 

restriction, followed by agarose gel electrophoresis and nucleotide sequencing. In order to linearize 

the pET41a-GST-6PHis recombinant expression plasmid, restriction enzyme digestion was carried 

out with XhoI (New England Biolabs, Massachusetts, US). The agarose gel was prepared by 

mixing 1 g of agarose powder in 100 ml of 1xTAE buffer. The mixture was fully dissolved by 

heating in the microwave and then allowing the agarose to cool while occasionally swirling the 

mixture. SYBR green was added and then mixed properly before pouring the mixture onto the gel 

mould with the 8-well comb already in place. After solidification, the gel was placed in the gel 

tank and submerged in 1xTAE buffer. After loading molecular marker and different volumes of 

the DNA plasmid along with 5 μl of loading dye, the gel was run at 100 V for 60 minutes. Agarose 

gel electrophoresis was carried out in a 1% agarose gel at 100 mV for 60 minutes. The Invitrogen 

1Kb Plus Ladder (Invitrogen, Massachusetts, USA) was used as the molecular marker for reference 

to indicate the size of the visualized DNA bands. The gel was visualized using G:BOX F3LFB gel 
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doc (Syngene, Maryland, USA). Nucleotide sequence analysis of the gene insert was conducted 

by a commercial company (GenScript, California, USA). 

3.8 Expression of GST-6PHis from transformed E. coli cells and production of crude extract 

A single colony of E. coli BL21(DE3) transformed with pET41a-GST-6PHis was 

inoculated into 10 ml of LB broth supplemented with 50 µg/ml kanamycin solution and incubated 

in a shaking incubator set at 37°C for 16 hours at 220 rpm. An aliquot of 2 ml of the overnight 

culture was added into 200 ml of LB broth and incubated in a shaking incubator set at 37°C and 

220 rpm until the OD600 reached 0.4 – 0.6. IPTG induction was performed by adding 1 M IPTG 

solution made by dissolving 0.238 g of IPTG in 1 ml of water (Research Products International, 

Illinois, US) to the culture with incubation in a shaking incubator set at 37°C for 16 hours at 220 

rpm.  The culture was subjected to centrifugation at 10,000 rpm for 15 minutes at 4°C, followed 

by 6 cycles of sonication using the UP100H ultrasonic processor (Hielscher Ultrasonics, Berlin, 

Germany) set at 100% amplitude and a cycle of 1, followed by cooling on ice for 1 minute after 

each cycle. The cell debris was separated from the intracellularly expressed protein contained in 

the supernatant by centrifugation at 10,000 rpm for 15 minutes at 4°C.  

3.7 Detection of histidine-tagged protein of interest using SDS-PAGE Coomassie and 

Western blot 

Protein samples were mixed with the 6X loading buffer (Morganville Scientific, New 

Jersey, United States) in a ratio of 2:1, followed by boiling at 95°C for 15 minutes, and loading of 

denatured samples onto a 12% SDS-PAGE polyacrylamide gel. The resolving gel was prepared 

by adding 1.642 ml of water to 1.25 ml of Tris-HCl pH 8.8 resolving gel buffer (Bio-Rad, 

California, United States), followed by the addition of 2 ml of acrylamide (Bio-Rad, California, 

United States), 50 µl of 10% SDS solution (Bio-Rad, California, United States), 25 µl of 10% APS 
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solution (Bio-Rad, California, United States), and 5 µl of TEMED (Bio-Rad, California, United 

States). The stacking gel was made by adding 2.5 ml of water to 1.26 ml of Tris-HCl pH 6.8 

stacking gel buffer (Bio-Rad, California, United States), followed by the addition of 660 µl of 

acrylamide (Bio-Rad, California, United States), 50 µl of 10% SDS solution (Bio-Rad, California, 

United States), 50 µl of 10% APS solution (Bio-Rad, California, United States), and 8 µl of 

TEMED (Bio-Rad, California, United States). Electrophoresis was carried out at 100 V for 120 

minutes, followed by visualization of protein bands using Coomassie blue stain (Bio-Rad, 

California, US). Western blot was conducted and the separated proteins were transferred from the 

polyacrylamide gel onto a polyvinylidene difluoride (PVDF) membrane using the semi-dry 

method. The membrane was then blocked with 10% skim milk (distilled autoclaved water used as 

diluent) for 12 hours at 4°C to prevent nonspecific binding of antibodies, followed by adequate 

washing with 1X TBST. Overnight primary antibody incubation was carried out with Anti-His-

Tag Antibody (Santa Cruz Biotechnology, Inc, Dallas, USA), The membrane was washed in 1X 

TBST. Secondary antibody incubation was performed with goat anti-mouse HRP conjugated 

secondary antibody (1:1000) for 45 minutes at room temperature (Invitrogen, Massachusetts, US). 

The blot was visualized using the G:BOX F3LFB gel doc (Syngene, Maryland, USA). 

3.9 Ammonium sulfate precipitation 

The crude extract was subjected to ammonium sulfate precipitation using the following 

concentrations: 0-20% (1.10 g of ammonium sulfate added to 10 ml of crude lysate containing 0% 

ammonium sulfate to get 20% saturated solution, final volume: 10.58 ml), 20-30% (0.60 g of 

ammonium sulfate added to 10.58 ml of solution containing 20% ammonium sulfate to get 30% 

saturated solution, final volume: 10.90 ml), 30-40% (0.64 g of ammonium sulfate added to 10.90 

ml of solution containing 30% ammonium sulfate to get 40% saturated solution, final volume: 
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11.24 ml), 40-50% (0.68 g of ammonium sulfate added to 11.24 ml of solution containing 40% 

ammonium sulfate to get 50% saturated solution, final volume: 11.60 ml), 50-60% (0.72 g of 

ammonium sulfate added to 11.60 ml of solution containing 50% ammonium sulfate to get 60% 

saturated solution, final volume: 11.98 ml), 60-70% (0.77 g of ammonium sulfate added to 11.98 

ml of solution containing 60% ammonium sulfate to get 70% saturated solution, final volume: 

12.39 ml), and 70-80% (0.83g of ammonium sulfate added to 12.39 ml of solution containing 70% 

ammonium sulfate to get 80% saturated solution, final volume: 12.83 ml). Specified amounts of 

ammonium sulfate (Chemiz, Shah Alam, Malaysia) were added to the crude extract successively 

as described. For each ammonium sulfate concentration, the ammonium sulfate was gradually 

added to the crude extract with continuous stirring at 4°C. After determining the optimum 

ammonium sulfate concentration, the sample was centrifuged at 10,000 rpm for 15 minutes at 4°C. 

The pellet was dissolved in 100 µl of PBS. The supernatant was used for successive precipitations 

at higher ammonium sulfate concentrations. The total protein as well as the proportion of 

recombinant protein precipitated at each ammonium sulfate concentration were evaluated using 

SDS-PAGE Coomassie and Western blot.  

3.10 Gel filtration chromatography 

Gel filtration chromatography was used for desalting the ammonium sulfate present in the 

protein sample and for further fractionating the total proteins based on size exclusion to produce 

fractions containing GST-6Phis. A total of 5 g of the gel filtration resin, Sephadex G-75 (Sigma-

Aldrich, Missouri, USA) was soaked in 500 ml of PBS overnight to swell the resin and added to 

an Econo-Column® (Bio-Rad, California, US). The ammonium sulfate fractionated sample was 

allowed to flow through and a total of 30 fractions containing 1 ml of the sample mixture were 

collected until 30 ml of the sample had been eluted. The concentration (mg/ml) and absorbance at 



71 
 

280 nm were determined for each fraction using the Thermo Fisher Scientific NanoDrop One 

(Thermo Fisher Scientific, Massachusetts, USA). A standard curve was constructed by plotting the 

absorbance at 280 nm against the elution volume using GraphPad Prism 7. SDS-PAGE Coomassie 

and Western blot were performed to identify specific fractions containing GST-6Phis. These 

fractions were then pooled together for further purification using IMAC.  

3.11 IMAC 

IMAC was performed using the PROTEINDEX™ HiBond™ Ni-NTA resin (Marvelgent 

Biosciences, Massachusetts, MA) at room temperature. The column was cleaned with 10 column 

volumes (CVs) of distilled water and equilibrated with 10 CVs of PBS. The pooled sample mixture 

was allowed to bind to the column for 30 minutes with regular gentle pipetting and then flow 

through the column. The sample was added to the column and placed on a shaker for 10 minutes 

in order to allow it to bind to the resin effectively. The flowthrough was poured back into the 

column followed by gentle shaking for 5 minutes. This last step was repeated a second time as 

well. The column was washed with Imidazole concentrations 10 mM (50 µl of 3M imidazole stock 

solution and 14.95 ml of PBS), 50 mM (250 µl of 3M imidazole stock solution and 14.75 ml of 

PBS), 100 mM (500 µl of 3M imidazole stock solution and 14.5 ml of PBS), 150 mM (750 µl of 

3M imidazole stock solution and 14.25 ml of PBS), 200 mM (1000 µl of 3M imidazole stock 

solution and 14 ml of PBS), 250 mM (1.25 ml of 3M imidazole stock solution and 13.75 ml of 

PBS), and 500 mM (2.5 ml of 3M imidazole stock solution and 12.5 ml of PBS). This was done 

in order to wash out contaminating proteins with lower imidazole concentrations and elute GST-

6Phis using higher imidazole concentrations. The crude extract, flow-through, and eluates samples 

were subjected to SDS-PAGE Coomassie and Western blot to detect the presence and abundance 

of GST-6Phis in these samples through visual inspection of bands. 
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3.12 Ethics statement 

All animal procedures were carried out in accordance with the guidelines approved by the 

Animal Institutional Animal Care and Use Committee (2022-230512/SUNWAY/R/KK) of 

University Malaya (UM) and Sunway Research Ethics Committee (Ethics Approval No.: 

PGSUREC2021/043). All mice were housed in a temperature-controlled biosafety level 2 (BSL-

2) animal facility at the Animal Experimentation Unit at UM. 

3.13 Mice immunizations  

Female BALB/c mice (6-weeks old) used in the research study were purchased from UM 

and immunizations were carried out at the UM animal facility. Mice were immunized 

intramuscularly or intranasally with 10 µg of GST-6Phis. Intramuscular immunizations were 

carried out by injecting 50 µl of GST-6Phis into the thigh muscle using a 26 ½ gauge needle. 

Intranasal immunizations were carried out by administering 10 ul to the nostril using a 10 μl 

micropipette. For both intramuscular and intranasal administrations, a 3-dose regimen was 

followed with mice being immunized at days 0, day 14, and day 28.  No adjuvant was used. Mice 

were divided into 4 groups (n=5). Group 1 consisted of the intramuscular administration of GST-

6Phis. Group 2 consisted of the intranasal administration of GST-6Phis. Group 3 and Group 4 

involved the intramuscular and intranasal administration of PBS, respectively. Mouse health was 

monitored at day 0, day 14, day 28, and day 42 in terms of a visual inspection of mouse fur and 

movement. At day 42 post immunization, mice were anaesthetized by exposure to 4% isoflurane 

in a 1 L container for 5 minutes. A total of 1 ml of blood was collected using a 26 ½ gauge needle 

via cardiac puncture after mice had been anaesthetized. Cervical dislocation was performed to 

euthanize the mice after which spleens were removed. A graphical illustration of the immunization 

schedule is shown in Figure 3.3. 
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Figure 3.3. The 3-dose immunization schedule used for the intramuscular and intranasal 

immunizations of BALB/c mice 

3.14 Evaluation of humoral responses in terms of total IgG and neutralizing antibodies 

3.14.1 Detection of IgG antibodies through the ELISA 

Blood samples collected from mice were centrifuged at 6,000 rpm for 15 minutes to obtain sera. 

A 96-well flat-bottom plate (Fisher Scientific, Pittsburgh, USA) was coated with 10 μg of GST-

6Phis diluted in coating buffer made by dissolving 5.3 g of Na2CO3 in 900 ml distilled water, 
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followed by addition of 4.2 g of NaHCO3 and 1 g sodium azide. The pH was adjusted to 9.6 and 

the volume to 1 L with additional distilled water. The plate was incubated overnight at 4℃. The 

contents of the wells were discarded and the plate was washed with 0.05% (v/v) Tween 20 in PBS 

wash [0.05% (v/v) Tween 20 in PBS]. Blocking buffer (0.5% BSA in PBS) was added, followed 

by incubation at 37 ℃ for 2 hours. Sera from immunized mice were diluted 1:50, 1:250 and 1:1000 

using sample dilution buffer (20% blocking buffer in PBS) and incubated for 2 hours at 37℃. The 

background control consisted of wells without sera. Wells were washed with 200 μl of PBS Tween 

20. Then, 100 μl of horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG antibody 

(1:1000 dilution with sample dilution buffer) (Invitrogen, Carlsbad, CA, USA) was added and 

incubated at 37℃ for 1 hour. Aliquots of 100 μl of 3,3’5,5’-Tetramethylbenzidine (TMB) substrate 

solution (SeraCare Life Sciences Inc., Milford, MA, USA) were added to each well and allowed 

to incubate at room temperature for 30 seconds until a blue color was observed. Lastly, 100 μl of 

1M sulphuric acid (H2SO4) was added to the wells to stop the reaction. Absorbance was read using 

a Tecan Infinite M200 Pro microtiter plate reader (Tecan, Zürich, Switzerland) at 450 nm.
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3.14.2 Neutralizing antibody detection using the GenScript cPass™ SARS-CoV-2 Neutralization 

Antibody Detection kit 

The determination of the levels of neutralizing antibodies to the SARSCoV-2 Wuhan and 

Omicron strains in the sera of immunized mice that could inhibit the interaction between the HRP-

conjugated RBD (RBDHRP) and the ACE2 receptor was performed using the FDA approved 

“cPASS SARS-CoV-2 Surrogate Virus Neutralization Test RUO Kit” (Cat. #L00847-A, 

GenScript, California, USA) (Tan et al., 2020). The kit contained the Wuhan (Accession #: NC-

045512) HRPRBD antibody was prepared by diluting the stock solution in a 1:1000 ratio with the 

RBD dilution buffer. The capture plate consisted of microplates pre-coated with ACE2 protein. 

Positive and negative controls were provided as part of the kit. The A 1x wash solution consisting 

of Tris-buffered saline with Tween 20 at pH 8.0 was prepared by diluting it with deionised water 

in a 1:20 ratio. Sera from mice immunized intramuscularly and intranasally with PBS or GST-

6Phis were mixed in a 1:1 ratio with the diluted RBDHRP and added to wells, followed by 

incubation at 37 ℃ for 15 minutes. Wells were washed with the wash solution and 100 μl of TMB 

solution. The plate was incubated in the dark for 15 minutes at room temperature, followed by the 

addition of 50 μl of stop solution until a yellow color was observed. The capture plate was read in 

a Tecan Infinite M200 Pro microtiter plate reader (Tecan, Zürich, Switzerland) at 450 nm. The 

experiment was repeated for the four mice groups to test neutralizing activity against the Omicron 

RBD. This was achieved through the use of the Omicron (Accession #: P0DTC2) HRPRBD 

antibody which was ordered separately (GenScript, California, USA). The determined absorbance 

values were used to determine the signal inhibition for the detection of nAbs calculated from the 

formula: 

% Signal Inhibition = (1 −
OD value of Sample

OD value of Negative Control
 ) x  100  
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The cutoff value for the cPass SARS-CoV-2 Neutralizing Antibody Detection Kit is 30% signal 

inhibition. Therefore, a signal inhibition ≥ 30% coincided with the positive detection of nAbs to 

SARSCoV-2 a signal inhibition ≤ 30% meant that nAbs to SARSCoV-2 were not detected in a 

particular serum sample. 

3.15 Evaluation of cellular responses 

3.15.1 Processing of murine splenocytes from immunized mice  

The splenocytes used in this study were obtained from individual spleens. A total of four 

experimental groups were included: intramuscular GST-6Phis, intranasal GST-6Phis, 

intramuscular PBS, and intranasal PBS. Each group consisted of five mice, and five spleens were 

harvested, processed individually, and subjected to flow cytometry analysis from each mouse. 

Spleens removed from immunized mice were stored in incomplete RPMI 1640 media (Sigma-

Aldrich, Missouri, USA) and processed for splenocyte isolation. Spleens were placed into 100 μm 

pore size cell strainer (BD Biosciences, New Jersey, USA), crushed with a 5 ml syringe plunger 

(Terumo Inc., Tokyo, Japan), washed with incomplete RPMI 1640 media, and collected into 50 

ml Falcon tubes, followed by centrifugation at 3,000 rpm for 3 minutes. The supernatants were 

discarded and the tubes were tapped to dislodge the pellet. ACK lysing buffer (150 mM NH₄Cl, 

0.1 mM NaHCO₃, and 10 mM EDTA) was added to the pellet to lyse the red blood cells. The RBC 

lysis reaction was stopped through the addition of complete RPMI 1640 media containing 10% 

heat-inactivated FBS, 1% Penicillin-Streptomycin, 50 μM 2-Mercaptoethanol, and 10 mMol 

HEPES, followed by centrifugation at 3,000 rpm for 3 minutes. The supernatants were discarded, 

the pelleted cells were resuspended in complete RPMI media, and subjected to a cell count using 

the hemocytometer. Splenocytes were seeded at 4.0 x 106 cells/well for flow cytometry analysis 
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to determine the percentage of IFN-γ producing CD3+ CD4+ and CD3+ CD8+ T cells. No cell 

sorting was performed prior to analysis. 

3.15.2 Intracellular cytokine staining (ICS) by flow cytometry analysis 

Splenocytes from the 4 groups were seeded into a 24-well plate. Each well was treated with 

10 µg of GST-6Phis. A separate 24-well plate used for the positive (CD3/CD28) and negative 

(media only) controls and for the calibration controls (IFN, CD3, CD8, CD4). Cytokine production 

was induced through the addition of 50 ng/ml PMA (phorbol 12-myristate 13-acetate), 1 μg/ml 

ionomycin (calcium ionophore), and 1 μg/ml GolgiStop (BD Biosciences, New Jersey, USA), for 

five hours at 37°C. The contents of the wells were transferred to 1.5 ml microcentrifuge tubes and 

centrifuged at 250 rpm for 5 minutes at 4°C. The supernatants were discarded and the pellets were 

resuspended in 50 μl of BD Horizon™ Fixable Viability Stain 780 (FVS-780) (BD Biosciences, 

New Jersey, USA), followed by incubation in the dark for 30 minutes at room temperature. Stain 

buffer (0.1% Tween-20 in PBS) was added to the tubes to wash off extra dye, followed by 

centrifugation at 3,000 rpm for 3 minutes at 4℃. The supernatants were discarded and the pellets 

were resuspended in 100 μl of surface stain master mix containing CD3, CD4, and CD8 antibody. 

This was followed by incubation in the dark for 30 minutes at 4℃ after which 300 μl of stain 

buffer was added to neutralize the surface stains. Centrifugation was at 3,000 rpm for 3 minutes at 

4℃. The supernatants were discarded and the pellets were resuspended in Cytofix buffer (BD 

Biosciences, New Jersey, USA), followed by incubation for 30 minutes at 4℃. Cytoperm buffer 

was then added, followed by centrifugation at 3,000 rpm for 3 minutes at 4°C. The supernatants 

were discarded and the pellets were resuspended in the intracellular stain, anti-IFN- γ- PerCP-

Cy5.5 conjugated antibody stain, followed by incubation in the dark for 60 minutes at 4℃. Stain 

buffer was introduced to counteract the intracellular stain, prevent excessive staining, and 
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eliminate any anti-IFN-γ-PerCP-Cy5.5 conjugated unbound antibodies. This was followed by 

centrifugation at 3,000 rpm for 3 minutes. Supernatants were discarded and stain buffer was added 

to resuspend the cells before they were transferred to FACS tubes and subjected to analysis with 

the BD FACSCelesta™ Flow Cytometer (BD Biosciences, New Jersey, USA). In the flow 

cytometry analysis, a four-step gating strategy was employed to identify CD4+ and CD8+T cells 

producing IFN-γ. Firstly, live lymphocytes were distinguished based on the addition of FVS-780 

and the surface stain master mix containing CD3, CD4, and CD8 antibodies. Subsequently, singlet 

cells were gated using forward scatter (FSC) vs. side scatter (SSC) plots. Live CD3+ T cells were 

then identified through the use of the surface stain master mix containing CD3 antibody. Finally, 

CD3+ CD4+ and CD3+ CD8+ T cells were gated based on the addition of the surface stain master 

mix containing CD4 and CD8 antibody, respectively. Following gating, intracellular staining with 

anti-IFN-γ-PerCP-Cy5.5 conjugated antibody allowed detection of IFN-γ production specifically 

by the CD4+ and CD8+ T cell subset. 

3.16 Statistical analysis 

Statistical analysis was performed using GraphPad Prism 8.02 software (Graph Pad 

Software Inc., San Diego, CA, USA). Comparisons were conducted between the intramuscular 

GST-6Phis and intramuscular PBS groups, as well as intranasal GST-6Phis and intranasal PBS 

groups. In addition, comparisons between intramuscular GST-6Phis and intranasal GST-6Phis 

groups were also conducted to assess differences in the immune response induced by the two 

immunization routes. Statistical analyses were performed using T-tests to evaluate differences 

between the groups.
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CHAPTER 4: RESULTS 

This research study builds on research conducted by Dr Lim Hui Xuan and Masters 

candidate Aziz Yahaya. Bioinformatics analysis by Lim et al. (2021) showed that ST1, ST5, and 

MT1 were both CD4+ and CD8+T cell epitopes with high global HLA population coverage and 

conservancy (Appendix Figure Table S1). Moreover, Aziz Yahaya performed validation of 

individual peptides in terms of IFN‐γ production and neutralizing activity (Appendix Figure S1 

& S2).  

4.1 Epitope conservancy analysis against Omicron 

The sequence of the 6 peptides was cross-checked with the FASTA sequences of 4,260 

SARS-CoV-2 Omicron strains using the IEDB Epitope Conservancy Analysis tool. The epitope 

sequences of five of the six peptides from the SARS-CoV-2 Wuhan strain were highly conserved 

when compared with sequences of SARS-CoV-2 Omicron strains. Peptides ST1, ST5, MT1, SB6, 

and SB10 showed high sequence similarities of 99.30% (4,230/4,260), 99.91% (4,256/4,260), 

100% (4,260/4,260), 99.79% (4,251/4,260), 99.58% (4,242/4,260) against Omicron strains, 

respectively. However, peptide ST19 was not conserved against the SARS-CoV-2 Omicron strains 

since it showed a sequence similarity of only 1.92% (82/4,260) against the SARS-CoV-2 Omicron 

strains (Table 4.1).  
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Table 4.1. The epitope conservancy analysis against Omicron of the six peptides that were incorporated in pET41a-GST-6PHis 

 

 
Peptide Peptide Sequence 

Antigenic 

Region 

Percent of protein sequence 

matches at identity < = 100% 

1.       SB6 TESNKKFLPFQQFGRDIA S 99.79 (4,251/4,260) 

2. SB10 ESNKKFLPFQQFGRDIADTT S 99.58 (4,242/4,260) 

3. ST1 WTAGAAAYYVGYLQPRTFLLKY S 99.30 (4,230/4,260) 

4. ST19 GEVFNATRFASVYAWNRKRISNCVADYSVLYNS S 1.92 (82/4,260) 

5. ST5 FPQSAPHGVVFLHVTYVPAQEK S 99.91 (4,256/4,260) 

6. MT1 GLMWLSYFIASFRLFARTRSM M 100 (4,260/4,260) 
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4.2 XhoI digestion of pET41a-GST-6PHis and analysis by agarose gel electrophoresis 

The recombinant expression plasmid pET41a-GST-6PHis has a single restriction site for 

XhoI at position 6003 bp. Characterization of pET41a-GST-6PHis was conducted through the 

digestion of different concentrations of the plasmid using the restriction enzyme XhoI, followed 

by agarose gel electrophoresis to visualize the size of the linearized plasmid. Appendix Figure S4 

shows the result of the agarose gel electrophoresis with lane 1: 1 kb DNA ladder, lane 2: 1.12 

ng/ul, lane 3: 2.24 ng/ul, lane 4: 3.36 ng/ul, lane 5: 4.48 ng/ul, lane 6: 5.60 ng/ul, and lane 7: 8.4 

ng/ul of digested pET41a-GST-6PHis. All lanes showed bands adjacent to approximately 6.1 kbp 

representing the linearized pET41a-GST-6PHis with the thickness of the bands increasing in each 

successive lane due to increasing concentration of the plasmid. The result showed that the 

recombinant plasmid was of the right size in accordance with the size of the plasmid of 6181 bp. 

The recombinant plasmid was further characterized by DNA sequencing.  

4.3 Nucleotide sequencing of the gene insert incorporated into pET-41a (+)  

Nucleotide sequencing of the gene insert was performed to verify the fidelity of the 

commercially synthesized product. Nucleotides encoding the GST protein were shown in red while 

nucleotides encoding the six linked peptides and 8 histidine residues were shown in green and 

blue, respectively. The sequencing result of the gene insert demonstrated a 100% similarity with 

the expected sequence that was provided to the commercial company for cloning (GenScript, 

California, USA) (Appendix Figure S5).
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4.4 Confirmation of the GST-6Phis in the crude lysate 

Following sonication and centrifugation, the supernatant referred to as the crude lysate was 

subjected to analysis using SDS-PAGE Coomassie in order to confirm the expression of GST-

6Phis. Visual inspection of the separated proteins on the SDS-PAGE Coomassie gel following 

staining with Coomassie Brilliant Blue showed a prominent band relative to the expected band 

size representing GST-6Phis at 46 kDa among multiple contaminating proteins (Figure 4.1 A, 

Lane 1). Moreover, Western blotting was performed to confirm the presence of GST-6Phis at 46 

kDa (Figure 4.1 B, Lane 1). 
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         (A)                                                                     (B) 

   

 

Figure 4.1. (A) SDS-PAGE Coomassie and (B) Western blotting the crude lysate obtained from 

the induction of E. coli cells transformed with pET41a-GST-6PHis (lane 1). Western blot was 

carried out using anti-His-tag antibody and detected with goat anti-mouse HRP conjugated 

secondary antibody. The Prestained Kaleidoscope ladder was used as the molecular marker (Lane 

MM). 
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4.5 Optimization of IPTG concentration and induction time 

SDS-PAGE Coomassie and Western blot analysis were performed in order to visualize and 

investigate the impact of using different IPTG concentrations and induction times on the protein 

abundance of GST-6Phis to determine the optimum conditions for high production of GST-6Phis. 

IPTG concentrations of 0.2 M, 0.4 M, 0.6 M, 0.8 M, and 1 M were investigated along with 

induction times of 8 and 16 hours at an induction temperature of 25°C. In addition to multiple 

contaminating protein bands, the SDS-PAGE Coomassie profile showed a distinct band at 46 kDa 

which corresponded to GST-6Phis (Figure 4.2. A). Western blot analysis showed that 8 hours of 

IPTG induction with 0.2 M IPTG resulted in a faint band at 46 kDa (Figure 4.2. B, Lane 1). The 

46 kDa band increased in relative thickness when IPTG concentration was increased progressively 

from 0.2 M to 0.8 M while maintaining the induction time at 8 hours (Figure 4.2. B, Lane 1-3). 

The thickness of the 46 kDa band increased substantially when an IPTG concentration of 1 M was 

used with an induction time of 8 hours (Figure 4.2. B, Lane 4). A slight increase in relative 

thickness of the 46 kDa band was observed when induction was carried out with 1 M IPTG and an 

induction time of 16 hours (Figure 4.2. B, Lane 5). Therefore, it was concluded that an IPTG 

concentration of 1M and an induction time of 16 hours were optimum relative to the other tested 

conditions for the production of GST-6Phis.A  
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                   (A)                                                                              (B) 

    

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2. (A) SDS-PAGE Coomassie and (B) Western blotting for the crude lysate from E. coli transformed with pET41a-GST-6PHis 

induced with 0.2 M IPTG for 8 hours (lane 1), 0.4 M IPTG for 8 hours (lane 2), 0.8 M IPTG for 8 hours (lane 3), 1 M IPTG for 8 hours 

(lane 4), and 1 M IPTG for 16 hours (Lane 5). The Prestained Kaleidoscope ladder was used as the molecular marker (lane MM). 
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4.6 IM IPTG induction at 25°C and 30°C, followed by IMAC with a nickel-nitrilotriacetic 

acid (Ni-NTA) histidine affinity column 

IMAC with a Ni-NTA histidine affinity column was used to purify GST-6Phis from a 

mixture of contaminating proteins. Purification was performed using crude lysate samples 

obtained from E. coli cells induced with 1M IPTG at induction temperatures of 25°C and 30°C. 

Visual inspection of the SDS-PAGE Coomassie analysis showed prominent bands at 46 kDa in 

the original crude lysate sample (Figure 4.3. A, Lanes 1-8). The flowthrough sample showed a 

fainter 46 kDa band at an induction temperature of 25°C (Lane 2, Figure 4.3. B, Lane 2) when 

compared to a thicker 46 kDa band at an induction temperature of 30°C (Figure 4.3. B, Lane 6). 

This indicated a higher binding affinity of GST-6Phis for the Ni-NTA resin at an induction 

temperature of 25°C when compared to 30°C. The wash sample showed a minimal amount of 

GST-6Phis (Figure 4.3. B, Lane 3 & Lane 7). IPTG induction at 25°C showed a more abundant 

amount of the eluted GST-6Phis (Figure 4.3. B, Lane 4) as compared to a much fainter 46 kDa 

band when an induction temperature of 30 °C was used (Figure 4.3. B, Lane 8). In conclusion, an 

IPTG induction temperature of 25°C was more favorable in terms of producing a greater 

abundance of the eluted GST-6Phis than when an induction temperature of 30°C was used.  
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                (A)                                                                                                          (B) 

 

Figure 4.3. (A) SDS-PAGE Coomassie and (B) Western blotting of IMAC performed on crude lysate (lane 1) from E. coli cells induced 

with 1M IPTG at 25°C to produce flowthrough (lane 2), wash (lane 3), and eluate (lane 4). Another IMAC experiment was performed 

on crude lysate (lane 5) from E. coli induced with 1M IPTG at 30°C to produce the flowthrough (lane 6), wash (lane 7), and eluate (lane 

8). The Prestained Kaleidoscope ladder was used as the molecular marker (lane MM).  
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4.7 Initial purification of GST-6Phis 

Optimization was carried out to determine the best purification steps to purify GST-6PHis 

from bacterial crude extract. The desired purification target was 10 µg recombinant protein per 

200 ml bacterial culture. 

4.7.1 IMAC 

IMAC with a Ni-NTA histidine affinity column was used to purify GST-6Phis from contaminating 

proteins expressed from E. coli cells transformed with pET41a-GST-6PHis and induced with 1M 

IPTG at an induction temperature of 25°C for 16 hours. Samples of crude extract, flowthrough, 

and eluates at various imidazole concentrations were analyzed. The experiment was performed 

using a range of imidazole concentrations from 10 mM to 500 mM in order to elucidate the 

imidazole concentration required for the elution of GST-6Phis free from contaminating proteins. 

SDS-PAGE Coomassie analysis showed that the crude lysate contained multiple contaminating 

proteins (Figure 4.4. A, Lane 1). There was a prominent band at 46 kDa representing GST-6Phis 

in this fraction. The flowthrough contained significantly lower amounts of contaminating proteins 

as represented by much fainter bands (Figure 4.4. A, Lane 2). The band at 46 kDa representing 

GST-6Phis significantly decreased in thickness in the flowthrough (Figure 4.4. B, Lane 2). This 

decrease in thickness of the band at 46 kDa demonstrated that proteins in the crude lysate including 

GST-6Phis had bound to the Ni-NTA resin. Washing with 10 mM and 50 mM imidazole was able 

to elute contaminating proteins (Figure 4.4. A, Lane 3-4). These fractions contained minimal 

amounts of GST-6Phis demonstrating that 10 mM and 50 mM imidazole were not sufficient to 

effectively elute GST-6Phis but were useful in removing contaminating proteins. 100 mM to 150 

mM imidazole eluates showed contaminating proteins larger than 50 kDa (Figure 4.4. A, Lane 5-

6). These fractions also contained abundant amounts of GST-6Phis (Figure 4.4. B, Lane 5-6). 



89 
 

Therefore, 100 mM to 150 mM imidazole concentrations could effectively elute GST-6Phis but 

also eluted contaminating proteins together with the protein of interest. Nevertheless, there was a 

faint 46 kDa band when elution was performed using 200 mM imidazole (Figure 4.4. B, Lane 7). 

It may be concluded that elution with 50 mM imidazole would remove most impurities while 

further elution with 500 mM imidazole could be useful for effectively eluting a large amount of 

GST-6Phis in a single fraction. However, the latter would contain GST-6Phis among 

contaminating proteins and would require further purification.  
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               (A)                                                                                                  (B) 

 

Figure 4.4. (A) SDS-PAGE Coomassie and (B) Western blotting from IMAC purification of crude lysate from E. coli transformed with 

pET41a-GST-6PHis; lane 1: crude lysate; lane 2: flowthrough; lane 3: elution with 10 mM imidazole; lane 4: elution with 50 mM 

imidazole; lane 5: elution with 100 mM imidazole; lane 6: elution with 150 mM imidazole; lane 7: elution with 200 mM imidazole; lane 

8: elution with 250 mM imidazole; and lane 9: elution with 500 mM imidazole. The Prestained Kaleidoscope ladder was used as the 

molecular marker (Lane MM).   
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4.7.2 Ammonium sulphate precipitation 

Ammonium sulphate precipitation was performed using 0-20%, 20-30%, 30-40%, 40-50%, 

50-60%, 60-70%, and 80-90% ammonium sulphate to determine the concentration effective for 

the maximum precipitation of GST-6Phis. GST-6Phis was most abundantly precipitated out at 0-

20%, 20-30%, and 30-40% ammonium sulphate concentrations as evidenced by thick bands at 

46kDa (Figure 4.5. B, Lane 1-3). A very faint band at 46kDa was observed at 40-50% ammonium 

sulphate (Figure 4.5. A, Lane 4). Abundant amounts of contaminating proteins were precipitated 

at 50-60%, 60-70%, and 70-80% ammonium sulphate (Figure 4.5. A, Lane 5-7). However, no 

bands corresponding to 46 kDa were detected, indicating that these fractions did not contain GST-

6Phis (Figure 4.5. B, Lane 5-7). It was concluded that the use of 40% ammonium sulphate 

precipitation and the exclusion of 40-50% ammonium sulphate precipitates could most efficiently 

concentrate a large amount of GST-6Phis and reduce the contaminating proteins present. 0-40% 

ammonium sulphate precipitation will, therefore, serve as the first step in the purification scheme. 
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          (A)           (B)       

   

 

 

Figure 4.5. (A) SDS-PAGE Coomassie and (B) Western blotting of ammonium sulphate precipitates obtained from 0-20% (lane 1), 20-

30% (lane 2), 30-40% (lane 3), 40-50% (lane 4), 50-60% (lane 5), 60-70% (lane 6), 70-80% (lane 7) ammonium sulphate concentrations. 

The Prestained Kaleidoscope ladder was used as the molecular marker (Lane MM). 
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4.7.3 Ammonium sulphate precipitation, followed by IMAC 

The 0-40% ammonium sulphate precipitate was subjected to IMAC. SDS-PAGE Coomassie 

analysis showed that the 0-40% ammonium sulphate precipitate contained abundant amounts of 

multiple proteins (Figure 4.6. A, Lane 1). A prominent band at 46 kDa demonstrated that GST-

6Phis was also abundantly present in this fraction among other contaminating proteins (Figure 

4.6. B, Lane 1). The flowthrough contained significantly lower amounts of proteins as represented 

by much fainter bands (Figure 4.6. A, Lane 2). The band at 46 kDa representing GST-6Phis was 

also significantly smaller in the flowthrough (Figure 4.6. B, Lane 2). This decrease in band size 

at 46 kDa demonstrated that proteins in the crude lysate including GST-6Phis had bound to the Ni-

NTA resin. Elution with 50 mM imidazole was able to elute several proteins bound to the Ni-NTA 

resin (Figure 4.6. A, Lane 3). A small amount of GST-6Phis was also eluted when 50 mM 

imidazole was used (Figure 4.6. B, Lane 3). Elution with 500 mM imidazole showed a prominent 

band at 46 kDa but also a band at 37 kDa (Figure 4.6. A, Lane 4). The band at 46 kDa represented 

the elution of GST-6Phis along with a contaminating protein at 37 kDa (Figure 4.6. B, Lane 4). 

However, it was worth noting that the contaminating protein larger than 50kDa that could not be 

removed with IMAC only was removed when IMAC was conducted after 0-40 ammonium sulfate 

precipitation. Nevertheless, further purification is required to remove the contaminating protein at 

37 kDa.
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Figure 4.6. (A) SDS-PAGE Coomassie and (B) Western blotting of 0-40% ammonium sulphate 

precipitation followed by IMAC showing fractions representing the 0-40% precipitate (lane 1), 

flowthrough (lane 2), eluate from 50 mM imidazole elution (lane 3), and eluate from 500 mM 

imidazole elution (lane 4). The prestained Kaleidoscope ladder was used as the molecular marker 

(Lane MM).
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4.8 Final purification using 0-40% ammonium sulfate precipitation, followed by gel 

filtration, and his-tag affinity chromatography 

Precipitated proteins yielded from 0-40% ammonium sulfate precipitation (0-40%) were 

dissolved in 1.5 ml of PBS. Sephadex G-75 resin was swollen in PBS buffer to form a slurry which 

was used to pack a gel filtration column. The concentration and absorbance readings of thirty 1 ml 

fractions were collected from gel filtration chromatography. The absorbance of successive elutions 

increased sharply and reached a peak value of 31.51 mg/ml at the eluted fraction 19. The standard 

curve of eluted fractions plotted against Absorbance at 280 nm (A280) further corroborated that a 

single sharp peak was obtained at eluted fraction 19, rising sharply at eluted fraction 15 and 

plateauing at eluted fraction 25 (Figure 4.7). Analysis of the SDS-PAGE Coomassie and Western 

blot conducted on eluted fraction 15 through to eluted fraction 24 showed that these samples 

contained 46 kDa GST-6PHis along with other contaminating proteins. There were minimal 

amounts of GST-6Phis in eluted fractions 15 and 16 (Figure 4.8. B, Lane 1-Lane 2). GST-6Phis 

was most concentrated in eluted fraction 17 through eluted fraction 21 (Figure 4.8. B, Lane 3-

Lane 7). There were minimal amounts of GST-6Phis in eluted fractions 22, 23, and 24 (Figure 

4.8. B, Lane 8-Lane 10). Eluted fraction 17 through eluted fraction 21 were pooled together and 

subjected to IMAC.  
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Figure 4.7. The elution profile obtained by gel filtration chromatography of the crude protein extract subjected to 0-40% ammonium 

sulfate precipitation 
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                      (A)                                                                                       (B)  

 

 

Figure 4.8. (A) SDS-PAGE Coomassie and (B) Western blotting of eluted fraction 15 (lane 1), eluted fraction 16 (lane 2), eluted fraction 

17 (lane 3), eluted fraction 18 (lane 4), eluted fraction 19 (lane 5), eluted fraction 20 (lane 6), eluted fraction 21 (lane 7), eluted fraction 

22 (lane 8), eluted fraction 23 (lane 9), and eluted fraction 24 (lane 10)  that formed the peak of the gel filtration standard curve. The 

prestained Kaleidoscope ladder was used as the molecular marker (Lane MM). 
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4.9 Production of the purified GST-6Phis  

A purification scheme consisting of ammonium sulphate precipitation, gel filtration 

chromatography, and IMAC was developed to purify GST-6Phis from contaminating proteins 

expressed by pET41a-GST-6PHis. The crude lysate expressed from E. coli cells transformed with 

pET41a-GST-6PHis consisted of multiple proteins (Figure 4.9. A, Lane 1). GST-6Phis was also 

produced abundantly among several contaminating proteins (Figure 4.9. B, Lane 1). The crude 

lysate was subjected to 0-40% ammonium sulphate precipitation which served to concentrate GST-

6Phis among contaminating proteins (Figure 4.9. A, Lane 2). GST-6Phis was abundantly present 

in the fraction of precipitated proteins (Figure 4.9. B, Lane 2). Precipitated proteins were 

dissolved in PBS and subjected to gel filtration and eluted fraction 17 through eluted fraction 21 

were pooled together. Pooled fractions still contained contaminating proteins (Figure 4.9. A, Lane 

3). However, GST-6Phis was abundantly observed (Figure 4.9. B, Lane 3). The flowthrough 

contained a relatively small amount of total protein when compared to the pooled gel filtration 

fraction (Figure 4.9. A, Lane 4). GST-6Phis was also shown to be less abundantly present in the 

flowthrough when compared to the pooled gel filtration fractions (Figure 4.9. B, Lane 4). This 

indicated the binding of proteins including GST-6Phis to the Ni-NTA resin. Elution with 50 mM 

imidazole was able to elute several contaminating proteins (Figure 4.9. A, Lane 5). This fraction 

also eluted a small amount of GST-6Phis (Figure 4.9. B, Lane 5). The eluate obtained from elution 

with 500 mM imidazole did not contain contaminating proteins (Figure 4.9. A, Lane 6). However, 

Western blotting analysis showed that the eluate contained GST-6Phis, albeit in a small amount 

(Figure 4.9. B, Lane 6). Since high concentrations of GST-6Phis would be required for mice 

immunization experiments, the eluate was passed through a 50 kDa cut-off Centricon to 

concentrate GST-6Phis and to remove imidazole. The concentrate was shown to contain an 
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abundant amount of GST-6Phis (Figure 4.9. B, Lane 7). No contaminating proteins were 

observed (Figure 4.9. A, Lane 7).  
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                      (A)                                                                                       (B) 

 

 

 

 

 

 

 

 

 

Figure 4.9. (A) The SDS-PAGE Coomassie profile and (B) Western blotting of crude lysate from E. coli transformed with pET41a-

GST-6PHis (lane 1), subjected to 0-40% ammonium sulphate precipitation (lane 2), followed by gel filtration chromatography and 

pooling of eluted fractions 17-21 (lane 3), flowthrough (lane 4), elution with 50 mM imidazole (lane 5), elution with 50 mM imidazole 

(lane 6), and the concentrate from a 50 kDa cut-off Centricon to yield purified GST-6Phis. The prestained Kaleidoscope ladder was used 

as the molecular marker (Lane MM).  
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4.9 Monitoring mice health to evaluate vaccine toxicity 

The health of the immunized mice was monitored throughout the 42-day immunization 

study. The weight of the mice increased gradually as expected and there was no drop in weight at 

any time. There were also no signs of ruffled feather, deceased movement or lethargy. No mice 

died during the study. Therefore, it was concluded that the vaccine was not toxic to mice.  

 

4.10 High cell viability of splenocytes  

Flow cytometry was used to conduct the cell viability analysis of the splenocytes obtained 

from mice immunized intramuscularly with PBS, mice immunized intramuscularly with the GST-

6Phis, mice immunized intranasally with PBS, and mice immunized intranasally with GST-6Phis. 

The cell viability of the splenocytes were 85%, 82%, 80.1%, and 80.7%, respectively (Figure 

4.10).
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Figure 4.10. Cell viability of splenocytes from mice immunized intramuscularly with PBS (IM 

PBS), intramuscularly with GST-6Phis (IM RP), intranasally with PBS (IN PBS), and intranasally 

with GST-6Phis (IN RP)
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4.11 Flow cytometry analysis of IFN-γ secreting CD3+ CD4+ and CD3+ CD8+ T cells 

The intranasal and intramuscular administration of GST-6Phis was conducted in order to 

evaluate differences in the elicitation of immune responses attributable to differences in delivery 

routes relative to the negative control. Following stimulation of murine splenocytes with PMA, 

ionomycin, and GolgiStop to induce cytokine production, splenocytes were stained with CD3, 

CD4, CD8 and IFN-γ antibodies. Flow cytometry was conducted to determine the production of 

IFN-γ secreting CD3+ CD4+ and CD3+ CD8+ T cells from the intramuscular and intranasal 

administration of the GST-6Phis and PBS.  

4.11.1 Production of IFN-γ secreting CD3+ CD4+ T cells by the respective intramuscular and 

intranasal administration of the GST-6Phis  

A specific gating strategy was employed for ICS analysis to determine the percentage of 

CD4+ T cells producing IFN-γ. This involved gating the lymphocyte population, followed by the 

singlet population, and identification of live CD3+ T cells, and finally CD3+ CD4+ T cells (Figure 

4.11. A). The percentage of CD3+ CD4+ T cells secreting IFN-γ was reported to be 0.3467% for 

harvested splenocytes from mice immunized intramuscularly with GST-6Phis relative to 0.21% 

for harvested splenocytes from mice immunized intramuscularly with PBS (Figure 4.11. B). 

Moreover, the percentage of CD3+CD4+ T cells secreting IFN-γ was reported to be 0.29% for 

harvested splenocytes from mice immunized intranasally with GST-6Phis which was similar to 

0.29% that was determined from harvested splenocytes from mice immunized intranasally with 

PBS (Figure 4.11. B). Harvested splenocytes from mice immunized intramuscularly with GST-

6Phis showed significantly higher production of IFN-γ secreting CD3+ CD4+ T cells (0.3467% of 

CD3+CD4+ T cells producing IFN-γ) relative to mice immunized intramuscularly with PBS 

(0.2067% of CD3+CD4+ T cells producing IFN-γ) (*p < 0.05) (Figure 4.11. C). This reflected a 
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percentage increase of about 67.63% higher in mice immunized with GST-6Phis compared to 

those immunized with PBS. However, harvested splenocytes from mice immunized intranasally 

with GST-6Phis recombinant protein showed no significant difference in levels of IFN-γ secreting 

CD3+ CD4+ T cells (0.2867% of CD3+ CD4+ T cells producing IFN-γ) relative to mice immunized 

intranasally with PBS (0.284% of CD3+ CD4+ T cells producing IFN-γ) (Figure 4.11 C).  
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Figure 4.11. GST-6Phis elicited IFN-γ production by CD4+ T cells in splenocytes of BALB/c mice that were immunized with this 

vaccine. BALB/c mice (n=5) were immunized with the GST-6Phis three times either with intramuscular or intranasal administration at 

a two-week interval. On Day 42 post-immunization, cells were harvested from the spleens of the immunized mice. (A) Gating strategy 

employed for ICS analysis of T cell subsets in flow cytometry in terms of the identification of the lymphocyte population, singlet 

population, live CD3+ T cells, and CD3+CD4+ T cells producing IFN-γ. (B) Representative plots showing the percentage of IFN-γ 

production by CD4+ T cells in splenocytes of BALB/c mice immunized intramuscularly with PBS, intramuscularly with GST-6Phis, 

and intranasally with PBS, and intranasally with GST-6Phis. The quadrant G+- shows CD4+ T cells scored negative for IFN-γ production 

while G++ shows CD4+ T cells scored positive for IFN-γ production (C) Comparative percentages of IFN- γ secreting CD4+ T cells in 

splenocytes in mice immunized intramuscularly with PBS, intramuscularly with GST-6Phis, and intranasally with PBS, and intranasally 

with GST-6Phis. Data from triplicate assays were plotted using GraphPad Prism 8.02 software (GraphPad Software Inc., San Diego, 

CA, USA) and expressed as mean (± SD) (T-test: * p < 0.05) (NS: not significant).  
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4.11.2 Production of IFN-γ secreting CD3+CD8+ T cells by the intramuscular and intranasal 

administration of GST-6Phis 

A specific gating strategy was employed for ICS analysis to determine the percentage of 

CD8+ T cells producing IFN-γ. This involved gating the lymphocyte population, followed by the 

singlet population, identification of live CD3+ T cells, and finally CD3+ CD8+ T cells. The 

percentage of CD3+ CD8+ T cells secreting IFN-γ was reported to be 11.44% for harvested 

splenocytes from mice immunized intramuscularly with GST-6Phis relative to 10.10% for 

harvested splenocytes from mice immunized intramuscularly with PBS (Figure 4.12. A). 

Moreover, the percentage of CD3+CD8+ T cells secreting IFN-γ was reported to be 13.18% for 

harvested splenocytes from mice immunized intranasally with GST-6Phis relative to 6.34% for 

harvested splenocytes from mice immunized intranasally with PBS (Figure 4.12. A). Harvested 

splenocytes from mice immunized intranasally with GST-6Phis showed highly significant 

production of IFN-γ secreting CD3+ CD8+ T cells (13.152% of CD3+ CD8+ T cells producing IFN-

γ) when compared to mice immunized intranasally with PBS (8.8433% of CD3+ CD8+ T cells 

producing IFN-γ) (Figure 4.12. B). This reflected a percentage increase of 48.73% higher in mice 

immunized with GST-6Phis compared to those immunized with PBS. Harvested splenocytes from 

mice immunized intramuscularly with GST-6Phis showed higher levels of IFN-γ secreting CD3+ 

CD8+ T cells (11.587% of CD3+CD8+ T cells producing IFN-γ) when compared to mice 

immunized intramuscularly with PBS (10.073% of CD3+CD8+ T cells producing IFN-γ) (Figure 

4.12. B). This reflected a fold difference of about 15.03% higher in mice immunized with GST-

6Phis compared to those immunized with PBS but this difference was not statistically significant.  
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Figure 4.12. GST-6Phis elicited IFN-γ production by CD8+ T cells in splenocytes of BALB/c mice that were immunized with this 

vaccine. BALB/c mice (n=5) were immunized with the GST-6Phis three times either with intramuscular or intranasal administration at 

a two-week interval. On Day 42 post-immunization, cells were harvested from the spleens of the immunized mice. (A) Representative 

plots showing the percentage of IFN-γ production by CD8+ T cells in splenocytes of BALB/c mice immunized intramuscularly with 

PBS, intramuscularly with GST-6Phis, and intranasally with PBS, and intranasally with GST-6Phis. The quadrant F+- shows CD8+ T 

cells scored negative for IFN-γ production while F++ shows CD8+ T cells scored positive for IFN-γ production (B) Comparative 

percentages of IFN- γ secreting CD8+ T cells in splenocytes in mice immunized intramuscularly with PBS, intramuscularly with GST-

6Phis, and intranasally with PBS, and intranasally with GST-6Phis. Data from triplicate assays were plotted using GraphPad Prism 8.02 

software (Graph Pad Software Inc., San Diego, CA, USA) and expressed as mean (± SD) (T-test: ** p < 0.01) (NS: not significant)
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4.12 Initial sequence similarity analysis between peptides B6 and B10 and cPASS Omicron 

RBD 

The similarity between the amino acid sequences of peptides B6 and B10 and the Omicron RBD 

that was utilized in the cPASS kit was determined using the EMBOSS Needle Sequence Alignment 

tool (https://www.ebi.ac.uk/Tools/psa/emboss_needle/). Similarity analysis was performed in 

order to demonstrate that peptides B6 and B10 could elicit nAbs capable of binding to the cPASS 

Omicron RBD to inhibit it from binding to the ACE2 receptor. Sequence similarity analysis 

showed that peptide B6 shared 4 amino acids with the cPASS Omicron RBD (Figure 4.13. A). 

Peptide B10 shared 8 amino acids with the cPASS Omicron RBD (Figure 4.13. B). This means 

that inhibition of the interaction between the Omicron RBD and the ACE2 receptor used in the 

cPASS kit by peptides B6 and B10, albeit partial, may be possible.  

https://www.ebi.ac.uk/Tools/psa/emboss_needle/
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Figure 4.13. (A) Sequence similarity between B6 and cPASS Omicron RBD (B) Sequence similarity between B10 and cPASS Omicron 

RBD
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4.13 High levels of IgG antibodies in the sera from immunized mice 

An ELISA IgG assay was conducted to evaluate the levels of IgG antibodies elicited in the 

sera from mice immunized intramuscularly and intranasally with the recombinant protein vaccine 

when compared to the negative control. Sera samples from immunized mice were diluted in the 

ratios 1:50, 1: 250, and 1: 1000. The absorbance values of the samples were subtracted from the 

absorbance values of the blank wells.  Significantly low absorbance readings were observed in the 

sera of mice who were immunized intramuscularly and intranasally with PBS across all dilutions 

(IM PBS 1: 50 = 0.3168; IM PBS 1: 250 = 0.2648; IM PBS 1: 1000 = 0.2345; IN PBS 1: 50 = 

0.3372; IN PBS 1: 250 = 0.1744; IN PBS 1: 1000 = 0.1482), indicating minimal IgG antibody 

presence. In contrast, sera from mice immunized intramuscularly and intranasally with GST-6Phis 

exhibited substantially higher absorbance values (IM GST-6Phis 1: 50 = 1.7591; IM GST-6Phis 

1: 250 = 1.6975; IM GST-6Phis 1: 1000 = 1.6694; IN GST-6Phis 1: 50 = 1.7616; IN GST-6Phis 

1: 250 = 1.7307; IN GST-6Phis 1: 1000 = 1.6586), indicating a robust IgG antibody response 

(Figure 4.14). At a dilution of 1:50, the fold difference in absorbance values between mice 

immunized intramuscularly with the recombinant protein vaccine GST-6Phis and those 

immunized intramuscularly with PBS is approximately 5.56. In contrast, at the same dilution level, 

the fold difference for mice immunized intranasally with GST-6Phis compared to mice immunized 

intranasally with PBS is approximately 5.23. At a dilution of 1:250, the fold difference for IM 

GST-6Phis is about 6.41 when compared to mice immunized intramuscularly with PBS. The fold 

difference for mice immunized intranasally with GST-6Phis compared to mice immunized 

intranasally with PBS was approximately 9.93. At the highest dilution of 1:1000, the fold 

difference for the intramuscular administration of GST-6Phis was 7.12 when compared to the 

intramuscular administration of PBS. Similarly, the intranasal administration of GST-6Phis at this 
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dilution level showed a fold difference of approximately 11.20 when compared to the intranasal 

administration of PBS (Figure 4.14). 
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Absorbance Values of ELISA IgG Test Against SARS-CoV-2 

 

 

 

Figure 4.14. The absorbance values corresponding to levels of IgG antibodies in the sera samples 

of mice immunized intramuscularly with PBS (IM PBS), intramuscularly with GST-6Phis (IM 

RP), intranasally with PBS (IN PBS), and intranasally with GST-6Phis (IN RP). ELISA plates 

were coated with 10 μg of GST-6Phis diluted in coating buffer and incubated overnight. Data from 

triplicate assays were plotted using GraphPad Prism 8.02 software (Graph Pad Software Inc., San 

Diego, CA, USA) and expressed as mean (± SD) (T-test: **** p < 0.0001).  
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4.14 Determination of mean reciprocal IgG titer  

In order to transform obtained absorbance (450 nm) values into the mean reciprocal IgG titers, 

serum dilutions 1:50, 1:250, and 1:1000 were plotted against absorbance (450 nm). The dotted line 

represented the cut-off value for the detection of IgG against the antigen in terms of absorbance 

values (0.148) (Figure 4.15). The cut-off value was used to determine the mean reciprocal IgG 

titers of undiluted sera from mice immunized intramuscularly with PBS, intramuscularly with 

GST-6Phis, intranasally with PBS, and intranasally with GST-6Phis. High mean reciprocal IgG 

titers of 1656 were found in the sera from mice immunized intramuscularly with GST-6Phis when 

compared to mean reciprocal IgG titers of 200 were found in the sera from mice immunized 

intramuscularly with PBS. This difference was statistically significant (**** p < 0.0001) reflecting 

a percentage increase of 728% (Figure 4.16). Similarly, high mean reciprocal IgG titers of 1646 

were found in the sera from mice immunized intranasally with GST-6Phis when compared to mean 

reciprocal IgG titers of 233 were found in the sera from mice immunized intranasally with PBS. 

This difference was also statistically significant (**** p < 0.0001) reflecting a percentage increase 

of 606% (Figure 4.16). 
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Figure 4.15. Determination of cut-off point using antigen specific IgG in different dilution of sera 

from mice immunized intramuscularly with PBS (IM PBS), intramuscularly with GST-6Phis (IM 

RP), intranasally with PBS (IN PBS), and intranasally with GST-6Phis (IN RP). The dotted line 

represented the cut-off value (0.148).  
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Mean Reciprocal IgG Antibody Titer Against SARS-CoV-2  

 

 

 

 

 

Figure 4.16. Mean reciprocal IgG titers from mice immunized intramuscularly with PBS (IM 

PBS), intramuscularly with GST-6Phis (IM RP), intranasally with PBS (IN PBS), and 

intranasally with GST-6Phis (IN RP). Data from triplicate assays were plotted using GraphPad 

Prism 8.02 software (Graph Pad Software Inc., San Diego, CA, USA) and expressed as mean (± 

SD) (T-test: **** p < 0.0001). 
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4.15 Positive detection of nAbs against the SARSCoV-2 Wuhan and Omicron strains in the 

sera of mice immunized with GST-6Phis 

Sera from mice immunized intramuscularly and intranasally with PBS or GST-6Phis were 

mixed in a 1:1 ratio with the Wuhan RBDHRP and the signal inhibition of the interaction between 

RBD and ACE2 receptor was determined for the four mice groups. For the first experiment with 

the SARS-CoV-2 Wuhan RBD, sera from mice immunized intramuscularly and intranasally with 

PBS both showed a signal inhibition of 0. Sera from mice immunized intramuscularly and 

intranasally with 10 μg of GST-6Phis showed a signal inhibition of 34.6% and 30.8%, respectively.  

For the second experiment with the SARS-CoV-2 Omicron RBD, sera from mice immunized 

intramuscularly with PBS and with 10 μg of GST-6Phis showed a signal inhibition of 13% and 

30%, respectively. The positive and negative control showed a signal inhibition of 97.2% and 0, 

respectively (Figure 4.17). Since the cutoff value for the cPass SARS-CoV-2 Neutralizing 

Antibody Detection Kit is 30% signal inhibition, it was concluded that sera obtained from the 

intramuscular and intranasal administration of GST-6Phis were positive for the presence of nAbs 

capable of blocking the binding between SARS-CoV-2 Wuhan RBD and the ACE2 receptor. 

Additionally, sera obtained from the intramuscular administration of GST-6Phis was scored 

positive for nAbs capable of interaction between SARS-CoV-2 Omicron RBD and the ACE2 

receptor. 
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Figure 4.17. The signal inhibition of the interaction between RBD and ACE2 receptor in the sera 

of mice immunized intramuscularly with PBS (IM PBS), intramuscularly with GST-6Phis (IM 

RP), intranasally with PBS (IN PBS), intranasally with GST-6Phis (IN RP), and in the positive 

and negative controls



121 
 

CHAPTER 5: DISCUSSION 

Conservancy Analysis 

The infective potential of COVID-19 is alarming since it continues to cause numerous 

infections and deaths across different regions of the world attributable to rapidly emerging SARS-

CoV-2 VOCs. Building from preliminary experiments conducted by Dr Lim Hui Xuan and 

Sunway Masters candidate, Al-Fattah Yahaya, a total of six peptides designated as ST1, ST5, 

ST19, MT1, SB6, and SB10 were selected to develop the vaccine. Conservancy analysis against 

the SARS-CoV-2 Omicron showed that while ST1, ST5, MT1, SB6, and SB10 demonstrated high 

conservancy peptide ST19 was shown to have lost conservancy. This is understandable since S19 

coincided with part of the SARS-CoV-2 RBD. Indeed, the Omicron was shown to have four 

significant mutations in the RBD, which represents the highest number among all VOCs. The 

K417/E484/N501 triad mutation and the addition of T478K in Omicron greatly impact the ability 

of the virus to evade immune responses (Kudriavtsev et al., 2022). The loss of conservancy of the 

ST19 peptide against SARS-CoV-2 Omicron VOC raises concerns about potential implications 

for current vaccine efficacy. Notably, ST19 was designated as a CD4+ and CD8+ T cell epitope 

and should not be able to impact the elicitation of humoral responses. Peptides B6 and B10 that 

were selected as B cell epitopes were shown to be highly conserved against the SARS-CoV-2 

Omicron variant. Since peptides B6 and B10 were high in immunogenicity, they were able to elicit 

potent humoral responses against the SARS-CoV-2 Wuhan strain. Moreover, the high conservancy 

of B6 and B10 in the Omicron VOC would similarly confer neutralizing antibody responses 

against the SARS-CoV-2 Omicron variant. Even though ST19 did not maintain conservancy 

against the Omicron variant, it is noteworthy that the remaining five peptides were conserved 

against the SARS-CoV-2 Omicron variant. 
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This research project demonstrates a promising approach to vaccine development against 

SARS-CoV-2 VOCs. It involved the development of a recombinant protein vaccine incorporating 

the aforementioned highly conserved and immunogenic epitopes from SARS-CoV-2 structural 

proteins. Immunogenicity evaluation after intramuscular and intranasal administration of GST-

6PHis in BALB/c mice showed that the vaccine was able to elicit immune responses against the 

SARS-CoV-2 Wuhan and Omicron strains. 

Evaluation of Immunogenicity 

Cellular Immunity 

An analysis of the cell viability of splenocytes showed promising results, reinforcing the 

assertion of a low level of cytotoxicity which meant that most of the cells remained alive. Notably, 

over 80% of cells remained viable throughout the immunogenicity study. This high cell viability 

indicates the maintenance of cellular integrity and function and that potential endotoxin levels 

were low and likely not detrimental to the cells, suggesting a lower risk of endotoxicity. However, 

to definitively confirm endotoxin levels and their impact, it's still important to conduct specific 

endotoxin assessment assays to protect mice from adverse effects. A weight reduction could 

indicate stress, illness, or adverse reactions to treatments or conditions such as inadequate 

nutrition, discomfort due to the immunization process, immune responses to the treatment, or 

underlying health concerns. A lack of weight reduction could indeed suggest acceptable levels of 

endotoxicity. If endotoxin levels were elevated and causing toxicity, it could lead to adverse effects 

on the health and well-being of the mice, potentially resulting in weight loss. No reduction in body 

weight of the mice was observed at any point during the immunization study. Instead, a gradual 

increase in the weight of mice was noted over this period, which aligns with the natural growth 

progression of the mice and compared well with the untreated mice in the control group.            
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Flow cytometry analysis of the splenocytes from mice immunized intranasally with GST-

6Phis showed a statistically significant difference of 1.485 times higher in the percentage of CD8+ 

T cells producing IFN-γ when compared to mice immunized intranasally with PBS. The results of 

the current study when examined after analyzing already published data corroborate the idea that 

mucosal immunization might offer a more strategic advantage in fighting infection from 

respiratory viruses such as the SARS-CoV-2 by conferring immune protection at the site of viral 

entry. A local immunological response could be elicited by intranasal immunization, especially in 

the mucosal tissues, which might have helped to activate and attract IFN-γ producing CD8+ T cells. 

Intranasal administration involves delivering the immunogen through the nasal mucosa, which is 

rich in immune cells and provides direct access to the respiratory immune system. Indeed, 

intranasal immunization with an RBD-based recombinant protein vaccine was able to confer 

elevated levels of nAbs along with mucosal secretory IgA and lung-resident memory T cells 

(TRM), which was attributable to local T cell proliferation (Lei et al., 2022). Additionally, it is 

plausible that different delivery routes could result in various kinds and degrees of immunological 

activation. Additional factors, such as certain cytokines and chemokines, that encourage the 

activation and differentiation of CD8+ T cells that produce IFN-γ might be provided via intranasal 

immunization. It is well known that the respiratory mucosa contains a dense network of immune 

cells and signalling chemicals that can influence the nature of the immune response that is elicited. 

Different ways that antigens are introduced to the immune system can have an impact on the type 

of immunological response elicited. Specialized APCs in the respiratory mucosa can effectively 

present antigens to CD8+ T cells, which may trigger a potent IFN-γ response.  

However, intramuscular administration of GST-6Phis did not result in potent elicitation of 

T cell responses in terms of IFN-γ secreting CD3+CD8+ T cells. When compared to intranasal 
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administration of the vaccine, intramuscular administration may not provide the same level of 

efficient antigen presentation to CD8+ T cells, leading to a weaker IFN-γ response. The muscle 

tissue is not a typical location for immunological responses, thus intramuscular immunization 

would not produce the same local immune response resulting from mucosal immunizations and 

might need extra steps to activate the immune cells that could produce IFN-γ. Even though 

intramuscular vaccines have direct exposure to professional APCs, such as dendritic cells and 

macrophages in muscle tissue, the processing and presentation of antigens to CD8+ T cells may be 

suboptimal compared to mucosal routes. The efficiency of cross-presentation – the process by 

which exogenous antigens are presented on major histocompatibility complex class I (MHC-I) 

molecules – may vary in different tissues, potentially limiting CD8+ T cell priming. Moreover, not 

all APCs in muscle tissue may be in an optimal state for antigen presentation to CD8+ T cells. 

Dendritic cells, for instance, may exist in various differentiation states with different capacities for 

antigen presentation Secondary lymphoid organs (SLOs) such as lymph nodes, spleen, Peyer’s 

patches and mucosal tissues such as the nasal associated lymphoid tissue (NALT) are able to elicit 

immune responses based on carefully controlled expression of cytokines and 

lymphoid chemokines (LTα, LTβ, RANKL, TNF, IL-7, and IL-17) (Ruddle & Akirav, 2009). 

Muscle tissue lacks the specialized microarchitecture and immune cell populations found in 

secondary lymphoid organs, which play crucial roles in T cell priming and activation. Factors such 

as the availability of co-stimulatory molecules, cytokine milieu, and antigen persistence may 

influence the quality and magnitude of CD8+ T cell responses following intramuscular vaccination. 

No adjuvants were administered along with the vaccine in the current study. It is possible that the 

CD8+ T cell response could be enhanced through the incorporation of adjuvants that promote 
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antigen cross-presentation, such as TLR3 or TLR9 agonists, which may enhance CD8+ T cell 

responses by activating APCs and facilitate the generation of cytotoxic T lymphocytes (CTLs). 

In conclusion, immune responses can vary depending on the tissue environment. Intranasal 

immunization might trigger a more local response with a focus on mucosal immunity, whereas 

intramuscular immunization could result in a more systemic response. IFN-γ production by CD8+ 

T cells might be favoured in the mucosal environment due to the presence of certain cytokines and 

immune cell types that promote this response.  

Flow cytometry analysis of the splenocytes from mice immunized intramuscularly with 

GST-6Phis showed a statistically significant difference in the percentage of CD4+ T cells 

producing IFN-γ production when compared to mice immunized intramuscularly with PBS. The 

statistically significant difference in the percentage of CD4+ T cells producing IFN-γ after 

intramuscular immunization with GST-6Phis suggests that this immunization route has effectively 

triggered a CD4+ T cell response. This might be due to the protein's ability to stimulate APCs in 

the muscle tissue, resulting in the activation and differentiation of CD4+ T cells into IFN-γ 

producing Th1 cells.  

However, flow cytometry analysis of the splenocytes from mice immunized intranasally 

with GST-6Phis did not show a statistically significant difference in the percentage of CD4+ T 

cells producing IFN-γ production when compared to mice immunized intranasally with PBS. The 

weaker IFN-γ secreting CD3+CD4+ T cell response observed from the intranasal route of 

immunization can be attributed to several route-specific factors. Mucosal tissues, such as the 

respiratory tract, possess unique immunological characteristics geared towards maintaining 

immune tolerance to harmless antigens encountered through inhalation. This environment is rich 

in regulatory T cells and anti-inflammatory cytokines, which may dampen the CD4+ T cell 
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response to intranasal vaccines. Antigens delivered intranasally encounter specialized APCs, such 

as dendritic cells residing in the mucosal-associated lymphoid tissues (MALT). However, 

compared to systemic APCs encountered by intramuscular vaccines, MALT APCs may exhibit 

differential expression of co-stimulatory molecules and cytokines, leading to suboptimal priming 

of CD4+ T cells. T cells primed in mucosal tissues, including the respiratory tract, may exhibit 

preferential homing to mucosal sites rather than systemic circulation. Therefore, despite effective 

priming within the mucosa, CD4+ T cells may not efficiently traffic to peripheral lymphoid organs 

where they are needed for systemic immune responses. Intranasal immunization of the vaccine 

could incorporate the use of adjuvants which could increase the number of IFN-γ secreting 

CD3+CD4+ T cell vaccines often require specific adjuvants to enhance their immunogenicity due 

to the tolerogenic nature of mucosal tissues. Adjuvants that promote mucosal immunity, such as 

cholera toxin subunit B or heat-labile enterotoxin from E. coli, may be necessary to overcome 

mucosal tolerance and elicit robust CD4 T cell responses (Thiam et al., 2015). 

The current recombinant protein vaccine developmental landscape mainly consists of 

vaccines expressing the full-length S protein sequence or the RBD. Tian et al. (2021) reported that 

upon administration of the NVX-CoV2373 vaccine, IFN-γ secreting CD4+ and CD8+ T cells were 

observed in the spleens of mice immunized with adjuvanted NVX-CoV2373. For IFN-γ secreting 

CD4+ T cell production, levels reached as high as 3.8 IFN-γ CD4+ per million splenocytes (log10) 

as compared with the control with 2.2 IFN-γ CD4+ per million splenocytes (log10). Administration 

of adjuvanted NVX-CoV2373 resulted in 2.5 IFN-γ CD4+ per million splenocytes (log10). For 

IFN-γ secreting CD8+ T cell production, levels reached as high as 5.2 IFN-γ CD8+ per million 

splenocytes (log10) as compared with the control with 3.4 IFN-γ CD8+ per million splenocytes 

(log10). Administration of adjuvanted NVX-CoV2373 resulted in 4.5 IFN-γ CD8+ per million 
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splenocytes (log10). Li et al. (2021) reported that administration of the S-protein-based COVAX-

19 vaccine resulted in a 30% proliferation of CD4+ T cells relative to the control with 

approximately 3% proliferation. The proliferation of CD8+ T cells was reported to be 30% relative 

to the control with approximately 5% proliferation. These differences were found to be statistically 

significant for both CD4+ and CD8+ T cells. Furthermore, immunogenicity testing of the RBD 

recombinant protein against SARS-CoV-2 developed by West China Hospital showed that the 

percentage of CD4+ cells producing IFN-γ was approximately 5.0% when compared to the control 

(1.5% CD4+ T cells producing IFN-γ). Similarly, the percentage of CD8+ T cells producing IFN-

γ was 4.0% reported to be when compared to the control (1.5% CD8+ T cells producing IFN-γ) 

(Yang et al., 2020). 

In conclusion, S-based and RBD-based recombinant protein vaccines against SARS-CoV-

2 administered together with adjuvants could elicit higher percentages of CD4+ and CD8+ T cells. 

Nevertheless, the recombinant protein vaccine in the current research study was administered 

without the use of an adjuvant and still resulted in the elicitation of T cell responses significantly 

higher than the negative control. Future studies may incorporate the use of adjuvants to evaluate 

the increase in the percentages of CD4+ and CD8+ T cells producing IFN-γ. Data on T cell 

responses in terms of IFN-γ producing CD4+ and CD8+ T cells was shown to be lacking for multi-

epitope vaccines such as COVAXX UB-612, EpiVacCorona, and the HLA class I and HLA-DR 

T cell multi-epitope vaccine. Nevertheless, the GST-6Phis recombinant protein vaccine offers 

certain benefits in terms of convenience and practicality of production over current multi-epitope 

vaccines such as COVAXX UB-612, EpiVacCorona, and the HLA class I and HLA-DR T cell 

which are all synthesized using synthetic peptides. Large-scale production of such multi-epitope 

vaccines is costly and time-consuming. In contrast, the GST-6Phis recombinant protein vaccine 
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could conveniently be scaled to produce large quantities of the vaccine for large-scale public use. 

The incorporation of adjuvants could additionally significantly bolster the immune response to 

produce large quantities of the vaccine for public use.  

Humoral Immunity 

In the current research study, both intranasal and intramuscular administration of GST-

6Phis resulted in the elicitation of high IgG antibody levels. It is important to compare the IgG 

antibody titers elicited from the administration of GST-6Phis to those elicited from the 

administration of other recombinant proteins in BALB/c mice. Immunogenicity data in mice 

showed that intramuscular NVX-CoV2373 immunization resulted in anti-S IgG production of 

approximately 5 anti-SARS-CoV-2 S IgG half-maximal inhibitory concentration (IC50) log10. 

Overall the addition of adjuvants was shown to further improve immunogenicity. For example, 

mice that were immunized with the 0.1 μg, 1 μg, or 10 μg of NVX-CoV2373 adjuvanted with 

Matrix-M had significantly higher anti-S IgG titers (p ≤ 0.00006) when compared with mice that 

had been immunized with 10 μg of unadjuvanted NVX-CoV2373 which reflected a tenfold or 

more dose sparing attributable to the Matrix-M adjuvant (Tian et al., 2021).  

Evaluation of the immunogenicity of the Covax-19 vaccine expressing the full-length S 

protein as reported by Li et al. (2021) showed that serum IgG levels measured as absorbance at 

450 nm were approximately 0.7 for mice immunized with 1 μg of the RBD vaccine alone, 2.0 for 

mice immunized with 1 μg of the RBD vaccine and Advax adjuvant (delta inulin polysaccharide 

particles formuated with Toll-like receptor 9 (TLR9)-active oligonucleotide, CpG55.2), and rising 

to 2.8 for mice immunized with 5 μg of the RBD vaccine and Advax adjuvant., furthermore, in the 

study evaluating the immunogenicity of an RBD recombinant protein against SARS-CoV-2 

developed by West China Hospital, Yang et al. (2020) reported serum IgG levels measured as 
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absorbance at 450 nm. Administration of 10 μg of the RBD vaccine with 50 μl of Al(OH)3 resulted 

in 0.3 IgG antibody titers in terms of absorbance (450 nm) values at 1:50 dilution of immune sera. 

Data on antibody titer elicited from the administration of 10 μg of the RBD vaccine without 

adjuvant was not provided.  

Immunogenicity evaluation in terms of S1-RBD-specific IgG antibody responses was 

conducted upon the administration of 3 μg, 9 μg or 30 μg of the COVAXX UB-612 multi-epitope 

vaccine in BALB/c mice. The results showed that S1-RBD-specific IgG antibody titers measured 

at Week 3 had a significant dose-dependent response trend (* p < 0.05 between 3 and 9 µg 

administration of the vaccine and *** p < 0.005 between 3 and 30 µg administration of the vaccine. 

at week three S1-RBD-specific IgG antibody responses were detected at approximately 1.5 for 3 

µg, 2.0 for 9 µg, and 3.0 for 30 µg S1-RBD-specific IgG (Log10) (Guirakhoo et al., 2021).  

Another multiepitope vaccine candidate against SARS-CoV-2 consisted of SARS-CoV-2 

S, M, and N fused together to form an S-N-M construct) consisting of CTLs, HTLs, and linear B 

lymphocyte epitopes. the multiepitope S-N-M construct adjuvanted with Montanide 720 was able 

to significantly induce total IgG production. Evaluation of S-N-M-specific IgG levels was assessed 

in terms of absorbance at 450 nm. three weeks after administration of the vaccine, IgG levels 

reached absorbance at 450 nm levels higher than 3.0 three weeks after vaccine administration and 

dropped to approximately 2.7 three months after the last vaccine administration. Absorbance 

values were significantly higher than those compared with the administration of PBS (Khairkhah 

et al., 2022).  

It is worth noting that the current study assessed IgG responses in terms of absorbance (450 

nm) as well as in terms of mean reciprocal IgG titer. However, NVX-CoV2373 and COVAXX 

UB-612 measured IgG levels in terms of antigen-specific log10 values which makes it challenging 
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to make direct comparisons with the IgG results of the current study. Nevertheless, valid 

comparisons may be made in terms of IgG production between the current study and other 

recombinant protein immunogenicity results. The S-N-M multi-epitope vaccine and the Covax-19 

vaccine resulted in higher absorbance levels upon administration of the highest adjuvanted vaccine 

dosage. Nevertheless, GST-6Phis fared better than the RBD vaccine developed by West China 

Hospital with substantially higher absorbance (450 nm) values even without the use of an 

adjuvant.  

Moreover, it was noteworthy that other vaccine candidates conducted mice immunizations 

after incorporating adjuvants to improve the immune response. However, the current study did not 

incorporate adjuvants and the purified protein of interest was directly injected into mice. Despite 

the elicitation of significantly higher IgG levels as indicated by absorbance and mean reciprocal 

absorbance values than the control, it is reasoned that the use of adjuvants in future experiments 

may further boost total IgG responses.  

The cPASS kit which was specially designed to gain insights into neutralizing antibody 

activity within the laboratory without the need for live virus challenge studies showed that sera 

obtained from BALB/c mice immunized both intramuscularly and intranasally with GST-6Phis 

tested positive for the existence of nAbs capable of inhibiting the interaction between the SARS-

CoV-2 Wuhan RBD and the ACE2 receptor while only sera obtained from BALB/c mice 

immunized intramuscularly with GST-6Phis tested positive for the existence of nAbs against the 

Omicron strain.  

Other studies have pseudovirus and live virus studies to determine neutralizing activity. 

For example, immunization with 10 μg of NVX-CoV2373 adjuvanted with Matrix-M elicited 

nAbs that inhibited interaction between the SARS-CoV-2 RBD and the ACE2 host receptor 21–
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28 days after a single priming dose (Tian et al., 2021). Similarly, mice immunized with the RBD-

based vaccine consisted of nAbs capable of neutralizing infection when tested with pseudovirus 

and live virus studies (Yang et al., 2020). The Covax-19 S protein-based vaccine elicited high 

levels of nAbs that not only neutralized infection by the B.1.319 virus but also by the B.1.1.7 strain 

(Li et al., 2021). The COVAXX UB-612 vaccine also elicited potent levels of nAbs in the sera of 

immunized mice.  

However, recombinant protein vaccine development was primarily focused on the S 

protein or the RBD of the S1 SARS-CoV-2 subunit. Nevertheless, the recombinant protein vaccine 

in the research study consisted of conserved B and T cell epitopes. Intramuscular and intranasal 

administration of the recombinant protein vaccine resulted in nAbs capable of inhibiting the 

binding of SARS-CoV-2 Wuhan RBD to the ACE2 host cell receptor. Additionally, intramuscular 

administration of the recombinant protein vaccine was also able to inhibit the binding of SARS-

CoV-2 Omicron RBD to the ACE2 host cell receptor. This represents a major finding, 

demonstrating the ability of the vaccine to provide cross-protection against the Omicron VOC 

attributable to the incorporation of conserved epitopes in the B6 and B10 peptides.  

It has been well established that when antigens are introduced directly at a mucosal surface, 

they can have a significant impact on the elicitation of adaptive immune responses (Iwasaki, 

2016). Different immune cells are present at the respective sites and there is also variability in how 

the immune system responds to these cells. The current research study demonstrated that intranasal 

immunization resulted in stronger CD8+ T cell response when compared to CD8+ T cell responses 

elicited from the intramuscular route of immunization.  

Cokarić Brdovčak et al. (2022) evaluated B and T cell responses following immunization 

of BALB/c mice with ChAdOx1-S using the intranasal and intramuscular routes. Intranasal 
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administration of ChAdOx1-S was able to elicit superior mucosal immune responses. Significantly 

higher percentages of epitope-specific CD8+ T cells were observed in the lungs of mice immunized 

intranasally with ChAdOx1-S. immunization with ChAdOx1-S resulted in the elicitation of CD8+ 

T cells in both mice immunized intranasally and intramuscularly with the vaccine, there were 

significantly higher percentages of epitope-specific CD8 T cells in the lungs showing a tissue-

resident phenotype in mice immunized intranasally than mice immunized intramuscularly with the 

vaccine.  

In the context of the research objectives, the significant IgG antibody response to GST-

6Phis as well as the presence of neutralizing antibodies holds promising implications. The presence 

of specific IgG antibodies suggested the potential for protective immunity against the target 

pathogen. Further investigations could explore the functional attributes of these antibodies, such 

as their ability to neutralize the antigen or enhance phagocytosis, shedding light on the mechanisms 

underlying the postulated protection. Building upon these findings, future research endeavours 

could investigate the durability and longevity of the IgG antibody response following 

immunization with GST-6Phis. Additionally, studies focusing on the efficacy of the vaccine in 

live challenges could provide valuable insights into its mechanism of protection. Moreover, the 

IgG responses were elicited against the B6 and B10 SARS-CoV-2 epitopes. These findings align 

with the primary objective of the research study, which aims to show that the vaccine can confer 

humoral responses against specific epitopes from the SARS-CoV-2 viral protein. Both 

intramuscular and intranasal administration of the recombinant protein vaccine was able to induce 

an IgG antibody response which indicates its suitability for protecting against targeted B cell 

epitopes. The neutralizing potential of the vaccine against the Wuhan and Omicron strains further 

demonstrates the completion of the objectives of the study. 
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Recommendations for future studies 

Glycosylation is a critical post-translational modification (PTM) that is essential for the 

proper folding, stability, and function of many eukaryotic proteins. E. coli, being a prokaryotic 

system, lacks the machinery for performing glycosylation. Alternatives include mammalian cell 

lines (CHO or HEK293 cells), insect cells (Baculovirus expression system), or yeast (Pichia 

pastoris or Saccharomyces cerevisiae) which are known for their complex glycosylation 

capabilities.  

The cytotoxicity of GST-6Phis was not evaluated before administering it to mice. This 

decision was influenced by constraints which would significantly delay the duration of the Masters 

research project. Moreover, the literature was extensively studied to determine the amount of 

recombinant protein that could be safely administered to mice. Indeed, the administration of 10 µg 

of the NVX-CoV2373 vaccine was well tolerated and immunogenic (Tian et al., 2021). Using an 

amount supported by the literature was deemed to be reasonable to keep the cytotoxicity of the 

vaccine at low levels.  

Nevertheless, it is recognized that the cell viability of splenocytes may also be effectively 

measured using the MTT assay. For example, Alnuqaydan et al. (2022) isolated splenocytes 

(lymphocytes) from BALB/c mice and determined cell viability. This was done by plating 

splenocytes on a cell culture plate. Plated cells were exposed to different amounts of Withaferin 

A, followed by incubation and the addition of MTT. The absorbance at 570 nm was measured 

using an ELISA plate reader, and the data was analysed to determine the percentage of viable cells. 

Future studies that have more flexible study time frames could conduct cytotoxicity evaluation 

before administration of the vaccine to animal models.  
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Another limitation of the study was that endotoxicity levels of GST-6Phis were not 

assessed before the immunogenicity study. The decision to not conduct an endotoxicity study was 

influenced by practical considerations of time constraints and budget limitations. Conducting an 

endotoxicity study requires resources in terms of time, funding, and specialized assays. Given the 

constraints that were faced, other aspects of the research were prioritized to obtain significant 

results in terms of IFN-γ production by CD4+ and CD8+ T cells, nAbs, and IgG antibodies. These 

assays could be effectively conducted within the available resources. 

Nevertheless, in future preclinical investigations conducted on a larger scale and involving 

larger animal models, it is recommended to incorporate an endotoxicity study into the experimental 

design. Such a study would contribute to a more comprehensive understanding of the potential 

effects of endotoxins on the experimental outcomes. By assessing endotoxicity levels, researchers 

can ensure the safety and accuracy of their findings, further enhancing the reliability and 

translational relevance of the study's results. 

Moreover, it is recognized that the sample size of the experiment was small and kept small 

to a manageable size. There were a total of only 20 mice for the 4 groups (n=5). The limitation 

arising from the small sample size of 20 mice in this study introduces challenges when attempting 

to extend the study's findings to a broader population. A smaller sample size raises several 

concerns. Notably, the precision and accuracy of the data could be compromised, leading to 

reduced confidence in the extent to which the results accurately depict real-world situations. 

Additionally, the implications and broader applicability of the study's outcomes might be restricted 

due to the limited number of subjects. 

According to Hackshaw (2008), small sample sizes lack reliability and the adoption of a 

95% confidence interval is advised to enhance result dependability. The utilization of a small 
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sample size can complicate result interpretation, as drawing meaningful conclusions from the 

collected data becomes challenging. Hackshaw (2008) further clarifies that research data guide the 

prediction of the true effect by evaluating the observed estimate and the 95% confidence intervals. 

In the context of the mice immunization study, this limitation is particularly relevant. The small 

sample size curtails our capacity to confidently extend findings to a larger population, especially 

considering the intrinsic variability among individual mice. Future endeavours involving larger 

mouse cohorts would facilitate a more comprehensive exploration of immunization effects, 

thereby strengthening the basis for deriving accurate and dependable conclusions. 

In the future, research efforts equipped with adequate resources and a broader time frame 

may increase the size of the mouse cohort. A larger number of mice in the study could offer 

enhanced statistical power, enabling a more robust analysis of the immunization effects. This 

increase in sample size could lead to a more representative and reliable depiction of the population 

under study, mitigating potential biases arising from the inherent variability among individual 

mice. Additionally, a larger sample size can augment the precision of estimations, bolstering the 

confidence levels in the observed outcomes. By addressing the current limitation of a small sample 

size, future investigations would be better poised to draw substantiated conclusions with greater 

generalizability, thus contributing to the advancement of knowledge in the field of mice 

immunization studies. 

In response to the evolving nature of SARS-CoV-2 and the rapid emergence of new and 

potentially more challenging variants, innovative approaches are needed to effectively combat the 

ongoing COVID-19 pandemic. Reverse vaccinology has emerged as a promising strategy in this 

context. Within the SARS-CoV-2 genome and VOCs, researchers can pinpoint certain viral 

components that are conserved, such as essential protein sections or epitopes that are critical for 
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viral entry, replication, or immune evasion. Scientists can create vaccines that vigorously stimulate 

immune responses against a wide range of strains, including new variants, by focusing on these 

essential components. This proactive strategy enables vaccine development tactics and design 

flexibility to potentially reduce the impact of new SARS-CoV-2 mutations. Although the current 

research project focuses on the incorporation of identified epitopes to develop recombinant protein 

vaccines, future efforts should also explore the incorporation of such epitopes into DNA, mRNA, 

and viral-vectored vaccines. 
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CHAPTER 6: CONCLUSION 

This research study demonstrates the effectiveness of the use of highly conserved and 

immunogenic peptides representing B and T cell epitopes to develop vaccines to confer protection 

against the SARS-CoV-2 Wuhan and Omicron strains. The six peptides selected through literature 

mining approaches were used to develop a recombinant protein vaccine. When the GST-6Phis 

protein of interest was used to immunize BALB/c mice through the intramuscular and intranasal 

routes, it resulted in the elicitation of both cellular and immune responses. While immunization 

through the intramuscular route was effective in producing IFN-γ secreting CD3+ CD4+ T cells, 

intranasal immunization resulted in the induction of IFN-γ secreting CD3+ CD8+ T cells. 

Moreover, both intranasal and intramuscular immunizations with GST-6P were associated with 

high IgG antibody responses in terms of mean reciprocal antibody titers. Furthermore, both 

immunization routes produced nAbs against the SARS-CoV-2 Wuhan strain, while intramuscular 

immunization resulted in nAbs against Omicron. It may be said that the intramuscular route was 

more effective in terms of neutralizing potential of the immune response. The results indicate that 

epitope-based vaccines may be a promising way to immunize against emerging VOCs based on 

the identification of broadly conserved and immunogenic B and T cell epitopes. 
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APPENDIX 

Table S1. The prediction results for linear B cell and CD4+- & CD8+- T cell epitopes in the S, M, and N proteins (Lim et al., 2021) 

Peptide Sequence Linear 

B cell 

Start-End 

(Amino 

Acid 

Length) 

CD4+ T cell epitopes CD8+ T-cell 

epitopes 

Global HLA 

Population 

coverage (%) 

Conservancy 

Percentile 

rank 

IC50 

value 

(nM) 

IFN-γ 

Prediction 

Immunogenicity 

score 

Prediction 

score 

ST1 WTAGAAAYYVGYLQPRTFLLKY 

  

No 258-279 

(22) 

3.80 42 Positive 97.729 1.5152 99.63 98 % 

ST2 NYNYLYRLFRKSNLKPFERDISTEI 

  

Yes 448-472 

(25) 

0.20 8 Positive 81.4673 1.9496 97.95 87.33 % 

ST3 SYGFQPTNGVGYQPYRVVVLSFELLHAPAT Yes 494-523 

(30) 

0.24 5 Positive 99.222 1.8786 98.57 63.33 % 

ST4 FPQSAPHGVVFLHVTYVPAQEK No 1052-

1073 (22) 

7.90 67 Positive 98.6684 1.043 96.41 70 % 

ST5 CASYQTQTNSPRRARSVASQSIIAYTMSL 

  

Yes 671-99 

(29) 

5.00 27 Positive 99.0918 1.369 91.87 96 % 

MT1 GLMWLSYFIASFRLFARTRSM Yes 89-109 

(21) 

1.6 40 Positive 92.9583 1.003 93.45 100 % 

NT1 AALALLLLDRLNQLE No 217-231 

(35) 

1.00 48 Positive 98.2915 1.2648 93.45 98.67 % 
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Figure S1. Validation of individual T cell epitopes in terms of IFN‐γ production performed by Yahaya and Lim (2021) (unpublished 

data)
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Figure S2. Validation of individual B cell epitopes in terms of neutralizing activity performed by Yahaya and Lim (2021) (unpublished 

data) 
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Figure S3. (A) LB kanamycin (50 μg/ml) plates containing untransformed competent E. coli BL21(DE3) cells (B) LB kanamycin (50 

μg/ml) plates containing competent E. coli BL21(DE3) cells transformed with pET41a-GST-6PHis 
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Figure S4. The agarose gel electrophoresis of XhoI digested pET41a-GST-6PHis. Lane 1: 1 kb molecular weight marker. Lane 2: 1.12 

ng/ul pET41a-GST-6PHis, Lane 3: 2.24 ng/ul pET41a-GST-6PHis, Lane 4: 3.36 ng/ul pET41a-GST-6PHis, Lane 5: 4.48 ng/ul pET41a-

GST-6PHis, Lane 6: 5.60 ng/ul pET41a-GST-6PHis, Lane 7: 8.4 ng/ul pET41a-GST-6PHis
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                                         GST              6 peptide protein of interest                8xHistidine 
 

GenScript    ATGTCCCCTATACTAGGTTATGGAAAATTAAGGGCCTTGTGCAACCCACTCGACTTCTTTTTGGAATATC      60 
 Designed    ATGTCCCCTATACTAGGTTATGGAAAATTAAGGGCCTTGTGCAACCCACTCGACTTCTTTTTGGAATATC    4839 
                     ***************************************************************************** 
GenScript    TTGAAGAAAAATATGAAGAGCATTTGTATGAGCGCGATGAAGGTGATAAATGGCGAAACAAAAAGTTT     120 
 Designed    TTGAAGAAAAATATGAAGAGCATTTGTATGAGCGCGATGAAGGTGATAAATGGCGAAACAAAAAGTTT    4899 
                     ***************************************************************************** 
GenScript    GAATTGGGTTTGGAGTTTCCCAATCTTCCTTATTATATTGATGGTGATGTTAAATTAACACAGTCTATGGC     180 
Designed    GAATTGGGTTTGGAGTTTCCCAATCTTCCTTATTATATTGATGGTGATGTTAAATTAACACAGTCTATGGC    4959 
                     ***************************************************************************** 
GenScript    CATCATACGTTATATAGCTGACAAGCACAACATGTTGGGTGGTTGTCCAAAAGAGCGTGCAGAGATTTC       240 
Designed     CATCATACGTTATATAGCTGACAAGCACAACATGTTGGGTGGTTGTCCAAAAGAGCGTGCAGAGATTTC      5019 
                     ***************************************************************************** 
GenScript    AATGCTTGAAGGAGCGGTTTTGGATATTAGATACGGTGTTTCGAGAATTGCATATAGTAAAGACTTTGA        300 
Designed     AATGCTTGAAGGAGCGGTTTTGGATATTAGATACGGTGTTTCGAGAATTGCATATAGTAAAGACTTTGA       5079 
                     ***************************************************************************** 
GenScript    AACTCTCAAAGTTGATTTTCTTAGCAAGCTACCTGAAATGCTGAAAATGTTCGAAGATCGTTTATGTCAT         360 
Designed     AACTCTCAAAGTTGATTTTCTTAGCAAGCTACCTGAAATGCTGAAAATGTTCGAAGATCGTTTATGTCAT        5139 
                     ***************************************************************************** 
GenScript    AAAACATATTTAAATGGTGATCATGTAACCCATCCTGACTTCATGTTGTATGACGCTCTTGATGTTGTTTT        420 
Designed     AAAACATATTTAAATGGTGATCATGTAACCCATCCTGACTTCATGTTGTATGACGCTCTTGATGTTGTTTT       5199 
                     ***************************************************************************** 
GenScript    ATACATGGACCCAATGTGCCTGGATGCGTTCCCAAAATTAGTTTGTTTTAAAAAACGTATTGAAGCTATC         540 
Designed    ATACATGGACCCAATGTGCCTGGATGCGTTCCCAAAATTAGTTTGTTTTAAAAAACGTATTGAAGCTATC         5319 
                     ***************************************************************************** 
GenScript    CCACAAATTGATAAGTACTTGAAATCCAGCAAGTATATAGCATGGCCTTTGCAGGGCTGGCAAGCCACG         600 
Designed     CCACAAATTGATAAGTACTTGAAATCCAGCAAGTATATAGCATGGCCTTTGCAGGGCTGGCAAGCCACG        5379 
                      ***************************************************************************** 
GenScript    TTTGGTGGTGGCGACCATCCTCCAAAATCGGATGGTTCAACTAGTCTGGTGCCACGCGGATCCACCGAG         660 
Designed     TTTGGTGGTGGCGACCATCCTCCAAAATCGGATGGTTCAACTAGTCTGGTGCCACGCGGATCCACCGAG        5439 
                      ***************************************************************************** 
GenScript    AGCAACAAGAAATTCCTGCCGTTTCAGCAGTTCGGTCGTGACATCGCCAAGAAAGAAAGCAACAAGAA          720 
Designed     AGCAACAAGAAATTCCTGCCGTTTCAGCAGTTCGGTCGTGACATCGCCAAGAAAGAAAGCAACAAGAA         5499 
                     ***************************************************************************** 
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GenScript    ATTTCTGCCGTTCCAGCAGTTTGGCCGCGACATTGCTGATACCACCGCGGCCTACTGGACCGCGGGTGC          780 
Designed     ATTTCTGCCGTTCCAGCAGTTTGGCCGCGACATTGCTGATACCACCGCGGCCTACTGGACCGCGGGTGC         5559 
                     ***************************************************************************** 
GenScript    TGCCGCG TACTATGTGGGCTACCTGCAGCCGCGTACCTTCCTGCTGAAGTATGGCCCCGGCCCAGGCG           840 
Designed     TGCCGCG TACTATGTGGGCTACCTGCAGCCGCGTACCTTCCTGCTGAAGTATGGCCCCGGCCCAGGCG          5619 
                     ***************************************************************************** 
GenScript    GCGAGGTGTTCAACGCCACCCGCTTTGCGAGCGTGTATGCTTGGAACCGTAAACGCATCAGCAACTGC            960 
Designed     GCGAGGTGTTCAACGCCACCCGCTTTGCGAGCGTGTATGCTTGGAACCGTAAACGCATCAGCAACTGC           5739 
                     ***************************************************************************** 
GenScript    GTGGCGGATTACAGCGTGCTGTATAACAGCGCCGCTTATTTTCCACAGAGCGCGCCGCACGGTGTGGT           1020 
Designed     GTGGCGGATTACAGCGTGCTGTATAACAGCGCCGCTTATTTTCCACAGAGCGCGCCGCACGGTGTGGT           5799 
                     ***************************************************************************** 
GenScript    GTTTCTGCACGTGACCTATGTGCCGGCTCAGGAAAAGGCGGCTTACGGCCTGATGTGGCTGAGCTACT          1080 
Designed     GTTTCTGCACGTGACCTATGTGCCGGCTCAGGAAAAGGCGGCTTACGGCCTGATGTGGCTGAGCTACT           5859 
                     ***************************************************************************** 
GenScript    TCATCGCCAGCTTCCGTCTGTTTGCGCGTACCCGCAGCATGCTGGTGCCACGCGGATCCCTCGAGCACC         1140 
Designed     TCATCGCCAGCTTCCGTCTGTTTGCGCGTACCCGCAGCATGCTGGTGCCACGCGGATCCCTCGAGCACC         5919 
                     ***************************************************************************** 
GenScript    ACCACCACCACCACCACCAC                                                                                                    1194 
Designed     ACCACCACCACCACCACCAC                                          5973 
                     ********************** 

 

Figure S5. Nucleotide sequencing results of the cloned gene insert incorporated into pET41a-GST-6PHis
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Abstract: Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has caused a global public
health crisis. Effective COVID-19 vaccines developed by Pfizer-BioNTech, Moderna, and Astra
Zeneca have made significant impacts in controlling the COVID-19 burden, especially in reducing
the transmission of SARS-CoV-2 and hospitalization incidences. In view of the emergence of new
SARS-CoV-2 variants, vaccines developed against the Wuhan strain were less effective against
the variants. Neutralizing antibodies produced by B cells are a critical component of adaptive
immunity, particularly in neutralizing viruses by blocking virus attachment and entry into cells.
Therefore, the identification of protective linear B-cell epitopes can guide epitope-based peptide
designs. This study reviews the identification of SARS-CoV-2 B-cell epitopes within the spike,
membrane and nucleocapsid proteins that can be incorporated as potent B-cell epitopes into peptide
vaccine constructs. The bioinformatic approach offers a new in silico strategy for the mapping and
identification of potential B-cell epitopes and, upon in vivo validation, would be useful for the rapid
development of effective multi-epitope-based vaccines. Potent B-cell epitopes were identified from
the analysis of three-dimensional structures of monoclonal antibodies in a complex with SARS-CoV-2
from literature mining. This review provides significant insights into the elicitation of potential
neutralizing antibodies by potent B-cell epitopes, which could advance the development of multi-
epitope peptide vaccines against SARS-CoV-2.

Keywords: B-cell epitope; vaccine; SARS-CoV-2; spike protein

1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) first emerged in
December 2019 in the Chinese city of Wuhan (Hubei Province), and it has led to a serious
global health problem, causing a pandemic with over 452 million infections and high
mortality, with more than 6.02 million deaths as of 11 March 2022.

The most common symptoms reported for SARS-CoV-2 infections are fever, dry cough,
difficulty in breathing, and muscle pain, which may potentially worsen to pneumonia,
renal failure, and death in severe cases [1,2]. Pneumonia was reported as the initial clinical
symptom that indicated SARS-CoV-2 infection. Gastrointestinal symptoms were also
observed. With a mean incubation period of five days, symptoms are observed in less
than a week. In severe cases, dyspnoea and chest symptoms associated with pneumonia
were reported in 75% of patients, as confirmed by computed tomography (CT) scans [3].
Severe symptoms in line with pneumonia were usually reported in the second or third
week and were associated with reduced oxygen saturation, abnormal chest X-rays, alveolar
exudates, and interlobular involvement, which demonstrated deterioration. Lymphopenia
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was reported with increased levels of inflammatory markers such as C-reactive protein and
proinflammatory cytokines [4].

2. Genomic Structure of SARS-CoV-2

The SARS-CoV-2 genome consists of a single-stranded positive-sense RNA with a size
of approximately 29.9 kB [5]. Two large open-reading frames (ORFs) comprising 70% of
the genome, namely ORF1a and ORF1b, are located at the 5′ end (Figure 1). They are re-
sponsible for encoding 16 non-structural proteins, ranging from NSP1 to NSP16, which are
involved in the formation of a replication–transcription complex (RTC). The RTC is as-
sociated with genome transcription and replication. The NSP genes have other diverse
functions in terms of the proteins they encode, such as the cleavage of polypeptides and
inhibition of the host immune response [6]. The other ORFs located at the 3′ end occupy
30% of the genome and are responsible for encoding four structural proteins, namely spike
(S), envelope (E), membrane (M), and nucleocapsid (N) proteins (Figure 1). The S protein
recognizes the angiotensin-converting enzyme 2 (ACE2) receptor, the M protein provides
shape and structure to the viral particles, the E protein ensures proper virion assembly and
release, and the N protein packages the RNA genome and enhances the pathogenicity by
reducing interferon production. The 3′ UTR also encodes six accessory proteins labelled 3a,
6, 7a, 7b, 8, and 10 in Figure 1, but their functions are not fully known [7].
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3. Viral Binding and Entry into Host Cell and the SARS-CoV-2 Lifecycle

An understanding of the functional characteristics of the S protein in the lifecycle
of SARS-CoV-2 is essential, since the S protein mediates the binding of the virus and its
entry into the host cells [8]. The S glycoprotein is a glycosylated type I membrane protein
and consists of two subunits, S1 and S2. The S protein exists in a trimeric prefusion form,
which is cleaved by a host furin protease into S1 and S2. The S1 subunit contains the NH-2
terminal domain (NTD) and the receptor-binding domain (RBD). The latter is a crucial
structural component that is responsible for binding to the ACE2 cell receptor [9].

The S protein requires priming by host cell proteases such as endosomal cysteine
protease cathepsin L and the serine proteases furin and TMPRSS2 in order to facilitate
viral entry and membrane fusion. Cleavage of the S protein is known to occur at two sites.
The first is the S1/S2 site by furin, which exposes the RBD in the “up” conformation and
allows it to bind to the ACE2 receptor. The RBD promotes the binding of the enveloped virus
to host cells by interacting with the ACE2 receptor expressed in the lower respiratory tract.
After the RBD binds to ACE2, an additional cleavage of the S2 subunit occurs at a second
specific site of the fusion peptide by the host serine protease TMPRSS2, which triggers the
dissociation between S1 and S2. Cleavage at the S2 site produces the mature N-terminus of
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the fusion peptide, allowing the fusion of viral and host membrane, thus facilitating virus
entry. When SARS-CoV-2 enters the host cell, it will release its RNA, and polyproteins will
be produced following translation. The RNA genome of SARS-CoV-2 is replicated to yield
genomic RNA, which is encapsidated by the viral structural proteins formed in the host
cell. The newly assembled viral particles are released by exocytosis [2].

The spike glycoprotein is composed of two subunits, S1 and S2. It is an important
antigenic determinant capable of inducing a protective immune response. The S1 subunit
contains the RBD, which is the main target for SARS-CoV-2-neutralizing antibodies and
convalescent serum titres against the RBD correlated well with neutralization titres [10].
The RBD in the SARS-CoV-2 spike protein is a crucial antigenic region, as it contains
the interacting surface for ACE2 binding [11]. In addition, the RBD was reported to
be immunodominant in the humoral response and accounted for 90% of neutralizing
activities [12]. Therefore, most of the current SARS-CoV-2 vaccines were designed to target
the S protein as an antigen to elicit humoral immune responses.

4. Current Status of SARS-CoV-2 Vaccine

The urgency of combating COVID-19 has fast-tracked vaccine development. RNA
vaccines such as mRNA vaccines were rapidly manufactured, and they elicited strong
humoral immune responses in clinical trials. The WHO reported a total of 140 vaccines
candidates in clinical trials using various platforms by January 2022. The majority of the
vaccine candidates are protein subunit vaccines (34%), RNA vaccines (17%), and non-
replicating viral vectored vaccines (14%). Among the 10 vaccines approved for use by
the World Health Organization (WHO), two were mRNA vaccines (BNT162b2 Pfizer
and mRNA-1273 Moderna); three were non-replicating viral vector vaccines (Janssen
Ad26.CoV2.S, Astrazeneca AZD1222, and Covishield); three were inactivated vaccines
(CoronaVac, BBIBP-CorV, and Covaxin); and two were protein subunit vaccines (Novavax
NVX-CoV2373 and COVOVAX). These vaccines have now been administered to millions
of people globally, but the protective efficacies of COVID-19 vaccines have been reported to
decline due to the emergence of new variants of concern (VOC). Pfizer’s BNT162b2 and
Moderna’s mRNA-1273 vaccines were at least 10 times less effective against the B.1.351
(beta) variant. Ad26.COV2.S elicited 5.0- and 3.3-fold lower neutralizing antibody titres
against the B.1.315 (beta) and P.1 (gamma) variants, respectively [2]. The efficacy of Astra
Zeneca’s ChAdOx1 against the B.1.617.2 (delta) variant was 59.8% and only 22% against
the B.1.351 (beta) variant [3,4]. More recently, the B.1.1.625 (Omicron) variant has already
become the dominant variant of concern in many countries. The efficacy of Pfizer’s vaccine
was reduced to 70% during the proxy Omicron period in South Africa [13]. Two doses
of Pfizer vaccine were reported to elicit 41-fold less neutralizing antibodies against the
Omicron variant [14]. Sera from vaccinees who received two doses of ChAdOx1-S and
BNT162b2 were found to neutralize the Omicron variant to a much lesser extent when
compared to the other variants (alpha, beta, or delta) [15]. The development of a vaccine
for each major type of SARS-CoV-2 variant is impractical. A different strategy necessitates
the search for highly conserved B-cell epitopes is a prerequisite for constructing an efficient
multi-epitope peptide vaccine that can confer broad and long-term protection against the
SARS-CoV-2 variants. This will halt the need to revaccinate with the current SARS-CoV-2
vaccines, which were developed based on the S antigen of the “Wuhan” strain, or for the
vaccine manufacturers to continue making new vaccines to keep up with the emergence of
new variants.

Since mRNA vaccine platforms are available, Pfizer and Moderna are more likely to
develop Omicron-based vaccines. Pfizer and Moderna are currently developing vaccines
based on the Omicron genome. Pfizer has initiated a clinical study to evaluate the safety,
tolerability, and immune response of an Omicron-specific vaccine in healthy adults from
18 to 55 years of age [16], while the Omicron-specific vaccine candidate developed by
Moderna (mRNA-1273.529) is undergoing evaluation in a Phase II clinical study [17].
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The neutralization of Omicron variants in individuals receiving mRNA-1273 or BNT162b
boosters were four to six-fold lower than the wild-type [18], but vaccinees are still pro-
tected from severe disease and hospitalizations. However, neutralization titres against the
Omicron variant 6 months after the third (booster) dose of mRNA-1273 vaccine declined
6.3-fold from the peak titres assessed 1 month after the booster injection [19]. Although pro-
tection against Omicron could be provided by the third dose of the mRNA-1273 vaccine,
the decrease in titres observed after 6 months might lead to the requirement for the use of a
new Omicron-based vaccine to increase the duration of protection.

5. Approaches to Rational Design of Peptide Vaccines

New vaccine technologies based on subunit proteins or peptides require the identifica-
tion of suitable antigens. Peptide-based vaccines are safer when compared to traditional
vaccines (live attenuated and inactivated) due to minimal allergic and toxic properties [20].
The identification of peptide epitopes using phage display libraries, overlapping peptides
that cover the whole length of the protein, or peptide arrays are costly and laborious.
Recent advancements of bioinformatics approaches utilizing computational algorithms
such as BepiPred, ABC pred, Discotope, and CBtope rely on amino acid sequences or 3D
structures to predict B-cell epitopes [21]. The process of peptide vaccine development
involves the identification of peptides specifying immunodominant epitopes according
to the selected criteria, such as surface accessibility, high hydrophilicity, and antigenic-
ity [22,23]. Multiple peptides were then joined with appropriate linkers and inserted into
the expression vector pET-28a(+) so that the vaccine can be expressed in the bacterial sys-
tem [24]. However, even though bioinformatics approaches will enable the predictions of
potential antigenic epitopes, the immunogenicity of the epitopes has to be experimentally
validated. Potent B-cell epitopes targeted by monoclonal antibodies are more likely to
be conformational, which are difficult to incorporate into multi-epitope peptide-based
vaccines. Short peptides comprising linear amino acids from discontinuous regions of the
conformational epitopes can be incorporated into peptide-based vaccines. Hence, there is
the need to identify B-cell epitopes from bioinformatics (prediction or validation) and
monoclonal antibody targeting.

6. Identification of SARS-CoV-2 B-Cell Epitopes within S, M, and N Proteins from the
Combination of Bioinformatics and In Vitro Neutralization Assays

Infection with SARS-CoV-2 initiates an immune response that leads to the production
of binding antibodies. However, not all binding antibodies can block viral entry and
replication. The subpopulation of binding antibodies known as neutralizing antibodies
(nAbs) can neutralize the virus and thus prevent virus infection. They are elicited by
neutralizing B-cell epitopes. The identification of epitopes that can induce robust B-cell
responses is a prerequisite for designing epitope-based vaccines. Linear B-cell epitopes can
be incorporated easily in the multi-epitope peptide vaccine to induce humoral responses.
Besides linear epitopes, conformational B-cell epitopes can be identified by prediction
methods such as ElliPro. In a recent study by Dong et al. (2020), three linear B-cell epitopes
were selected for in silico cloning using the expression vector PET28a(+) [25]. However,
further validations of the efficacy of the vaccines will be required. Conformational epitopes
are more likely to be grated onto scaffolds such as virus-like particles [26] rather than being
incorporated into multi-epitope peptide-based vaccines. Therefore, we focus on the search
for immunogenic linear B-cell epitopes, which are highly conserved against SARS-CoV-2
for constructing an efficient multi-epitope peptide vaccine.

Poh et al. (2020) identified two immunodominant linear B-cell epitopes, S14P5 and
S21P2, which were present on the SARS-CoV-2 S glycoprotein, by using pools of over-
lapping linear B-cell peptides spanning the entire S glycoprotein of SARS-CoV-2. Sera
depleted of antibodies targeting either peptides S14P5 or S21P2 led to a >20% reduction in
pseudotyped lentivirus neutralization, validating that antibodies targeting these two linear
S epitopes are important for neutralizing SARS-CoV-2. Based on peptide arrays, Farrera-
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Soler et al. (2020) identified three immunodominant linear epitopes (S655–672, S787–822,
and S1147–1158), which were recognized in >40% of COVID-19 patients. Two of these epi-
topes (S655–672 and S787–822) corresponded to key proteolytic sites on the spike proteins
S1/S2 and S2, which have been shown to play a critical role in efficient viral entry [27].
Lu et al. (2021) predicted a total of 33 B-cell epitopes based on the 3D structure of the S,
M, E, and N proteins, which were further elucidated by computational simulations on
epitope surface accessibility. Six immunodominant linear B-cell epitopes were discovered:
three were from the S protein; one from M; and two from N proteins (S556–570, S675–689,
S721–733, M183–197, N152–170, and N357–373). However, the epitopes from the N protein are
unlikely to be immunodominant B-cell epitopes, as the N protein is encapsidated within
the virion and is inaccessible to antibody binding. The peptide S556–570 was also identified
in a previous study as an immunodominant epitope that was able to elicit neutralizing
antibodies [28]. As the S556–570 epitope is localized close to the RBD, it is plausible that
antibodies binding to this region might sterically hinder the binding of SARS-CoV-2 to the
ACE2 receptor, thereby abolishing the virus infection [29]. Among the 33 predicted epitopes,
four peptides (S92–106, S139–153, S439–454, and S455–469) were able to elicit the production of
neutralization antibodies against both D614 and G614 SARS-CoV-2 pseudoviruses with an
inhibition rate of 40–50%. Epitope S63–85 induced the highest neutralizing effect on G614
SARS-CoV-2 pseudoviruses with an antibody titre of 1:80 [30].

It has been shown that 90% of neutralizing antibodies (nAbs) elicited against SARS-
CoV-2 in COVID-19 patients were targeted at the RBD of the S glycoprotein [12]. Thus, pro-
filing B-cell epitopes using sera from animals immunized with overlapping peptides
spanning the RBD could reveal the molecular determinants of antigenicity. Three linear
peptides specifying B-cell epitopes (R345, R405, and R465) were shown to elicit strong and
specific IgG antibody responses from the SARS-CoV-2 S1 protein [31]. Another three B-cell
epitopes present in the RBD, CoV2_S-10, CoV2_S-11, and CoV2_S-13, were identified by
immunoinformatic predictions and confirmed by ELISA with sera from Macaca fascicularis
vaccinated with a SARS-CoV-2 RBD subunit vaccine in the study published by Kanok-
porn Polyiam et al. (2021). In addition, the peptide S404–424 was also shown to elicit
neutralizing antibodies in mice [32]. The epitope S809–826 (PSKPSKRSFIEDLLFNKV), which
overlapped with the CoV2_S-17 epitope, has been demonstrated as a neutralizing epitope
in humans [28]. Two epitopes that overlap with CoV2_S-20 (NNTVYDPLQPELDSFKEELD-
KYFKNHTSPDVDLGDISGI) have previously been characterized as immunodominant,
as well as neutralizing [33,34]. The B-cell epitopes identified from the literature were
mapped on the SARS-CoV-2 S monomer (Figure 2A), while the linear B-cell epitopes in the
RBD targeted by monoclonal antibodies mined from the literature were mapped on the
structure of the SARS-CoV-2 RBD and ACE2 complex (Figure 2B).
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Figure 2. (A) The localization of B-cell epitopes mapped on the SARS-CoV-2 S monomer in closed
conformation are represented by the amino residue number (PDB ID: 6ZB5/A). (B) Locations of
B-cell epitopes targeted by monoclonal antibodies in the structure of ACE2 in complex with the
SARS-CoV-2 RBD (PDB ID: 7DQA). ACE2 is shown in yellow, while the RBD is in grey colour.

7. Monoclonal Antibodies against SARS-CoV-2 RBD Protein

Neutralizing antibody-mediated immunity protects an individual from viral infec-
tions by interfering with virus–host cell interactions required for viral attachment or entry.
The majority of monoclonal antibodies isolated to date specifically target the RBD on the
spike protein that allows SARS-CoV-2 to interact with the ACE2 receptor. Three mono-
clonal antibodies (15G9, 12C10, and 10D2) targeting the peptides R345, R405, and R465,
respectively, were shown to inhibit the RBD–ACE2 interaction with an inhibition rate of
20–60%. This finding is consistent with a previous study where mAB 12C10 and mAb
10D2 exhibited 20–40% neutralization capacity [30]. Among the three mAbs, 12C10, which
targeted the peptide R405, could strongly bind to both the SARS-CoV and SARS-CoV-2
S proteins, indicating that 12C10 is a cross-reactive antibody [31]. Antibodies targeting
epitopes CoV2_S-10 and CoV2_S-11 were shown to inhibit RBD–ACE2 interactions [35].
The neutralizing potency of the antibody against epitope CoV2_S-10 was consistent with
previous studies that reported an inhibition rate of 40% [30,31]. Monoclonal antibody B38,
which could neutralize SARS-CoV-2, showed interactions with multiple residues in the
RBD [36]. Murine antibodies induced by peptides S406–420 (EVRQIAPGQTGKIAD), S439–454
(NNLDSKVGGNYNYLYR), and S455–469 (LFRKSNLKPFERDIS), which corresponded to
the epitopes present in CoV2_S-10 and CoV2_S11, were able to inhibit SARS-CoV-2 pseu-
dovirus infections [30]. Wan et al. (2020) identified 11 potent neutralizing antibodies from
11 convalescent patients, and these also targeted three epitopes present in the RBD of the
spike protein [37]. Amongst the three antibodies, antibody 414-1 showed the best neutraliz-
ing activity with an IC50 at 1.75 nM. Antibody 553-15 could substantially potentiate several
other antibodies to have higher neutralizing abilities, while 515-5 showed cross-neutralizing
activity towards the SARS-CoV pseudovirus. Two linear epitopes in the RBD were reported
in the study of Makdasi et al. (2021). One of these epitopes spanning amino acids S376–390
(TFKCYGVSPTKLNDL) was targeted by antibodies 24 and 67, while the second epitope
S396–410 (YADSFVIUGDEVRQI) was targeted by antibodies 69 and 90. The actual length of
the second epitope could be further narrowed down to include only amino acids S404–410
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(GDEVRQI) after visualizing the epitopes present on the crystal structure of the spike
protein, as the first eight amino acids of the peptides were not exposed to the surface
of the spike trimer [38]. The second epitope had seven overlapping amino acids with
the epitopes S404–424 (GDEVRQIAPGQTGKIADYNYK) reported in a previous study [35].
Six representative epitopes covering the two hot spots (aa 525–685 and aa 770–829) across
the S protein were selected from the screening of 211 peptides using peptide microarrays.
Among the six selected epitopes, the antibodies against the three epitopes S1–93, S1–105,
and S2–78 exhibited potent neutralizing activities with virus inhibitory efficiencies of 51%,
35%, and 35%, respectively. The antibody targeting S1–93 and S553–564 (TESNKKFLPFLPFQQ)
showed the highest neutralizing capacity, which is consistent with the findings of a recent
study [28].

Two potent neutralizing monoclonal antibodies, B38 and H4, which targeted different
RBD sites, were capable of neutralizing live SARS-CoV-2 virus (IC50 = 0.177 µg/mL for B38
and 0.896 µg/mL for H4) [39]. The crystal structure of the RBD-B38 complex showed that
most of the residues on the B38-binding epitope overlapped with the RBD–ACE2-binding
interface, suggesting that B38 neutralized SARS-CoV-2 infection by functionally mimicking
ACE2 to bind to RBD and blocked RBD–ACE2 binding. Importantly, a single dose of B38
or H4 (25 mg/kg) was demonstrated to reduce lung viral loads by 32.8% and 26% in mice,
respectively, when compared to the untreated group [39].

CB6 was identified from the PBMCs of a COVID-19 convalescent patient by using
the recombinant RBD of the SARS-CoV-2 S protein to screen memory B cells from PBMCs.
Shi et al. (2020) showed that CB6 exhibited an effective neutralization of live SAS-CoV-
2 infection of Vero-E6 cells with a neutralizing dose (ND50) of 0.036 ± 0.007 µg/mL.
Structural studies revealed that B6 recognized an epitope that overlapped with angiotensin-
converting enzyme 2 (ACE2)-binding sites in the SARS-CoV-2 receptor binding domain
and thereby interfered with virus–receptor interactions by both steric hindrance and direct
competition for interface residues. CB6 effectively reduced the viral loads and lessened
infection-related lung damage in rhesus macaques [40].

Noy-Porat et al. (2020) isolated and characterized eight SARS-CoV-2-neutralizing
monoclonal antibodies (nMAbs) that targeted four distinct epitopes on the RBD. These anti-
bodies were selected from a phage display library constructed using peripheral circulatory
lymphocytes collected from SARS-CoV-2 patients. Monoclonal antibodies MD45, MD67,
MD62, and MD65 displayed the highest neutralizing potency, with a neutralization dosage
(NT50) of 2.1, 1.9, 1.6, and 0.22 µg/mL, respectively. MD65 exhibited the highest neutraliza-
tion capacity amongst all the monoclonal antibodies by completely inhibiting the binding
of RBD to the ACE2 receptor [41].

A total of 25 mAbs were isolated from Epstein–Barr virus-immortalized memory B
cells of a SARS-CoV-infected patient in 2003. S309 was the only mAb that had potent
neutralizing activities against SARS-CoV-2 and SARS-CoV pseudoviruses, as well as the
live SARS-CoV-2, by engaging the receptor-binding domain of the S glycoprotein. MAb
S309 was shown to neutralize MLV-based SARS-CoV S-glycoprotein-pseudotyped viruses
with IC50 of 120–180 ng/mL and displayed more potent neutralizing capability towards
the live SARS-CoV-2 (2019n-CoV/USA_WA1/2020) with an IC50 of 79 ng/mL [42].

SARS-CoV-2 S protein-specific B cells were subsequently sorted for single-cell sequenc-
ing and mAb isolation. Among the 403 monoclonal antibodies isolated from three con-
valescent COVID-19 patients using a SARS-CoV-2-stabilized prefusion spike protein as
the antigen, COVA1-18 and COVA2-15 were identified as unusually potent nMAbs tar-
geting the RBD of the SARS-CoV-2 S protein. These mAbs showed neutralizing activities
against the SARS-CoV-2 pseudoviruses in Huh7 liver cells with an IC50 value of 8 ng/mL
and potently inhibited live SARS-CoV-2 infection in Vero-E6 cells with IC50 values of
7 and 9 ng/mL, respectively. Of the 19 mAbs that could inhibit SARS-CoV-2 pseudovirus
infection, 14 were found to bind to the RBD [43].

A total of sixty-one neutralizing antibodies were isolated from the peripheral blood of
five COVID-19 patients by sorting the S trimer-specific B cells, followed by single B cell
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receptor sequencing. Nineteen antibodies potently neutralized live SARS-CoV-2 in vitro.
Nine NMAbs exhibited very high potency with 50% virus-inhibitory concentrations in the
neutralizing range from 0.7 to 9 ng/mL, including four that were directed against the RBD,
three directed against the N-terminal domain (NTD), and two directed against the nearby
quaternary epitopes. The study reported that NMAb 2–15 is by far the most potent in the
literature that targeted the RBD and could neutralize both pseudotyped and live SARS-
CoV-2 virus in Vero-E6 cells with IC50 of 5 ng/mL and 0.7 ng/mL, respectively. A single
dose of NMAb 2–15 (1.5 mg/kg) could effectively confer protection against SARS-CoV-2
infection in hamsters by 4-log reductions in virus titres [44].

Pinto et al. (2021) identified five mAbs from the memory B cells from three COVID-19
convalescent donors that targeted the conserved S2 stem helix region. Amongst the five
mAbs, S2P6 had exceptionally broad cross-reactivity and neutralization against the SARS-
CoV-2 variants (including Alpha, Beta, Gamma, and Kappa) and other beta-coronaviruses
through the inhibition of membrane fusion. S2P6 was shown to neutralize the infection
of live SARS-CoV-2 viruses to Vero-E6+ cells in the presence of protease TMPRSS2 with
IC50 1.67 µg/mL. S2P6 could neutralize SARS-CoV-2 pseudotyped with the S protein from
several variants with IC50 ranging from 10 µg/mL to 100 µg/mL. Peptide mapping using
linear 15-mers overlapping peptides revealed all five mAbs were binding to peptides
S1148–1156 (FKEELDKYF) located in the S2 subunit. This peptide had nine overlapping
amino acids with the B-cell epitopes reported in the studies of Farrera-Soler et al. (2020)
and Li et al. (2020) [27,34]. Lastly, a single dose of mAb S2P6 (20 mg/kg) could effectively
confer protection against the SARS-CoV-2 Wuhan strain and B.1.351 Beta variant infections
in hamsters by 2-log and 1.5-log reductions in the lung viral RNA load, respectively [45].
The efficacies of the monoclonal antibodies recognizing the RBD of the S protein were listed
in Table 1.

8. Conservancy of Linear B-Cell Epitopes against SARS-CoV-2 Variants

Previous studies have demonstrated that the RBD elicited the major pool of neutraliz-
ing antibodies, but it is too risky to focus only on the RBD, especially with the continuous
emergence of novel SARS-CoV-2 variants throughout the world, which contain multiple
mutations in the RBD protein. Thus, it would be interesting to assess the potential epi-
tope conservancy towards different variants and to rationally design multiepitope peptide
vaccines based on the best B-cell epitope combinations. A total of 200 unique spike (S)
protein sequences for 11 SARS-CoV-2 variants of concern (VOC) and variants of interest
(VOI) genes were retrieved from the NCBI (https://www.ncbi.nlm.nih.gov/ (accessed on
10 August 2021)) and GISAID databases (https://www.gisaid.org/ (accessed on 6 Septem-
ber 2021)). The nucleotide sequences obtained from GISAID were translated to amino acid
sequences using the Expasy Translate Tool (https://web.expasy.org/translate/ (accessed on
21 October 2021)). The IEDB conservancy analysis tool (http://tools.iedb.org/conservancy/
(accessed on 12 January 2022)) [46] was used to compare the degree of conservation for
peptides specifying B-cell epitopes by using protein sequences of the SARS-CoV-2 Wuhan
strain and variants from worldwide isolates. The conservation score of the potent peptides
specifying B-cell epitopes identified from cross-referencing of all the four SARS-CoV-2
variants are listed in Table 2. Amongst the five highly conserved (100%) peptides specifying
B-cell epitopes that were reported in the literature, peptide S345–364 (TRFASVYAWNRKRIS-
NCVAD) was reported to inhibit the RBD–ACE2 interaction with an inhibition rate of 60%.
Thus, this peptide could improve and enhance the efficacy of the SARS-CoV-2 vaccine
against the Wuhan strain and variants.

9. Conclusions

The development of an effective SARS-CoV-2 vaccine is challenging due to the emer-
gence of SARS-CoV-2 variants. Producing a vaccine for each SARS-CoV-2 variant is im-
practical. A different strategy necessitates the search for highly conserved B-cell epitopes
capable of eliciting neutralizing antibodies that can confer broad protection against the

https://www.ncbi.nlm.nih.gov/
https://www.gisaid.org/
https://web.expasy.org/translate/
http://tools.iedb.org/conservancy/
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SARS-CoV-2 variants. This will halt the need to revaccinate with the current SARS-CoV-2
vaccines, which were developed based on the S-antigen of the “Wuhan” strain, or for the
vaccine manufacturers to continually produce new vaccines to keep up with the emergence
of new variants.

B-cell epitopes can be represented as either linear or conformational. Linear B-cell
epitopes consist of linear sequences of amino acids that allow the binding of target-specific
antibodies, whereas conformational epitopes are composed of discontinuous residues that
are brought together in close proximity to form an antigenic site. Approximately 90% of
the B-cell epitopes are conformational, and only a minority of B-cell epitopes are linear [26].
We aimed to review the immunogenic linear B-cell epitopes that are highly conserved,
as well as conformational B-cell epitopes targeted by monoclonal antibodies such as CB6 or
S309. There are a number of commonly used B-cell epitope prediction methods with high
accuracy in cross-validation, such as CBTOPE and ElliPro [26]. The methods for conforma-
tional B-cell epitope prediction are challenging, as it generally requires the knowledge of
the 3D structure of proteins. Conformational B-cell epitopes are unlikely to be incorporated
into multi-epitope peptide-based vaccines that generally utilize linear peptides. However,
linear amino acid sequences from discontinuous regions of the conformational epitopes can
be extracted and incorporated in the peptide-based vaccine design [25]. Conformational
epitopes are more likely to be grafted onto suitable scaffolds like virus-like particles (VLPs)
that can mimic the native antigen [26].

To date, many SARS-CoV-2-neutralizing antibodies targeting RBD have been identified
from convalescent patients and vaccinees. The efficacies of the neutralizing antibodies are
often abrogated by RBD mutations in the spike protein. An unusually large number of mu-
tations are found in the Omicron variants (B.1.1.529), consisting of more than 30 mutations
in the spike protein. Indeed, studies have shown that Omicron would escape the majority
of potent SARS-CoV-2-neutralizing antibodies that directly interfere with the binding of
ACE2 reported from the literature [47]. However, neutralizing antibodies such as S309
and CR3022, which often exhibited broad sarbecovirus-neutralizing activities, were less
affected by Omicron [47]. Therefore, the combination of highly conserved peptides with
potent antigenicity in generating neutralizing antibodies would provide the rational basis
for vaccine designs based on these B-cell epitopes.

Table 1. Efficacies of the monoclonal antibodies recognizing the RBD of the S protein.

mAb Sources Target Efficacy Protection Reference

B38
Peripheral blood of

SARS-CoV-2-
infected patients

RBD LV neutralization:
IC50 = 0.177 µg/mL

Protection of mice: Lung
viral loads reduced by
32.8% compared with

PBS control.

[39]

H4
Peripheral blood of

SARS-CoV-2-
infected patients

RBD LV neutralization:
IC50 = 0.896 µg/mL

Protection of mice: Lung
viral loads reduced by

26% compared with
PBS control.

[39]

414-1
Peripheral blood of

SARS-CoV-2-
infected patients

RBD LV neutralization
IC50= 1.75 nM N/A [37]

MD65

Phage display library
constructed using

peripheral circulatory
lymphocyte of
SARS-CoV-2-

infected patients

RBD LV neutralization
NT50= 0.22 µg/mL N/A [41]
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Table 1. Cont.

mAb Sources Target Efficacy Protection Reference

COVA1–18 B cells of
convalescent patients RBD

PsV neutralization:
IC50 = 0.008 µg/mL
LV neutralization:

IC50 = 0.007 µg/mL

N/A [43]

COVA2-15 B cells of
convalescent patients RBD

PsV neutralization:
IC50 = 0.008 µg/mL
LV neutralization:

IC50 = 0.009 µg/mL

N/A [43]

2-15 Peripheral blood of
COVID-19 patients RBD

PsV neutralization:
IC50 = 0.7 ng/mL
LV neutralization:
IC50 = 5 ng/mL

Protection of hamsters:
Viral RNA copy

numbers and infectious
virus titers in lung

tissues were reduced by
4 logs or more compared

with the PBS control.

[44]

S309 Peripheral blood of
SARS-infected patients RBD PsV neutralization:

IC50 = 120~180 ng/mL N/A [42]

3F11 Humanized phage
display library RBD

PsV neutralization:
IC50 = 3.8 ng/mL
LV neutralization:
IC50 = 436 ng/mL.

N/A [48]

4A8
Peripheral blood of

COVID-19
convalescent patients

NTD
(in S1)

PsV neutralization:
EC50 = 49 µg/mL
LV neutralization:

EC50 = 0.61 µg/mL

N/A [49]

CR3022 Gene cloning;
Protein expression RBD LV neutralization:

IC50 = ~0.114 µg/mL N/A

CB6 B cells of
convalescent patients RBD

PsV neutralization:
ND50 = 0.036 µg/mL

LV neutralization:
ND50 = 0.036 µg/mL

Protection of rhesus
macaques: 50 mg/kg [40]

S2P6 Memory B cells of
SARS-CoV-2 patients S2

LV neutralization:
IC50 = 1.67 µg/mL

PsV D614G:
IC50~10 µg/mL

PsV P.1:
IC50~10 µg/mL

PsV B.1.1.7:
IC50~100 µg/mL

PsV B.1.351:
IC50~100 µg/mL

PsV 1.1.617:
IC50~20 µg/mL

Protection of hamsters:
Viral RNA copy

numbers in lung tissues
were reduced by 2 logs

and 1.5 logs against
SARS-CoV-2 Wuhan

strain and B.1.351
Beta strain.

[45]

LV: live viruses; PsV: SARS-CoV-2 pseudoviruses; N/A: data not available.
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Table 2. Peptides specifying B-cell epitopes identified in SARS-CoV-2.

Protein Monoclonal
Antibody Peptide ID Start-End (aa) Sequences of B-Cell Epitopes Methods Host Inhibition Conservancy (%) Reference

S1
S2 N/A S14P5

S21P2
553–570
809–826

TESNKKFLPFQQFGRDIA
PSKPSKRSFIEDLLFNKV

Overlapping
peptide library COVID-19 sera

>20% of
pseudoviruses

>20% of
pseudoviruses

84
100 [28]

S1
S2
S2

N/A N/A
655–672

782–798/811–822
1147–1158

HVNNSYECDIPIGAGICA
QIYKTPPIKDFG/KPSKRSFIEDLL

SFKEELDKYFKN
Peptide array COVID-19

plasma N/A
93.50

98/100
100

[27]

S1/S2
S2 N/A N/A 675–689

721–733
QTQTNSPRRARSVAS

SVTTEILPVSMTK

Epitope
predictions based

on 3D protein
structure, epitope

surface
accessibility

COVID-19 sera,
BALB/c mice

~50% of G614
pseudoviruses
No inhibition

of D614
pseudoviruses

60.5
98.5

[30]

S1
S1

RBD
RBD

S1
S2
S2

N/A N/A

16–30
243–257
406–420
475–499
556–570

793–812(N)
909–923

VNLTTRTQLPPAYTN
ALHRSYLTPGDSSSG
EVRQIAPGQTGKIAD

AGSTPCNGVEGFNCYFPLQSYGFQP
NKKFLPFQQFGRDIA

PIKDFGGFN(GlcNAc)FSQILPDPSKP
IGVTQNVLYENQKLI

20–40%
inhibition
of D614

pseudoviruses

84
85.50

88
53.50

84
99

99.50

S1
S1

RBD
RBD

N/A N/A

92–106
139–153
439–454
455–469

FASTEKSNIIRGWIF
PFLGVYYHKNNKSWM
NNLDSKVGGNYNYLYR

LFRKSNLKPFERDIS

40–50%
inhibition of
D614, G614

pseudoviruses

89.50
62

76.50
100

S1 N/A N/A 63–85 TWFHAIHVSGTNGTKRFDNPVLP
>80% inhibition

of G614
pseudoviruses

65.50



Int. J. Mol. Sci. 2022, 23, 4341 12 of 15

Table 2. Cont.

Protein Monoclonal
Antibody Peptide ID Start-End (aa) Sequences of B-Cell Epitopes Methods Host Inhibition Conservancy (%) Reference

RBD
RBD
RBD

15G9
12C10
10D2

R345
R405
R465

345–364
405–424
465–484

TRFASVYAWNRKRISNCVAD
DEVRQIAPGQTGKIADYNYK
ERDISTEIYQAGSTPCNGVE

Overlapping
peptides

covering RBD
Swine and mice

60% of
RBD/ACE2
interaction

40% of
RBD/ACE2
interaction

20% of
RBD/ACE2
interaction

100
88
57

[31]

RBD
RBD
RBD

N/A
CoV2_S-10
CoV2_S-11
CoV2_S-13

404–424
439–478
516–535

GDEVRQIAPGQTGKIADYNYK
NNLDSKVGGNYNYLYRLFRKSNLKPFERDISTEIYQAGST

ELLHAPATVCGPKKSTNLVK

Immunoinformatic
prediction

(Bepipred-2.0)

Cynomolgus
macaques N/A

88
74

98.50
[35]

S1
S1
S2

N/A
S1-93
S1-105
S2-78

553–564
625–642

1148–1159

TESNKKFLPFQQ
HADQLTPTWRVYSTGSNV

FKEELDKYFKNH

Peptide
microarray COVID-19 sera

51% of
pseudoviruses

35% of
pseudoviruses

35% of
pseudoviruses

99
99.5
100

[34]

RBD
RBD

Ab 24 & 67
Ab 69 & 90 N/A 376–390

396–410
TFKCYGVSPTKLNDL
YADSFVIRGDEVRQI

Overlapping
peptides covering

S protein
Rabbit sera N/A 86.67

53.33 [38]

S2 S2P6 N/A 1148–1156 KEELDKYF
X-ray

crystallography
and Cryo-EM

COVID-19 sera >90% inhibition
of live viruses 100 [45]

N/A: data not available; Peptide ID: identity of peptides.
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Abstract: SARS-CoV-2 has caused the COVID-19 pandemic, with over 673 million infections and
6.85 million deaths globally. Novel mRNA and viral-vectored vaccines were developed and licensed
for global immunizations under emergency approval. They have demonstrated good safety and
high protective efficacy against the SARS-CoV-2 Wuhan strain. However, the emergence of highly
infectious and transmissible variants of concern (VOCs) such as Omicron was associated with
considerable reductions in the protective efficacy of the current vaccines. The development of next-
generation vaccines that could confer broad protection against both the SARS-CoV-2 Wuhan strain
and VOCs is urgently needed. A bivalent mRNA vaccine encoding the Spike proteins of both the
SARS-CoV-2 Wuhan strain and the Omicron variant has been constructed and approved by the
US FDA. However, mRNA vaccines are associated with instability and require an extremely low
temperature (−80 ◦C) for storage and transportation. They also require complex synthesis and
multiple chromatographic purifications. Peptide-based next-generation vaccines could be developed
by relying on in silico predictions to identify peptides specifying highly conserved B, CD4+ and CD8+

T cell epitopes to elicit broad and long-lasting immune protection. These epitopes were validated in
animal models and in early phase clinical trials to demonstrate immunogenicity and safety. Next-
generation peptide vaccine formulations could be developed to incorporate only naked peptides, but
they are costly to synthesize and production would generate extensive chemical waste. Continual
production of recombinant peptides specifying immunogenic B and T cell epitopes could be achieved
in hosts such as E. coli or yeast. However, recombinant protein/peptide vaccines require purification
before administration. The DNA vaccine might serve as the most effective next-generation vaccine
for low-income countries, since it does not require an extremely low temperature for storage or need
extensive chromatographic purification. The construction of recombinant plasmids carrying genes
specifying highly conserved B and T cell epitopes meant that vaccine candidates representing highly
conserved antigenic regions could be rapidly developed. Poor immunogenicity of DNA vaccines
could be overcome by the incorporation of chemical or molecular adjuvants and the development of
nanoparticles for effective delivery.

Keywords: SARS-CoV-2; variants; vaccines

1. Introduction

Considering the global spread of COVID-19 is due to its high transmissibility, there is
an urgent need to rapidly develop safe and effective vaccines to curb the further spread of
the virus. In particular, the alarming threat of the COVID-19 pandemic on global healthcare
systems and its impact on the economy has necessitated the urgent development of effective
vaccines. Thus, vaccines were developed at a rate unparalleled in the history of human
vaccinology. Initial vaccine development against SARS-CoV-2 quickly progressed through
the preclinical and clinical stages soon after the whole-genome sequence of the SARS-CoV-2
Wuhan strain became available [1]. Accelerated development of SARS-CoV-2 vaccines
occurred as a result of collaborations between governments, universities and big pharma [2].
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One such example is the Operation Warp Speed development of SARS-CoV-2 vaccine,
a public and private initiative started by the United States Congress aimed to speed up the
research, development, manufacturing, and distribution of vaccines. Warp-speed vaccine
development against SARS-CoV-2 utilized novel and previous unlicensed platforms [3].
mRNA and viral-vectored vaccines were among the first few vaccine candidates, along with
the inactivated vaccine (IV), approved for Phase III clinical development and subsequent
approvals for emergency use [4].

The purpose of this paper is to review the development of next-generation vaccines
against SARS-CoV-2 and the variants of concern (VOCs), with particular emphasis on
vaccine platforms such as mRNA and recombinant protein or peptide-based vaccines.
The vaccines described in this review are based on the latest research findings available
regarding the vaccine platforms that have yet to be clinically applied to protect against
SARS-CoV-2 infections. Promising vaccination approaches such as aerosolized adenovirus
or AAV-based vaccines, live attenuated vaccines which could be applied intranasally, and
novel vaccine platforms such as peptide-based vaccines all fall under this purview.

A search for next-generation vaccines was conducted using Google Scholar and
PubMed databases. The following keyword search terms were used; “SARS-CoV-2” OR
“severe acute respiratory syndrome coronavirus-2” AND “bivalent vaccine” OR “mRNA
vaccine” OR “DNA vaccine” OR “inactivated vaccine” OR “multi-epitopes” OR “pep-
tide vaccine” OR “pan-sarbecovirus”. The literature was searched from December 2019
to January 2023 for peer-reviewed papers reporting next-generation SARS-CoV-2 vac-
cines. The International Clinical Trials Registry Platform (ICTRP) was searched through
http://trialsearch.who.int/ (accessed on 1 December 2022). A total of 8275 studies were
identified. After excluding duplicates and irrelevant studies based on the title and abstract
screening, the final number of articles included in this review was 26.

2. SARS-CoV-2 Variants

Ever since the detection of the first SARS-CoV-2 viral variant, it became clear that
a suitable naming scheme had to be implemented to designate and keep track of novel
emerging variants despite the existing nomenclatures used by the GISAID and Nextstrain.
Subsequent SARS-CoV-2 variants and their lineages would be denoted by the letters of
the Greek alphabet [5]. This effort was supplemented with another classification system to
describe the level of severity, transmissibility and epidemiological surveillance from health
authorities. These variants were labelled as Variants Under Monitoring (VUM), Variants of
Interest (VOI) and Variants of Concern (VOC) (source: WHO). Throughout the COVID-19
pandemic, there were 5 VOCs reported by the WHO; viz B.1.1.7 (Alpha), B.1.351, (Beta),
P.1 (Gamma), B.1.617.2 (Delta) and B.1.1.529 (Omicron). These variants harbored multiple
mutations in the S protein which were associated with increased transmissibility, virulence
and immune evasion [6].

The first VOC to be recorded, the Alpha (B.1.1.7) variant, carried the signature
N501Y mutation alongside the following mutations: D614G, ∆69–70 and P681H in the S
protein [7–9]. These mutations were linked to increased transmissibility of the SARS-CoV-2
B.1.1.7 variant, with the D614G mutation carrying high significance due to the mutation
causing the viral S protein to have a stronger affinity to the target human angiotensin-
converting enzyme 2 (ACE2) protein while maintaining its existing immune escape func-
tion [10–12]. In addition, the H69-V70 deletion modified the conformation of the NTD loop,
which enhanced infectivity [7].

The Beta variant from South Africa was the first variant to display increased rates
of transmission among a younger, healthier population, making it more likely that they
get infected. It also caused infected individuals to be more likely to be hospitalized
and increased mortality rates [13]. The signature mutations were K417N, E484K, N501Y,
∆242–244, R246I and N501Y located in the RBD. The mutations N501Y and D614G present
in the Alpha variant were identified to enhance the binding affinity between the S1 subunit

http://trialsearch.who.int/
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and the ACE2 receptor. The addition of the K417N and E484K mutations was reported to
enhance the binding affinity of the spike and receptor further [14,15].

The Gamma variant, identified as P.1, emerged shortly after the Beta variant in Oc-
tober 2020. It was found to contain 12 spike protein mutations that conferred increased
transmissibility and virulence in addition to facilitating viral escape. The mutations present
in the RBD also included signature mutations such as N501Y, E484K and K417T, and these
were also present in the previous Alpha and Beta variants [15].

The Delta variant (B.1.617.2) was first detected in India in late 2020. During the time
frame between October and May 2021, Delta had spread to many other countries, causing
subsequent waves of SARS-CoV-2 outbreaks [16]. The Delta strain showed that it had
increased transmissibility and virulence when compared to the Alpha, Beta and Gamma
variants. This was attributed to the mutations present in its spike protein. The mutations
T478K, P681R and L452R present in Delta contributed to the increased infectivity [16].

The Omicron variant (B.1.1.529) was more contagious, with a higher transmissibility
than the wild-type Wuhan strain and the Delta variant, and it has been the dominant strain
of SARS-CoV-2 worldwide since December 2021. Omicron has evolved to give rise to
five subvariants, viz. BA.1, BA.2, BA.3, BA.4 and BA.5. The high mutation rates in the
spike (S) gene of Omicron subvariants (more than 30 mutations) affected the binding to
ACE2 [17] and enabled them to escape from neutralizing antibodies [18,19]. The timeline
of the emergence of SARS-CoV-2 variants as well as the amino acid changes present in
SARS-CoV-2 variants in the spike (S) gene are summarized in Table 1.
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Table 1. Timeline of emergence of SARS-CoV-2 variants and mutations present in Alpha. Beta, Gamma, Delta and Omicron variants in the viral spike (S) gene.

Timeline of Emergence of SARS-CoV-2 Variants

September 2020 September 2020 October 2020 November 2020 November 2021

Alpha (B.1.1.7) Beta (B.1.351) Gamma (P.1) Delta (B.1.617.2) Omicron (B.1.1.529)

Mutations:
∆69-70, ∆144, N501Y, A570D,
D614G, P681H, T716I,
S982A, D1118H
Pathological effects:
i. Increased transmissibility
and rate of viral replication [7]
[Meng et al., 2021]
ii. Increased binding affinity
between RBD region and hACE-2
receptor [20,21] [Zhang et al., 2020;
Harvey et al., 2020]

Mutations:
L18F, D80A, D215G, ∆242-243,
K417N, E484K, N501Y,
D614G. A701V
Pathological effects:
i. Reduced protective effects of
existing vaccines and monoclonal
antibodies [20,22] [Zhang et al., 2020;
Wibmer et al., 2021]
ii. Evasion of immune responses
and increased transmissibility
[20,21,23] [Zhang et al., 2020;
Harvey et al., 2020;
Tegally et al., 2020]

Mutations:
L18F, T20N, P26S, D138Y,
R190S, K417T, E484K, N501Y,
H655Y, T1027I
Pathological effects:
i. Neutralizing antibodies had
reduced effectiveness due to loss of
strong binding affinity [20]
[Zhang et al., 2020]
ii. Enhanced viral entry pathways
through endosomal uptake [21]
[Harvey et al., 2020]

Mutations:
T19R, G142D, E156G,
∆157-158, L452R, T478K,
D614G, P681R, D950N
Pathological effects:
i. Increased viral transmissions
and virulence alongside enhanced
immune escape [24,25]
[Di Giarcomo et al., 2021;
Tchesnokova et al., 2021]
ii. Infections were more likely to
result in hospitalizations and
mechanical ventilation [24,25]
[Di Giarcomo et al., 2021;
Tchesnokova et al., 2021]
iii. Evasion of immune responses
[26] [Liu et al., 2021]

Mutations:
G142D, G339D, S373P, S375F,
K417N, N440K, S477N, T478K,
E484A, Q493R, Q498R, N501Y,
Y505H, D614G, H655Y, N679K,
P681H, N764K, D796Y,
Q954H, N969K
Pathological effects:
i. Mutations increased binding
affinity of virus to host cells [27]
[Shah et al., 2021]
ii. Novel mutations present in the
RBD increased transmissibility [27]
[Shah et al., 2021]
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3. mRNA Omicron Vaccine

Gagne et al. (2022) developed an Omicron mRNA vaccine, mRNA-1273.529, by apply-
ing a similar platform as that of the Moderna mRNA-1273 vaccine. The mRNA-1273.529
(mRNA-Omicron) vaccine encoded a full-length prefusion stabilized spike protein antigen
derived from the SARS-CoV-2 Omicron variant encapsulated in lipid nanoparticles [28].
Rhesus macaques were immunized with 100 µg of mRNA-1273 vaccine at week 0 and week
4 and boosted at week 41 with 50 µg of mRNA-1274 or mRNA-Omicron. The neutralizing
antibody titers against the WT strain and Omicron were higher in the sera of macaques
boosted with the mRNA-Omicron vaccine; 50% inhibitory dilutions (ID50) were at 5360 and
2980 when compared to those boosted with the mRNA-1273 vaccine, showing ID50 at
2670 and 1930, respectively. The neutralizing titers against two Omicron subvariants, BA.1
and BA.2, were comparable between groups of mice that were boosted. Viral replication
in the lower airways was detected following the Omicron challenge 1 month after each
booster, demonstrating that boosting with the mRNA-1273 or mRNA-Omicron vaccine
conferred similar protections in the lungs against Omicron [28].

4. mRNA Bivalent Vaccines

The FDA granted an Emergency Use Authorization (EUA) for bivalent vaccines manu-
factured by Moderna (mRNA -1273.222) and Pfizer-BioNTech to be administered as a single
booster at least two months following primary or booster vaccination [29]. The bivalent vac-
cine manufactured by Pfizer-BioNTech contained 15-µg of mRNA encoding the wild-type
spike protein of SARS-CoV-2, and 15-µg of mRNA from the spike protein of the Omicron
BA.4/BA.5 subvariants [30]. As the spike proteins in the Omicron BA. 4 and BA. 5 variants
were identical, both could be targeted with a single mRNA strand. The FDA approved
the bivalent BA.4/BA.5 mRNA vaccine despite the fact that the clinical trial of Pfizer
BioNTech’s bivalent BA.4/BA.5 mRNA vaccine was still ongoing (NCT05472038). The
approval was based on the extensive safety and immunogenicity data from the monovalent
mRNA vaccine as well as the clinical trial of the bivalent BA.1 vaccine and pre-clinical data
obtained from immunization with the bivalent BA.4/BA.5 mRNA vaccine [29].

To evaluate the safety, tolerability and immunogenicity of the bivalent BA.4/BA.5
vaccine, the clinical Phase II/III trial (NCT05472038) enrolled about 900 healthy volun-
teers, aged 12 years and older in the United States, who had previously received at least
three doses of an authorized COVID-19 vaccine [31]. Participants from 18 to 55 years of
age were administered with either a 30-µg or 60-µg booster dose of the bivalent BA.4/BA.5
mRNA vaccine, while those aged 12 to 17 years old received a 30-µg booster dose of the
same vaccine. Early data from a clinical trial involving 40 participants reported that the
bivalent BA.4/BA.5 mRNA vaccine provided better protections against Omicron BA.4
and BA.5 subvariants than the original mRNA-based vaccine. The bivalent BA.4/BA.5
vaccine was well tolerated and had a similar safety profile to the original mRNA vaccine.
Sera collected 7 days after a 30-µg booster dose of the bivalent BA.4/BA.5 vaccine showed
a significant increase in the Omicron BA.4/BA.5-neutralizing antibody response above
pre-booster levels [31]. Data regarding responses at one month post administration of the
bivalent BA.4/BA.5 vaccine booster were still unavailable. Pfizer-BioNTech had initiated
a similar Phase I/II/III trial (NCT05543616) in September 2022 to investigate the bivalent
BA.4/BA.5 vaccine in children aged 6 months to 11 years of age. The Pfizer-BioNTech and
Moderna bivalent vaccines were authorized by FDA for vaccination in children down to
6 months of age in December 2022 [32].

The Moderna bivalent vaccine, mRNA-1273.222, contained two mRNAs (1:1 ratio,
25 µg each) encoding the prefusion-stabilized spike glycoproteins of the original SARS-
CoV-2 (Wuhan-Hu-1) and the Omicron variant BA.4/BA.5 [33]. Approval of the Moderna
bivalent vaccine was based on pre-clinical findings for mRNA-1273.222 and data from
the Phase II/III clinical trial of an mRNA-1273.214 bivalent booster vaccine targeting the
Omicron BA.1 subvariant. A Phase II/III clinical trial for mRNA-1273.222 (NCT04927065)
had fully enrolled 512 participants and was well in progress.
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The neutralizing activities of the bivalent mRNA-1273.214 (1:1 mix of mRNAs encoding
Wuhan-1 and BA.1 spike proteins) and mRNA-1273.222 (1:1 mix of mRNAs encoding the
Wuhan-1 and BA.4/5 spike proteins) booster doses were higher than the mRNA-1273
booster [34]. Sera generated following the booster mRNA-1273.214 dose exhibited the
greatest response against Omicron BA.1 (GMT: 13,183), but showed low activity against
Omicron BA.4/5 (GMT: 293). The bivalent mRNA-1273.222 vaccine showed the highest
neutralizing titers against BA.4/5 (GMT: 15,561). Boosting with mRNA bivalent vaccines
slightly increased the protection of mice against lung pathology after intranasal challenge
with Omicron BA.5 viruses [34].

Hajnik et al. (2022) developed an mRNA vaccine which encoded the full-length nucle-
ocapsid protein of SARS-CoV-2 (Wuhan-Hu-1 strain) encapsulated in lipid nanoparticles
(mRNA-N) [35]. In addition to mRNA-N, they also generated an mRNA vaccine encod-
ing the full-length prefusion stabilized spike protein of SARS-CoV-2 (Wuhan-Hu-1 strain)
with two proline mutations S-2P (mRNA-S), similar to the Pfizer BNT162b2 and Moderna
mRNA-1273 vaccines. Mice or hamsters were immunized with two doses of mRNA-S or
mRNA-S + N (1 µg of each mRNA) at week 0 and week 3, followed by a challenge with
Delta and Omicron variants (2 × 104 pfu) at week 5. When compared to mRNA-S vacci-
nation alone, the bivalent vaccine combining both mRNA-N and mRNA-S (mRNA-S + N)
was demonstrated to confer protections of both the lung and upper respiratory tract against
SARS-CoV-2 Omicron and Delta challenges in hamsters. The neutralizing activities in
the sera of hamsters immunized with mRNA-S + N were higher against both the WT
virus (PRNT50: ~6000) and the Delta variant (PRNT50: ~1000) when compared to mRNA
vaccination alone (PRNT50 of WT: 2667, Delta: 440). Vaccination with mRNA-S + N also
elicited robust S-specific and N-specific CD4+ and CD8+ T cell responses, as indicated by
the increase in TNF-α, IFN-G and IL-2 [35].

5. Inactivated Omicron Vaccine

An inactivated Omicron vaccine was developed by the China National Biotec Group
Company Limited and Beijing Institute of Biological Products Company. The vaccine
was produced from the Omicron BA.1 subvariant (HK-OM-P0) isolated from the throat
swab of a COVID-19 patient [36]. Similar to the inactivated vaccine, Sinopharm COVID-19
Vaccine (BBIBP-CorV), derived from the original SARS-CoV-2 Wuhan strain (HB02), was
cultivated in Vero cells and inactivated with β-propiolactone. A two-dose immunization
with middle (6 µg) and high (12 µg) doses of the Omicron inactivated vaccine promoted
the production of high levels of neutralizing antibodies against the Omicron variant (BA.1)
in mice. In addition, immunization with the inactivated Omicron vaccine was shown to
induce a cellular immune response, as indicated by the secretion of IFN-G from T cells.
The inactivated Omicron vaccine was shown to be safe and did not cause acute toxicity in
rats [36]. This Omicron inactivated vaccine is currently being evaluated in Phase III clinical
trial (NCT05374954) in participants aged 18 years and older with 2- or 3-dose vaccination
history with the BBIBP-CorV inactivated vaccine.

6. DNA Vaccines

The DNA vaccine, ZyCoV-D, was developed by utilizing a pVAX-1 DNA plasmid
vector to form a recombinant DNA plasmid consisting of the IgE signal sequence, followed
by the S gene of the SARS-CoV2 prototype Wuhan strain. With favorable results in Phase
I/II dose-escalation clinical trial (CTRI/2020/07/026352) and also in a Phase III clinical
trial (CTRI/2020/07/026352) in 2021, the vaccine was shown to be safe and immunogenic,
especially against the SARS-CoV-2 Delta variant [37].

The ZyCoV-D DNA vaccine developed by Zydus Cadila Healthcare in India is the only
DNA vaccine against SARS-CoV-2 that has been approved by the Indian government for
human immunizations. Consisting of the full-length spike protein (S) of the SARS-CoV-2
as the main antigenic region incorporated in the DNA plasmid vector pVAX1, the DNA
vaccine showed promising results in preclinical and clinical stages. In the preclinical stage,
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intradermal administration of the DNA vaccine in various animal models such as mice,
guinea pigs, and rabbits at a dose of 25, 100 and 500 µg was able to elicit humoral immune
antibody responses in terms of neutralizing antibodies against SARS-CoV-2, and also
elicited Th-1 response as demonstrated by a 10–12-fold increase in IFN-γ production [38].

Immunogenicity testing in phase I/II clinical trials showed both humoral and cellular
immune responses [39]. Seroconversion rates at Day 56 in terms of neutralizing antibody
(NAB) titers were shown to be 0%, 16·67%, 20·00%, and 10·00% in the four treatment
groups of participants [1 mg, Needle; 1 mg, Needle-free injection system (NFIS); 2 mg,
Needle; 2 mg, Needle-free injection system (NFIS)], respectively. Seroconversion rates
were much higher at Day 84, as the NAB titers were shown to be 18·18%, 16·67%, 50·00%,
and 80·00% in the four treatment groups (1 mg, Needle; 1 mg, NFIS; 2 mg, Needle; 2 mg,
NFIS), respectively [39]. Intradermal administrations of 2 mg of the DNA vaccine using the
needle-free injection system resulted in peak cellular response in terms of IFN-γ production,
with 41.5 spot-forming cells (SFC) per million PBMCs, which lasted from Day 56 to Day 84.
Similar immune responses were observed upon intradermal administrations of 1 mg of the
DNA vaccine, with an IFN-γ production of 73 SFC per million PBMCs.

In Phase III clinical trial, ZyCoV-D showed an efficacy of 64·9% in mild SARS-CoV-2
infections, based on 58 of 78 mild COVID-19 infections in the placebo group and 20 mild
cases in those immunized with the ZyCoV-D DNA vaccine [40]. In particular, upon
administration of the vaccine, the observed antibody concentrations were significantly
higher in the vaccine group (952·67 EU, 95% CI 707·94–1282·00) than those observed in
the placebo group (154·82 EU, 91·25–262·70). The immunogenicity response in the group
that received the DNA vaccine was shown to be higher than that of the control group (IgG
seroconversion 100% versus 93·33%). Cellular responses in terms of IFN-γ response at day
56 showed a 13-fold increase in SFCs per million PBMCs, while on Day 84, the response
was 9·6-fold higher in terms of production of SFCs per million PBMCs when compared
with the placebo group.

Other researchers have also employed the use of advanced formulations to develop
DNA vaccines against SARS-CoV-2 VOCs. One such approach was the development of
a more universal DNA vaccine against SARS-CoV-2 which harbored antigenic regions from
multiple SARS-CoV-2 strains [41]. More specifically, the vaccine was constructed using
nucleotides encoding the receptor-binding domain, membrane, and nucleoproteins from
the SARS-CoV-2 prototype Wuhan strain, as well as from the Alpha and Beta variants. The
administration of the vaccine induced antibodies that could neutralize the Wuhan, Beta, and
Delta strains and prevented infections from SARS-CoV-2 Wuhan, Beta, Delta, and Omicron
strains. Thus, humoral and cellular immune responses induced in mice immunized with the
universal DNA vaccine were able to protect against the Alpha and Beta variants as well as
the Wuhan strain [41]. Indeed, the DNA vaccine was also able to induce cellular responses
in terms of nucleoprotein-specific T cells and contributed to 60% of the total protection
conferred as a result of the administration of the vaccine [41]. Other than demonstrating
that the production of T cells was essential for the resolution of the SARS-CoV-2 infection,
the data also highlighted the usefulness of developing vaccines that offered broad and
functional immunity against the SARS-CoV-2 Wuhan strain and its VOCs.

Jang et al. (2022) reported the development of AcHERV-COVID19S, a human en-
dogenous retrovirus (HERV)-enveloped recombinant baculoviral DNA vaccine against
SARS-CoV-2 [42]. The researchers utilized a non-replicating recombinant baculovirus
that delivered the SARS-CoV-2 S gene from the Wuhan strain. In challenge studies, the
administration of the AcHERV-COVID19S DNA vaccine candidate to K18-hACE2 Tg mice
conferred 50% protective efficacy upon infection with the SARS-CoV-2 Delta variant. Fur-
ther development of the AcHERV-COVID19D DNA vaccine involved replacing the spike
(S) protein gene from the original SARS-CoV-2 Wuhan strain with the receptor binding
RBD from the S1 subunit of the Delta variant. The vaccine also contained proline substi-
tutions and the deletion of the polybasic cleavage site to enhance immunogenicity. The
cross-protection offered by the AcHERV-COVID19S DNA vaccine against infections from
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SARS-CoV-2 Wuhan strain and VOCs such as the Delta and Omicron strain showed that
mice immunized with the AcHERV-COVID19D DNA vaccine demonstrated 100% survival
when challenged with Delta and Omicron VOCs and 71.4% survival against the prototype
the SARS-CoV-2 Wuhan strain [42]. The elicitation of cellular immunity was also studied
by the researchers who used ELISPOT analysis to show higher levels of IFN-γ-secreting
splenocytes from the spleens of C57BL/6 mice immunized with the AcHERV-COVID19S
DNA vaccine as compared to naïve mice. mRNA expression levels of TNF-α, IL-2, and IL-4
were shown to be much higher in mice which had received the vaccine when compared with
the control group. Immunized mice showed more potent Th1 cell immune responses and
maintained a greater level of Th1 cytokine mRNA than the placebo group [42]. This data
provided evidence that the goal of development of vaccines that offered cross-protection
against the spread of SARS-CoV-2 VOCs could be achieved.

Recently, the development of a DNA vaccine against SARS-CoV-2 known as the
pSARS2-S vaccine, which contained the S gene from the Wuhan strain and was administered
through electroacupuncture in the murine model, showed that the vaccine was able to
elicit high neutralizing antibody titers and IFN-γ/TNF-α-secreting CD4+ and CD8+ T cells
as well as neutralizing antibodies that were able to cross-neutralize different VOCs [43].
Other approaches such as the one used by Mucker et al. (2022) employed a doggy bone
DNA (dbDNA) construct which involved a novel synthetic DNA vector to develop a DNA
vaccine comprising the SARS-CoV-2 spike (S) protein sequence based on the Wuhan strain.
SARS-CoV-2 variants such as the Beta, Delta, and Delta+ VOCs when tested against sera
derived from hamsters immunized with the dbDNA vaccine showed that the vaccine was
able to produce cross-neutralizing antibodies against SARS-CoV-2 variants other than the
Wuhan strain [44].

7. Protein Subunit Vaccines

V-01D-351 is a bivalent protein-based vaccine developed by Livzon Pharmaceutical
Inc., China, which contains the whole RBD protein from both Beta and Delta variants
(1:1 ratio), and is armed with an interferon-α at the N terminus and dimerized by human
IgG1 Fc at the C terminus, as well as a pan HLA-DR binding epitope (IFN-PADRE-RBD-Fc
dimer) [45]. It is currently in a Phase II clinical trial (NCT 05273528) to assess the immuno-
genicity and safety of the V-01-351 bivalent protein-based vaccine in adults aged 18 years
and older following vaccination with two doses of the inactivated vaccines. Participants
who received the V-01D-351 booster developed potent immunogenicity against the original
Wuhan strain as well as substantial cross-neutralizing responses against Delta and Omicron
BA.1, indicating the presence of conserved neutralizing epitopes in Beta and Delta strains
with Omicron [45]. However, there were no data regarding the neutralizing capabilities
against the current Omicron BA.4 and BA.5 subvariants.

Liu et al. (2022) developed a pan-sarbecovirus vaccine by fusing the RBD from the
original SARS-CoV-2 strain with a Fc fragment of human IgG, and utilized a small molecule
“STING agonist CF501” as the vaccine adjuvant (CF501/RBD-Fc) [46]. This vaccine was
demonstrated to elicit potent cross-neutralizing antibody responses against the live original
SARS-CoV-2 strain and nine pseudotyped SARS-CoV-2 variants (Alpha, Beta, Gamma,
Delta, Epsilon, Zeta, Eta, Iota and Kappa), pseudotyped SARS-CoV and SARS-related coron-
aviruses in rabbits and rhesus macaques. Importantly, neutralizing antibodies in the sera of
rhesus macaques vaccinated with two doses of the CF501/RBD-Fc vaccine could neutralize
the pseudotyped Omicron variant with an NT50 of 6469 on day 28 after primary vacci-
nation [47]. Three doses of the CF501/RBD-Fc vaccine in macaques generated extremely
high levels of neutralizing antibodies against the pseudotyped Omicron variant, with an
NT50 of 35,066 at day 122 following primary vaccination. Sera from the macaques were
able to neutralize the authentic Omicron variant (hCoV-19/Hong Kong/HKU-344/2021)
with an NT50 of 9322 at day 122. The levels of neutralizing antibodies against the authentic
Omicron variant remained at an NT50 of 2430 on day 191, implying that the CF501/RBD-Fc
vaccine might provide more durable protective immunity. Vaccine-induced T cell responses
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were assessed by determination of IFN-G elicitation by the peripheral blood mononuclear
cells (PBMCs) isolated from the macaques after primary immunization using a peptide
library that spanned the full-length RBD protein [46]. CF501/RBD-Fc vaccination was
shown to generate strong IFN-G responses in macaques 14 days after primary vaccination,
with responses remaining at a high level up to 210 days later.

8. Identification of Epitopes against SARS-CoV-2 Wuhan Strain and VOCs

The development of next-generation vaccines against the SARS-CoV-2 Wuhan strain
and its VOCs first requires the identification of epitopes from antigenic regions that would
elicit broad and long-lasting immune responses. Such an approach to develop next genera-
tion vaccines against SARS-CoV-2 is warranted because it shows promise in boosting the ef-
fectiveness of immunization and its breadth of protection against viral variants/subvariants
that are constantly emerging and being transmitted to the community.

There is extensive research being conducted in identifying such immunogenic epi-
topes. For example, Heide et al. (2021) identified immunogenic epitopes from different
structural proteins present in SARS-CoV-2 towards the generation of specific T cell epi-
topes [48]. These epitopes were obtained from 135 overlapping 15-mer peptides spanning
the envelope (E), membrane (M) and nucleoprotein (N) of SARS-CoV-2, interacting with
sera from both infected and convalescent SARS-CoV-2 patients. Peptide-specific CD4+ T
cell responses in terms of interferon-γ (IFN-γ) production were evaluated using enzyme-
linked immunosorbent spot (ELISpot) and corroborated by single-peptide intracellular
cytokine staining (ICS) analysis. It was observed that 97% of the participants demonstrated
the elicitation of CD4+ T cell responses directed towards either the N, M or E proteins.
More specifically, high response frequencies were demonstrated, with a total of 10 N, M or
E-specific peptides, half of these peptides showing strong binding affinities to several HLA
class II binders. Notably, three peptides viz. Mem_P30 (aa146–160), Mem_P36 (aa176–190),
and Ncl_P18 (aa86–100) were able to elicit CD4+ specific T cell responses in approximately
55% of participants, showing a high population coverage. While Mem_P30 and Mem_P36
belonged to the M protein, the Ncl_P18 peptide was found in the N protein. After specifying
the length and HLA restriction of the peptides, a novel DRB*11 tetramer (Mem_aa145–164)
was developed and used for ex vivo phenotype evaluation of SARS-CoV-2-specific CD4+

T cells. This in-depth analysis of single T cell peptide response showed that SARS-CoV-2
infection universally primed a broad T cell response that was focused on several specific
peptides found within the N, M, and E structural proteins.

As reported by Lim et al. (2022), B cell responses could be identified by epitope identifi-
cation using literature mining and bioinformatics tools to identify antigenic regions capable
of eliciting humoral immune responses [49]. Although current vaccines could confer lower
levels of protection against SARS-CoV-2 VOCs due to multiple mutations in antigenic re-
gions, a satisfactory protective efficacy was still observed against SARS-CoV-2 VOCs. This
protection might be attributable to cellular immunity. The identification of epitopes capable
of eliciting CD8+ specific T cell responses is promising because multifunctional CD8+ T cells
could allow inhibition of the viral escape of SARS-CoV-2 VOCs. The existence of conserved
CD8+ T cell epitopes could effectively compensate for the reduction in the CD8+ T cell
activity resulting from mutations within T cell epitopes. Boni et al. (2021) demonstrated
that several immunodominant CD8+ T cell epitopes could be found in conserved locations
within the SARS-CoV-2 genome that were highly unlikely to undergo mutations without
significantly impairing functional SARS-CoV-2 genes [50]. This is particularly relevant as
some immunodominant CD8+ T cell epitopes are located within highly conserved SARS-
CoV-2 regions that could not mutate without impairing SARS-CoV-2 functionality. It was
significant that several of these conserved epitopes were labelled as degenerate, which
enabled them to associate with several HLA class I molecules on APCs and interact with
CD8+ T cell populations of various HLA restrictions at the same time. Degenerate CD8+

T cell epitopes were seen to be logical candidates for the development of CD8+ T cell
response-enhanced next-generation COVID-19 vaccines.



Viruses 2023, 15, 624 10 of 23

Research has also focused on identifying CD4+ T cell epitopes to provide protection
against the SARS-CoV-2 Wuhan strain and its VOCs. Although the impact of mutations in
the SARS-CoV-2 genome on CD4+ T cell immune responses is not well-understood, epitope
mapping might provide useful knowledge regarding the ability of CD4+ T cells to provide
broad and conserved protection against VOCs. After isolating more than 100 SARS-CoV-2-
specific CD4+ T cell clones from recovering COVID-19 patients, Long et al. (2022) mapped
HLA II restrictions of 21 epitopes on three SARS-CoV-2 proteins to evaluate the breadth
of immune responses. It was observed that following vaccination, responses to the spike
epitopes were also observed in people who were not infected with SARS-CoV-2 [51]. In
contrast to pre-existing cross-reactive coronavirus-specific T cell responses, the absence
of CD4+ T cell cross-reactivity with endemic beta-coronaviruses suggested that these
responses were generated by naive T cells. Ten of the seventeen spike epitopes had
mutations in VOCs, and seven of them, including three of the four altered in Omicron,
had impaired CD4+ T cell recognition. This showed that the identification of broad CD4+

T cell epitopes might be the key to limiting immune evasion capabilities associated with
SARS-CoV-2 VOCs.

The emergence of SARS-CoV-2 variants that show an increased propensity to evade
antibodies has led to recurrent waves of infections with reduced vaccine efficacy. In our
search for broadly protective vaccinations, there is still a crucial knowledge gap regarding
the degree to which vaccine-elicited mucosal or systemic memory T cells can defend
against such antibody-evasive SARS-CoV-2 variants. Using adjuvanted spike protein–based
vaccines that elicited potent T cell responses, Kingstad-Bakke et al. (2022) assessed whether
systemic or lung-resident CD4+ and CD8+ T cells protected against SARS-CoV-2 variants
in the presence or absence of virus-neutralizing antibodies [52]. It was observed that the
elicitation of mucosal response was associated with potent viral control and protection
of lung pathology through the production of neutralizing antibodies. Although mucosal
immunity resulted in the elicitation of mucosal memory CD8+ T cells, humoral immune
responses had a more prominent role in being able to effectively neutralize the invading
virus. In fact, mucosal memory CD8+ T cells were not able to confer adequate levels of
protection in response to homologous SARS-CoV-2 without CD4+ T cells and neutralizing
antibodies. Nevertheless, when virus-neutralizing antibodies were not present, memory
CD4+ and CD8+ T cells were able to confer protection against the B1.351 (β) variant without
symptoms of lung immunopathology. It might be useful to induce systemic and mucosal
memory T cells that were directed against conserved epitopes to combat SARS-CoV-2
variants that can avoid neutralizing antibodies.

Although initial findings, which utilized in silico immunoinformatic approaches
associated with vaccine development and immunogenicity, have identified these epitopes
based on high levels of antigenicity and broad conservancy, future studies would need to
be conducted to validate these epitopes and the resulting immune responses in both animal
and human models. Nevertheless, the use of bioinformatics to predict highly conserved
and immunodominant epitopes capable of eliciting potent immune responses against both
the SARS-CoV-2 Wuhan strain and its VOCs serves as a useful starting point, guiding the
development of next-generation vaccine platforms.

9. Peptide-Based Vaccines

The concept behind a SARS-CoV-2 peptide-based vaccine is to stimulate immune
cells to elicit an immune response to epitopes derived from antigenic regions of the virus.
However, the main advantage of this vaccine platform over the whole S-protein or nucleic
acid-based vaccines is that it could trigger specific responses to the immunogenic epitopes
present as peptides. Peptide vaccines could be designed to allow the induction of CD8+

cytotoxic T cells (CTL) that would kill infected host cells to halt the viral replication process
by incorporating CD8+ T cell epitopes into the vaccine design. Likewise, CD4+ T helper
cells could also be triggered by the epitopes incorporated in the peptide vaccine being
designed. Alternatively, a peptide vaccine could also be designed to induce only B cell



Viruses 2023, 15, 624 11 of 23

responses and the production of neutralizing antibodies which would prevent circulating
viruses from infecting host cells. The rationale behind focusing on developing the peptide
vaccine platform for immunizations against COVID-19 was to overcome the limitations of
utilizing only the whole S protein of the Wuhan strain that was the target antigen in the
first generation of COVID-19 vaccines. Currently, no peptide-based vaccines consisting of
SARS-CoV-2 epitopes from the whole genome have been approved and applied clinically,
but there are four vaccine candidates being developed based on the peptide-based vaccine
platform that are currently in clinical trials.

1. CoVac-1

Heitmann et al. (2021) designed a vaccine centered on inducing a broad and long-
lasting T cell immunity, as T cell epitopes were infrequently impacted by mutations present
in variants of concern [53]. The vaccine prototype was composed of SARS-CoV-2 T cell
epitopes derived from the viral spike (S), membrane (M), nucleocapsid (N), envelope (E)
and open-reading Frame 8 (ORF8) proteins, combined with a Toll-like receptor 1/2 agonist
XS15 emulsified in a Montanide ISA51VG adjuvant. This vaccine was designed to focus
on antigenic peptides of SARS-CoV-2 that could be recognized by HLA-restricted T cells
which would confer long-term immune protection. This vaccine prototype has recently
undergone Phase I clinical trials (NCT4954469) involving 36 participants (18–80 years) in
which the prototype was found to induce both multifunctional CD4+ and CD8+ T cell
responses, targeting multiple epitopes in all the participants. Its efficacy was evaluated
through comparison of IFN-γ levels from ELISPOT analysis and intracellular staining of T
cells stimulated with CoVac-1 peptides against a panel of peripheral blood mononuclear
cells (PBMCs) from convalescent SARS-CoV-2 patients and healthy individuals immunized
with mRNA or adeno-vectored vaccines. The results reported that the immune responses
mediated by CoVac-1 induced broad, potent and variant-of-concern-independent multi-
functional CD4+ and CD8+ T cell activity. It was also found that the cells had a higher
magnitude of induced immunity compared to those derived from natural infections or those
from vaccinated individuals. No serious adverse reactions were found during the Phase I
clinical trials even though local granuloma formations were observed in the participants
post-immunization [53].

2. Peptide vaccine derived from epitopes from SARS-CoV-2 S and N proteins

This epitope-specifying peptide-based vaccine was developed as a proof of concept
to determine if T cell mediated immunity was sufficient to confer protection from SARS-
CoV-2 infection [54]. The authors also elaborated on this vaccine prototype, being focused
specifically on T cell immunogenicity whereby 20 highly conserved peptides specifying
epitopes derived from the S and N proteins were validated in murine models to stim-
ulate long-lasting immunity through induction of cytotoxic CD8+ T cells and CD4+ T
helper cells. All epitopes were selected with considerations of restrictions by MHC-I
and MHC-II so the corresponding CD8+ and CD4+T cells would recognize the peptides
and generate effective cellular immune responses by producing cytokines and activating
co-stimulation signaling [54].

The emergence of VOCs such as Omicron has also prompted this shift towards alterna-
tive vaccine platforms such as multi-epitope peptide-based vaccines to elicit T cell-mediated
immunity [55]. This might be a suitable solution to the resistance posed by the variants, as
they are known to escape neutralizing antibody activities generated by current vaccines
and even by natural immunity from past infections.

The authors selected the epitopes which were validated through the use of predictive
in silico software, focusing on the target proteins for their conservancy and immunogenic-
ity [54]. C57BL/6 mice were immunized twice at a 2-week interval with a peptide mixture
or with individual peptides derived from either the S protein or N protein together with
the CUK2 RNA adjuvant. The immunogenicity of the peptides was determined through
expression of IFN-γ based on ICS flow cytometry, ELISpot and cytokine enzyme-linked
immunosorbent analysis. The results indicated that four peptides (2 Spike and 2 Nucle-
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ocapsid) were capable of inducing the strongest T cell-mediated responses in vivo. Mice
immunized with a mixture of these four peptides and the CUK2 RNA adjuvant showed
increased levels of IFN-γ-producing T cells and an increased frequency of proliferating T
cells. However, there was a slight reduction in viral titers, and virus-induced injury was
observed in the lungs after SARS-CoV-2 challenge. This finding indicated that the peptides
might not be able to elicit immune responses to completely eliminate the virus. Currently,
this vaccine candidate has only been tested in animals and there is no information regarding
the efficacy of the vaccine in humans; however, the authors maintain that they are aiming
to continue the development of a peptide-based vaccine based on the peptides that were
validated in the murine model.

3. UB-612

UB-612 is a multi-epitope peptide-based vaccine candidate developed by Vaxxinity,
USA. The UB-612 vaccine construct contained an RBD (derived from the WT Wuhan strain)
which was fused to a modified single-chain human IgG1 Fc protein (S1-RBD-sFc), a UBITh1a
peptide as a catalyst for T cell activation, and a mixture of five synthetic Th/CTL peptides
derived from the spike protein, nucleocapsid and membrane proteins produced in CHO
cells [56]. Synthetic peptides were stabilized with a negatively charged oligonucleotide
(CpG1) and adsorbed on aluminum phosphate adjuvant. These peptides were found to be
highly conserved across all VOCs, including Delta and Omicron variants, and were able to
bind to human MHC I and II with broad HLA genetic coverage as well as induction of T
cell proliferations.

UB-612 was shown to be safe and well tolerated in a Phase I/II clinical study, and
it was shown to generate a lasting neutralizing antibody response with a half-life of
187 days and a sustained T cell response in individuals aged 20 to 55 (NCT04545749 and
NCT04773067) [57]. Three doses of UB-612 induced significant neutralizing antibody titers
against live Delta variants (VNT50 of 2358) when compared to live WT virus (VNT50 of 3992)
in a Phase I study with a 100-µg booster (NCT04967742), and neutralizing titers showed
only a small 1.7-fold reduction [57]. The UB-612 vaccine was found to have cross-reactive
neutralizing antibody titers against pseudotyped SARS-CoV-2 variants such as Alpha,
Beta, Gamma and Omicron (BA.1), when compared to the WT pseudovirus (pVNT50 of
Alpha: 9300, Beta: 4974, Gamma: 13408, Omicron: 2325 versus WT: 12778). A third dose of
the UB-612 vaccine administered 7–9 months after the primary vaccination dramatically
boosted neutralizing antibody titers against Omicron and the WT strain to VNT50 of 670 and
970, respectively, with only a small 1.4-fold reduction against the Omicron variant when
compared to the 5.5-fold reductions observed in the pseudovirus assay [57,58].

The UB-612 vaccine is currently being assessed in a Phase III clinical study as a booster
vaccine for vaccinees who have received primary immunizations with mRNA (Pfizer), aden-
ovirus vectored (AstraZeneca), or inactivated virus (Sinopharm BIBP) vaccines (NCT05293665).
Three doses of UB-612 at 100 µg per dose elicited neutralizing antibody titers with geomet-
ric mean titer (GMT) virus neutralization titer (VNT50) at 335 against the Omicron variant,
which was more than 3-fold higher than the neutralizing antibody titers observed following
three doses of the Pfizer mRNA vaccine [59].

4. EpiVacCorona

This vaccine candidate was designed based on the immunodominant epitopes being
presented as peptides that represented the antigenic regions [60]. These peptides were
selected through computational bioinformatics with reference to X-ray diffraction analysis
data of homologous SARS-CoV spike protein and the SARS-CoV-2 genetic sequence. Only
epitopes that were located near the S1 and S2 sites that were vital to the virus were selected
for the vaccine candidate. Computational analysis was also used to exclude potentially
toxic peptides. A carrier protein derived from the SARS-CoV-2 N protein was used as
a substrate onto which the selected epitopes were covalently bound. The final vaccine
candidate was formulated with peptide immunogens of the S protein of the SARS-CoV-2
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conjugated to a carrier protein, adjuvanted with aluminum hydroxide and administered
through intramuscular injections.

Phase I/II (NCT04527575) and Phase III/IV (NCT04780035) clinical trials of EpiVac-
Corona were performed in Russia in November 2020 and March 2021, respectively. In the
first trial, participants were divided into a non-randomized trial (n = 14; Group 1) and
a single-blind, placebo-controlled randomized trial (two groups: Group 2, n = 43; Group 3,
n = 43). The volunteers in Group 1 received two doses of EpiVacCorona intramuscularly
on Day 0 and Day 21. The participants were monitored for up to five days after each
immunization for adverse reactions with standard physical, biochemical, immunological
and haematological blood examinations. Following the monitoring period, with no adverse
symptoms being observed, evaluation of EpiVacCorona was continued for the randomized
trial whereby Group 2 participants receiving the immunization of EpiVacCorona were
compared with the participants in Group 3 receiving only the placebo.

Based on the findings from each group, the vaccinees only reported mild local reactions
after two immunizations. The vaccine was shown to be of low reactogenicity and was
safe for use in immunizations. The most common adverse reaction was local pain at the
injection site (observed in four out of 43 volunteers receiving the EpiVacCorona after the
first dose and in two more patients after the second dose). All local reactions were mild and
transient, lasting 1–2 days. There was one incident where a participant experienced a rise
in body temperature 12 h after the first injection. However, three cases of acute respiratory
viral infection (ARVI) occurred during the study, which were later confirmed to be due to
COVID-19 infections.

The immunogenicity of the vaccine was evaluated by ELISA and neutralization titers.
The vaccine induced IgG seroconversion by Day 42 after the first dose in 82% of the
participants who had received EpiVacCorona. Neutralization assays performed in Vero
E6 cells using diluted sera at 1:160 showed that all the participants had demonstrated
neutralizing antibodies by Day 42 after the first immunization. The participants receiving
the placebo did not show any seroconversion [60].

Phase III clinical trials were also performed in the same year, with over 3000 volunteers
enrolling in the study, but the results were not made public [61]. Despite the lack of effective
protection against the SARS-CoV-2 Delta strain, the vaccine had been registered with the
Russian government and given emergency authorization for immunizations domestically.

10. Vectored-Based Vaccines

The majority of COVID-19 vaccinations in use are delivered intramuscularly. There
are also other promising vaccination approaches such as aerosol inhalation and intranasal
administrations, which could generate a mucosal immune response directly at the point
of virus entry in the respiratory system. For example, two doses of aerosolized aden-
ovirus type-5 vector-based COVID-19 vaccine (Ad5-nCov) were demonstrated to induce
neutralizing antibodies and T cell responses in a Phase I clinical trial involving 130 par-
ticipants [62]. However, the durability of antibodies and cellular responses as well as the
cross-neutralizing activity of this vaccine against SARS-CoV-2 variants were not reported.

A single dose of intramuscular vaccination of an adeno-associated vector vaccine
(AAVCOVID-1), a spike gene-based vaccine candidate encoding the S gene of the Wuhan
strain, was shown to protect nonhuman primates from SARS-CoV-2 challenge after a single
low dose (1010 genome copies) [63]. Most of the currently approved vaccines except for
CanSino adenovirus type 5 (AD5)-vectored vaccine (Ad5-nCoV) or the adenovirus type
26 vectored vaccine Ad26.COV2.S (Johnson & Johnson), require two doses for full protec-
tion [64,65]. The neutralizing activities and T cell responses elicited by the AAVCOVID-1
vaccine were potent and durable for up to 11 months [63]. Importantly, the immune
sera from nonhuman primates vaccinated with AAVCOVID-1 showed some degree of
neutralization against all four SARS-CoV-2 variants (Alpha, Beta, Gamma and Delta) in
a pseudovirus-based neutralization assay on week 14.
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Modified vaccinia virus Ankara (MVA) is a highly attenuated virus strain having
a replication defect in mammalian hosts [66]. MVA-SARS-2-S is a vectored vaccine based
on the modified vaccinia virus Ankara that expressed the full-length SARS-CoV-2 spike
(S) protein. The MVA vaccine was shown to induce SARS-CoV-2-specific T cell responses
and neutralizing antibodies as well as protection of vaccinated mice from lung infections
after a SARS-CoV-2 challenge. However, the durability of the cellular and humoral re-
sponses as well as the cross-neutralizing antibody responses against SARS-CoV-2 variants
were not evaluated.

11. Live Attenuated Vaccines

COVI-VAC is a live attenuated vaccine candidate created by recoding of the SARS-
CoV-2 WT (Wuhan strain) using the synthetic attenuated virus engineering (SAVE) strategy
of codon pair bias deoptimization (CPD) [67]. The recoding of the SARS-CoV-2 genome
in the COVI-VAC vaccine candidate resulted in 283 silent point mutations in the gene
encoding the spike (S) protein [68]. The furin cleavage site in the spike (S) protein of
COVI-VAC was also deleted to increase its safety. A single intranasal administration of
COVI-VAC in Syrian golden hamsters elicited neutralizing antibodies that were as effective
as the WT virus and conferred protection against WT challenge by reducing viral loads in
the lung and brain [68].

cCPD9 is a live attenuated vaccine generated by genetically modifying the SARS-
CoV-2 genome using codon pair deoptimization (CPD). The attenuated vaccine candidate,
cCPD9, was produced by recoding nine fragments of the SARS-CoV-2 genome introduced
by the reverse genetics system. A single dose of intranasal immunization with cCPD9
elicited strong neutralizing antibody responses and provided complete protection against
SARS-CoV-2 challenge in hamsters [69].

However, there was no assessment of T cell responses and the durability of protective
immunity for both the COVI-VAC and cCPD9 vaccine candidates. Live attenuated vaccines
are considered to be the most effective vaccines because they generally elicit broad, robust
and long-lasting immune responses similar to those induced by natural infections caused
by the WT strain [70]. However, the safety, immunogenicity and efficacy of both live
attenuated vaccine candidates should be further investigated in non-human primates and
humans. The main disadvantage of live attenuated vaccines is the risk of reversion to
virulence. Both COVI-VAC and cCPD9 were expected to be genetically stable due to the
large number of mutations in the genome.

Another important advantage of live attenuated vaccines is that they can trigger
immune responses, not only against the spike protein, but against the entire ensemble of
viral proteins. Therefore, live attenuated vaccinations should be effective against all SARS-
CoV-2 variants. A single intranasal droplet vaccination with sCDP9 was demonstrated to
elicit strong cross-neutralizing antibody responses against the four SARS-CoV-2 variants
(Alpha, Beta, Gamma and Delta) [71], whereas COVI-VAC vaccination conferred protection
against heterologous challenge with the SARS-CoV-2 Beta variant (B. 1.351) in the Syrian
Golden hamster model [72].

12. Discussion

Although mRNA vaccines have shown the highest efficacy and safety among the
licensed COVID-19 vaccines, the disadvantages of mRNA vaccines are their high cost
and low stability with short half-life. The mRNA vaccines also require extremely low
temperatures (−80 ◦C) for storage and transportation which make them unaffordable
and logistically impractical for many low-income countries. We have summarized the
advantages and disadvantages of each vaccine platform in Table 2. The production cost
for the adenovirus vectored vaccine was lower, at $ 0.15/dose, while Pfizer and Moderna
mRNA vaccines could range from $ 14.70 to $ 23.50/dose, and the DNA vaccine was priced
at $ 3.53/dose [73,74].
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Table 2. Advantages and disadvantages of different SARS-CoV-2 vaccine platforms.

Vaccine Platforms Live Attenuated Vaccine Inactivated Vaccine mRNA Vaccine DNA Vaccine Peptide-Based Vaccine Adenovirus
Vectored Vaccine

Recombinant
S Protein

Advantages Simple production, easy
storage, distribution
and administration.

Only one dose
is required.

Trigger immune
responses against the

whole virus.
Considered the most

effective vaccine it can
elicit robust and

long-lasting humoral
and cellular

immune responses.

Very safe because
the virus is killed

and no serious
adverse effects.

Easy for transport
and storage.

Easy and quick
to design.

Large-scale
production is feasible.
Safe as no infectious

virus handling
is required.
Can induce

humoral and
cellular responses.

Low cost of
production.

Safe and
well-tolerated.
Stable under

room temperature
at 2–8 ◦C

Highly adaptable to
the incorporation of
DNA sequences of

newly emerging
variants of concern.

No risk of infection.
Induce specific

immune responses
with minimal allergic
and toxic properties.
Highly conserved B

cell epitopes can elicit
cross-reactive antibodies.

Highly conserved
CD4+ and CD8+ T cell

epitopes can confer
broad protection.

Can be incorporated in
expression plasmids

to produce
recombinant peptides

Low cost of
production.

Good stability
at 2–8 ◦C.

Replication-defective
vectored viruses tend

to elicit stronger
immune responses
than killed viruses.

Can induce humoral
and cellular

responses with
a single dose of
Ad5-nCoV or
Ad26.COV2.S.

Focus on the most
immunogenic S

protein of the virus
for protection.

The most
immunogenic

vaccine platform.
Incapable of

causing infections.

Disadvantages Risk of reversion
to virulence.

Significant risk due
to the growth of large

amounts of live
viruses before
inactivation.

The inactivation
process might
affect antigen

immunogenicity.
Adjuvants are

required.
Multiple doses are

needed every
12 months.

High cost.
mRNA vaccines

exhibit instability
due to liposome
formulation and
require storage at

−80 ◦C.
Unaffordable and

logistically
impractical for many

low-income
countries.

Lower immunogenicity.
Risk of genomic

integration.
Require adjuvants

to enhance
immunogenicity.
Administration

requires a medical
device such as an

electroporator.
Needless patch is

still under
development.

Require peptide
synthesis chemically.
An adjuvant maybe

needed to boost
immunogenicity.

Lower immunogenicity
than live attenuated

vaccine and
mRNA vaccine.

Pre-existing
immunity against
viral vectors can

attenuate immune
responses.

Some candidates
require storage

at −20 ◦C.
May trigger rare but
serious side effects of

vaccine-induced
thrombotic

thrombocytopenia
(VITT) and
blood clots.

Require multiple
purification steps
involving column
chromatography.
An adjuvant may

be needed to boost
long-term immunity.
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The development of next-generation DNA vaccines is promising and is geared to-
wards preventing SARS-CoV-2 VOC infections. DNA vaccines that do need extremely low
temperature for storage and transportation are preferable for large-scale immunizations in
underdeveloped countries that do not have sophisticated infrastructures. However, due to
the small amount of antigens that could transfect target APCs in vivo, the immunogenicity
of DNA vaccines must be improved by incorporating chemical, genetic, and molecular
adjuvants as well as considering alternative delivery systems such as electroporation and
needle-free intradermal patches to increase transfection efficiencies and the elicitation of
potent immune responses.

Since the DNA vaccine platform is easily modifiable and offers convenience in plas-
mid design, feasible production for large-scale immunizations, and easy storage at room
temperature, it has received considerable attention as a promising vaccine platform against
SARS-CoV-2 and its VOCs [37]. However, DNA vaccines need to address two main con-
cerns which involve degradation by host nucleases as well as a low APC transfection
efficiency [75,76]. Nevertheless, the use of gene guns, electroporations and needle-free injec-
tions was shown to successfully address these problems to elicit potent immune responses
in the clinical trials of the current DNA vaccines against SARS-CoV-2 [37]. For example,
a sustained humoral response was reported following the administration of the second
dose of SARS-CoV-2 DNA vaccine INO-4800. Homologous booster doses were seen to
significantly augment the immune response. Increasing the dose of the vaccine from 1 mg
to 2 mg was reported to significantly increase the number of cytokine producing T cells and
activated CD8+ T cells with lytic potential [77]. Moreover, the use of a needle-free injection
system in Phase III clinical evaluation of ZyCoV-D (CTRI/2020/07/026352) showed that
the administration of the DNA vaccine elicited potent immune responses, as seen from
high seroconversion rates, neutralizing antibody titers and elevated IFN-γ levels compared
to the placebo treatment [40].

An important issue associated with preventing the spread of infections resulting from
the SARS-CoV-2 Wuhan strain and VOCs is vaccine hesitancy, which poses a global health
challenge that significantly affects the spread of infections in pandemics [78]. Vaccine hesi-
tancy and the failure to achieve good herd immunity are especially harmful for high-risk
groups, such as older individuals and those with adverse health conditions [79]. The oc-
currence of complications such as vaccine-induced immune thrombotic thrombocytopenia
(VITT) is a major contributing factor which has great potential to exacerbate vaccine hesi-
tancy. To date, VITT has been associated only with the adenoviral vector-based platform
against SARS-CoV-2. More specifically, five cases of VITT were reported among 130,000 vac-
cinees immunized with the ChAdOx1 CoV-19 vaccine manufactured by AstraZeneca [80].
Another vaccination with AS26.COV2.S produced by Johnson & Johnson reported 3.8 VITT
cases per million vaccinees (approximately 1 in 263,000) [81]. In contrast, mRNA vaccines
were not associated with such concerns of VITT. The self-adjuvating activity of the lipid
nanoparticle mRNA-formulated vaccine was also reported to elicit potent antigen-specific
cellular and humoral immune responses. Another disadvantage associated with the use
of adenoviral vector-based vaccines is the induction of an immune response against the
adenoviral vector itself [82].

The only approved DNA plasmid-based COVID-19 vaccine, the ZyCoV-D vaccine,
has not had any reports of the occurrence of VITT upon administration in immunized
individuals. DNA vaccines are associated with the risk of possible insertional mutagenesis.
However, over the years and during the COVID-era, testing of DNA vaccines in preclinical
trials did not show any insertional mutagenesis activity in terms of integration into the
host genome [83].

For the elicited immune response to be sustained for longer periods of time, prime-
boost regimens could be adopted. Traditionally, prime regimens were homologous, such
that the same vaccine was used for priming and boosting. However, a newer, promising
strategy is the combined use of a mix-and-match vaccine immunization approach which
utilizes different platforms to deliver the same antigen in prime-boost vaccinations. Al-
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ternatively, a heterologous prime-boost immunization approach could be adopted, using
different antigens or different platforms.

The development of peptide-based vaccines for SARS-CoV-2 that incorporate antigenic
structures that are easily recognizable by immune cells and could trigger rapid immune
responses to the emergence of VOCs is desirable [84,85]. At the start of the pandemic,
there was a motivation to develop vaccines that would protect against infection; however,
the emergence of the VOCs that could resist neutralizing antibody responses triggered
by the Pfizer, Moderna and AstraZeneca vaccines compromised this strategy [86–88].
Thus, peptide vaccines that could be designed to target very specific antigens and induce
immunogenicity should be considered. The clinical trials for the peptide-based vaccines
described in this review also showed that the development of this particular platform is
progressing at an acceptable pace.

The neutralizing activities and T cell responses elicited by the adeno-associated
vectored vaccine (AAVCOVID-1) were potent and durable for up to 11 months [63].
Three doses of CF501/RBD-Fc vaccinations elicited neutralizing antibodies maintained
at extremely high levels in macaques for as long as 191 days (approximately 6 months).
The T cell response in macaques immunized with CF501/RBD-Fc remained high at day
210 post-first immunization [46]. The available data on the durability of other vaccines
were limited. Two doses of the Moderna mRNA vaccine were shown to elicit antibodies
that could last for at least 6 months [89].

Development of pan-sarbecovirus or pan-β-CoV vaccines against emerging SARS-
CoV-2 variants could be the best approach to developing SARS-CoV-2 vaccines [90]. A pan-
sarbecovirus vaccine (CF501/RBD-Fc) was demonstrated to elicit potent cross neutralizing
antibody responses against the original SARS-CoV-2 strain, nine SARS-CoV-2 variants
(Alpha, Beta, Gamma, Delta, Epsilon, Zeta, Eta, Iota and Kappa), and pseudotyped SARS-
CoV and SARS-related coronaviruses in rabbits and rhesus macaques [46].

Studies have reported that mucosal immune responses prevented SARS-CoV-2 repli-
cation at the entry point and reduced viral transmission [91,92]. Secretory IgA antibodies
played a critical role in defense against infection at mucosal sites. However, the data on
mucosal immunity for each vaccine were limited. Boosting with either the mRNA-1273
or mRNA Omicron vaccine was shown to enhance mucosal IgG antibody and neutral-
izing responses to WT, Beta, Delta and Omicron, with GMTs of ~1012 for WT, Beta and
Delta and ~1010 for Omicron [28]. Although intramuscular vaccination with Ad5-nCoV
elicited higher concentrations of RBD-binding IgA (GMT: 521 EU/mL) than the aerosolized
Ad5-nCoV (GMT: 148 EU/mL) at day 28 after the first vaccination, mixed vaccinations
(an intramuscular vaccination of Ad5-nCoV followed by an aerosolized Ad5-nCov booster)
elicited significant levels of IgA, with a GMT of 777 EU/mL at day 28 after a booster
involving aerosol vaccination [62]. A single dose of AAVCOVID vaccination elicited
a detectable level of RBD-binding IgA in the bronchoalveolar lavage harvested at 5 months
following immunization [63].

13. Conclusions

The COVID-19 pandemic has entered its fourth year, and there are no signs of it
slowing down. The SARS-CoV-2 virus is predicted to become endemic in countries such
as Israel [93]. Infectious respiratory diseases such as influenza have become endemic
due to their ability to cause reinfections despite the existence of vaccines against multiple
influenza serotypes and the efforts involved in vaccinating populations globally. Through
re-examining the patterns of influenza infections and comparing them with SARS-CoV-2,
the likelihood of achieving complete elimination of SARS-CoV-2 infections through herd
immunity from vaccinations has been proven insignificant [94].

The likelihood of achieving herd immunity against SARS-CoV-2 appeared to be low
due to the following reasons. Firstly, there were reports based on longitudinal observations
that demonstrated that humoral responses declined over time following immunizations
with currently approved vaccines against SARS-CoV-2 [95]. For example, while immu-
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nization with the BNT162b2 Pfizer vaccine did lead to peak elevated levels of antibodies
at weeks 4 and 5 post immunization, these titers declined shortly after. The second dose
also led to elevated antibody levels, but these also decreased significantly, especially in
older vaccinees [96]. Moreover, vaccine hesitancy has presented itself as a major obstacle.
There were reports of the occurrence of VITT in those immunized with the adenoviral
vectored-based ChAdOx1 vaccine, as well as concerns about antibody-dependent enhance-
ment (ADE) leading to adverse effects of the mRNA vaccines. The goal of achieving herd
immunity is further hampered by the emergence of new variants with immune evasion
capabilities. The Omicron VOC could evade neutralization by antibodies produced in
vaccinees who had received one or two doses of the vaccine, particularly when antibody
titers were declining. Three doses of the spike-based vaccine may only partially protect
against SARS-CoV-2 WT infection.

However, the development of next-generation vaccines capable of providing broad pro-
tection against the SARS-CoV-2 Wuhan strain and VOCs presents a promising strategy. This
would involve the use of reverse vaccinology approaches that utilize in silico immunoinfor-
matic approaches to identify highly conserved epitopes, which could be validated for their
potent immunogenicity through immunizations in mice or non-human primates.

Accelerated developments in next-generation vaccine platforms showed that recom-
binant protein, mRNA, and DNA vaccines have advantages over traditional LAVs and
IVs that utilize whole viruses. mRNA vaccines have demonstrated highly immunogenic
responses that provide a high level (>94%) of immune protection against symptomatic and
severe infections prior to the emergence of the Omicron variant. The mRNA platform as
well as the DNA platform would allow newly validated epitope sequences to be easily
incorporated through the inclusion of new gene sequences. These newly modified mRNA
or DNA vaccines could be considered for development as vaccine booster doses to pre-
vent re-infections by the WT (Wuhan) strain or by VOCs. Since mRNA vaccines require
strong logistics to control their transport and storage requirements, which might hamper
their usefulness and availability, DNA vaccines could offer convenience in storage and
accessibility for developing countries that lack sufficient infrastructure. While recombinant
protein vaccines might require extensive purification steps, they have been shown to elicit
potent immune responses upon administration, and the technology of production is more
amenable to low-income countries. The development of recombinant protein or peptide-
based COVID-19 vaccines might set the stage for further enhancement of this platform, as
the antigens encoded by the plasmid would not contain potentially harmful components,
thus maintaining a stellar safety profile [97]. This trait of being able to modify the design
of the DNA or recombinant peptide vaccines is of particular interest due to the benefits
it entails in terms of rapidly emerging VOCs that necessitate accelerated modifications to
existing antigenic sequences included in currently approved vaccines. This indicated that
the antigens, once validated, might be readily incorporated in multi-epitope recombinant
protein, mRNA or DNA vaccines.
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A B S T R A C T

Background: The COVID-19 pandemic exerted significant impacts on public health and global economy. Research
efforts to develop vaccines at warp speed against SARS-CoV-2 led to novel mRNA, viral vectored, and inactivated
vaccines being administered. The current COVID-19 vaccines incorporate the full S protein of the SARS-CoV-2
Wuhan strain but rapidly emerging variants of concern (VOCs) have led to significant reductions in protective
efficacies. There is an urgent need to develop next-generation vaccines which could effectively prevent COVID-19.
Methods: PubMed and Google Scholar were systematically reviewed for peer-reviewed papers up to January 2023.
Results: A promising solution to the problem of emerging variants is a DNA vaccine platform since it can be easily
modified. Besides expressing whole protein antigens, DNA vaccines can also be constructed to include specific
nucleotide genes encoding highly conserved and immunogenic epitopes from the S protein as well as from other
structural/non-structural proteins to develop effective vaccines against VOCs. DNA vaccines are associated with
low transfection efficiencies which could be enhanced by chemical, genetic, and molecular adjuvants as well as
delivery systems.
Conclusions: The DNA vaccine platform offers a promising solution to the design of effective vaccines. The
challenge of limited immunogenicity in humans might be solved through the use of genetic modifications such as
the addition of nuclear localization signal (NLS) peptide gene, strong promoters, MARs, introns, TLR agonists,
CD40L, and the development of appropriate delivery systems utilizing nanoparticles to increase uptake by APCs in
enhancing the induction of potent immune responses.

1. Introduction

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is
the etiological agent of coronavirus disease 2019 (COVID-19). It has
caused an alarming pandemic associated with 766,895,075 infections
and 6,935,889 deaths as of 15 May 2023 [1]. The pandemic has also
resulted in severe economic losses with the imposition of lockdowns,
causing a debilitating burden on healthcare systems. Novel vaccines such
as those based on the mRNA, viral-vectored platforms, and traditional
inactivated vaccines were given emergency approval for global vacci-
nations. Each of the vaccine platforms has its own strengths and weak-
nesses. However, the emergence of SARS-CoV-2 variants of concern
(VOCs) which caused continuing waves of infections and reduced pro-
tective efficacies of current vaccines against the B.1.1.7 (Alpha), B.1.351
(Beta), B.1.617.2 (Delta), and (B.1.1.529) (Omicron) variants were re-
ported [2]. The prospect of using DNA vaccines to immunize against
SARS-CoV-2 is promising because of the ease of production and reduced
cost over other vaccine platforms. They can easily be modified to

incorporate different antigenic targets simply by changing the gene se-
quences of the DNA plasmid, making the DNA vaccine platform ideal for
rapidly developing vaccines against emerging SARS-CoV-2 VOCs.
Therefore, this review discusses the advantages and limitations of DNA
vaccines and summarizes current DNA vaccine development against
SARS-CoV-2. Furthermore, an insight into the design of DNA vaccines
and the strategies to increase the immunological potency of plasmid DNA
vaccines in terms of adjuvants, delivery systems, and administration
routes are thoroughly reviewed.

2. Review

2.1. Mechanism of DNA vaccines

Current DNA vaccines against SARS-CoV-2 are able to elicit both
humoral and cellular immune responses against the main antigen, the
Spike (S) glycoprotein of the SARS-CoV-2. Eiz-Vesper et al. [3] explained
that DNA vaccines which target and transfect muscle cells would likely
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result in weak antigen presentation due to a lack of co-stimulatory
molecules since antigen presenting cells (APCs) allow antigen presenta-
tion to major histocompatibility complex (MHC) molecules. The trans-
fection of the recombinant DNA plasmid into professional APCs such as
dendritic cells (DCs) would result in a much more potent immune
response. Inside the APC, the recombinant DNA plasmid enters the nu-
cleus so that it is transcribed to mRNA. The single stranded RNA would
then exit the nucleus to undergo translation to produce the S protein in
the cytoplasm which is processed inside the cell to smaller peptides to be
presented to naïve B and T cells [4].
DNA vaccines can elicit cellular immune responses by binding to

naïve CD4þ T cells to activate them. Degradation of the S viral protein
would result in the production of peptide fragments which could be
presented to MHC class II molecules to form the MHC class II-peptide
complex. T cell receptors (TCRs) of specific CD4þ T cells are able to
recognize and bind to these MHC class II-peptide complexes. This
resulted in the activation of DCs through the interaction of CD40 with
CD40 ligand (CD40L) on the DC. The activation of DCs led to the upre-
gulation of CD80/CD86 which interacted with CD28 to activate naïve
CD8þ T cells [5]. Together with the help of CD4þ T cells, activation of
CD8þ T cells is induced. Viral peptides are also taken up by APCs that
were presented on MHC class I molecules which were recognized and
bind to TCRs of CD8þ T cells. The activated CD8þ effector T cells then
released cytotoxic granules containing perforins and granzymes and
produced cytokines such as tumor necrosis factor α (TNF-α) and
interferon-gamma (IFN-γ) [6].
A specialized subset of CD4þ T cells known as T follicular helper (Tfh)

cells aid in B cell antibody production through the formation of germinal

centres which are specialized microstructures involved in the production
of long-lived antibody secreting plasma cells and memory B cells
resulting from the expression of signaling lymphocyte activation mole-
cules (SLAM)-associated protein (SAP). Cytokine-polarized CD4þ mem-
ory T cell subsets such as Th1, Th2 and Th17 cells can each develop into
Tfh to influence the B cell response. Tfh also promotes B cell activation
through cell–cell communication such as CD40L (expressed on activated
CD4þ T cells) and CD40 (expressed by B cell) interactions, leading to the
release of cytokines [7,8] (Fig. 1).
Tfh cells are involved in giving specialized assistance to germinal

centre B cells through B and T cell interactions. Another set of cells
known as Foxp3þ T follicular regulatory (Tfr) cells also serve as impor-
tant mediators of germinal centre regulation. Furthermore, memory
CD4þ T cells were also implicated in providing help to B cells in pro-
moting earlier B cell proliferation, higher antibody levels and earlier
class-switching responses when compared to naïve CD4þ T cells. Memory
CD4þ T cells produce higher amounts and a more polarised profile of
cytokines, which is believed to encourage more robust B cell antibody
response and determine the antibody isotype. Current research suggests
that Tfh cells produce interleukin (IL)-4 and IFN which play a key role in
regulating B cell affinity development as well as immunoglobulin class
switching in the germinal centre [7,8] (Fig. 1).

2.2. Advantages of DNA vaccines

The prospect of designing and constructing DNA vaccines targeting
SARS-CoV-2 is attractive for a number of reasons. Firstly, the DNA vac-
cine platform shows great potential in eliciting both humoral and cellular

Fig. 1. The elicitation of humoral and cellular responses to DNA vaccines. CD4þ T cells, such as T follicular helper (Tfh) and Foxp3þ T follicular regulatory (Tfr)
cells, provide specialized assistance and serve as important mediators towards the formation of germinal centre B cells through T and B cell interactions. Tfh cells also
provide help to B cells through CD40L– CD40 interactions, and lead to the release of cytokines (IL-2, IL-4, and IL-21, IFN-γ). Stimulation by cytokines further promotes
germination centre formation, and maturation into plasma cells which produce memory B cells and long-lived antibody secreting plasma cells. CD8þ T cells directly
target and kill infected cells through the production of perforin and granyzymes, limiting the spread of the pathogen within the body [7,8]. Fig. 1 was produced using
the graphical software Biorender (https://www.biorender.com/).
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immune responses [9]. Antibodies elicited by the DNA vaccine were
shown to neutralize the virus before it could gain entry into the host cell
[10]. Current DNA vaccines targeting the S protein of the SARS-CoV-2
have shown effective humoral immune responses by eliciting neutral-
izing antibodies and cellular immune responses in terms of production of
IFN-γ and IL-2 [10–13].
DNA vaccines are easier to produce in large quantities compared to

the complexities of producing whole inactivated virus and mRNA vac-
cines [14]. Smith et al. [10] reported that DNA-based vaccines could be
developed quickly since a variety of vaccine candidates could be pre-
pared and tested using high-throughput approaches. DNA vaccines
offered convenience in vaccine development. For example, a single DNA
plasmid vector could be used to construct recombinant DNA plasmids
containing genes encoding the whole antigen or immunogenic peptides.
It is also feasible to construct a DNA plasmid expressing highly conserved
peptides specifying multi-valent epitopes against the SARS-CoV-2 pro-
totype (Wuhan strain) and VOCs.
It is relatively easy to produce the DNA vaccine in large quantities for

distribution and large-scale immunizations [15]. The recombinant
plasmid DNA could be conveniently produced in large quantities in
bacteria such as E. coli and expressed in eukaryotic cells such as HEK-293
T cells [15].
The use of DNA vaccines is associated with concerns that the

administered plasmid DNA might lead to possible insertional mutagen-
esis. However, no insertional mutagenesis activity through integration
into the host genome has been reported in the development of numerous
DNA vaccines against SARS-CoV-2 [16]. Insertion sequence (IS) elements
which are characterized as small DNA segments encoding for proteins
necessary for the mobility of the IS element are ubiquitously found in the
form of bacterial mobile genetic elements and are capable of causing
deleterious, neutral, or beneficial mutations [17]. Indeed, de Visser et al.
[18] reported a total of 9 IS-mediated mutations occurring in the form of
insertions and genetic recombination deletions to conditions of growth
and starvation in Lactococcus lactis. Nevertheless, there have been no
reports of the existence of IS elements in HEK-293 T cells which could
potentially induce mutations in DNA plasmids after transfection in
eukaryotic cells.
Efficient and cost-effective production of DNA vaccines for large-scale

immunizations offers an attractive practical advantage. Nevertheless,
Wang et al. [19] indicated that glycosylation, the binding site and
adjacent amino acids could impact the binding of the S protein and the
angiotensin-converting enzyme 2 (ACE2) host cell receptor. Therefore,
the selection of expression systems must be carefully evaluated for the
effective development of DNA vaccines against SARS-CoV-2. In a study to
evaluate N-linked and O-linked glycosylations of the S protein of
SARS-CoV-2 expressed in HEK-293 T cells, the expressed SARS-CoV-2 S
protein showed extensive N-linked and O-linked glycosylations with the
formation of N-glycans and sialylated O-glycans. Mass spectrometry
using matrix-assisted laser desorption-ionization (MALDI-MS) analysis
revealed that expression in HEK-293 T cells also produced α2,3- and α2,
6-linked sialic acids. Various groups have successfully expressed recom-
binant DNA plasmids encoding the S protein in HEK-293 T cells for in
vitro characterization of the expressed recombinant protein without the
need for modifications to the recombinant DNAplasmid [10–12,20]. This
suggested that HEK-293 T cells served as an excellent host for the
expression of the SARS-CoV-2 S protein.
Vaccine storage is an important issue since it is directly associated

with vaccine stability and the maintenance of its quality. Therefore, in
order to ensure that the efficacy of mRNA vaccines is not negatively
affected, cold storage at �70 �C is necessary for the preservation of the
BNT162b2 mRNA-based vaccine. DNA vaccines are highly stable, less
prone to degradation unlike mRNA vaccines, and do not require an
extremely low temperature for storage. DNA vaccines could be stored at
room temperature. Since they do not require specific cold chain storage
conditions, DNA vaccines would be ideal for immunizing populations in
third world countries which lack the financial resources and

infrastructures to maintain cold chain distribution and storage conditions
[21,22].
DNA vaccines could be stored at room temperature for as long as 6

months [23]. This presented DNA vaccines with an advantage over other
vaccine platforms such as mRNA and viral-vectored vaccines since the
high stability at room temperature meant that cold chain conditions were
not required for transport and storage [24].

2.3. Current DNA vaccine candidates

Inovio Pharmaceuticals developed the vaccine candidate, INO-4800,
a DNA based vaccine against SARS-CoV-2 which incorporated the full-
length S gene in the pGX0001 vector [10]. Protein expression was
confirmed by Western blot and immunofluorescence studies in the
transfected HEK-293T cells. Sera from immunized mice and guinea pigs
showed IgGs specific for the SARS-CoV-2 S protein. The IgG binding
end-point titers showed that the SARS-CoV-2 S region (S1þ S2) as well as
the receptor-binding domain (RBD) region were capable of eliciting
higher levels of IgG than the IgG elicited by the S1 region alone. The
antibodies in the sera derived from immunized animals could prevent the
binding of the S protein to the ACE2 receptor by pseudotyped virus and
confirmed the effectiveness of the neutralizing antibodies in preventing
an infection. An evaluation of live virus neutralization activities con-
ducted in C57BL/6 mice showed that the immunization with INO-4800
was able to elicit antibodies that neutralized wildtype SARS-CoV-2
virus with an average ND50 titer of 340. Bronchoalveolar lavage (BAL)
fluid from immunized mice also showed a significant increase in IgG
antibodies against the S protein from sera of immunized mice, demon-
strating that such antibodies in the lungs could protect the host from
lower respiratory disease. Cellular immune responses were associated
with IFN-γ production and an increase in CD4þ and CD8þ T cells. Flow
cytometric analysis of splenocytes harvested from BALB/c mice immu-
nized with a single dose of INO-4800 showed 0.04% CD4þ and 0.32%
CD8þ T cells producing IFN-γ after stimulation with the SARS-CoV-2 S
protein antigen. Epitope mapping revealed that strong CD4þ and CD8þ T
cell responses were associated with several epitopes from the RBD and
the S2 domain [10]. INO-4800 has shown good safety and tolerability in
phase 1 clinical trial. Both humoral and cellular immune responses were
elicited in the 401 vaccinated human participants who received the
vaccine. Recorded adverse effects were mainly grade 1 and 2 and they
were not exacerbated by the higher dosage of 2.0 mg of the DNA vaccine.
Levels of binding and neutralizing antibodies as well as ELISpot analysis
of T cell immune responses were higher when the vaccine dose was
increased from 1.0 mg to 2.0 mg [25].
Yu et al. [13] reported the development of multiple DNA vaccine

candidates encoding different regions of the S protein and evaluation of
immunogenicity in rhesus macaque models by Barouch's group at Harvard
University. Immunizations of macaques resulted in S-specific binding an-
tibodies and neutralizing antibodies. The levels of neutralizing antibodies
against the S protein were similar to those from convalescent humans. S
and RBD-specific antibodies with effector functions such as
antibody-dependent neutrophil phagocytosis (ADNP), antibody-dependent
complement deposition (ADCD), antibody-dependent monocyte cellular
phagocytosis (ADCP), and antibody-dependent NK cell activation (IFN-γ
production, CD107a degranulation, and MIP-1β expression) were
observed. High levels of IFN-γþ, CD4þ, and CD8þ T cell immune responses
against the whole S protein were recorded. Moreover, cellular responses of
lower magnitudes were observed in macaques immunized with the S1 and
RBD vaccine candidates. In challenge studies, macaques vaccinated with
the S protein showed minor symptoms as well non-existing and lower
SARS-CoV-2 RNA levels in the plasma, BAL, and nasopharyngeal swabs
(NS), respectively when compared to controls which did not receive the
vaccine. The deletion of the transmembrane domain and cytoplasmic re-
gion of the S protein elicited no protection in challenge models, demon-
strating that the prefusion ectodomain stabilization was significant in
eliciting immune response against SARS-CoV-2 [13].
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Other DNA vaccine candidates against SARS-CoV-2 have also focused
on the S protein. Chai et al. [11] reported the immunogenicity of
different DNA vaccine candidates based on the S protein. The S genes and
its derivatives were cloned into the DNA plasmid vector, pVAX1, and
following confirmation of expression in HEK-293T cells, the recombinant
plasmid DNA was administered via electroporation in mice and Syrian
hamsters. Sera from the SARS-CoV-2 S protein immunized mice
demonstrated antibody titers against the RBD that was able to neutralize
infections caused by SARS-CoV-2. The binding of ACE2 with the RBDwas
observed to be blocked by the immunized mice sera. IgG and neutralizing
antibody titers following SARS-CoV-2 S DNA immunization were asso-
ciated with protection at 20 weeks. Moreover, the SARS-CoV-2 S re-
combinant DNA vaccine elicited neutralizing antibody titers against the
S1 protein carrying the D614G mutation. Upon stimulation with
SARS-CoV-2 S protein, high levels of Th1 type cytokines like IFN-γ and
IL-2 were observed with significantly lower levels of the Th2 type cyto-
kines such as IL-5 and IL-13 in both BALB/c and C57BL/6 mice,
demonstrating that CD4þ T cell responses were Th1 polarized. Challenge
studies demonstrated the superiority of the DNA vaccine incorporating
the full-length S protein over the RBD in terms of the significantly higher
levels of anti-Spike and neutralizing antibodies. Immunizations with the
recombinant S DNA vaccine resulted in 2.29 log10 reductions of the in-
fectious virus titer and 1.37 log10 reductions in the number of viral RNA
copies when compared to the vector control group [11].
Similarly, Prompetchara et al. [12] constructed DNA vaccine candi-

dates carrying the full-length S, S1(pCMVkan-S1) or S2 (pCMVkan-S2).
All vaccine candidates elicited high levels of S-specific binding IgGs that
exhibited a balance of IgG1and IgG2a. Sera from mice immunized with S
and S1 vaccine candidates were able to effectively neutralize RBD-ACE2
binding. In particular, the sera from S immunized mice demonstrated
significant inhibition of RBD-ACE2 binding when compared to sera from
the S1 immunizations. The levels of neutralization antibodies were the
highest in the sera of S immunized mice (GMT:2551) when compared to
S1 (GMT:1005) and S2 (GMT:291) immunizations. S2 immunizations
were associated with non-detectable levels of inhibition of RBD-ACE2
binding as well as the lowest levels of neutralizing antibodies when
compared to S1 and S immunizations. Splenocytes frommice immunized
with the S DNA vaccine produced IFN-γ in response to peptide pools from
the S1 or S2 regions while splenocytes from mice immunized with the S1
or S2 vaccines elicited IFN-γ in response to peptide pools from their
respective regions. The highest levels of IFN-γ induced was from the S
immunized mice (2991 SCF/106 splenocytes), followed by the S2
immunized mice (1885 SCF/106 splenocytes), and lastly by the S1
immunized mice (1376 SCF/106 splenocytes). Moreover, peptide pools
associated with potent IFN-γ based on ELISpot assays were from the RBD
region and the heptad repeat (HR) 1 region from the S1 and S2 regions
[12].
Researchers from Osaka University presented a preclinical study to

develop a recombinant DNA vaccine for SARS-CoV-2, with the S protein
as the main antigen and it was designated as pVAX-1- SAR-CoV-2 S [20].
The DNA vaccine was administered to rats and humoral responses were
assessed in the presence and absence of the alum adjuvant. The alum
adjuvant formulated with the DNA vaccine could provide potent humoral
immune response, with 666.6 μg of recombinant plasmid DNA carrying
the SARS-CoV-2 S gene formulated with 66.7 μl of alum adjuvant. It was
able to induce high levels of antibodies against the S and RBD proteins at
week 4 through to week 16. These antibodies were able to recognize the
S1 subunit carrying the D614G mutation of SARS-CoV-2. IgG2a and
IgG2b were the main subclasses of produced IgG, indicating Th1 polar-
ization. Intramuscular administration of the DNA vaccine in rats showed
that IFN-γ production was significantly increased while IL4 was only
slightly increased in response to immunizations with the DNA vaccines
carrying the S and RBD. It was observed that DNA immunizations in rats
produced sera which could decrease binding of ACE2 with the S1þS2
protein. Immunized sera when diluted 5-fold could inhibit 50% of the
binding of ACE2 with the RBD protein. Sera dilutions from immunized

rats demonstrated neutralizing activities when tested with the
pseudo-typed vesicular stomatitis virus (VSV) carrying the luciferase
gene in Vero E6 cells. Neutralizing titers remained at an average of 98.4
at 8 weeks after immunization with the first dose of the DNA vaccine.
Furthermore, body tissues and serum biochemical parameters showed
that there were no toxic effects of the DNA vaccine [20].
Many other research groups are currently developing similar DNA

vaccines. For example, researchers from the King Abdulaziz University
developed a DNA vaccine consisting of a codon optimized S protein
sequence [26]. Intramuscular immunization of BALB/c and C57BL/6J
mice with 100 μg of the DNA vaccine elicited S-specific IgG antibodies
and neutralizing antibodies. Moreover, the use of needle-free intradermal
administration of the vaccine induced a potent Th1-biased humoral
response including binding IgG antibodies, and neutralizing antibodies as
well as IFN-γ, TNF-α and IL-2 cytokine production from memory CD4þ

and CD8þ T cells when administered to BALB/c mice [26]. A DNA vac-
cine consisting of the S1 subunit was also able to elicit a Th1 polarized
response specifically associated with IgG and neutralizing antibodies
along with potent CD4þ and CD8þ T cell responses [27]. DNA vaccine
development is also associated with different routes of administrations
other than the intramuscular route. For example, the use of the
Pyro-drive Jet Injector for intradermal administration of a DNA vaccine
expressing the S protein resulted in potent humoral responses consisting
of neutralizing antibodies without any safety concerns [28].
An evaluation of the literature on preclinical and clinical develop-

ment of DNA vaccines showed that most of these vaccines were focusing
on the S protein or the RBD of the S protein as the main antigenic target.
The S protein of SARS-CoV-2 plays a significant role in the attachment of
the virus to the ACE2 cell receptor as well as viral and host cell membrane
fusion to promote the entry of the virus into the cells. Furthermore, the S
protein was shown to be a prime target for eliciting neutralizing anti-
bodies [29]. Vaccinations against SARS-CoV-2 using the full-length S
protein also produced potent CD4þ and CD8þ T cell responses [30].
Table 1 shows the preclinical development of DNA vaccines against
SARS-CoV-2 while Table 2 shows an overview of the clinical develop-
ment of DNA vaccines against SARS-CoV-2.

2.4. Reduced vaccine efficacies against SARS-CoV-2 VOCs

While the vaccine candidates under emergency approval offer pro-
tection from the original SARS-CoV-2 Wuhan strain, they have been
shown to exhibit reduced protective efficacies against VOCs. Indeed,
current viral vectored and mRNA vaccines such as ChAdOx1 nCoV-19,
BNT162b2, and mRNA-1273, which utilize the full length S protein as
the main antigenic target, have been reported to demonstrate reduced
protective efficacies against SARS-CoV-2 VOCs. For example, when the
sera from individuals immunized with the Pfizer BNT162b2 vaccine were
tested for neutralizing ability upon reinfection with SARS-CoV-2, it was
observed that the neutralizing activity was reduced by 1- to 3-folds
against a pseudovirus containing mutations such as E484K, N501Y,
and a combination of K417 N, E484K, and N501Y mutations. In contrast,
there was no reduction in neutralizing activity in response to the wild
type strain and the variant with the K417 N mutation [33]. Furthermore,
humoral response elicited by the mRNA vaccines was significantly
reduced in response to the B.1.351 VOC. This was seen by a 9.4 fold and
10.3–12.4-fold reductions in neutralizing activities in the sera of
convalescent patients and those who had received the mRNA vaccines
[34]. This demonstrated that SARS-CoV-2 VOCs with mutations in the
RBD were not completely neutralized by neutralizing antibodies elicited
by the mRNA vaccines approved under emergency use against
SARS-CoV-2.
Harvey et al. [35] also reported that since the S protein gene from the

Wuhan strain was present in all of the licensed vaccines under emergency
use, any mutation in the S gene of the VOC would potentially impact its
interaction with neutralizing antibodies elicited by the Wuhan strain.
Pseudoviruses carrying the mutations associated with the B.1.1.7 variant
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along with the E484K mutation showed a 6.7-fold reduction in neutral-
ization activity when sera from individuals immunized with the Pfizer
BNT162b2 vaccine were tested [36]. Live virus neutralizations also
showed that neutralizing titers in the sera of those immunized with the
AstraZeneca ChAdOx1 nCoV-19 vaccine were 9 fold lower against the
B.1.1.7 SARS-CoV-2 variant when compared to sera from vacinees
immunized with the original Wuhan strain [37]. Similarly, a 6.4-fold
reduction in neutralization response to the B.1.351 variant was
observed in the sera of individuals vaccinated with two doses of Moderna
mRNA-1273 [38].
The efficacies of the current SARS-CoV-2 vaccines were particularly

challenged by mutations in the RBD which were present in variants such
as B.1. 351 (Beta) and P.1 (Gamma) that could escape neutralizations.
Besides immune escape mediated by B-cell epitopes, SARS-CoV-2 vari-
ants might also evade cytotoxic T lymphocyte (CTL) immunity through T
cell mutations in viral epitopes which could lead to reduced CTL re-
sponses. It was reported that SARS-CoV-2 variants had a less than mar-
ginal effect on the elicitation of CD4þ and CD8þ T cell responses in
convalescent patients and vacinees receiving the mRNA vaccines [39].
Moreover, T cell responses were found to be similar to those elicited from

the original SARS-CoV-2 Wuhan strain [40]. Noh et al. [40] concluded
that CD4þ and CD8þ T cell epitopes were conserved. However, through
mutations in the MHC-I restricted viral epitope genes, there is likelihood
for SARS-CoV-2 variants to escape CD8þ T cell surveillance. Agerer et al.
[41] reported that somemutations in SARS-CoV-2 reduced the binding of
peptides to major histocompatibility complex Class I which ultimately
resulted in reduced productions of IFN-γ as well as lower cytotoxic ac-
tivity of CD8þ T cells. In conclusion, humoral and cellular responses
elicited by the mRNA vaccine against the SARS-CoV-2 Wuhan strain
offered protective immunity but VOCs were reported to reduce the
neutralizing activities of the humoral responses elicited by the mRNA
vaccines. Nevertheless, some studies have reported a marginal effect of
VOCs on cellular responses as mutations in the MHC-I epitope genes
might lower the potency of T cell responses [42].
The most recent VOC is the Omicron variant (B.1.1.529) which has

emerged in multiple countries. A recent study conducted with 19 in-
dividuals in South Africa demonstrated that the protective efficacy of the
Pfizer-BioNTech vaccine was significantly reduced against the omicron
variant. In individuals immunized with the BNT162b2 vaccine, a 22-fold
reduction in the levels of neutralizing antibodies in response to the

Table 1
Preclinical development of DNA vaccines against SARS-CoV-2.

Name of Vaccine Developer Plasmid
vector

Main antigenic
region

Adjuvant Mode of Administration Reference

INO-4800 Inovio Pharmaceuticals pGX0001 full length S gene – Electroporation using CELLECTRA®
delivery device

[10]

SARS-CoV-2 DNA vaccine tested
in Syrian hamsters

Taiwan Group pVAX1 spike genes of SARS-
CoV and SARS-CoV-2

– Intramuscular electroporation with a
BTX electroporator (ECM830)

[11]

DNA Vaccine candidates
developed by Chulalongkorn
University

Thailand Group pCMVkan full length S, S1, and
S2

– Intramuscular electroporation using
TriGrid delivery system

[12]

SARS-CoV-2 Spike glycoprotein
DNA plasmid vaccine

Osaka University (Japan group) pVAX1 full length S gene alum Intramuscular injection [20]

IgE-spike-S1/S2-D614G-6P-
foldon

Southern University of Science
and Technology, China

PCDNA3.1 S-protein S1þS2 – Intramuscular injection [31]

pSARS2-S National Institute of Infectious
Diseases and Vaccinology Taiwan

pVAX1 full length S gene alum Electroacupuncture [32]

VIU-1005 King Abdulaziz University pVAX1 full length S gene – intramuscular needle injection [26]
pVAX-S1 King Abdulaziz University pVAX1 S1 subunit – intramuscular administration using

customized needle-free Tropis system
[27]

pVAX1-SARS-CoV2-co Osaka University pVAX1 S protein – Intradermal using a pyro-drive jet
injector

[28]

Table 2
An Overview of the clinical development of DNA vaccines against SARS-CoV-2.

# Type of Vaccine
Candidate

Number of
Doses

Route of
administration

Developers Clinical Trial
Phase

1. nCov vaccine 3 ID Zydus Cadila Phase 4
2. INO-

4800þelectroporation
2 ID Inovio Pharmaceuticals þ International Vaccine Institute þ Advaccine (Suzhou)

Biopharmaceutical Co., Ltd
Phase 3

3. AG0301-COVID19 2 IM AnGes þ Takara Bio þ Osaka University Phase 2/3
4. GX-19 N 2 IM Genexine Consortium Phase 1/2
5. GLS-5310 2 ID GeneOne Life Science, Inc. Phase 1/2
6. COVID-eVax 2 IM Takis þ Rottapharm Biotech Phase 1/2
7. AG0302-COVID19 2–3 IM AnGes Inc. Phase 1/2
8. VB10.2129 1–2 IM Vaccibody AS Phase 1/2
9. VB10.2210 2 IM Vaccibody AS Phase 1/2
10. Covigenix VAX-001 2 IM Entos Pharmaceuticals Inc. Phase 1
11. CORVax 12 2 ID Providence Health & Services Phase 1
12. bacTRL-Spike 1 Oral Symvivo Corporation Phase 1
13. COVIGEN 2 ID or IM University of Sydney, Bionet Co., Ltd Technovalia" Phase 1
14. COVIDITY 2 ID Scancell Ltd Phase 1
15. SARS-CoV-2 DNA vaccine 2 IM The University of Hong Kong; Immuno Cure 3 Limited Phase 1
16. Prophylactic pDNA

Vaccine
3 IM Imam Abdulrahman Bin Faisal University Phase 1

Abbreviations: ID - Intradermal; IM - Intramuscular.
\Adapted from COVID-19 vaccine tracker and landscape as of September 9, 2022. https://www.who.int/publications/m/item/draft-landscape-of-covid-19-
candidate-vaccines
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Omicron variant (Pango lineage B.1.1.529) was observed when
compared to the prototype Wuhan strain [43].
An evaluation of neutralizing antibody titers against the SARS-CoV-2

Wuhan strain and the Omicron BA.1, BA.2, BA.2.12.1, and BA.4 or BA.5
subvariants showed that when compared to the Wuhan strain, the
neutralizing antibody titers were reduced by a factor of 6.4 against BA.1,
by a factor of 7.0 against BA.2, by a factor of 14.1 against BA.2.12.1, and
by a factor of 21.0 against BA.4 or BA.5. Omicron subvariants BA.2.12.1,
BA.4 and BA.5 were shown to be more likely to escape neutralizations
than the BA.1 subvariant. The median neutralizing antibody titer was
lowered by a factor of 2.2 against the BA.2.12.1 subvariant and by a
factor of 3.3 against the BA.4 or BA.5 subvariant when compared to the
BA.1 subvariant [44]. It was also asserted that the emergence of Omicron
was met with concerns regarding reduced vaccine-induced neutralizing
activities [45]. In comparison with the Delta variant, the Omicron variant
significantly reduced the protective neutralizing activities of sera derived
from those receiving immunizations with the current approved vaccines.

2.4.1. DNA vaccine-induced humoral and cellular immune responses against
VOCs
Andrade et al. [46] evaluated the humoral and cellular responses

against SARS-CoV-2 variants such as B.1.1.7 (Alpha), B.1.351 (Beta), and
P.1 (Gamma) VOCs in vacinees who were immunized with the INO-4800
DNA vaccine. The evaluation of humoral responses in terms of the levels
of serum IgG titers to the SARS-CoV-2 S protein from the B.1.1.7, B.1.351,
and P.1 variants showed that serum IgG titers were comparable for the
Wuhan, and the B.1.1.7 and B.1.351 variants. However, a 1.9-fold
reduction was reported against the P.1 variant at week 8 in vacinees
who received two doses of INO-4800 DNA vaccine. Pseudovirus
neutralization assays showed 2.1 and 6.9-fold reductions against the
B.1.1.7 and B.1.351 variants, respectively. There was no reduction in
neutralizing antibodies for the P.1 variant when compared with the levels
of neutralizing antibodies elicited against the Wuhan strain. However, T
cell responses in terms of IFNγ and production of cytokines by CD8þ

cytotoxic T cells showed similar responses between theWuhan strain and
the B.1.1.7, B.1.351, and P.1 variants.
Azevedo et al. [47] investigated the efficacy of pCTV-WS, a

Spike-based DNA vaccine against the Wuhan strain and the Gamma,
Delta, and Omicron VOCs in transgenic (K18-hACE2) mice and hamsters.
The levels of neutralizing antibodies were similar against the Wuhan and
the Delta VOC. However, a 10-fold reduction in the levels of neutralizing
antibodies was observed when immunized mice were challenged with
the Gamma and Omicron VOCs. The T cell response was generally
conserved across the different strains and played a prominent role in the
reduction of viral loads and disease severity in immunized mice chal-
lenged with the Gamma or Omicron VOCs.
There are also reports showing incorporation of conserved regions

from the SARS-CoV-2 into the design of the DNA vaccine that could lead
to more universal and sustained immune responses in the face of
emerging variants. For example, a universal SARS-CoV-2 DNA vaccine
comprising antigens from immunogenic epitopes from the RBD, mem-
brane, and nucleoprotein (NP) from the Wuhan strain, the Alpha, and the
Beta variants was able to elicit cross-reactive neutralizing antibodies that
successfully neutralized the Wuhan strain, Beta, Delta, and Omicron vi-
ruses in vitro [48]. Challenge studies showed that mice were protected
from lethal infection with the SARS-CoV-2 Beta variant and NP-specific T
cells alone were responsible for 60% of the conferred protection [48].
Furthermore, the administration of a pan-Spike vaccine known as

INO-4802 in animal models showed the elicitation of neutralizing anti-
bodies and T cell responses against the Wuhan strain as well as B.1.1.7,
P.1, and B.1.351 VOCs with potent humoral responses induced against
VOCs in priming with a heterologous wild type vaccine, and followed by
INO-4802 boost administration [49].
In view of the emergence of SARS-CoV-2 variants, there is a need to

incorporate highly conserved epitopes to confer broad protection against
variants. DNA vaccines could offer a promising approach to develop

effective vaccines, particularly against the rapidly mutating SARS-CoV-2
VOCs. DNAvaccines can easily bemodified to incorporate different genes
simply by changing the gene sequences of the recombinant DNA plasmid.
Multiple cloning sites incorporated into the recombinant plasmid DNA
can easily be used to incorporate different nucleotides encoding peptides
specifying conserved immunogenic epitopes as these can be predicted
from bioinformatics or through an analysis of binding sites of monoclonal
antibodies found in convalescent sera [50–52]. Therefore, the DNA
vaccine platform is considered an attractive and promising approach to
immunize against SARS-CoV-2 due to the advantages that it offers over
other vaccine platforms [10].

2.5. Limitations of DNA vaccines

DNA vaccines against infections caused by the West Nile Virus in
horses and canine melanoma have been approved by the Food and Drug
Administration (FDA) and the United States Department of Agriculture
(USDA) for veterinary immunizations. With the exception of ZyCoV-D, no
DNA vaccines have been authorized for human use. This suggests that
there are limitations which have to be overcome before DNA vaccine
candidates could progress to the clinic. It has been reported that pre-
clinical studies demonstrated the ability of DNA vaccine candidates to
elicit potent humoral and cellular responses in small animals such as
mice, rats, and guinea pigs and even in non-human primates [10–13] but
there are challenges in eliciting the same potency of immune responses in
larger animals and humans. It was reasoned that low immunogenicity is
due to the non-feasibility of upscaling plasmid DNA amounts adminis-
tered in small animal models to humans [53]. Indeed, as much as 5–25
mg plasmid DNA would need to be administered to achieve the same
effect [54].
Another challenge is the route of administration of DNA vaccines. All

current DNA vaccines in clinical development against SARS-CoV-2 used
either electroporation, intradermal, oral, or intramuscular routes to
deliver the naked plasmid DNA. Another reason for low immunogenicity
is the low transfection efficiency of naked plasmid DNA. The adminis-
tration of naked plasmid DNA was associated with low transfection ef-
ficiency due to degradation. Indeed, the in vivo half-life of naked plasmid
DNA was shown to be reduced in a few minutes following administration
since it was vulnerable to degradation and removal by the reticular
endothelial system (RES) [55]. DNA vaccines harbouring the DNA
plasmid would need to target APCs to ensure the elicitation of potent
cellular immunity [56]. The administration of naked DNA did not lead to
uptake by DCs. Unsuccessful APC targeting resulted in low transfection
efficiency and low immunogenicity. Moreover, several barriers have to
be overcome such as penetration through the negatively charged phos-
pholipid membrane, escape from the endosome, and entry into the
nucleus.

2.6. Design of DNA vaccine and formulation improvements

Considering the potential of the SARS-CoV-2 prototype and VOCs to
cause debilitating consequences to public health and wellbeing, it is
essential to develop strategies to overcome the limitations of DNA vac-
cines so that the advantages of the platform can be used to develop
effective vaccines against rapidly emerging variants. These include op-
timizations that might be made to the plasmid with the use of molecular
or chemical adjuvants as well as exploring alternative delivery systems
and routes.

2.6.1. Plasmid optimization for gene expressions
Effective construction of a recombinant DNA plasmid needs to

incorporate certain genetic elements to ensure adequate protein expres-
sions. These could include specific nucleic acid sequences that would
upregulate transcriptions. An evaluation of these genetic elements is
crucial to establish optimum recombinant plasmid design.
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2.6.1.1. Strong promoters. It is imperative to select a promoter for effi-
cient plasmid construction so that the transfection of the recombinant
DNA plasmid into a mammalian cell line would result in both high-level
and long-term transgene expressions. A promoter is defined as a specific
set of nucleotides upstream of the gene of interest where RNA polymerase
binds to initiate transcription. Several plasmid vectors such as
pcDNA™3.1(þ) and pVAX1™ were designed to contain the cytomega-
lovirus (CMV) promoter and enhancer for high level expression of the
protein of interest when transfected into mammalian cells. However, it
was observed that transcriptional silencing resulted in a reduction in the
expression of recombinant gene of interest controlled by the CMV pro-
moter following transfection as evidenced by the reduction in expression
of exogenous genes driven by the CMV promoter [57]. A solution to this
issue is to utilize the human elongation factor-1 alpha (hEF1α) promoter
to initiate and regulate gene expression. Kim et al. [58] demonstrated
high levels of gene expression in a variety of cell types using the pEF-CAT
plasmid whereby the bacterialCAT gene of interest was ligated to specific
sites within the hEF1α gene such as at the end of the TATA box, exon 1,
and exon 2. The hEF1α promoter was also effective in driving gene
expression when viral promoters did not drive the expression of down-
stream genes. Indeed, the hEF1α promoter drove the stable and high level
expression of the bacterial neo gene more efficiently than the viral pro-
moter of the simian virus 40 (SV40) early gene. Moreover, the
CHO-derived elongation factor-1 promoter (CHEF-1) was reported to
serve as a promising element to regulate high-level expression of re-
combinant DNA plasmids in mammalian cell lines. Expression vectors
containing 50 and 30 flanking sequences from the CHEF1 gene had greater
than 10-fold expression levels of the chemokine receptor CCR4 when
compared to the CMV promoter [59]. Even though the use of such
flanking sequences could enhance expression of the gene of interest, their
inclusions into the vector increased the vector size which might not be
ideal for transfections. Furthermore, the SV40 promoter was described to
be a fairly strong promoter for the expression of therapeutic proteins in
mammalian cell lines. Although it might result in comparatively lower
expression, it had greater stability than the hEF1α and CMV promoters
[60].
The CMV promoter was shown to be primarily responsible for the

transient transcriptional expression of recombinant genes in the human
embryonic kidney 293 (HEK293) cells [61]. Johari et al. [62] reported
that the CMV promoter functioned by directing transcriptional expres-
sion which depended on the different components of the promoter such
as the transcription factor regulatory elements (TFREs) which included
AhR:ARNT, CREB, E4F, Sp1, ZBED1, JunB, c-Rel, and NF-κB. The CMV
promoter could be modified or engineered to incorporate optimized
binding sites. The TRFEs might also be used for the construction of
synthetic promoters. The researchers found multiple suboptimal TF
binding sequences including MYBL1, Oct, and E2F which might be used
to further improve the transcriptional activity of the CMV promoter. The
use of high-throughput parallel screening methods could be utilized to
screen several hundred TFREs and evaluate their binding affinities [62].

2.6.1.2. Kozak sequence. The Kozak consensus sequence is characterized
as a specific set of nucleotides that serves as the initiation site where
protein translation begins in eukaryotic mRNA produced from tran-
scription. The sequence is important for the initiation of translation and
for the regulation of protein production [63]. The Kozak sequence en-
sures accurate translation of the protein in terms of ribosome assembly
and translation initiation, considering that an incorrect initiation site
might lead to the expression of non-functional proteins [64]. Plasmid
vectors such as pcDNA™3.1(þ) and pVAX1 are designed to require the
insert to contain a Kozak consensus sequence (�6 GCCA/GCCAUGG þ4)
located around the initiation codon to ensure the accurate and specific
initiation of translation.
An example of a Kozak sequence found in a recombinant DNA

plasmid constructed using the plasmid vector pcDNA™3.1(þ) is GCCACC

with the ATG initiation codon located downstream of the 6-nucleotide
sequence. More specifically, for a strong consensus sequence that could
strongly express the recombinant protein, the nucleotides at the þ4 and
�3 position (relative to the þ1 assigned to the A of the initiation codon)
would need to match the consensus. For effective translation, the �3
position should contain a purine base. In the absence of a purine base, a
guanine should be present at þ4 [65]. Recognition of AUG and alterna-
tive initiator codons is augmented by a G at position þ4 but is not
generally affected by the nucleotides at position þ4 and þ 6 [66].

2.6.1.3. Matrix attachment regions (MARs). A series of scientific discov-
eries have led to the incorporation of the matrix attachment regions
(MARs) into mammalian expression vectors. It was observed that chro-
matin could be divided into topologically constrained domains separated
by elements such as scaffolds of MARs [67]. Moreover, MARs were re-
ported to be able to serve as insulator elements which prevented the
spread of heterochromatin as well as gene silencing [68]. Therefore,
MARs were associated with the production of an anti-silencing effect by
shielding the gene of interest from the suppressive impacts of hetero-
chromatin [69]. Mammalian expression vectors might be optimized by
incorporating a variety of genetic elements to produce the right combi-
nation for optimum gene expression. MARs might be used in conjunction
with strong promoters for enhancing gene expressions. For example, the
incorporation of the CMV promoter to drive the expression of green
fluorescent protein flanked by two different MARs or the use of SV40
promoter with two β-globin MARs substantially increased expression and
stability of the transgene [70].

2.6.1.4. Introns. Intron-mediated enhancement refers to the higher level
of expression of a DNA construct containing a specific intron as compared
to the expression of the construct when the intron was not included [71].
The enhancement of gene expression as a result of the inclusion of certain
introns has been known to occur in eukaryotes such as mammals, plants,
yeast, and insects. It was reported that introns could enhance transcript
levels by affecting the rate of transcription, nuclear export, transcript
stability, and mRNA translation [72].
There is considerable evidence for intron mediated enhancement of

gene expressions. The rate of transcription in transgenic mice was
increased by 10- to 100-fold when compared to the same genes not
containing introns [73]. Moreover, in eukaryotic organisms such as
humans and Saccharomyces cerevisiae, genes that contained introns pro-
duced significantly more copies of RNA than genes lacking introns [74].
Genes that were prominently expressed were shown to contain a larger
intron density in terms of the number of introns per kilobase of coding
sequence when compared to genes that were weakly expressed [74].
There are also other ways in which introns could enhance gene

expression. Spliceosomal introns increased gene expressions at numerous
stages from transcription to translation [75]. Splicing was considered to
be the crucial factor leading to the enhancement of expression of the
leader intron of the Arabidopsis AtMHX gene [76]. The intron sequence
showed only weak enhancement without splicing. Moreover, enhance-
ment of gene expression was found to be strongly dependent upon intron
splicing based on the analysis of mutated genes contained in rice mutants
[77]. Introns are involved in enhancing gene expression and increasing
gene products during multiple processes such as splicing, transcription,
polyadenylation, mRNA export, and translation. Introns could contain
enhancer elements to increase expression as well as sequences to enhance
translation of mRNA into proteins [78].
Some genes are fully dependent on introns for their expressions and

they could remain undetectable when the gene was expressed without
the intron [79]. In fact, the impact of intron sequences on the expression
of plasmids could be quite significant; exceeding 10-fold in some cases
and depending on the right combination of factors such as the type of
gene and intron in the recombinant plasmid [80]. Several studies have
reported enhanced gene expression upon the inclusion of introns. A motif
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derived from an intron was able to substantially enhance gene expression
even when it was placed significantly downstream of the transcriptional
start site [71]. Baier et al. [81] selected a group of 33 native and 13
non-native introns from highly expressed genes of Chlamydomonas rein-
hardtii with the potential to significantly increase abundance of tran-
scripts as an efficient solution to the low transcript levels of nuclear
transgenes in C. reinhardtii. An SV40 intron was identified as a strong
intron element that effectively enhanced the expression levels of eryth-
ropoietin protein in Chinese hamster ovary (CHO) cells [82].
While it is true that the introduction of introns was reported to have a

positive impact on plasmid optimization in terms of increased gene
expression, there is also evidence that a larger size of the insert in the
DNA plasmid vector might have a negative impact on the levels of gene
expression. In an experiment where two vectors of differing plasmid
lengths containing a firefly luciferase encoding gene insert were
compared for levels of gene expression, it was observed that 2-fold
decrease in the size of the plasmid vector backbone could increase
gene expression levels by more than 10-fold in rat tenocytes in vitro, and
rat myocardium in vivo [83]. Moreover, the administration of varying
sizes of plasmid DNA into Bacillus subtilis ISW1214 showed that trans-
formation efficiency was reduced with increasing size of the plasmid
DNA [84]. Gene transfection efficiency was reported to be highest for the
DNA plasmid shortest in size [85].

2.6.1.5. Nuclear localization signal peptides. Nuclear localization signal
(NLS) peptides are characterized as short signaling molecules that facil-
itate the transport of substances such as proteins from the cytoplasm to
the nucleus [86]. Data from several experimental investigations have
shown that the addition of nuclear localization signal peptides might aid
in gene delivery by enhancing the translocation of DNA to the nucleus
through the nuclear membrane. The development of a capped 3.3kbp
CMV-Luciferase-NLS gene incorporating a single nuclear localization
signal peptide led to a remarkable enhancement of transfection efficiency
[87]. This 10 to 10,000-fold increase in transfection efficiency was
attributable to the NLS peptide since the introduction of a substitution
mutation in the third amino acid in the NLS peptide was able to reduce
the transfection efficiency to lower levels. Zanta et al. [87] reasoned that
the DNA in the cytoplasmwas translocated to the nucleusfirst by docking
and then translocating through a pore in the nuclear envelope. The
exogenous DNA would be present in the form of a chromatin-shaped
structure inside the nucleus. The incorporation of NLS peptides into
DNA vaccine has also been documented and was shown to demonstrate
increased transfection efficiency of DNA in in vitro testing. For example,
the addition of four NLS peptides, namely SV40 large T-antigen derived
NLS, nucleoplasmin targeting signal, M9 sequence, and the reverse SV40
derived NLS was shown to enhance the transfection efficiency of the DNA
delivery vector, LAH4, after transfection into slow-dividing epithelial
cancer cells (Calu-3), macrophages (RAW264.7), DCs (JAWSII), and
thymidine-induced growth-arrested cells [88]. Therefore, the use of NLS
peptides in DNA vaccines against SARS-CoV-2 is a feasible option which
might enhance transfection efficiency during clinical trials to elicit
stronger immune responses.

2.6.1.6. Linear minimalistic (MIDGE) vectors. Current plasmid DNA vec-
tors consist of antibiotic resistance genes that act as selection markers
and allow the detection of successful transformation of plasmids for
bacterial expression. However, this approach is likely to be associated
with the spread of antibiotic resistance genes as the recombinant plasmid
DNAs are administered to animals or humans. A suitable alternative is the
use of minimalistic, immunologically-defined gene expression (MIDGE)
vectors which were described as linear vectors that only consist of the
sequence associated with the direct expression of the antigen which can
be chemically altered to enhance the resulting immune response [89].
MIDGE vectors expressing the Leishmania homologue of receptors for
activated C-kinase (LACK) antigen were shown to confer a high degree of

protection against Leishmania infection in BALB/c mice [89]. It was also
observed that high levels of protection could be achieved through the use
of much lower doses than what is required for traditional recombinant
plasmid DNAs. Protective efficacy may be further improved through the
addition of an NLS peptide to the MIDGE vector. Furthermore, MIDGE
vectors could be used to elicit high levels of antigen expression both in
cell cultures as well as in animal models. In particular, the development
of MIDGE and MIDGE-NLS vectors encoding for the hepatitis B surface
antigen (HBsAg) and subsequent immunogenicity testing showed strong
humoral and cellular immune responses [90].

2.6.2. Chemical adjuvants
To date, most of the experimental preclinical DNA vaccines developed

against SARS-CoV-2 were administered on their own as naked plasmid
DNAs. However, it has been reported that the administration of DNA
vaccines against SARS-CoV-2 together with chemical adjuvants such as
Montanide, Alum, Vaxfectin might improve immunogenicity. Indeed,
there is significant evidence to suggest this since the use of such chemical
adjuvants showed a positive impact on immunogenicity of vaccines in the
past [91,92].

2.6.2.1. Montanide. Montanide as a chemical adjuvant was shown to
enhance both the humoral and the cellular immune response in murine
and bovine models [93]. Moreover, DNA vaccines incorporating Mon-
tanide have been successfully commercialized for protection against the
foot-and-mouth disease virus (FMDV). Furthermore, a DNA vaccine
consisting of the glycoprotein D chemically adjuvanted with Montanide
903110 against the Bovine herpesvirus-1 (BoHV-1) was shown to protect
against bovine infectious rhinotracheitis [92]. Cows immunized with the
vaccine formulation containingMontanide effectively enhanced both the
humoral and cellular response, ameliorated clinical symptoms, and
significantly reduced viral excretions [92].

2.6.2.2. Alum. Considering the development of DNA vaccines against
SARS-CoV-2, the only example of the use of alum administered along
with recombinant SARS-CoV-2 S DNA vaccine is by researchers from
Osaka University [20]. The use of aluminum salts (alum) in optimizing
the humoral response in licensed DNA vaccines is well established. When
a DNA vaccine encoding HBsAg was formulated with aluminum phos-
phate, the antibody titers were increased by 10–100 fold. The adjuvant
aluminum phosphate was able to decrease the antigen dosage required
by 10-fold. Boosting the adjuvanted DNA vaccine with a HBs protein was
found to elicit HBs-specific IgG2a which reflected a Th1 response. The
adjuvanting effect was suggested to be due to an increase in the number
of T cells secreting HBs peptide antigen-specific IFN-γ and IL-2 [94].
Furthermore, a DNA vaccine against rabies adjuvantedwith alum was

demonstrated to provide 80% protective immunity of BALB/c mice
challengedwith a rabies virus strain. The immune response was observed
to be Th2 polarized with increased IgG antibody titers [95]. Adjuvanting
the DNA vaccine with alum was shown to elicit more potent immune
responses demonstrated by an increase in the IgG antibody titer and
neutralizing antibodies against rabies virus.
However, there are instances where the administration of alum with

DNA vaccines failed to provide protective immunity. This was the case
with the alum adjuvanted DNA vaccine against the human immunode-
ficiency virus (HIV) type 1 DNA vaccine. Considering that alum was
present in adequately detectable levels at the injection depot, the failure
to elicit sufficient levels of immunogenic humoral and cellular responses
was attributed to a lack of effective interaction between the DNA vaccine
and alum adjuvant [96].

2.6.2.3. Vaxfectin. Another well-known chemical adjuvant is the
cationic lipid formulation, Vaxfectin, in enhancing the immunogenicity
of DNA vaccines by improving delivery efficiency. This increased
immunogenicity might be attributable to Vaxfectin being directly
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involved in regulating immune response pathways. Several studies have
also documented Vaxfectin to successfully optimize the immune response
in several animal models. For example, the intradermal or intramuscular
administrations of a DNA vaccine encoding the hemagglutinin (H) and
fusion (F) proteins of measles virus successfully conferred protection in
rhesus macaques [97]. This was demonstrated mainly by the elicitation
of higher levels of neutralizing antibodies upon the administration of the
DNA vaccine adjuvanted with Vaxfectin when compared to the unad-
juvanted DNA vaccine. The immune response was also characterized by
the rapid induction of T cells but production of IFN-γ did not increase
upon treatment with Vaxfectin. Challenge studies protected the ma-
caques from developing rash or viremia but did not confer protection
against infection [97]. Nevertheless, efforts to develop a more balanced
immune response consisting of the elicitation of both humoral and
cellular immune response were carried out by Pan et al. [98]. In the
murine model, both humoral and cellular immune responses were
demonstrated by the administration of a Vaxfectin adjuvanted DNA
vaccine against measles virus encoding the H and F proteins. The DNA
vaccine also conferred protection against intratracheal infection and
prevented the development of viremia and rashes [98].
Vaxfectin has also been incorporated as a chemical adjuvant in the

development of DNA vaccines against diseases such as dengue and
influenza. For example, the administration of a tetravalent dengue DNA
vaccine administered with a cationic lipid-based adjuvant in a phase 1
clinical trial resulted in good safety and immunogenicity [99]. It was
observed that the group of mice which were immunized three times with
the high dose of the tetravalent dengue DNA vaccine adjuvanted with
Vaxfectin showed the most potent IFN-γ T cell responses when compared
to mice which were immunized with the DNA vaccine on its own.
Moreover, a 60 μg dose of Vaxfectin adjuvanted recombinant DNA
plasmid encoding highly conserved antigens namely, the NP and ion
channel protein (M2) from influenza virus conferred 100% protection in
mice against influenza. An evaluation of the efficacy of Vaxfectin as a
chemical adjuvant suggested that on its own, Vaxfectinmight be effective
to optimize immunogenicity in only smaller animal models such as mice
but not in larger non-human primates (NHPs) [99].

2.6.2.4. AS03. The use of emulsion based adjuvants could be adminis-
tered in conjunction with DNA vaccines to enhance humoral and cellular
immune responses. An investigation into the impact of the use of
emulsion-based and α-tocopherol containing adjuvant Diluvac Forte® on
the immunogenicity of a recombinant DNA plasmid, which encoded
hemagglutinin and a non-glycosylated NP, against influenza in the mu-
rine model showed that when the naked recombinant plasmid was
administered with Diluvac Forte® or an emulsion containing α-tocoph-
erol, the humoral response was enhanced in terms of significantly
elevated levels of immunoglobulin G (IgG)1 and IgG2c [100]. While
AS03 has not been used for adjuvanting the current DNA vaccines against
SARS-CoV-2, several recombinant protein vaccines against SARS-CoV-2
employed the use of AS03 as a vaccine adjuvant [101]. Future DNA
vaccine development against SARS-CoV-2 should consider the possibility
of administering DNA vaccines in a 1:1 emulsion together with AS03
which might serve as an effective adjuvant to augment the immune
response elicited.
In conclusion, a number of chemical adjuvants have been incorpo-

rated in DNA vaccines and the resulted increase in immunogenicity was
demonstrated in animal models. However, a number of observations
were elucidated. Firstly, the immune response elicited by the adminis-
tration of chemically adjuvanted DNA vaccines resulted in strong hu-
moral responses. Secondly, the immunogenic potential of chemical
adjuvants in optimizing the immune response was higher in smaller
animals which brought into question their applications in DNA vaccine
development and immunogenicity testing in humans. Therefore, future
efforts need to focus on incorporating novel adjuvants into DNA vaccine
formulations to elicit more balanced humoral and cellular immune

responses, whereby its efficacy could be evaluated in larger animal
models.
Implications for the development of vaccines against the SARS-CoV-2

involve evaluating and exploring strategies that could elicit both strong
antibodies and potent cellular immune responses. In light of the recent
COVID-19 pandemic and the need for effective vaccines that could offer
sufficient protection against the disease, the immune response must
involve both the humoral and cellular immune response. It was reported
that humoral response against SARS-CoV-2 in terms of IgG, total and
neutralizing antibodies declined after 6 months [102]. Full resolution of
SARS-CoV-2 required a Th1 polarized cellular immune response as well
as the elicitation of memory B cells. An evaluation of the use of chemical
adjuvants in DNA vaccines in the past showed that immune responses
were mainly Th2 biased. Therefore, additional incorporation of novel
adjuvants which have similar effects as the monophosphoryl lipid A
(MPLA) adjuvant by shifting the immune response towards a more Th1
biased response must be explored for the future development of chemi-
cally adjuvanted DNA vaccines against SARS-CoV-2.

2.6.3. Molecular adjuvants
An understanding of the use of chemical adjuvants in formulations

with DNA vaccines is needed to explain the failure to elicit optimum
immunogenicity. It must be noted that chemical adjuvants are simply
mixed with the DNA vaccine which might have limited interactions with
the adjuvant. The use of molecular adjuvants fused to the sequence of the
target gene coding for the antigen in the recombinant plasmid might
overcome this problem by ensuring that the adjuvant and antigen are
both expressed simultaneously, resulting in an increased interaction.
Alternatively, the molecular adjuvant could be encoded by a separate
plasmid which might encode Toll-like receptor agonists, cytokines, and
chemokines.
CD40 is a costimulatory molecule that plays an important role in the

effective functioning of the immune system. The receptor is expressed by
cells of the immune system such as B cells, APCs, andmacrophages [103].
It can also be expressed by other non-immune cells such as endothelial
cells, smooth muscle cells, fibroblasts and epithelial cells [104]. CD4F
cells could activate DCs by the interaction of its CD40 with the CD40L on
the DC. Activation of DCs would result in upregulation of CD80/CD86
which interacts with CD28 on naïve CD8þ T cells. The CD40L is reported
to serve as an effective adjuvant capable of enhancing the immune
response elicited when it is expressed as part of the DNA vaccine. For
example, Tamming et al. [105] reported the protective efficacy of a DNA
vaccine encoding the SARS-CoV-2 Spike glycoprotein expressed in
conjunction with CD40L. It was observed that CD40L served not only as
the target ligand for its costimulatory molecule but also as a molecular
adjuvant. The administration of the vaccine in Syrian hamsters was
associated with potent humoral responses in terms of the production of
neutralizing antibodies. In the group immunized with the Spike-CD40L
DNA vaccine, lung pathology was more successfully ameliorated when
compared to the group of mice immunized with the DNA vaccine not
adjuvanted with CD40L. Moreover, clinical trials to test the immunoge-
nicity of GX-19, a recombinant DNA plasmid expressing the S protein
together with CD40L, demonstrated the elicitation of broad binding
antibody responses [106]. Moreover, when the recombinant protein
SARS-CoV-2 RBD vaccine was adjuvanted with a TLR7/8 agonist
formulation, alum-3M� 052, it was able to elicit a neutralizing antibody
response 100 fold higher than that elicited upon the administration of the
vaccine with alum alone [107].
Moreover, other sequences that might serve as molecular adjuvants to

enhance the immunogenicity of DNA vaccines have been reported. For
example, a novel RBD basedDNA vaccine against SARS-CoV-2 elicited far
more potent immune responses in terms of the production of inflam-
matory cytokines IL-6 and TNF-αwhen linked to the N-terminal inclusion
of a 33-bp (11 aa) preS1 sequence of the HBV W4P variant (N-terminal
HBV preS1) comparing to the weaker immune response elicited in
response to the RBD-based vaccine alone. This demonstrated that the N-
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terminal HBV preS1 acted as an adjuvant which enhanced immunoge-
nicity [108].

2.6.4. Delivery systems
Apart from the type of antigen and the incorporation of an adjuvant in

the vaccine design and development, the protective efficacy of the vac-
cine and the potency of the immune responses it could elicit depends on
the type of vaccine delivery platform [109]. A promising deliverymethod
could involve using the intranasal route to administer DNA vaccines.
Currently, none of the 16 DNA vaccine candidates in clinical develop-
ment have utilized the intranasal route to deliver the DNA vaccine.
Nevertheless, nasal delivery could overcome problems of dependency on
needles, needle-stick injuries, disposal, inconvenience, and cost. Since
most SARS-CoV-2 infections originate at mucosal surfaces, the intranasal
route is a promising approach to induce immune responses since it could
provide a convenient and accessible route to the mucosal immune sys-
tem. Mucosal surfaces are strongly associated with immune responses of
the lymphoid tissues. The intranasal route of vaccination involves the
mucosa-associated lymphoid tissue (MALT), known as the
nasopharynx-associated lymphoid tissue (NALT). NALT is characterized
as the immune system present in the nasal mucosa involving lymphoid
tissue, B cells, T cells, APCs, and an epithelial layer of memory cells which
are responsible to carry the antigen across the epithelium. Depending on
the type of antigen, it is transported across the epithelium to interact with
macrophages and DCs. The antigen is taken up by APCs and transported
to the lymph nodes for presentation to T cells. Soluble antigens are
endocytosed by APCs directly [110].

2.6.5. Encapsulation of DNA plasmid in poly (lactic-co-glycolic acid) PLGA
Although the DNA vaccine platform has been extensively studied for

the last three decades, its clinical application is impeded by the main
challenge of the vaccine antigen in not being able to reach target APCs.
Different methods have been used to deliver naked DNA vaccines. Elec-
troporation was used by Inovio pharmaceuticals to deliver the DNA
vaccine INO-4800 using the CELLECTRA® delivery device [10]. This
created an electrical impulse using an electroporation device to stimulate
permeability of cell membranes for enhanced uptake of the DNA vaccine
[111]. Although transfection efficiency is high, and the method is quick
and easy, disadvantages include cell death at the site of administration
and pain to the patient when the DNA vaccine is administered. Moreover,
certain considerations such as the electrode shape, size, and the formu-
lation of the DNA vaccine would need to be optimized to enhance
immunogenicity [112]. Oral delivery is an interesting mode of delivery
adopted by only one vaccine developer, Symvivo Corporation
(Australia), to manufacture the bacTRL-Spike oral DNA vaccine. In order
to be successfully delivered orally, DNA vaccines would need to be
specially formulated to survive against the gastric conditions of the
digestive system [113]. The Needle-Free Injection System (NFIS) was
also used by Zydus Cadila Healthcare (India) to administer the ZyCoV-D
DNA vaccine. Specifically, the Pharmajet Tropis® device was used to
deliver the DNA vaccine intradermally through a narrow and precise
fluid stream. The ZyCoV-D vaccine is the only DNA vaccine to progress to
phase 4 clinical trial under Emergency Use Authorization (EUA) in India
as it had previously demonstrated humoral neutralizing antibody re-
sponses and Th1 polarized cellular responses characterized by IFN-γ
production in animal models [114]. Furthermore, adequate humoral and
cellular immune responses were observed at day 70 after the third dose in
phase 1 clinical trial. Although needle-free intradermal administration
could result in efficient and painless administrations, it required expen-
sive and sophisticated devices which might not be available in resource
poor countries [115]. Mechanical delivery for plasmid DNA could also be
mediated by a gene gun. Heavy metallic particles were coated with
plasmid DNA and significantly reduced DNA doses which could be
directly injected into the cytosol of target cells. However, the cost of the
gene gun system and gold particles is high [116]. Viral vectors could be
used for delivery of DNA vaccines but they were associated with safety

issues such as the elicitation of unwanted immune response against the
viral vector, potential reversion to virulence, and potential insertional
mutagenesis. Therefore, non-viral vectors are increasingly being recog-
nized as potential carriers for DNA vaccine delivery.
The prospect of developing nanomaterials as carriers of DNA vaccines

offers several advantages over traditional naked DNA administration in
terms of delivery to the target cells in the lymphoid tissues, high trans-
fection efficiency, induction of DC maturation and antigen presentation
[116,117].
Nanoparticles as carriers can prevent the DNA plasmid from potential

degradation during delivery to target APCs [118]. Nanoparticle carriers
which encapsulate the DNA vaccine were reported to have a size range of
10–500 nm and they were small enough to be effectively edocytosed
[119]. Nanoparticles with a size less than 100 nm were observed to have
increased lymphatic uptake and improved transfections of the APCs in
the lymph nodes [120]. Thus, encapsulation of DNA vaccines in nano-
particles could lead to increased immunogenicity, reduced toxicity and
reactogenicity, effective presentations to APCs, improved endocytosis of
DNA and transport to the nucleus.
PLGA was reported to break down into lactic acid and glycolic acid.

Lactic acid was reported to be further metabolized into carbon dioxide
and water which were excreted from the body [121]. This feature is an
added advantage in terms of safety when compared to viral vectors
[116].
The synthesis of plasmid DNA is convenient and inexpensive. How-

ever, due to reports of low transfection efficiency, it is important to
improve the immunogenicity of DNA vaccines through the use of
different delivery systems and adjuvants. Although sophisticated equip-
ment has been available that used different routes of administration, such
as the Pharmajet Tropis® device, which used NFIS for intradermal de-
livery of the ZyCoV-D DNA vaccine, and the CELLECTRA® delivery de-
vice, which used electroporation to deliver the INO-4800 DNA vaccine,
these were more expensive options and may not be feasible for mass
vaccination [116]. In contrast, the use of PLGA NPs to encapsulate DNA
could serve as a relatively inexpensive method to increase immunoge-
nicity of administered plasmid DNA. PLGA encapsulated plasmid DNA
could be conveniently produced in the laboratory using the simple
manual double emulsion method or mass produced using a microfluidics
system [122,123].
There are various materials that can be used as nanocarriers to

encapsulate DNA vaccines. For example, plasmid DNAs were encapsu-
lated by either proteolipid nanoparticles formulated with neutral lipid
and fusion associated trans-membrane. Another prominent and safe
approach involves the use of polymers such as PLGA and chitosan.
Choosing the appropriate antigen to be expressed and the material for
nanoparticle design, the nanoparticle-based vaccine could result in a
timely release of the DNA payload [116].
The use of PLGA as a nanodelivery carrier is increasingly being

employed to facilitate the delivery of DNA-based vaccines. PLGA is an
FDA-approved biopolymer, well-known for its biodegradability,
biocompatibility, and minimal toxicity which made it ideal for use as
delivery vehicle. Encapsulation by PLGA also protected the DNA vaccine
antigen from degradation by DNases of the host. It could also promote the
long-lasting release of the DNA vaccine. This occurred through a so-
phisticated mechanism of hydrolysis in which the payload was released
slowly [124]. This meant that special modifications are required to
ensure sustained release of the payload [116].
Extensive work has been conducted involving the use of PLGA

nanoparticles to encapsulate DNA plasmids. For example, Zhao et al.
[125] reported the encapsulation of a recombinant DNA plasmid
expressing the F gene of the Newcastle Disease Virus (pFNDV) DNA
Vaccine in PLGA nanoparticles. The constructed pFNDV-PLGA nano-
particle-based DNA vaccine had a diameter of 433.5� 7.5 nm and a Zeta
potential ofþ2.7 mV. The recombinant plasmid DNA demonstrated high
sustainable release (93.14% of the total amount) from the pFNDV-PLGA
nanoparticles. Superior and more potent immune responses were elicited
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from immunization of chickens with pFNDV-PLGA nanoparticles as
compared to nanoparticles containing pFNDV alone. Therefore,
pFNDV-PLGA nanoparticles were associated with the elicitation of more
potent cellular, humoral, and mucosal immune responses with a sus-
tained release of the DNA payload [125].
PLGA could serve as an effective nanomaterial to encapsulate DNA

vaccines which were that have been administered intranasally to elicit
potent protective immune responses. Wang et al. [126] utilized
chitosan-coated PLGA to encapsulate recombinant DNA plasmid encod-
ing the FMDV capsid protein as the antigenic target and the bovine IL-6
gene to enhance the mucosal immune response. Animal models such as
rats and guinea pigs were intranasally immunized with the DNA vaccine.
Out of the three different expression vectors used, the recombinant
plasmid constructed using the recombinant pc-P12AIL3C plasmid which
contained IL-6 located between the P12A and 3C genes elicited the most
potent antigen-specific serum IgG and IgA responses and the strongest
titers of secretory IgA in mucosal tissues. The recombinant plasmid,
pc-P12AIL3C, was able to elicit the highest levels of neutralizing anti-
bodies and also produced the strongest cellular immune responses.
Cellular immune responses were associated with T cell proliferations in
response to target antigens and high levels of IFN-γ produced by CD4þ

and CD8þ splenic T cells. Challenge studies in animalmodels showed that
3/5 mice were protected against FMDV infection after immunization
with the pc-IL2AP12A3C DNA vaccine. This approach is particularly
attractive since it points towards the increased efficacy of DNA vaccines
especially when encapsulated in chitosan-coated PLGA nanoparticles,
with the use of IL-6 as a molecular adjuvant to optimize the immune
response. The importance of incorporating DNA vaccines into
chitosan-coated PLGA nanoparticles was further demonstrated by the
intranasal administration of a naked DNA vaccine against pseudorabies
virus, which elicited local and systemic immune responses. A combina-
tion of the DNA vaccine with PLGA-polyethylenimine (PEI) nanoparticles
further increased the time during which mucosal IgA was detectable in
pigs [127].
PLGA nanoparticles could be formulated with the cationic polymer,

PEI which is a synthetic polymer regarded as an efficient nanodelivery
carrier due to its ability to complex with DNA and deliver the plasmid
DNA into the nucleus [128]. Properties that make PEI an ideal bioma-
terial to be formulated in complex with DNA include its high molecular
weight and branched structure. The larger molecular weight resulted in
densely populated amine groups which in turn increased the cationic
characteristics. This allowed the PEI complex to achieve a higher rate of
transfection through the proton sponge effect associated with endosomal
escape. The use of PEIs with higher molecular weight was found to
induce greater toxicity, and those with lower molecular weights induced
lower toxicity but with reduced transfection efficiency. Therefore,
certain modifications such as increasing branching and molecular
weights could be made to PEIs to incorporate polysaccharides, polymers,
and disulphide bridges. Previous studies to develop DNA vaccines uti-
lizing the PLGA-PEI complex as the nanodelivery carrier reported the
induction of humoral immunity utilizing the pseudorabies glycoprotein B
as the target antigen, and a H1N1 DNA vaccine was delivered through
intranasal delivery [127,129].
The use of PLGA-PEI nanoparticles was reported to effectively induce

DC maturation and the production of cytokines such as IL-2 and TNF-α.
Approaches such as a prime boost with recombinant protein vaccines
showed that the DNA vaccine was able to elicit cellular immune re-
sponses in the form of T cell mediated immunity through the production
of IFN-γ [130].

3. Conclusions

The rapid emergence of SARS-CoV-2 VOCs such as the highly infec-
tious Omicron variant has contributed to new waves of SARS-CoV-2 in-
fections globally since late 2021. There is an urgent need to develop
strategies to curb the further spread of COVID-19 as well as to curb the

threat of variants that might arise in the future. The development of next
generation vaccine platforms such as DNA vaccines appears to be a
promising solution since DNA vaccines can be quickly developed to
incorporate antigenic regions other than the full length S protein which
might become ineffective in eliciting neutralizing antibodies against new
VOCs. In particular, the DNA vaccine platform is associated with attri-
butes such as its ability to incorporate different genes representing highly
conserved B and T cell epitopes, high stability at room temperature, and
accelerated developmental timelines to speed up their progression to
clinical trials. Genetic modifications of a plasmid vector such as the
insertion of the NLS peptide gene could enhance the transfection and
translocation of recombinant DNA. Additional genetic modifications to
increase expressions of the recombinant plasmid include the use of strong
promoters, insertion of MARs, and introns. Vectors could be modified to
carry molecular adjuvants such as TLR agonists and CD40L to increase
immunogenicity of the DNA vaccine. With the exception of ZyCoV-D
vaccine in India, no DNA vaccines have been given emergency
approval under phase 4 clinical development due to limited immuno-
genicity in humans. This challenge might be solved through the use of
chemical/molecular adjuvants and the development of appropriate de-
livery systems utilizing nanoparticles to increase uptake by APCs in
enhancing the induction of potent immune responses.
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Abstract: The clinical use of antibiotics has led to the emergence of multidrug-resistant (MDR) bacte-
ria, leading to the current antibiotic resistance crisis. To address this issue, next-generation vaccines
are being developed to prevent antimicrobial resistance caused by MDR bacteria. Traditional vaccine
platforms, such as inactivated vaccines (IVs) and live attenuated vaccines (LAVs), were effective
in preventing bacterial infections. However, they have shown reduced efficacy against emerging
antibiotic-resistant bacteria, including MDR M. tuberculosis. Additionally, the large-scale production
of LAVs and IVs requires the growth of live pathogenic microorganisms. A more promising approach
for the accelerated development of vaccines against antibiotic-resistant bacteria involves the use of
in silico immunoinformatics techniques and reverse vaccinology. The bioinformatics approach can
identify highly conserved antigenic targets capable of providing broader protection against emerging
drug-resistant bacteria. Multi-epitope vaccines, such as recombinant protein-, DNA-, or mRNA-based
vaccines, which incorporate several antigenic targets, offer the potential for accelerated development
timelines. This review evaluates the potential of next-generation vaccine development based on the
reverse vaccinology approach and highlights the development of safe and immunogenic vaccines
through relevant examples from successful preclinical and clinical studies.

Keywords: vaccine; immunoinformatics; reverse vaccinology; antibiotics; MDR bacteria

1. Introduction

Modern medicine has undergone a revolution owing to the therapeutic use of an-
tibiotics to treat bacterial infections [1–7]. The discovery of penicillin in 1928 marked the
start of medical interventions that enabled remarkable reductions in debilitating bacterial
infections such as pneumonia and tuberculosis [8,9]. As a result of antibiotics, mortality
due to bacterial infections decreased significantly and the average life expectancy at birth
increased from 47 to 78.8 years in the USA [10]. However, the golden age of antibiotics
was abruptly halted by the emergence of MDR bacterial strains, culminating in the present
antibiotic resistance crisis [10].

Medical treatments such as immunosuppressive chemotherapy against cancers, organ
transplantations, and surgeries require the use of antibiotics to prevent MDR bacterial
infections. MDR pathogens have been reported to cause 700,000 deaths per annum and
they are anticipated to result in 10 million fatalities annually by 2050 [11]. The impact
of antibiotic resistance on individual health and wellbeing as well as on the economy is
disastrous, as evidenced by an estimated 1.27 million global deaths as a result of antibiotic
resistance in 2019 and projected healthcare treatment costs of $300 billion to well beyond $1
trillion by 2050 [12,13].

Considering the alarming impact of the high number of infections caused by antibiotic-
resistant bacteria and the high healthcare costs associated with their treatment, it is essential
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to develop strategies that could reduce the incidence of diseases caused by antibiotic-
resistant bacteria. The development of new and safe antibiotics is required to combat
the growing number of diseases caused by pathogens resistant to existing antibiotics [14].
These antibiotics would, however, be subjected to similar selection pressures, resulting in
the eventual emergence of strains becoming more resistant [14]. A promising alternative
involves the development of next-generation vaccines geared towards the prevention of
antimicrobial resistance due to the emergence of MDR bacteria. This review provides a
comprehensive overview of preclinical and clinical vaccine development against antibiotic-
resistant bacteria.

1.1. Mechanisms of Antibiotic Resistance Acquired through Horizontal Gene Transfer
between Bacteria

Antibiotic resistance is due to a rise in pathogenic strains of bacteria that have de-
veloped mechanisms to considerably reduce the effectiveness of antibiotics. Studies have
shown that antibiotic-resistant bacteria evade the antimicrobial action of antibiotics through
antibiotic inactivation, modification of antibiotic targets such as bacterial cell walls, or
through the efflux of antibiotics from bacteria [15–17]. Antibiotic resistance in bacteria can
be acquired through horizontal gene transfer processes such as transformation, transduc-
tion, and conjugation. During transformation, donor bacteria release DNA fragments with
resistance genes into the environment. Competent recipient bacteria can take up these
fragments and integrate the resistance genes into their genome. This integration enables
the recipient bacteria to produce proteins or enzymes that make them resistant to specific
antibiotics. As a result, the transformed bacteria inherit antibiotic resistance, leading to the
spread of resistance within bacterial populations. During transduction, bacteriophages can
carry antibiotic resistance genes from a donor bacterium to a recipient bacterium. These
genes can then become integrated into the recipient bacterium’s chromosome. This integra-
tion allows the recipient bacterium to acquire and express the antibiotic resistance traits
encoded by these genes, resulting in antibiotic resistance. During bacterial conjugation, an-
tibiotic resistance genes are transferred through direct physical contact between the donor
and the recipient bacteria. This process involves the formation of a physical bridge, called a
pilus, between the two bacterial cells. The pilus facilitates the transfer of a plasmid, which
carries the antibiotic resistance genes, from the donor bacterium to the recipient bacterium.
Once inside the recipient bacterium, the plasmid is integrated into the chromosome [18].
These processes are illustrated in Figure 1.

1.2. Reverse Vaccinology: An Innovative Approach to Vaccine Development against
Antibiotic-Resistant Bacteria

Reverse vaccinology is a groundbreaking approach in vaccine development that has
revolutionized the search for effective vaccine candidates to combat antibiotic-resistant
bacteria. Traditionally, vaccine development relies on cultivating and inactivating or atten-
uating a whole pathogen to stimulate an immune response. However, reverse vaccinology
takes a different route by leveraging bioinformatics and computational analysis of pathogen
genomes to identify potential vaccine targets. This innovative method focuses on identi-
fying specific protein components, known as epitopes, within the genomes of pathogens
that are most likely to result in potent immune responses. By analyzing the genetic infor-
mation of the pathogen, researchers can predict and select these epitopes, paving the way
for the development of multi-epitope-based vaccines [19]. This approach offers several
advantages, such as the potential to simultaneously target multiple epitopes [20]. This
serves as an effective way to enhance the effectiveness of vaccines developed against highly
diverse and rapidly evolving antibiotic-resistant strains. Furthermore, reverse vaccinology
allows for a more rapid and targeted vaccine design process, accelerating the development
timeline and potentially overcoming challenges associated with traditional approaches.
As antibiotic resistance continues to pose a significant threat to global health, the reverse
vaccinology approach offers promising prospects in the quest for effective vaccines against
antibiotic-resistant bacteria [21].
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2. Vaccines against Antimicrobial Resistance Based on Conventional
Vaccine Platforms
2.1. LAVs

Conventional vaccines such as IVs and LAVs have been developed against a number
of infectious diseases caused by antibiotic-resistant bacteria. One important example is
the development of LAVs against tuberculosis (TB). After the occurrence of Coronavirus
disease 2019 (COVID-19), TB became the second most common cause of global mortality.
Up until 2019, TB caused by the etiological agent Mycobacterium tuberculosis (MTB) was well
known for being responsible for more than 10 million infections and the highest number
of global deaths attributable to a single infectious pathogen [18]. The disease is primarily
prevalent in regions of South-East Asia, Africa, and the Western Pacific. The global burden
of those infected with TB has been exacerbated by the emergence of MDR tuberculosis (TB)
strains, which comprise TB strains that are resistant to at least the first-line treatment drugs
isoniazid and rifampicin [22].

Effective vaccines aim to stimulate protective humoral and cellular immune responses
against the pathogen. LAVs have shown efficacy in protection since they can induce both
potent humoral as well as cell-mediated responses. Moreover, new strategies for developing
LAVs against bacteria are underway. One such strategy focused on developing LAVs that
were auxotrophic for D-glutamate, which is involved in bacterial cell wall formation. LAVs
against Acinetobacter baumannii, Pseudomonas aeruginosa, and Staphylococcus aureus not only
attenuated virulence but also led to self-resolution of infections when administered to mice.
Potent immune responses in terms of functional and cross-reactive antibodies as well as
cellular immunity were elicited in addition to protection against A. baumannii AbH12O-
A2 and Ab307-0294, P. aeruginosa PA14, and community-acquired methicillin-resistant
S. aureus USA300LAC [23]. There are other examples of effective LAVs being developed
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against bacteria. For example, anthrax vaccine adsorbed (AVA) BioThrax is a licensed
avirulent vaccine recommended for the immunization of individuals aged 18–65 years for
the prevention of anthrax caused by Bacillus anthracis.

BioThrax is composed mainly of the anthrax protective antigen (PA), while the alu-
minum hydroxide suspension (alhydrogel) allows adsorption of the PA, which also acts
as an adjuvant. Anti-PA IgG levels were detected in more than approximately 1/3 of
participants in clinical trials after a single administration. Detectable anti-PA IgG levels
were observed in 95% of participants after the second dose and 100% of participants after
the third administration [24,25]. The novel oral typhoid vaccine M01ZH09, as an LAV, was
also shown to be safe and potently immunogenic [26].

The only available vaccine against TB is the Bacillus Calmette–Guérin (BCG) vaccine,
a live attenuated strain of Mycobacterium bovis. The vaccine has been medically used for
public immunization since 1921 [27]. BCG vaccine administration using the pulmonary
mucosal delivery route conferred protection in rhesus macaques associated with production
of T-helper type 17 (TH17) cells, interleukin-10, and immunoglobulin A [28]. Intravenous
BCG vaccination also protected 9 out of 10 rhesus macaques from TB infection [29].

However, the BCG vaccine was reported to have lost protective efficacy against emerg-
ing TB strains. The BCG vaccine conferred lower levels of protection against a virulent TB
HN878 strain that could spread to the liver and spleen. The vaccine was also unable to
offer adequate protection against inflammation, weight loss, and lung and brain pathology
resulting from HN878 infection [30]. While it is true that the BCG vaccine did confer partial
protection in infants, there are reports indicating that the vaccine is no longer effective in
protecting adolescents and adults [31]. Martinez et al. (2022) reported that the effectiveness
of the BCG vaccine in protecting against all forms of TB was only 18%. The vaccine only
conferred significant levels of protection in infants less than 5 years of age. The vaccine also
failed to confer significant levels of protection against extrapulmonary tuberculosis. The
data suggested that booster immunizations were required in older populations in order to
sustain protection against TB infection [31]. While the BCG vaccine did lead to a reduction
in cases of miliary tuberculosis, the vaccine conferred minimal levels of protection against
primary TB infection and the reactivation of latent pulmonary tuberculosis [32,33].

Recently, another LAV candidate, known as MTBVAC, has been developed against
M. tuberculosis. MTBVAC has shown promising results in preclinical and clinical develop-
ment [34–36]. MTBVAC was shown to be an effective replacement for the BCG vaccine in a
preclinical study that focused on the safety, immunogenicity, and protective efficacy of the
vaccine when it was administered to newborn C57/BL6 mice [34]. No deaths or disease
symptoms were reported in any of the mice immunized with the vaccine. There was also
no impact on growth and organ development in mice. IFN-γ analysis after immunization
demonstrated high IFN-γ production when splenocytes from mice were stimulated with
Ag85B, the antigen expressed by MTB, or with purified protein derivative (PPD) as a
control. An evaluation of the protective efficacy conferred by the vaccine showed that
bacterial loads in the lungs and spleen were significantly reduced upon immunization with
MTBVAC when compared to vaccination of mice with the BCG vaccine [34].

Preclinical studies conducted in rhesus macaques have also shown the ability of LAVs
to induce potent immune responses against M. tuberculosis. Administration of the BCG
vaccine followed by either MVA.85A, a modified vaccinia virus Ankara encoding antigen
85A, or an LAV showed that both booster doses were effective and induced strong immune
responses. Evaluation of protective efficacy showed reduced pathology and chest X-ray
scores, reduced lung bacterial loads, as well as increased IFN-γ production as an immune
correlate of protection [37]. The discovery of MTBVAC as a live vaccine candidate as well
as its development, characterization, and elicitation of immune responses in animals and
humans have remarkably progressed over 25 years. The BCG vaccine is still regarded as the
gold standard and phase III efficacy trials of MTBVAC have been conducted in TB-endemic
countries of Sub-Saharan Africa in 2021 [38].
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The development of an LAV against S. aureus, based on an auxotrophic mutant of
S. aureus MRSA strain, has also been reported. Attenuation was successfully achieved
through the induction of interference in D-alanine biosynthesis, which is vital for the
structural integrity of bacterial cell walls and bacterial cell viability. Intravenous and
intraperitoneal administrations of the attenuated vaccine strain resulted in the elicitation of
potent humoral responses in terms of the production of cross-reactive antibodies produced
against multiple S. aureus strains [39].

2.2. IVs

There are also documented examples of the use of the IV platform to develop vac-
cines against antibiotic-resistant bacteria. An evaluation of the immune responses and
vaccine protective efficacy resulting from the immunization of BALB/cJ mice with IVs
developed using whole cells of antibiotic-exposed MDR A. baumannii (I-M28-47-114) and
non-antibiotic-exposed control (I-M28-47) showed that the IV candidate could induce
clearance of bacterial pathogens as well as confer protection against MDR A. baumannii.
Analysis of the humoral responses after vaccination showed that both vaccines could elicit
high levels of IgG antibodies 5 days after immunization. Nevertheless, sera from mice
immunized with the I-M28-47-114 vaccine candidate showed a much higher complement-
mediated bacteriolysis rate, reaching as high as 80.7% when compared with the sera from
mice immunized with I-M28-47. Macrophage-like U937 cells present in the sera of mice
immunized with I-M28-47-114 showed a clearance rate of 49.3% of MDR A. baumannii [40].

2.3. Limitations of Conventional Vaccine Platforms

Conventional vaccine platforms such as LAVs and IVs against infectious diseases have
indeed protected humans against 20 million infections and 40,000 deaths, contributing to
savings of approximately USD 69 billion in healthcare and medical costs in the United
States alone [41]. However, the emergence of highly infectious COVID-19 has led to the
introduction of novel vaccine platforms and has also provided insight into the superiority
of next-generation vaccine platforms over traditional vaccines such as LAVs and IVs. The
pandemic has shed light on the limitations of traditional vaccination approaches. The use
of conventional LAV platforms is not considered to be feasible or safe in terms of large-scale
production of LAVs to vaccinate against viral diseases because of the danger it poses in
terms of potential reversion to virulence through mutations or recombinations [42]. The
development of effective LAVs necessitates making multiple mutations in the genome,
including deleterious gene mutations, altered replication potential, codon deoptimization,
and gene regulation by microRNAs [43]. Logically, the development of effective LAVs as
vaccines could only be undertaken if there is extensive information about the bacterial
genes and their functions so that any potential reversion to virulence could be prevented.
This venture is made even more challenging as a result of aberrant gene expression arising
from antibiotic usage, which is associated with higher rates of mutagenesis and greater
virulence [44].

Although there are several examples of the use of IVs to immunize against antibiotic-
resistant bacteria, it is also true that the IV platform is associated with certain limitations.
One major disadvantage that IVs pose is the high toxicity of the chemical agent used to
inactivate bacterial cells. For example, in order to develop the IV against MDR A. baumannii,
Shu et al. (2016) inactivated bacterial cells using formaldehyde [40]. The challenge with
using such inactivating chemical agents in IVs is that the high toxicity has to be neutralized
by laboratory processes, such as removal, dilution, and/or conversion of the inactivating
agent into a non-toxic form. Considering that the development of vaccines against AMR
bacteria is geared towards the production of large quantities of vaccines for public immu-
nization, these processes of growing significant amounts of bacteria could be considered
to be tedious and time consuming [45]. Furthermore, the inactivation process might leave
the IV significantly less immunogenic, which would necessitate the production of large
amounts of vaccine antigens to induce adequate immune responses [46]. Live pathogens
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are needed to be grown in large quantities in order to cater to large-scale production, which
could potentially pose an alarming problem of safety to personnel working in the plant [47].

3. Current Preclinical and Clinical Development of Next-Generation Vaccines against
AMR Bacteria

Considering that conventional vaccine platforms such as LAVs and IVs have major
limitations, it is important to consider developing next-generation vaccines. As witnessed
by the success of the novel vaccine platforms against SARS-CoV-2, next-generation vaccine
development approaches offer certain advantages over traditional vaccine platforms in
terms of convenience, potent elicited immune responses, and stronger safety profiles.
Although novel vaccine platforms, such as mRNA and viral-vectored vaccines, have been
successful in terms of potent elicited immune responses and stronger safety profiles, their
effectiveness turned out to be much lower than anticipated in 2020 [48]. Also, several severe
adverse effects upon vaccination, such as myocarditis, have been increasingly reported,
pointing to the need for more and longer term studies for evaluating the associated risks [49].
The elicitation of humoral and cellular immune responses from the administration of next-
generation vaccine platforms such as DNA, mRNA, and recombinant protein vaccines is
illustrated in Figure 2.
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Figure 2. Elicitation of humoral and cellular immune responses from the administration of next-
generation vaccine platforms such as DNA-, mRNA-, and recombinant protein vaccines. The ad-
ministration of DNA vaccines requires DNA to be taken up by antigen-presenting cells (APCs) such
as dendritic cells. Once inside the cell, the DNA needs to reach the nucleus to be transcribed into
messenger RNA (mRNA). After transcription, the newly synthesized mRNA is transported out of the
nucleus into the cytoplasm. In the cytoplasm, the mRNA serves as a template for protein synthesis.
mRNA vaccines, on the other hand, can be directly translated in the cytoplasm. Once the protein
is synthesized in the cytoplasm, it can undergo further modifications and processing to acquire its
final functional form. These proteins can then be presented on the surface of APCs, initiating an
immune response and triggering the production of specific immune cells and antibodies that provide
protection against the targeted pathogen. Recombinant protein vaccines may serve as antigens after
processing by APCs and subsequently presented on MHC class I and class II molecules for the
activation of CD4+ and CD8+ T cells. Specialized CD4+ T cells, namely T follicular helper (Tfh) and
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Foxp3+ T follicular regulatory (Tfr) cells, play crucial roles in facilitating germinal center B cell
formation through interactions with T and B cells. Tfh cells provide assistance to B cells through
interactions between CD40L on Tfh cells and CD40 on B cells, leading to the release of cytokines
such as IL-2, IL-4, IL-21, and IFN-γ. These cytokines further stimulate the formation of germinal
centers, promoting maturation into plasma cells that produce memory B cells and long-lived antibody-
secreting plasma cells. On the other hand, CD8+ T cells directly combat infections by targeting and
eliminating infected cells using perforin and granzymes, thereby restricting the pathogen’s spread
within the body.

3.1. Recombinant Protein Vaccines
3.1.1. Advantages of Recombinant Protein Vaccines

The development of recombinant protein vaccines has been described as a promising
approach to elicit potential immune responses, and recombinant proteins are emerging
as potentially strong candidates for immunization against bacterial diseases based on the
practical advantages of stability, safety, high immunogenicity with the use of adjuvants,
and a proven track record in clinical development. The recombinant protein platform is
considered to be safe and non-infectious. It is easier to produce a vaccine antigen as a
recombinant protein when compared to LAVs and IVs [50]. The advantage associated
with immunization using recombinant protein vaccines is that they do not require the use
of cold chain storage in freezers and liquid nitrogen to store and preserve the vaccine at
temperatures lower than −80 ◦C, which suggests that they could be used to immunize
populations in resource-poor third world countries lacking cold chain facilities. Indeed,
recombinant protein vaccines may be freeze-dried or lyophilized, allowing them to be pre-
served in a dried powdered form. For example, Lai et al. (2021) discussed the development
of insect cell-expressed SARS-CoV-2 spike protein ectodomain constructs compatible with
lyophilization and storage in a dry thermostabilized state [51]. Moreover, freeze-dried,
heat-stable formulations of influenza subunit vaccines were safe and immunogenic when
administered to mice [52].

There are several expression systems available for the production of recombinant
proteins. Escherichia coli is commonly used as an expression system since it possesses
unparalleled fast-growth kinetics, enabling the rapid production of recombinant proteins.
The ability to achieve high cell density cultures is another significant benefit, as it en-
ables large-scale production of proteins in a more efficient manner. Additionally, E. coli
expression systems utilize media that can be easily formulated using readily available and
inexpensive components, thereby reducing production costs. Moreover, the process of
transforming E. coli with exogenous recombinant DNA is fast and straightforward, facilitat-
ing the introduction of the desired genes for protein expression [53]. Baculovirus-mediated
expression using Spodoptera frugiperda Sf9 insect cells has emerged as a widely accepted
method for producing recombinant glycoproteins. This approach is favored due to its
simplicity and rapidity in expressing foreign proteins. Moreover, it offers a high likelihood
of obtaining biologically active proteins, further contributing to its popularity in the field of
protein production [54]. Moreover, the resemblance of protein secretion pathways between
yeasts and higher eukaryotic organisms has meant that yeasts such as Pichia pastoris (syn
Komagataella spp.) are now also widely recognized as favorable hosts for the production of
various recombinant proteins [55]. The extracellular secretion of recombinant proteins by
yeasts simplifies the downstream purification process, making it more cost effective [56].

3.1.2. Disadvantages of Recombinant Protein Vaccines

Recombinant proteins, such as those produced in E. coli, require purification from
mixtures of crude lysates, which can be expensive and time consuming. Affinity tags are
specific proteins or peptides that may be attached to the N- or C-terminus of recombinant
proteins to aid in their purification. One commonly used approach is fusing the recombi-
nant protein with glutathione S-transferase (GST) or a poly-histidine (His) tag, enabling
purification through affinity chromatography [57,58].



Vaccines 2023, 11, 1264 8 of 41

The endotoxins found in the cell walls of most Gram-negative bacteria like E. coli
can trigger inflammation and septic shock when these bacteria enter the bloodstream of
a mammalian host. These effects are caused by endotoxins that stimulate the production
and release of inflammatory mediators by host cells sensitive to lipopolysaccharide (LPS).
Recombinant proteins obtained from E. coli often contain endotoxin contamination due
to high levels of LPS in the cell wall. Even small amounts of endotoxin in recombinant
protein preparations can lead to adverse reactions such as shock. Therefore, it is crucial
to remove endotoxins from recombinant proteins to prevent these harmful reactions [59].
Nevertheless, endotoxins may be conveniently removed from purified proteins through
the use of a porous cellulose bead surface modified with covalently attached poly(ε-lysine)
chains, which possesses high binding affinity for endotoxins. The purified proteins may
then be monitored for endotoxins using endotoxin quantification assays [60].

In conclusion, recombinant protein vaccines require multiple purification steps involv-
ing conventional column or affinity chromatography during the manufacturing process.
These purification steps are essential to purify the recombinant protein of interest, but they
can be time consuming, labor intensive, and costly, adding complexity to the production
process. Additionally, recombinant protein vaccines may require the use of adjuvants to
enhance and prolong the immune response. Adjuvants are added to vaccines to stimulate
the immune system and have dose-sparing effects. While adjuvants can be beneficial, their
use also introduces additional considerations such as safety, compatibility, and potential
side effects.

3.1.3. Recombinant Protein Vaccine Candidates

The recently developed recombinant Mycobacterium bovis BCG Vaccine, VPM1002,
serves as an important vaccine candidate in the late stages of clinical testing, which could
potentially replace the BCG vaccine for public immunization against TB [61]. The re-
combinant VPM1002 vaccine was shown to be superior to the BCG vaccine in terms of
immunogenicity and safety in several ways [61]. Through the characteristic expression of
a hemolysin known as listeriolysin (Hly), which was isolated from Listeria monocytogenes,
the VPM1002 vaccine candidate was able to direct the efficient translocation of antigens to
the cytosol where they could be presented to CD8+ T cells. It was also demonstrated that
immunization with the VPM1002 vaccine candidate could elicit CD8+ T cells and stimulate
CD4+ memory T cells, including increased production of T helper 1 (TH1) and TH17 cells,
far more significantly than the administration of the BCG vaccine. The safety level associ-
ated with VPM1002 immunization was higher than that linked with BCG immunization, as
evidenced by more accelerated clearance of the VPM1002 vaccine from the host cell tissue
as compared to increased persistence of the BCG vaccine [62].

The main challenge associated with curbing the spread of TB is the emergence of
drug-resistant TB strains, such as those associated with the Beijing/W genotype family
of M. tuberculosis, which could potentially cause an alarmingly large number of MDR
infections [63]. Indeed, the traditional BCG vaccine has significantly lost vaccine protective
efficacy against M. tuberculosis Beijing/W genotype strains. The BCG vaccine could confer
only very modest levels of protection in animal models infected with the M. tuberculosis
Beijing/W strain [30,64]. Moreover, Grode et al. (2005) corroborated this experimental
finding in BALB/c mice whereby mice immunized with the BCG vaccine showed minimal
or complete lack of protection against an M. tuberculosis Beijing/W strain [65].

However, equipping the BCG vaccine with the membrane-perforating listeriolysin
(Hly) of L. monocytogenes to form the Hly-secreting recombinant BCG (hly+ rBCG) vaccine
and the isogenic, urease C-deficient hly+ rBCG (∆ureC hly+ rBCG) vaccine showed improved
protection against Mycobacterium tuberculosis. The Hly-secreting recombinant BCG (hly+

rBCG) vaccine was shown to offer significantly better protection against aerosol infection
with M. tuberculosis than the parental BCG vaccine strain. The ∆ureC hly+ rBCG vaccine also
induced profound protection against a member of the M. tuberculosis Beijing/W genotype
family, while the parental BCG vaccine strain failed to do so consistently [65].
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Another critical subgroup at risk of infection and mortality resulting from TB are
children under 15 years of age. It was observed that as many as 32,000 new infections of
MDR-TB occurred in children throughout the globe [66]. Considering that therapeutic and
preventive anti-TB interventions are accessible to only a small fraction of these children,
current vaccines against MDR-TB are also being tested in children. After successfully
progressing through the preclinical and early stages of clinical development, the VPM1002
vaccine candidate is currently being evaluated for safety and immunogenicity in infants
in different regions of Africa. The results of the safety and immunogenicity of VPM1002
in phase II clinical development in 48 newborn infants immunized with the VPM1002
vaccine or the BCG Danish vaccine strain showed that whilst both vaccines were able to
elicit interleukin-17 (IL-17) responses, only the VPM1002 vaccine resulted in increased
stimulation of CD8+ IL-17+ T cells at week 16 and at the 6-month time point. Abscess
formation was less commonly observed in participants immunized with the VPM1002
vaccine when compared with the BCG vaccine [62]. These results corroborated the findings
obtained with the VPM1002 vaccine in phase I clinical trials conducted in adults [67].
Another phase II study for VPM1002 is ongoing [68].

In the development of promising next-generation vaccines based on recombinant
plasmids against MDR-TB, Chiwala et al. (2021) developed a recombinant vaccine in which
overexpressed Ag85B and Rv2628 genes were isolated from drug-resistant M. tuberculosis
strains. The recombinant plasmid pIBCG was expressed in E. coli to produce RdrBCG-I [69].
After confirmation of high levels of the expression of exogenous genes from the vector
pIBCG, the protein-based vaccine was administered to BALB/c mice inoculated with
rifampin-resistant M. tuberculosis, which was also administered with a second-line anti-TB
drug regimen. Upon administration of the vaccine, M. tuberculosis burden in the lungs
was reduced by one log. Lung tissue pathology was also reduced when the vaccine
was administered together with the anti-TB drugs. Administration of the recombinant
protein-based vaccine led to the inhibition of M. tuberculosis growth and development. The
expressed proteins, Ag85B and Rv2628, acted as potent antigens and led to elicitation of
the Th1 immune response, which sustained the continuous inhibition of rifampin-resistant
M. tuberculosis [69].

Recombinant protein vaccines have also been developed against Klebsiella pneumoniae.
The high heterogeneity of K. pneumoniae strains is a limiting factor for the inclusion of all
capsular or LPS serotypes. The YidR protein, which is highly conserved among K. pneu-
moniae strains, could serve as an effective vaccine. Rodrigues et al. (2020) developed a
recombinant protein vaccine and evaluated its protection against lethal challenge with
a lethal dose (LD100) of K. pneumoniae in mice. Elevated levels of total serum IgG were
observed in vaccinated mice when compared with naïve mice. Approximately 90% of
vaccinated mice survived for 10 days following intraperitoneal challenge with K. pneumo-
niae, while non-immunized mice did not survive past 48 h following inoculation with the
bacterium [70]. Thus, the Yidr recombinant protein vaccine could serve as a promising
vaccine candidate against K. pneumoniae.

3.2. DNA Vaccines
3.2.1. Advantages of DNA Vaccines

Although clinical data on DNA vaccine development against bacteria is lacking when
compared to the recombinant protein-based vaccine approach, DNA vaccine development
is emerging as a promising solution to the spread of opportunistic pathogens. DNA vaccines
are easier to produce in large quantities when compared to the complexities of producing
IVs and mRNA vaccines [71]. It is also relatively easy to produce DNA vaccines in large
quantities for distribution and large-scale immunization in under-developed countries [72].
The recombinant plasmid DNA can be conveniently produced in large quantities in bacteria,
such as E. coli, or expressed in eukaryotic cells, such as HEK-293 T cells [72].



Vaccines 2023, 11, 1264 10 of 41

3.2.2. Disadvantages of DNA Vaccines

DNA vaccines, while holding great potential, also come with disadvantages. One
significant drawback is their lower immunogenicity compared to traditional vaccines. DNA
vaccines may not elicit robust immune responses, requiring additional measures to enhance
their effectiveness [73,74]. Another concern is the risk of genomic integration, where the
introduced DNA may become integrated into the recipient’s genome. While the likelihood
of this event is low, it is an important aspect to consider during vaccine development [75].
To improve immunogenicity, DNA vaccines often require the use of adjuvants, which
can increase the immune response but may also introduce additional complexities and
potential side effects [76]. Furthermore, the administration of DNA vaccines typically
requires a medical device like the use of an electroporator that can deliver electric pulses to
facilitate the uptake of DNA by cells [77]. This requirement may limit the accessibility and
widespread use of DNA vaccines, particularly in resource-limited settings lacking such
specialized equipment. Although needleless patch administration is an alternative being
explored, it is still under development and not widely available.

3.2.3. DNA Vaccine Candidates

A. baumannii is an opportunistic bacterium that is resistant to 90% of commonly pre-
scribed antibiotics. By incorporating the outer membrane protein A (OmpA) gene into the
expression vector, Ansari et al. (2019) demonstrated that administration of the DNA vaccine
was able to elicit both humoral and cellular immunity in terms of the production of IgM,
IgG, IL-2, IL-4, IL-12, and INF-γ [78]. Furthermore, Hashemzehi et al. (2018) expressed the
NlpA gene as the main antigen in expression vectors pTZ57R/T and pEGFP-C2, followed
by their administration in BALB/c mice. Elevated levels of IgG, IgM, INF-γ, IL-2, IL-4, and
IL-12 were observed in the immunized mice [79].

3.3. mRNA Vaccines

The development of vaccines against antibiotic-resistant bacteria is a long and arduous
process. Considering the process of initial development, preclinical testing in animal
models, and clinical trials involving safety and immunogenicity evaluations, vaccine
development could easily take 10–15 years [80]. Due to the rapid emergence of resistant
strains, the clinical progression of vaccine development involves high costs and long
regulatory processes [18].

3.3.1. Advantages of mRNA Vaccines

Nevertheless, the novel mRNA vaccine platform is viewed as a promising solution to
develop vaccine candidates against antibiotic-resistant bacterial strains at an accelerated pace.
mRNA vaccines were the first vaccine candidates against SARS-CoV-2 that progressed to
clinical development and received emergency use authorization (EUA) for large-scale public
immunization. Indeed, this approval was provided only 11 months after the nucleotide
sequence of the SARS-CoV-2 Wuhan strain became available in the public domain [81]. The
mRNA vaccines served as highly effective and safe anti-COVID-19 vaccines but did not
protect vaccinated patients from passing on the virus [82,83]. Smith et al. (2020) expressed the
view that nucleic acid vaccines such as DNA and mRNA vaccines offer certain advantages that
are well suited to combat rapidly emerging variants. A number of vaccine candidates could
be efficiently and quickly developed, progress at an accelerated speed from the preclinical to
the clinical stages through already established regulatory pathways, and be manufactured in
abundant amounts for large-scale immunization [84]. Multiple mRNA vaccine candidates
might be developed by simply changing the nucleotide sequence of the main antigenic region
when faced with emerging resistant pathogenic strains.

3.3.2. Disadvantages of mRNA Vaccines

One notable drawback of mRNA vaccines is their inherent instability, which neces-
sitates storage at ultra-low temperatures of around −80 ◦C [85]. This requirement poses
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logistical challenges, particularly in regions with limited access to specialized cold chain
infrastructure. Additionally, the manufacturing process for mRNA vaccines involves a
complex two-step in vitro reaction and purification platform. Multiple intricate steps, in-
cluding DNase digestion, precipitation, and chromatography or tangential flow filtration
are required [86]. These steps can be time consuming and demanding, requiring specialized
equipment and expertise. Consequently, the production costs may be higher, and the
overall manufacturing process may be slower compared to conventional vaccines. Despite
these challenges, ongoing research aims to address these limitations by developing new
technologies that improve the stability and simplify the production process of mRNA
vaccines, thereby enhancing their accessibility and scalability.

3.3.3. mRNA Vaccine Candidates

In recent years, L. monocytogenes has emerged as a highly pathogenic bacterium that
is able to thrive even in adverse conditions such as very low temperatures and anaerobic
conditions. L. monocytogenes is reported to be a highly virulent pathogen, as 20–30% of
listeriosis cases are fatal. Efforts to develop mRNA vaccines against L. monocytogenes are
underway. Recently, Mayer et al. (2022) identified 68 Listeria immunopeptides from differ-
ent bacterial surface proteins that could serve as novel antigens, which were utilized in the
development of lipid nanoparticle-based mRNA vaccine formulations [64]. The antigenic
sequences of seven proteins were represented in nucleoside-modified mRNA encapsulated
in cationic liposomes, including α-galactosylceramide (α-GC) as an adjuvant, and used
for the immunization of C57BL/6J mice. The use of an adjuvant led to the activation of
invariant natural killer T (iNKT) cells and specific T cell responses. Experiments showed
that immunization with the top vaccine candidate, LMON_0149, was able to confer protec-
tion in mice when challenged with L. monocytogene due to the elicitation of strong cellular
immune responses [87].

Kon et al. (2022) reported the development of an mRNA lipid nanoparticle (mRNA-
LNP) vaccine against the plague, a highly infectious disease caused by the Gram-negative
bacterium Yersinia pestis [88]. The status of Y. pestis as a serious bioterrorism agent is
owing to its high infectivity, pathogenicity, alarming mortality, as well as the emergence
of multiple antibiotic-resistant strains of Y. pestis, which warrants the development of
an effective vaccine to prevent the occurrence of outbreaks caused by antibiotic-resistant
strains of Y. pestis. Two mRNA-LNP vaccine candidates were constructed based on the F1
capsular antigen (caf1). One that contained the bacterial F1 capsular antigen together with
a signal peptide (SP) originating from the human Ig right chain and one that contained
the non-secreted ∆SP-caf1, which lacked the native signal sequence, were encapsulated in
mRNA-LNP formulations and used for immunization experiments. Immunogenicity was
investigated in mice that were immunized three times with 5 µg of each construct, SP-caf1-
hFc or ∆SP-caf1. Potent anti-F1 humoral and antigen-specific cellular immune responses
were elicited as a result of immunization with both vaccine candidates. Furthermore,
challenge of the immunized mice with a high dose of virulent Y. pestis demonstrated that
both vaccine candidates were able to offer full protection against the virulent Y. pestis
Kimberly 53 strain. In contrast, naïve mice were not able to survive the challenge [88].
Therefore, the data indicated that the mRNA-LNP vaccine platform could serve as an
effective mode of immunization against emerging bacterial strains, especially those that
have acquired resistance against current antibiotics.

However, the use of LNPs in vaccines has been associated with challenges due to the
occurrence of allergic reactions such as anaphylaxis. Out of the 1,893,360 initial doses of
the Pfizer-BioNTech COVID-19 vaccine, there were 175 cases of severe allergic reactions.
Among these, 21 cases were identified as anaphylaxis: 17 individuals had medical histories
of allergies or allergic reactions, and 7 had histories of anaphylaxis. Furthermore, out of
4,041,396 recipients, 10 cases of anaphylaxis were identified: 9 individuals had documented
histories of allergies or allergic reactions, and 5 had previous histories of anaphylaxis [89].
Anaphylaxis resulting from immunization with the Pfizer-BioNTech COVID-19 vaccine
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was shown to be attributable to the use of polyethylene glycol (PEG). Allergy skin prick
testing showed that anaphylaxis was induced when polyethylene glycol was used [90].
This underscores the importance of adhering to safety protocols during investigations,
emphasizing the need for safety testing when utilizing LNPs containing PEG compounds.
The advantages and limitations associated with the use of next-generation vaccines relative
to conventional vaccine platforms are summarized in Table 1.

Table 1. The advantages and limitations associated with the use of next-generation vaccines relative
to conventional vaccine platforms.

Vaccine Advantages Limitations References

LAVs

• Ability to induce potent and long-lasting
humoral and cellular responses with
minimal doses.

• Convenience in terms of storage, distribution,
and administration.

• Immune responses directed against the
whole pathogen.

• Not safe for large-scale production.
• Risk of potential reversion to virulence.
• Necessitate extensive information about the

bacterial genes and their functions.
• High rates of bacterial mutations in vaccine

stock strains.

[41–44]

IVs

• Safe and immunogenic.
• Lack of serious side effects.
• Convenience in terms of transport

and storage.
• Administration of a killed virus

ensures safety.

• Growth of large quantities of live pathogens
for large scale production could pose an
alarming problem of safety to personnel
working in the plant.

• Extensive and tedious laboratory processes,
such as removal, dilution, and/or conversion
of the highly toxic inactivating chemical
agents into non-toxic forms.

• The inactivation process might leave the IV
significantly less immunogenic.

• Necessitates the production of large amounts
of vaccine antigens to induce adequate
immune responses.

[40,45–47]

Recombinant
protein
vaccines

• Safe and non-infectious.
• Elicit strong immune responses.
• Proven track record.
• Convenient storage in freeze-dried forms.
• Do not require ultra-cold storage

temperatures.

• Require several purification steps involving
column and affinity chromatography.

• Adjuvant is needed to enhance
long-term immunity.

[50–56]

DNA
vaccines

• Can be conveniently produced in bulk
quantities compared to IVs and
mRNA vaccines.

• Cost effective when compared to the
complexities involved in producing IVs or
mRNA vaccines.

• Suitable for distribution and large-scale
immunization in underdeveloped countries.

• Can be conveniently produced in prokaryotic
cells, like E. coli, or expressed in mammalian
cells, such as HEK-293 T cells.

• Lower immunogenicity.
• Risk of genomic integration.
• Requires adjuvants for enhanced

immunogenicity.
• Immunizations necessitate the use of medical

devices like electroporators.
• Needleless patch administration is still under

development.

[71–77]

mRNA
vaccines

• Accelerated development from preclinical to
clinical stages using established
regulatory pathways.

• High levels of safety.
• Effective in providing protection against

COVID-19.
• The nucleotide sequence of mRNA vaccines

can be easily modified to target emerging
resistant pathogenic strains.

• Expensive to develop and produce.
• Requires ultra-low temperatures of −80 ◦C.
• The high cost and demanding storage

conditions of mRNA vaccines can render
them logistically inconvenient and expensive
for many low-income countries.

[81–86]
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3.4. Comparison between Next-Generation mRNA, Recombinant Protein, and DNA Vaccines

The COVID-19 pandemic has presented a unique opportunity to gain significant
knowledge about the safety, efficacy, and breadth of the immune responses of next-
generation vaccines, specifically mRNA, recombinant protein, and DNA vaccines. In
recent years, the field of vaccine design has undergone a paradigm shift through the utiliza-
tion of reverse vaccinology. This innovative approach aims to identify prospective vaccine
candidates by employing bioinformatics analysis of the pathogen genome. The valuable
insight garnered from studying these vaccines in the context of the pandemic can provide
crucial aspects for next-generation vaccine development against antibiotic-resistant bacteria
using the reverse vaccinology approach.

3.4.1. Safety

The reactivity of mRNA vaccines depends on their ability to express foreign antigens,
leading to the elimination of infected antigen-presenting cells (APCs). Although lipid
nanoparticles (LNPs) can induce an acute inflammatory response, the trials conducted
so far have not detected significant signs of adverse safety when employing LNPs for
the delivery of small molecules, non-expressing RNAs, or RNAs encoding endogenous
proteins [91]. New advancements offer potential remedies for various disease conditions
in the context of biomedical technologies. However, it is crucial to carefully assess the
potential risks associated with their usage. mRNA technology, being a relatively novel
approach, necessitates the consideration of safety concerns, not only in existing products
but also in future developments. Therefore, it is imperative to conduct further research to
ensure the safety of both current and future users of this technology.

Safety issues associated with DNA vaccines include concerns about the integration
of plasmid DNA into the host genome, potential adverse immunopathological effects, the
development of anti-DNA antibodies leading to autoimmune diseases, and the utilization of
novel molecular adjuvants. Additionally, there is a noteworthy safety consideration regarding
the potential dissemination of genetic material to the environment. This could occur through
transformation of the environmental microflora, even with a limited number of complete or
fragmented plasmid copies. These concerns necessitate careful evaluation during the scientific
decision-making process for vaccine registration. Consequently, projects should be initiated
to assess the risks associated with plasmid DNA vaccination, aiming to establish criteria for
guidance and regulations for both the industry and licensing authorities [92]. So far, there has
been no evidence showing plasmid integration into genomes.

Recombinant protein vaccines offer several advantages, including their non-replicating
nature and absence of infectious components. These characteristics help position them as a
safer alternative when compared to vaccines derived from live viruses. Extensive testing of
this vaccine platform has demonstrated that these vaccines typically elicit only mild side
effects. As a result, multiple recombinant protein vaccines have been successfully utilized
in clinical settings worldwide [56].

3.4.2. Vaccine Protective Efficacy and Breadth of Immune Responses

With a strong record in the clinic, recombinant protein vaccines have shown high rates
of protective efficacy. Indeed, recombinant protein vaccines against Pasteurella multocida,
comprising the rPlpE and OmpH of P. multocida strain PMWSG-4 + adjuvant, showed
efficacies of 83.33%, and 83.33%, respectively. Reverse vaccinology, when employed to
clone all three immunogenic regions in order to develop a recombinant protein vaccine
expressing rVacJ, rPlpE, rOmpH, and an adjuvant, led to an increase in vaccine efficacy to
100% protection [93].

Vaccine development against SARS-CoV-2 yielded important information regarding
immune responses elicited upon immunization with mRNA and recombinant protein vac-
cines [94]. Following the initial immunization, mRNA and recombinant protein vaccines
induced detectable levels of RBD-specific IgG and neutralizing antibodies, with signifi-
cantly higher levels seen after the second immunization. Notably, by day 35 after the first
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vaccination, the mRNA vaccine group exhibited notably elevated neutralizing antibody
titers compared to the recombinant protein vaccine group. The recombinant protein vac-
cine group demonstrated its highest antibody titers on day 21 after the initial vaccination,
whereas the mRNA vaccine group reached its peak response on day 35 following the
first immunization. The recombinant protein vaccine induced a faster humoral immune
response compared to the mRNA vaccine, while the mRNA vaccine required a longer
duration to induce its peak immune response. Therefore, even though both platforms were
able to elicit potent immune responses, the differences in terms of the time taken to reach
peak immune response might differ between different vaccine platforms [94].

4. Immunoinformatic Approaches for the Development of Multi-Epitope Vaccines
4.1. Immunoinformatics Tools for Epitope Prediction and Analysis

In silico predictions and vaccinomics offer a promising strategy for the identification
of specific epitopes that could serve as potent antigens capable of eliciting broad and im-
munological long-lasting responses against different strains of antibiotic-resistant bacteria.
Information on immunogenic epitopes for vaccine development purposes may be acquired
through the use of computational bioinformatics tools. Indeed, Jespersen et al. (2019)
identified BepiPred, ABC pred, Discotope, and CBtope as examples of recent developments
in the bioinformatics approach using computer algorithms that employed amino acid
sequences or 3D structures to predict B cell epitopes [95].

Moreover, multiple databases, including MHCBN, LANL, SYFPEITHI Parker hy-
drophilicity, BepiPred, and the Immune Epitope Database, also serve as online tools for
the prediction of B cell epitopes [96]. This strategy might prove to be more effective when
compared to the use of full-length protein sequences that are highly susceptible to mu-
tations, leading to the emergence of antibiotic-resistant bacterial strains. The literature
provides extensive evidence for the development of multi-epitope vaccines against a variety
of antibiotic-resistant bacteria.

4.2. Literature Review: Immunoinformatics Approaches in Vaccine Development

Dosoriti et al. (2019) employed a vaccinomics approach to yield cytotoxic and helper T
cell epitopes capable of triggering a potent immune response against Streptococcus pneu-
moniae [68]. PspA and CbpA were selected as potential CTL epitopes while PhtD and
PiuA were chosen as the helper T cell epitopes. The PorB protein was chosen to serve as a
TLR2 agonist to increase the potency of the immune response. Molecular docking analysis
confirmed that there was an appropriate and stable interaction between the vaccine and
TLR2. Based on computational analysis, the chosen epitopes could be joined together
with linkers to yield a multi-epitope vaccine capable of stimulating both humoral and
cell-mediated immune responses against S. pneumoniae [97].

The spore-forming bacterium Clostridium difficile is known to cause diarrhea, fever,
nausea, and abdominal pain. C. difficile is anaerobic and the spores are able to survive in the
external environment for months, thereby increasing the transmissibility of the pathogen.
The use of antibiotics to treat C. difficile infections disrupts the balance of the composition
of the host microbiota in the gut. Toxin-producing C. difficile colonizes the gut, causing
antibiotic-associated diarrhea and pseudomembranous enteritis. Furthermore, C. difficile is
becoming increasingly resistant to antibiotics that are currently prescribed for treatment
and is associated with a high rate of re-emergence following antibiotic treatment. The
high morbidity and mortality of C. difficile in the immunocompromised patient community
as well as the risk of outbreaks caused by antibiotic-resistant strains call for the urgent
development of vaccines to prevent C. difficile infections.

Tan et al. (2022) used an immunoinformatics approach to develop a multi-epitope
vaccine against C. difficile using the Prabi and RaptorX servers for 2D and 3D structural
visualizations of the vaccine construct [98]. Molecular docking simulations were used to
predict the compatibility of the interaction models of the vaccine–receptor (TLR) complex,
vaccine–MHC complexes, and vaccine–B cell receptor (BCR) complex. Simulation of the
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immune responses, population coverage analysis, and in silico molecular cloning were
performed. Following immunoinformatics analysis, five cytotoxic T cell lymphocyte (CTL)
epitopes, five helper T lymphocyte (HTL) epitopes, and seven B cell linear epitopes from
the CdeC protein, which plays an essential role in spore germination, and the fliD protein,
which is responsible for propagule colonization, were chosen for constructing the vaccine.
The adjuvant LT-IIb was incorporated into the vaccine N-terminus through the use of the
EAAAK linker to optimize the elicited immune response. Since the elicitation of intestinal
mucosal immunity is integral for protection against C. difficile, it is necessary to assess the
ability of the vaccine to induce secretory immunoglobulin A (s1gA) production by IgA
plasma cells in future studies [98].

Klebsiella aerogenes is a bacterium that has acquired resistance to multiple antibiotics.
It is characterized as a Gram-negative, rod-shaped anaerobe. Most K. aerogenes strains
are resistant to β-lactams and broad-spectrum antibiotics due to the production of β-
lactamases. Alzarea (2022) employed an immunoinformatics approach using in silico
subtractive proteome analysis to identify vaccine targets [99]. A total of three proteins,
namely Fe2+–enterobactin, ABC transporter substrate-binding protein, and fimbriae bio-
genesis outer membrane usher protein, were shown to be antigenic. Seven epitopes were
selected from these three antigens to construct a vaccine comprising seven epitopes joined
together by GPGPG linkers. Moreover, the adjuvant from the B subunit of cholera toxin
(CTBS) was added to the vaccine construct to enhance immunogenicity. Molecular docking
analysis to test interactions of the vaccine with MHC-I, MHC-II, and TLR4 showed that the
vaccine construct was able to elicit a potent immune response [100].

More recently, Albekairi et al. (2022) reported the design of a novel multi-epitope-
based vaccine against Enterobacter hormaechei [101]. The bacterium was reported to be
resistant to beta-lactam and tetracycline antibiotics and contributes to a large number of
hospital-acquired infections. Reverse vaccinology and immunoinformatics approaches
were used to identify the core proteome. An extracellular curlin minor subunit CsgB and
two periplasmic membrane proteins were selected as the main antigens for the identification
of B and T cell epitopes. In the vaccine construct, a total of three epitopes were joined
together using GPGPG and EAAAK linkers to link the cholera toxin B subunit as an
adjuvant to optimize the elicited immune response. Molecular docking and binding free
energy calculations showed effective interactions between the vaccine construct and MHC-I,
MHC-II, and TLR-4 [101]. However, such computation-based molecular simulations would
require further experimental validation in vitro and in vivo.

Alshabrmi et al. (2022) reported the development of a multi-epitope vaccine against
the MDR Hafnia alvei using epitopes from multiple proteins to yield a multi-epitope-based
vaccine that was adjuvanted with a cholera toxin B subunit to optimize the immune
response [102]. Further experimental validation, both in vitro and in vivo, of the computer-
aided vaccine design is required.

Munia et al. (2021) employed the use of literature mining to select choline-binding
protein A (CbpA) as an effective vaccine candidate to develop a multi-epitope-based
vaccine (MEV) against pneumococcus [103]. An in silico approach was used to determine
that the 15-mer T cell epitope (AMATGWLQYNGSWYY) showed high affinity for MHC
class I and class II molecules and exhibited high population coverage. T cell-, B cell-, and
IFNγ-inducing epitopes were also selected based on a strong affinity between the MEV
and TLRs. It was proposed that the vaccine would induce both humoral and cell-mediated
responses [103].

Kumar et al. (2019) employed a reverse vaccinology approach to develop a chimeric
construct against enterobacterial pathogens by selecting peptides from known immuno-
genic proteins [104]. Specifically, the yersiniabactin receptor of E. coli UMN026 and the
flagellin protein of Stenotrophomonas maltophila were chosen. B cell linear epitopes were
predicted using the Bepipred tool, and peptide binding with a reference set of 27 alleles of
MHC class I and class II molecules were analyzed. Simulation dynamics were used to vali-
date the predicted peptide–MHC complexes. The chimeric construct was created through
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in silico methods and codon optimization. The immunoinformatics analysis demonstrated
that the chimeric construct, composed of gene fragments specifying a significant number of
predicted peptides, was highly immunogenic. It was observed that the chimeric construct
was more immunogenic, as evidenced an increase in the number of B cell and T cell epitopes
and an expansion of the coverage of world populations with allelic variability [104].

4.3. Reverse Vaccinology: An Innovative Approach to Vaccine Development against
Antibiotic-Resistant Bacteria

The clinical implications of developing next-generation vaccines based on reverse
vaccinology in clinical practice and the field of biomedicine are significant. While initial
findings from preclinical experimental studies have shown promising results in terms
of vaccine development and immunogenicity, further research is needed to validate the
identified epitopes and evaluate the resulting immune responses in animal models. To
assess the effectiveness of the proposed vaccine candidates, challenge studies should be
conducted to determine whether immunized animals are protected against lethal infections
caused by pathogens such as C. difficile, K. aerogenes, E. hormaechei, and H. alvei. This step is
crucial to ensuring the vaccine’s efficacy and its potential to combat these specific infections.

Utilizing immunoinformatics to predict the epitopes from the antigenic regions of the
respective pathogens is particularly useful for developing multi-epitope-based vaccines that
target antibiotic-resistant strains. This approach enables the identification of specific epi-
topes that can effectively stimulate immune responses against resistant strains. Moreover,
conducting a conservancy analysis of specific amino acid sequences is essential in order to
include highly conserved epitopes from antigenic regions. These conserved epitopes have the
potential to provide broad-spectrum protection against MDR bacteria, which is a critical aspect
in combating the challenges posed by antibiotic resistance. In summary, the utilization of
reverse vaccinology in the development of next-generation vaccines holds promising clinical
implications. Further research involving animal models, challenge studies, and the identifi-
cation of conserved epitopes would contribute to the validation and potential application of
these vaccines to combat antibiotic-resistant infections in clinical practice.

5. From Research to Real-World Experience: Currently Approved and Clinical
Development of Experimental Vaccines against Antibiotic-Resistant Bacteria
5.1. S. enterica Serovar Typhi

Salmonella enterica serotype typhi, a bacterium responsible for causing typhoid fever,
infects humans when it is ingested in contaminated food and water and survives the acidic
conditions in the stomach [105,106]. After entering the lymphoid tissue, infection occurs
through lymphatic and hematogenous routes [107]. Typhoid emerges as a fever in the first
week that progressively exacerbates to abdominal pain, constipation, and macular rashes
in the second week, and to liver and spleen enlargement, ileocecal perforation, peritonitis,
and septic shock in week 3. Death might result if the infection remains untreated [108,109].

A number of licensed vaccines against Salmonella typhi have been brought to the
market for public immunization and they were divided into three categories, namely
unconjugated Vi polysaccharide (ViPS) vaccine, live attenuated Ty21a vaccine, and typhoid
conjugate vaccine (TCV). The FDA approved two vaccines that have been licensed for
use in the USA: Ty21a, an oral attenuated live virus, and the Typhoid Vi polysaccharide
vaccine, a ViPS vaccine [110,111]. The live attenuated Ty21a vaccine was shown to elicit
immune responses to S. typhi lipopolysaccharide in the intestinal tract, thereby conferring
protective immunity [112]. The elicitation of an effective immune response required four
immunization doses administered on alternate days [113].

Currently, a total of five vaccine candidates against Salmonella typhi are in clinical
development. The clinical vaccine candidate, EuTCV, which is currently in phase III
clinical development, showed favorable results in a phase II/III study, demonstrating
high immunogenicity in terms of seroconversion in 99.4% of immunized individuals and
a reasonable safety profile. The incidence of both solicited and unsolicited treatment-
emergent adverse events (TEAEs) was similar between the EuTCV and comparator Typbar-
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TCV® vaccine groups. Out of a total of 444 participants, 130 (29.3%) reported unsolicited
TEAEs. Among these, 87 participants (19.6%) experienced unsolicited TEAEs within 28 days
after vaccination. The majority of these events (126 cases, 28.4%) occurred within 168 days
post-vaccination. Most participants who reported unsolicited TEAEs had mild symptoms,
with 128 individuals (28.8%) experiencing the highest grade of mild adverse events. Only
5 participants (1.1%) experienced the highest grade of moderate adverse events. No severe
or life-threatening unsolicited TEAEs were reported [114]. Phase III clinical trials conducted
in four hospitals in Kathmandu, Dhulikhel, Dharan, and Nepalgunj in Nepal showed that
the typhoid Vi polysaccharide-diphtheria toxoid (Vi-DT) vaccine was safe in terms of an
anti-Vi-IgG seroconversion rate of 99.33%, showing a good safety profile [115]. Moreover,
the phase III clinical development of a Typhoid Vi conjugate vaccine (TCV) was reported to
be safe, tolerable, and immunogenic in Malawian children from 9 to 12 years of age. Upon
administration of TCV, there was a significant elevation of anti-Vi IgG geometric mean
titers from 4·2 EU/mL at baseline to 2383·7 EU/mL at day 28 [116]. Another important
candidate that is being evaluated in a phase I clinical trial consisted of a novel bivalent
oral vaccine against enteric fever caused by Salmonella typhi and Salmonella paratyphi A. The
vaccine incorporates two antigens, flagellin H:a and lipopolysaccharide (LPS) O:2, to target
both Salmonella typhi and Salmonella paratyphi A [117]. Additionally, there are also eight
vaccine candidates against Salmonella typhi in the preclinical stage of development.

5.2. H. influenzae Type b

In the past 20 years, there have been significant changes in the epidemiology of
Haemophilus influenzae infections [118]. In areas where vaccines were extensively admin-
istered, invasive H. influenzae type b (Hib) disease in children was all but eliminated as a
result of the invention and widespread use of Hib conjugate vaccines [118]. By lowering the
nasopharyngeal carriage of Hib, Hib conjugate vaccines also helped to lower the number
of circulating strains of the disease in the general population [119].

In addition to the three vaccine candidates in preclinical development, there are as
many as 46 licensed vaccines for human use to protect against H. influenzae infections [120].
In fact, since the 1990s, invasive H. influenzae infections in children under 5 years of age
had disappeared in developed countries as a result of Hib vaccine administration [121]. It
has been demonstrated that vaccination against H. influenzae lowered the prevalence of
specific drug-resistant H. influenzae strains [122]. The vaccine efficacy (VE) of current Hib
vaccinations is approximately 94% [123]. Additionally, three of the four more promising
vaccines are currently undergoing or have recently completed phase III clinical trials [120].
The pediatric hexavalent vaccine Shan 6 (NCT04429295) successfully demonstrated potent
immunogenicity and a good safety profile in 2021 and is in the process of applying for
New Drug Application approval [124]. Another promising candidate with its phase I
clinical development conducted in 2019 is the LBVD vaccine, a combined diphtheria,
tetanus, pertussis, hepatitis B, poliomyelitis, and Hib vaccine [125]. Although safe and
immunogenic vaccines for Hib are available for immunization against the disease, future
efforts would need to focus on immunizing more people and overcoming the challenges of
global coverage in order to curb the spread of drug-resistant Hib strains [126].

5.3. S. pneumoniae

There are currently 17 vaccines targeting S. pneumoniae under preclinical development,
all of which are in the process of being commercialized for market use [120]. While some
of these vaccines are conjugate vaccines, others incorporate outer membrane vesicles,
recombinant proteins, pathogen-agnostic mechanisms, and multiple antigen presentation
systems [127–130]. The ability of mucosal maternal vaccination with new pneumococcal
vaccines to confer protection to offspring from pneumococcal infections has also been
studied in preclinical models.

Moreover, 16 vaccine candidates, including several pneumococcal conjugate vaccines,
are currently undergoing clinical trials [120]. These vaccine candidates were modeled after
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some licensed pneumococcal vaccines that combined the purified capsular polysaccharides
of pneumococcal serotypes conjugated to a carrier protein [131]. Four vaccines, including
two 13-valent vaccines, a 15-valent euPCV vaccine, and a protein-based pneumococcal
vaccine, are undergoing phase I clinical trials. Notably, the protein-based pneumococcal
vaccine can cover 70% of all pneumococcal serotypes (NCT04087460) [120].

A total of eight vaccines, including several pneumococcal conjugate vaccines, are
undergoing phase II clinical studies. Phase II clinical trials are also being conducted
for a pneumococcal protein vaccine, which was shown to provide greater protection
than the current polysaccharide and conjugate vaccines (NCT01446926) [132]. A multiple
antigen-presenting system used in the MAPS vaccine demonstrated proof of concept in
phase I studies and has advanced to phase II. Phase III clinical trials are ongoing for four
vaccine candidates, the 23-valent pneumococcal polysaccharide vaccine (PPSV23), a 5-
valent pneumococcal conjugate vaccine (PCV), a 14-valent PCV (adsorbed), and a 13-valent
PCV [120].

5.4. Extraintestinal Pathogenic E. coli (ExPEC)

There are four potential ExPEC vaccine candidates that have been identified in pre-
clinical testing [120]. Only one of these specifically targets Enterotoxigenic E. coli (ETEC),
K. pneumoniae, and uropathogenic E. coli. There are four ExPEC vaccine candidates in
clinical studies. A phase III clinical trial (NCT04899336) for the 9-valent O-polysaccharide
conjugate vaccine, ExPEC9V, started in June 2021 and is anticipated to end in May 2027 [133].
Another polysaccharide conjugate vaccine, ExPEC10V, is undergoing phase I/II clinical
testing (NCT03819049) [134]. The vaccine is made up of the ExPEC serotypes O1A, O2, O4,
O6A, O8, O15, O16, O18A, O25B, and O75, individually bioconjugated to a carrier protein,
an exotoxin A (EPA) from P. aeruginosa that has undergone genetic detoxification [135].

ExPEC4V research has been suspended in favor of developing these multi-valent
vaccines. Clinical development for the FimH vaccine candidate has entered phase II.
FimH, a bacterial adhesin protein, served as the antigen in this vaccine together with a
TLR4 agonist adjuvant [136]. The vaccine OM-89 is made up of membrane proteins from
18 different strains of E. coli that are heat-inactivated. A phase II clinical trial of the vaccine
candidate (NCT02591901) was conducted to prevent recurrent urinary tract infections
(UTIs) [137]. Whole-cell vaccines, like UroVaxom and Solco-Urovac, were thought to have
less-than ideal qualities because the compositions were not well described [138].

Although the use of chemical conjugation techniques has been relatively successful
in advancing vaccine production, it is expensive and technically difficult to conjugate
many serotypes in a vaccine formulation [139]. In comparison with meningococcal and
pneumococcal capsular polysaccharides, the O antigen is also far more difficult to purify as
a polysaccharide. Due to these drawbacks and the requirement for a multivalent vaccine to
effectively prevent ExPEC-associated illness, the development of an ExPEC vaccine has
been subject to delay and postponement [140].

5.5. S. enterica Serovar Paratyphi A

Enteric fever is commonly caused by Salmonella enterica serotypes Typhi (Salmonella Typhi)
and Paratyphi A (Salmonella Paratyphi A). Licensed vaccines exist for typhoid fever caused
by Salmonella Typhi but there are currently no authorized vaccines that could protect against
Salmonella Paratyphi A. There are currently a total of four vaccine candidates in the preclinical
stages of vaccine development [120]. These vaccine candidates are bivalent in nature and
were shown to protect against both Salmonella Typhi and Salmonella Paratyphi A [141].

There are a total of three candidates in clinical development. The first is the O:2, 12-TT
conjugate vaccine, which was demonstrated to be safe and immunogenic in phase I/II
clinical trials but failed to elicit a booster immunological response after the second dose
and is currently in phase III testing. This vaccine solely targets Salmonella Paratyphi A. The
phase I trial for the live, whole-cell attenuated CVD 1902 vaccine was completed in 2013
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(NCT01129453), and the data demonstrated the safety and immunogenicity of the vaccine
candidate when a single dosage was administered [142].

CVD 1902 was combined with CVD 909 to form a bivalent vaccine that targeted
Salmonella Paratyphi A and Salmonella Typhi [143]. Phase IIb clinical trials were conducted
for the bivalent Entervax live attenuated whole-cell vaccine targeting both Salmonella Paraty-
phi A and Salmonella Typhi and were proposed to end in August 2021 (NCT01405521) [144].
It was expected that vaccination against Salmonella Typhi would be combined with a vaccine
against Salmonella Paratyphi A. The value of such a bivalent vaccine would be superior to
either monovalent vaccine [145]. A common target for vaccines, the Vi (virulence) capsular
polysaccharide, is structurally absent from Salmonella Paratyphi A. Since recent progress
in creating the typhoid conjugate vaccine is encouraging, this has raised the possibility of
generating a vaccine for Salmonella Paratyphi A [146].

While a number of vaccine candidates, such as conjugate, bivalent, and LAV candi-
dates, showed promise in clinical trials, efficacy trials have not yet been conducted and so
there are no licensed vaccines against Salmonella Paratyphi A. The challenges to the devel-
opment of licensed vaccines against Salmonella Paratyphi A include the lack of information
regarding immune correlates of protection and the absence of reliable small animal models
of infection [147].

5.6. C. difficile

Five potential vaccines against C. difficile were undergoing preclinical testing in
2022 [90]. These vaccines utilized several distinct delivery methods, including the MAPS
platform, exome-like bacterial vesicles, and Bacillus subtilis spores. There are at present no
licensed vaccines available to prevent C. difficile infection. However, two recombinant vac-
cine candidates were undergoing clinical testing. Phase I of the GSK2904545A recombinant
protein vaccine was completed in April 2022 (NCT04026009) [148]. The US FDA expedited
the review of the PF-06425090 vaccine candidate in 2014. The phase III trial, which enrolled
17,500 patients, showed that administration of the vaccine candidate shortened the duration
and severity of illness based on secondary endpoints, but it did not achieve the primary
aim of avoiding C. difficile infections (NCT03090191) [149,150].

In the past ten years, research on a number of potential C. difficile vaccine candidates
has been put on hold. Despite having demonstrated good immunogenicity and safety,
the phase III trial of the ACAM-CDIFF toxoid vaccine candidate, which enrolled 9302
participants, was stopped in 2018 after interim data revealed that it was unlikely to prevent
primary C. difficile infection (NCT01887912) [151]. The results of this trial—the first global
phase III study to assess vaccination against C. difficile infection—highlighted the challenges
involved in developing a vaccine for bacterial infections. The immunological response
might have been impacted by the advanced age of the participants and the prevalence
of comorbid conditions. Participants were also very susceptible to C. difficile infections.
However, given the erratic epidemiology, a sizable population would need to be immu-
nized. The phase II study utilizing the recombinant vaccine VLA84 was completed in 2015
(NCT02316470) [152].

Additionally, biotherapeutics and fecal microbiota transplants have recently demon-
strated efficacy against C. difficile and may lessen the requirement for vaccination. Access to
these therapies is still primarily restricted to high-income countries. Antibiotics lack effec-
tiveness in efficiently treating C. difficile infections, thus alternate management techniques
are critical [153]. Vaccines might aim to prevent either the first infection or the recurrence
of C. difficile infections, which are very distinct goals. A reduction in symptoms might be
achievable, according to recent results from vaccine candidates in clinical testing, but C. dif-
ficile might still survive in the host [154]. The successful development of a C. difficile toxin
antibody suggests that vaccination could be effective if it could deliver local antibodies into
the gut [155].
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5.7. N. gonorrhoeae

Currently, there are no licensed vaccines against N. gonorrhoeae. Two vaccine candi-
dates are in preclinical development against N. gonorrhoeae [156]. The 4CMenB vaccine,
which has been approved to protect against group B meningococcal infection, might also
offer protection from gonorrhea [157].

The development of an effective gonococcal vaccine faces several major obstacles,
including the high degree of heterogeneity and variability of specific gonococcal antigens,
the absence of known correlates of protection, a weak immune response that is mostly local,
transient, and lacks immunological memory, the ability of gonococci to evade immune
responses, and a lack of laboratory animal models that closely resemble human infection
and disease [158,159]. These issues have led to a lack of optimism for the creation of an
effective vaccine that might be used for the prevention of gonorrhea [160].

5.8. N. meningitidis

The bacterium Neisseria meningitidis, which causes meningitis and septicemia, is associ-
ated with high pathogenic potential based on the unpredictable emergence and circulation
of serogroups [161,162]. The capsular polysaccharide (CPS) that surrounds pathogenic
meningococci was shown to be essential for the survival and growth of the bacterium inside
the body [163]. Serogroups A, B, C, W, X, and Y are the most common serogroups causing
invasive meningococcal disease. Early efforts focused on vaccine development against
N. meningitidis serogroups A, C, Y, and W used the CPS as the primary antigen but they
were not successful in the protection of infants. This was followed by the development of
polysaccharide-conjugated vaccines to serogroups A, C, W, and Y (Men ACWY) by conju-
gating meningococcal A, C, W, and Y polysaccharides to a diphtheria toxoid protein carrier,
which was able to confer protection in young children by preventing nasopharyngeal
carriage [164]. Moreover, the use of potently immunogenic and well-tolerated monovalent
MenC conjugate vaccine against N. meningitidis serogroup C significantly reduced the
incidence of N. meningitidis serogroup C disease in Europe and North America [165].

Monovalent MenC conjugate vaccines have demonstrated their effectiveness and
safety across various age groups. The implementation of routine vaccination programs has
significantly decreased the incidence of serogroup C disease in several countries, such as
the UK, Spain, Italy, Greece, France, Canada, Australia, Brazil, and Argentina. Quadriva-
lent meningococcal conjugate vaccines offered broader protection against N. meningitidis
serogroups A, C, Y, and W. Indeed, the approved MenACWY-CRM vaccine, which is
composed of a quadrivalent meningococcal conjugate vaccine conjugated with CRM197,
demonstrated the elicitation of strong immune responses following immunization [164].
Despite the existence of vaccines for multiple serogroups of N. meningitidis, traditional
vaccines based on the B polysaccharide could not confer adequate protection against
serogroup B (MenB). This was due to the similarity of the serogroup B meningococcal
capsular polysaccharide with the sugars present on the surface of human cells and the
likelihood of inducing an auto-immune responses, which could affect polysialic acid (PSA)
located in human cells [166]. Antibodies arising from immunization with B polysaccharide
could result in abnormal CNS development in the unborn child [167].

Research efforts were then focused on a reverse vaccinology approach to developing
a universal N. meningitidis vaccine protective against serogroup B (MenB). This approach
became possible due to the advent of genome sequencing and the use of in silico methods
to identify surface-associated immunogenic antigens capable of inducing strong immune
responses against MenB. This was followed by cloning of the selected nucleotides into plasmid
expression vectors and the immunization of mice with the recombinant proteins. A univer-
sal multi-epitope vaccine known as 4CMenB was developed using three selected antigens
(neisserial heparin-binding antigen or NHBA, factor H-binding protein or fHbp, and neisseria
adhesin A or NadA) in combination with the outer membrane protein of a MenB strain [165].
The vaccine was capable of eliciting broad immune coverage. Following phase II and III
clinical trials, the vaccine was licensed for public immunization in 2013 [165,167].
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Another vaccine against N. meningitidis MenB that was licensed in the USA in 2014
is the bivalent rLP2086 vaccine. The vaccine contained the factor H binding protein
(fHbp) from two mutant strains and gained accelerated FDA approval after it was shown
to elicit potent immune responses in phase II clinical trials [168]. The human serum
bactericidal assay (hSBA) was utilized to measure antibodies in vaccinees immunized with
the MenB vaccine [169]. Immunogenicity and safety studies conducted in adolescents upon
immunization with the bivalent rLP2086 vaccine demonstrated robust hSBA responses and
the vaccine was well tolerated, with three doses eliciting the strongest immune response
against MenB strains expressing vaccine-heterologous subfamily B fHbps [170].

5.9. ETEC

There are a total of ten vaccine candidates in preclinical development against ETEC.
While six of these are focused only on ETEC, the rest target S. aureus, C. jejuni, or S. flexneri,
in addition to ExPEC. Moreover, six vaccine candidates are in clinical development against
ETEC. Three of these are combination vaccines targeting both ETEC and Shigella spp. [90].
ETVAX, an IV that showed immune responses against four E. coli strains, has progressed
to phase IIb clinical development. This candidate incorporates the use of dmLT as an
immunogen and an adjuvant [171–174].

Unfortunately, four vaccine candidates against ETEC that did manage to progress
to clinical development were abandoned. These included TyphETEC-ZH9, a combined
vaccine against typhoid and ETEC, which was successful in phase I of clinical development
but was returned to the preclinical stage to also incorporate antigens targeting Shigella
spp. [175].

An inactivated Vibrio cholerae vaccine candidate against ETEC, known as VLA1701,
was reported to successfully pass phase II of clinical development in 2018 but was no
longer included in the list of active vaccine candidates targeting ETEC [176]. Moreover, an
LAV candidate known as ACE527-102, which was composed of E. coli CS1, CS2, CS3, and
CS5, colonization factor antigen I (CFAI), and the heat-labile toxin (LT) B subunit, was able
to elicit potent immune responses but could not protect immunized participants against
moderate/severe diarrhea [177].

Another promising candidate, the B-subunit/whole-cell cholera vaccine, was shown
to elicit immune responses capable of providing immune protection against a few ETEC
strains. Protection from ETEC was demonstrated in challenge experiments. However, the
resulting severe diarrhea as well as lack of knowledge about the immune correlates of
protection led to the project being abandoned [178]. Nevertheless, there were promising
reports that a vaccine focused on the LT toxoid and CFA antigens was able to provide
protection against 80% of pathogenic ETEC strains. There is an urgent need to develop an
effective vaccine for protection against ETEC in low- or middle-income countries (LMICs).
The value of such a vaccine might be further enhanced by the development of a future
vaccine that could protect against ETEC as well as other pathogenic bacteria [179].

5.10. K. pneumoniae

Although K. pneumoniae has become a significant contributor to illnesses acquired in
the community, including pneumonia and pyogenic liver abscess, and serotypes K1 and
K12 were determined to be the most common serotypes linked to infectious disease, there
are still no vaccines currently available to prevent K. pneumoniae infections.

The capsule, lipopolysaccharide, siderophores, and fimbriae (also known as pili) have
all been identified as virulence factors for K. pneumoniae so far [180]. The most extensively
investigated virulence factor of these is the capsule, which is produced by gene products
from the capsular polysaccharide synthesis (CPS) locus. Bacterial capsule-targeted vaccines
might serve as an effective strategy to immunize against encapsulated pathogens, as
evidenced by the success of capsule-targeted vaccines against Streptococcus pneumoniae,
Neisseria meningitides, and Haemophilus influenza [181,182]. A monovalent K. pneumoniae
K1 capsule polysaccharide (CPS) vaccine was developed in 1985 and several polyvalent



Vaccines 2023, 11, 1264 22 of 41

K. pneumoniae CPS vaccines were developed in 1986, but these vaccines were associated with
the elicitation of only T cell responses without the elicitation of high affinity neutralizing
antibodies [183–186]. (B cell responses are classified as T-dependent (T-D) or T-independent
(T-I), based on the requirement for T cell help in antibody production.)

Lin et al. (2022) strongly asserted that K. pneumoniae CPS protein-conjugated vaccines
hold promise as the solution to this problem since they might be able to elicit both humoral
and cellular protective immune responses [181]. Indeed, this was demonstrated by the
use of K1 (K1-ORF34) and K2 (K2-ORF16) CPS depolymerases that were discovered in
phages to cleave K1 and K2 CPSs into intact structural units of oligosaccharides. To create
CPS-conjugated vaccines, the resulting K1 and K2 oligosaccharides were individually con-
jugated with CRM197 carrier protein. Both K1 and K2 CPS-conjugated vaccines generated
anti-CPS antibodies with 128-fold and 64-fold increases in bactericidal activity, respectively,
compared to animals without vaccination. Challenge studies showed that the divalent vac-
cine (a combination of K1 and K2 CPS-conjugated vaccines) and K1 or K2 CPS-conjugated
vaccines protected mice from subsequent infections of K. pneumoniae by the corresponding
capsular type [181].

The majority (80%) of the clinical strains of K. pneumoniae fall into 4 of the 12 existing O
serotypes [187–189]. In low-income countries, K. pneumoniae has been linked to a significant
burden of newborn sepsis. Safety and immunogenicity results of the administration of a
polyvalent Klebsiella vaccine comprising six serotypes of capsular polysaccharides, namely
K2, K3, K10, K21, K30, and K55, demonstrated mild adverse reactions with strong immune
protection. Subcutaneous immunization of 40 individuals with 50 µg of each antigen was
able to elicit a 4-fold more potent immunoglobulin G (IgG) response as compared to the
immune response elicited from 25 µg of each antigen [185]. Furthermore, passive protection
conferred by IgGs obtained from the sera of immunized participants was observed against
fatal experimental Klebsiella K2 burn wound sepsis [185].

Although formulations based on capsular polysaccharides have been explored, the
great diversity in capsular serotypes limits vaccine coverage. There has been some progress
in the development of lipopolysaccharide (LPS)-based vaccines against K. pneumoniae. The
LPS O2a and LPS O2afg serotypes present in the majority of MDR K. pneumoniae strains are
associated with both immune evasion and immunological responses. Human monocytes ex
vivo were used to extract LPS (serotypes O1, O2a, and O2afg) from various K. pneumoniae
strains, and the efficacy of the LPS antigens to trigger the production of pro-inflammatory
cytokines and chemokines was evaluated. It was found that LPS serotypes O2afg, and
to a lesser extent O2a, but not O1, failed to induce the production of pro-inflammatory
cytokines and chemokines when incubated with human monocytes, which supports a
function in immune evasion. Preliminary research demonstrated that LPS O1, and to a
lesser extent LPS O2a, but not LPS serotypes O2afg, induced nuclear translocation of NF-B,
a process that controls immune responses to infections. Investigations showed that MDR
K. pneumoniae expressing the LPS O2afg serotypes were able to evade an early inflammatory
immune response, which allowed them to methodically spread inside the host and caused
various diseases associated with this bacterium [190].

The development of vaccines using LPS antigens has not yet advanced past the
preclinical stage. Despite the fact that there are currently eight recognized O serotypes,
epidemiologic studies indicated that four O polysaccharide serotypes (OPS) would cover
80% of clinical isolates globally. In an animal model, antibodies against subcapsular
antigens, such as LPS, are protective. Researchers eliminated the lipid A moiety from LPS
preparations, leaving the core and sugar repeat regions (core and O polysaccharide, or
COPS) but the purified COPS and bacterial CPSs were found to be poor immunogens [191].

Chhibber et al. (2005) developed two separate KP LPS combination vaccines and
demonstrated a decrease in lung bacterial load. However, ELISA antibody titers, boost
responses, and rodent lethality model testing were not conducted. It was reported that O1
LPS contained in liposomes or sodium alginate microparticles was less hazardous than free
LPS and induced a more favorable mucosal immune response in mice, protecting rats from
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lobar pneumonia. However, the protection provided by O1 LPS vaccination or monoclonal
antibodies (mAbs) against K2:O1 challenge in mice was later demonstrated by researchers
to be temporary [192].

Recently, a quadrivalent conjugate vaccine comprising the four most frequent O
serotypes linked to human illnesses (KP O1, O2, O3, and O5) was conjugated to either
the P. aeruginosa flagellin A or B protein to form a vaccine. Since the lipid A portion of
the LPS had been chemically removed from the COPS, it was completely detoxified and
could overcome the drawbacks of LPS-based vaccines. In rabbits, immunization elicited
the production of IgGs against each of the six antigens, potentially protecting mice from
systemic KP infection [193].

Vaccine strategies under development against K. pneumoniae involve a range of differ-
ent vaccine platforms, such as LAVs, IVs, outer membrane vesicles, polysaccharide- and
lipopolysaccharide-based vaccines, recombinant vaccines, conjugate vaccines including
PS–protein or LPS–protein fusions, and ribosomal vaccines. There have been numerous
vaccine proposals put forth, some of which have advanced to clinical testing [120]. In a
recent phase I/II clinical trial, KlebV4, a tetravalent bioconjugated vaccine candidate, was
recently evaluated both with and without the AS03 adjuvant (NCT04959344).

Another promising approach to the design of vaccines against MDR K. pneumoniae
involves the inactivation of bacteria using heat. The bacterial components of dead cells
would still be able to elicit an immune response against pathogens. An example of a heat-
killed vaccine candidate is MV140 (Uromune), which is made up of inactivated bacteria
and is currently undergoing phase II clinical trials (NCT02543827, NCT04096820) [194,195].
Uromune, which contains inactivated E. coli, K. pneumoniae, Proteus vulgaris, and Enterococ-
cus faecalis, has been licensed in Spain since 2010 but is undergoing clinical evaluation in
Canada [196]. A prospective study conducted with 75 women suggested that Uromune
was safe and effective at preventing UTIs in women, as evidenced by the fact that of the
75 women who completed treatment, 59 (78%) had no subsequent UTIs in the follow-up pe-
riod. Prior to treatment, all women had experienced a minimum of three or more episodes
of UTI during the preceding 12 months [197]. In addition, in the 2019 European Association
of Urology guidelines, MV140 was suggested as an immunoactive prophylaxis to prevent
the occurrence of recurrent UTIs, and it was shown in retrospective trials to be up to 90%
more effective than antibiotic prophylaxis [180].

5.11. P. aeruginosa

P. aeruginosa is an important MDR pathogen capable of causing severe infections
in immunocompromised individuals. The Centre for Disease Control and Prevention
(CDC) has classified MDR P. aeruginosa as a major health concern for the past ten years
due to its contribution to at least 32,600 infections, 2700 fatalities, and USD 767 million in
annual healthcare costs in the US alone [198]. Patients who have recently been admitted to
the intensive care unit (ICU), those with compromised immune systems, and those who
have previously been exposed to antipseudomonal carbapenems and fluoroquinolones
were reported to be at the highest risk of contracting infections caused by MDR and
extensively drug-resistant (XDR) P. aeruginosa [198]. It is also associated with burn wound
infections, ventilation-associated pneumonia, and chronic infections in cystic fibrosis (CF)
patients [199]. Indeed, P. aeruginosa is well endowed with virulence factors that enable it to
infect host cells and escape human adaptive immune responses, leading to the emergence
of new infections [200]. One of its primary virulence factors is the type 3 secretion system
(T3SS), through which it injects effector proteins directly into host cells. These effector
proteins are known to affect a variety of cell functions, such as disruption of the actin
cytoskeleton, which leads to apoptosis-like cell death [201].

While there are no licensed vaccines for P. aeruginosa at present, preclinical research on
P. aeruginosa has advanced in the areas of antigen discovery, adjuvant use, and new delivery
technologies. An experimental live vaccine against P. aeruginosa was developed and evalu-
ated for immunogenicity and protective efficacy [202]. The vaccine was developed from an
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auxotrophic strain of the bacterium lacking the essential enzyme involved in producing D-
glutamate, a structural component of the bacterial cell wall. Therefore, while the virulence
of this strain was compromised, its capacity to elicit potent and immunogenic immune
responses was unaffected. When delivered intranasally, it was capable of inducing mucosal
and systemic immune responses. The vaccine was shown to elicit effector memory, central
memory, and IL-17A-producing CD4+ T cells. It also attracted neutrophils and mononu-
clear phagocytes to the airway mucosa. Following lung infection by ExoU-producing PAO1
and PA14 strains, the survival of mice was significantly increased. Protection was conferred
to almost one-third of the mice infected with XDR high-risk clone ST235.

Another preclinical study utilized reductive amination to covalently bind toxin A
to lipid A-free polysaccharide (PS) that was obtained from P. aeruginosa immunotype 5
lipopolysaccharide (LPS). The intravenously administered dose of 50 micrograms/kg body
weight of the PS-toxin A conjugate vaccine was nonpyrogenic for rabbits and not harmful
to animals. Upon subcutaneous delivery to human participants, the conjugate vaccine
only elicited moderate, momentary reactions. Immunoglobulin G (IgG) antibodies were
produced as a result of the administration of the vaccine and it counteracted toxin A’s
cytotoxic effects. It aided in the uptake and elimination of P. aeruginosa in the presence
of human polymorphonuclear leukocytes. When compared to paired preimmunization
serum, passively transferred IgGs extracted from the serum of an immunized donor was
much more effective at preventing fatal P. aeruginosa burn wound sepsis [203].

The development of an effective vaccine against P. aeruginosa has been severely ham-
pered by numerous issues. This pathogen is a particularly difficult target for vaccine
development due to its abundance of virulence factors, a genome that facilitates adaptation
to novel environments, shifting phenotypes between acute and chronic infection, and the
complexity of the host immune response, among other considerations. Nevertheless, these
challenges have not dissuaded efforts to develop a vaccine, but despite more than 50 years
of work, clinical vaccine development for P. aeruginosa has been mainly ineffective. A few
potential vaccines have advanced to clinical trials along the way by exploiting well-known
virulence factors as vaccine antigens [204].

The mature outer membrane protein I (OprI) and the amino acids 190 to 342 of OprF
from P. aeruginosa were combined to form the hybrid protein [Met-Ala-(His)6OprF190-
342-OprI21-83], which was produced in E. coli and purified using Ni2+ chelate affinity
chromatography. After safety and pyrogenicity tests in animals, eight adult human vol-
unteers were divided into four groups and given intramuscular injections of the vaccine
three times at intervals of four weeks. They were then vaccinated again six months later
with either 500, 100, 50, or 20 µg of OprF-OprI adsorbed onto Al(OH)3. All immunizations
were safe and well tolerated. In volunteers who received the 100 µg or 500 µg dosage, there
was a discernible increase in antibody titers against P. aeruginosa OprF and OprI after the
initial vaccination. Significant antibody titers were obtained for all groups following the
second vaccination. Elevated antibody titers against OprF and OprI could still be detected
six months following the third vaccination. A C1q-binding assay and in vitro absorption of
P. aeruginosa by opsonophagocytic cells were both used to demonstrate the ability of the
elicited antibodies to increase complement binding and opsonization [205].

Adlbrecht et al. (2020) reported the results of a placebo-controlled, double-blind phase
II/III study that was conducted to evaluate the efficacy, immunogenicity, and safety of the
IC43 recombinant P. aeruginosa vaccine in non-surgical ICU patients [176]. The sample size
of the study consisted of 800 patients between the ages of 18 to 80 years who were predicted
to require mechanical ventilation for less than 48 h. The participants were randomized to
receive two doses of either 100 µg of the IC43 vaccine or a saline placebo, spaced seven
days apart. Safety and immunogenicity were also evaluated, showing that the rise in
geometric mean OprF/I titers was 1.5-fold after the first vaccination, 20-fold at day 28, and
decreased to 2.9-fold at day 180. Additionally, there was no discernible difference between
the two groups in terms of overall survival or the percentage of patients with only one
confirmed invasive P. aeruginosa infection or respiratory tract infection. It was shown that
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the IC43 100 µg vaccine was well tolerated in this sizable group of critically ill, mechanically
ventilated patients, Although the vaccine had a significant level of immunogenicity, it had
no therapeutic advantage over a placebo in terms of overall mortality [206].

A study conducted by Shaikh et al. (2022) aimed to assess and compare the immuno-
genicity as well as the protective efficacy of individual and combination immunizations
with PopB and OprF/I [207]. The findings indicated that only mice vaccinated with
PopB/PcrH, either alone or in combination with OprF/I, exhibited a Th17 recall response
from splenocytes after vaccination. Furthermore, mice that received the combination vac-
cine were better protected against acute lethal P. aeruginosa, regardless of the vaccination
route, compared to those who received either vaccine alone or an adjuvant control. The
vaccination also induced IgG titers against the vaccine proteins and whole P. aeruginosa
cells. Interestingly, none of the antisera exhibited opsonophagocytic killing activity. How-
ever, antisera from mice vaccinated with vaccines containing OprF/I had the ability to
block IFN-γ binding to OprF/I but exerted no protection. Thus, vaccines that combined
PopB/PcrH with OprF/I and generated functional antibodies were able to offer broad and
potent protection against P. aeruginosa pulmonary infection [207].

Reverse vaccinology techniques were employed in an experimental study to develop
a potent chimeric vaccine against P. aeruginosa [208]. The vaccine candidate included PopB
and outer membrane protein F and I (OprF/OprI) joined together using linkers. The
multi-epitope vaccine, containing helper T lymphocyte (HTL), cytotoxic T lymphocyte
(CTL), interferon gamma (IFN-γ), and interleukin 4 (IL-4) epitopes, was developed after
performing thorough immunoinformatics analysis. This was followed by an evaluation of
the physicochemical properties, allergenicity, toxicity, and antigenicity. After examination
of the secondary structure, a 3D model of the tertiary structure was created, improved
upon, and confirmed using computational techniques. Additionally, molecular docking
and dynamics were used to determine the vaccine candidate’s stability and strong protein–
ligand interaction with TLR4. Additionally, pET-22b (+) was utilized in conjunction with
in silico cloning to obtain optimum translation efficiency. The results showed that the
chimeric vaccine had high thermostability and appropriate physicochemical properties.
In particular, this vaccine candidate had a stable protein and TLR4 interaction and was
sufficiently overexpressed in E. coli. It was also nontoxic and highly soluble. Overall, it
might stimulate the immune system and suppress P. aeruginosa [208].

Dey et al. (2022) demonstrated that the primary membrane protein candidate of
P. aeruginosa was a crucial factor in the susceptibility of the bacteria to antimicrobial pep-
tides and its ability to survive inside hosts [209]. In order to create linear B cell, cytotoxic T
cell, and helper T cell peptide-based vaccine constructs, the researchers carried out a compu-
tational analysis to investigate OprF and OprI, two of the key membrane proteins of P. aerug-
inosa. Twelve T cell peptides and two B cell peptides were predicted using various im-
munoinformatics databases, such as ABCpred (http://crdd.osdd.net/raghava/abcpred/,
accessed on 14 July 2023) and the online server IEDB immune epitope database (https:
//www.iedb.org/, accessed on 14 July 2023). To create a high-quality three-dimensional
structure of the final vaccine design, which contained epitopes, adjuvants, and linkers,
simulations were used. The vaccine was shown to have the best biophysical features,
including being nonallergenic, antigenic, soluble, and non-toxic. Protein–protein docking
and molecular dynamics simulations revealed a robust and sustained interaction between
the vaccine and TLR4 [209].

Elhag et al. (2020) also described the potential use of immunoinformatics tools to
develop an epitope-based vaccine against P. aeruginosa [210]. The chosen vaccine target was
the highly immunogenic fructose bisphosphate aldolase (FBA) of P. aeruginosa. Potential
B and T cell epitopes were predicted using the B cell prediction method (http://tools.
iedb.org/main/bcell/, accessed on 14 July 2023) while T cell epitopes were predicted
using IEDB MHC I (http://tools.iedb.org/mhci/, accessed on 14 July 2023) and MHC II
(http://tools.iedb.org/mhcii/, accessed on 14 July 2023) tools. Four of the MHC II epitopes
and six of the MHC I epitopes from the data were reported to be promising. MHC I and
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MHC II are reported to share 19 epitopes. The epitopes had a global coverage of 95.62% of
the world’s population. The researchers concluded that further in vivo and in vitro tests
would need to be carried out to validate the vaccine’s efficacy [210].

The functional amyloids of Pseudomonas (Faps), which are among the bacterium’s
biofilm components, showed a positive association with virulence and contributed to
the mucoidy phenotype observed in infections in CF patients [211]. Fap proteins are
viable therapeutic targets because of their extracellular accessibility, conservation among
P. aeruginosa isolates, and relationship to the phenotype of lung infections in CF patients.
Furthermore, bacterial amyloid is an option for treatment due to its documented impact on
the immune response and neural function. The Fap C protein and its direct interactions
were investigated to identify antigenic T cell and B cell epitopes. Epitopes and peptide
adjuvants have been associated with the development of vaccination candidate structures.
The vaccine candidates were validated for stability, interactions with TLRs and MHC alleles,
allergenicity, physiochemical characteristics, antigenicity, and stability. Immunosimulation
studies have shown that the vaccines induced a Th1-dominated response, which can help
improve the prognosis of CF patients after infection [211].

5.12. S. aureus

Staphylococcus is a commensal of the human skin, but it can pose a serious threat to
human health. It is known to cause nosocomial infections involving ventilator-associated
pneumonia, intravenous catheter-associated infections, and post-surgical wound infections.
It is estimated to cause 20,000 deaths in the USA annually [212]. Its MDR phenotype makes
it one of the most difficult pathogenic bacteria to treat, in addition to its capacity to evade
the immune system. Almost all antibiotics developed since the 1940s have become obsolete
for the treatment of S. aureus infections. The first methicillin-resistant S. aureus (MRSA)
was discovered in clinical isolates of S. aureus in 1961. Then, MRSA, a multi-resistant
hospital disease, spread globally at an alarmingly accelerated rate. The MRSA strain Mu50,
which was associated with diminished sensitivity to vancomycin, was discovered in 1997.
According to the CLSI criteria, the S. aureus strain known as vancomycin-intermediate
S. aureus (VISA) resulted from an adaptive mutation against vancomycin, which has
long been the last line of defense against MRSA infection [213]. Considering the rapid
emergence of MRSA strains showing resistance towards vancomycin, the development of
safe and immunogenic vaccines for S. aureus is highly warranted. Despite this, there are no
licensed vaccines against S. aureus. While previous research on vaccine development against
S. aureus has focused on single antigen preparations, contemporary attempts prioritize the
incorporation of several antigens.

Although efforts to produce a vaccine against S. aureus have not been successful so
far, the results of preclinical and clinical trials in humans might offer some insight into
the limitations. Current research seeks to find novel antigens and innovative vaccine
formulations that could effectively stimulate cellular and humoral immune responses. The
in vitro tissue culture and in vivo animal models used in preclinical studies to evaluate the
efficacy of vaccine candidates would lead to further insight into correlates of protection. In
human clinical trials, a number of new vaccine candidates are currently being examined
in various target populations. Jahantigh et al. (2022) reported that there are at least five
S. aureus vaccines currently in various stages of clinical development [214].

The two most common capsular polysaccharides, CP5 and CP8, were combined with
the exotoxin A from P. aeruginosa in the bivalent polysaccharide vaccine candidate known as
StaphVAX. CP5 and CP8 have been associated with over 80% of clinical S. aureus infections.
The vaccine completed phase II clinical studies with positive results in chronic, ambulatory,
and peritoneal dialysis patients. At 3–54 weeks after vaccination, patients who were
potential candidates for cardiovascular surgery were assessed in a phase III trial. Despite
good preliminary findings from phase III StaphVAX vaccine research, the FDA stated that
a second phase III trial would be necessary for US registration. However, the results of the
second phase III investigations revealed no difference between the StaphVAX and placebo
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groups in terms of the number of S. aureus infections. After following up for 32, 40, and
54 weeks, it was discovered that StaphVAX reduced S. aureus bacteremia by 64%, 57%, and
26%, respectively. However, it was observed that antibody titers declined after 32 weeks.
The second phase III StaphVAX trial with hemodialysis patients was unsuccessful [214].

The highly conserved S. aureus surface protein, iron-regulated surface determinant B
(IsdB), is present in the V710 vaccine. In animal challenge models, the first trial of the V710
vaccine candidate demonstrated high immunogenicity. Subsequent clinical trials of the
V710 vaccine candidate were conducted between 2007 and 2011. To assess the effectiveness
and safety of preoperative immunization in patients undergoing cardiothoracic surgery,
phase IIb/III of the experiment was launched in 2011. In patients with median sternotomies,
the use of the V710 vaccine increased the mortality risk while having no effect on the
frequency of significant postoperative S. aureus infections. These results contradicted the
recommendation to administer the V710 vaccine to surgical patients [215].

The SA4Ag (PF-06290510) vaccine candidate produced by Pfizer is composed of
four antigens: CRM197-conjugated anti-phagocytic capsular polysaccharides 5 and 8, the
manganese transporter MntC, and the adhesion molecule ClfA. The safety, tolerability,
and immunogenicity of the SA4Ag vaccine were proven by phase I/II evaluation. SA4Ag
was also effective and safe for people following elective spinal fusion surgery in a phase
IIb study and the evaluation is ongoing. The U.S. Food and Drug Administration (FDA)
granted SA4Ag Fast Track status in February 2014. Further research revealed that the
SA4Ag vaccine candidate elicited quick and strong functional immune responses in the 20-
to 64- and 65- to 85-year-old age groups and had a tolerable safety profile. In animal studies,
this vaccine candidate also performed well against chronic infection caused by S. aureus.
Deep tissue infection, bacteremia, and the pyelonephritis model all showed much decreased
bacterial populations after receiving the SA4Ag vaccine candidate. These encouraging
preclinical SA4Ag results, however, did not demonstrate the therapeutic benefit of SA4Ag
in preventing surgery-related, invasive S. aureus infection [216].

The GSK (GSK2392103A) vaccine candidate is a four-component Staphylococcal vac-
cine that contains mutant hemolysin-1 (-toxin; AT), ClfA, as well as polysaccharides 5 and
8 conjugated to the tetanus toxoid (TT) (CPS5-TT, CPS8-TT). Phase I ended in 2012, and
following the initial dose, the vaccine candidate was observed to induce potent humoral
immune responses [217]. The Candida albicans agglutinin-like sequence 3 protein (Als3p),
which is the N-terminal component of the experimental vaccine NDV-3, was prepared
with aluminum hydroxide (alum) adjuvant in phosphate-buffered saline (PBS). C. albicans
and S. aureus cell surface proteins and Als3p share structural and sequence similarities.
Consequently, both C. albicans and S. aureus infections may respond well to the NDV-3
vaccine. In the USA, NovaDigm Therapeutics finished a phase II trial for vulvovaginal
candidiasis in 2016 [218].

Clegg et al. (2021) asserted that given the variety of target populations and the com-
plexity of the diseases caused by this pathogen, a multifaceted strategy involving several
therapies would be necessary. In addition to vaccines, new kinds of antibiotics, therapeutic
proteins such as centyrins, monoclonal antibodies, and bacteriophage therapy are being
evaluated. Some of these have undergone human testing with positive results [212].

Recombinant proteins or polysaccharide antigens of S. aureus have been used most fre-
quently in clinical studies of S. aureus vaccines to stimulate immune responses in vaccinees.
The selection of the antigen or combination of antigens to use is of the utmost signifi-
cance. Surface antigens or released toxins are the protein antigens commonly targeted
while developing vaccines since the immune system is able to recognize these virulence
factors. Antibodies against surface antigens might also cause opsonophagocytosis and
prevent adhesion and uptake, leading to the inhibition of virulence activities. Antibodies
produced against secreted toxins may inhibit toxicity. The extracellular polysaccharide
coating on S. aureus has been the target of numerous vaccine formulations that are currently
undergoing clinical studies [212].
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Data gathered from the immune responses that defend against invasive S. aureus
infections, host genetic factors, and bacterial evasion mechanisms in humans are crucial
for the future development of successful and effective vaccines and immunotherapies
against invasive S. aureus infection in humans. Based on the evidence provided, it is
hypothesized that staphylococcal toxins, such as superantigens and pore-forming toxins,
are significant virulence factors. Targeting the neutralization of these toxins is, therefore,
more likely to have therapeutic benefits than earlier attempts at opsonophagocytosis-
promoting vaccines [189]. The vaccine candidates in clinical development against major
bacterial pathogens are summarized in Table 2.
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Table 2. Vaccine candidates in clinical development against major bacterial pathogens.

Bacterium Vaccine Candidate Number of
Participants Primary Outcome Measures and Data on Safety and Immunogenicity Phase of the Study Target Population References

S. enterica serovar typhi

EuTCV 444 Seroconversion rate; solicited local and systemic AEs.
Seroconversion in 99.4% of immunized individuals; reasonable safety profile.

Phase III
NCT04830371 6 Months–45 Years [90,219]

Vi-DT 3071 Immunogenicity (seroconversion rate).
Anti-Vi-IgG seroconversion rate of 99.33%; good safety profile.

Phase III
NCT04051268 6 months–60 years [90,220]

Typhoid Vi conjugate
vaccine NR Anti-Vi IgG geometric mean titers increased by 502 times, from 4·2 EU/mL to 2383·7 EU/mL

at day 28; safe and tolerable. Phase III NR [90]

Entervax 99 Diagnosis of typhoid fever.
No results posted.

Phase IIb
NCT01405521 Adults 18–60 Years [90,144]

CVD 1000 96 Frequency and severity of solicited local and systemic AEs.
No results posted.

Phase I
NCT03981952a Adults 18–45 Years [90,221]

H. influenzae type b
Shan 6 460 Geometric mean concentrations (aGMCs) of Abs against pertussis antigens; potent

immunogenicity; good safety profile.
Phase III

NCT04429295
Healthy Infants and
Toddlers in Thailand [90,222]

Freeze-dried Haemophilus
influenzae type b (Hib)

combined vaccine
NR NR Phase III

Chi-CTR2000032281 NR [90]

MT-2355 (BK1310) 267
Antibody prevalence rate against anti-PRP with 1 µg/mL or higher, diphtheria toxin,

pertussis, tetanus toxin, and polio virus.
No results posted.

Phase III
NCT03891758 Healthy Infants [90,223]

LBVD 460

Number of participants with antibodies (Abs) above a predefined threshold against diphtheria
(D), tetanus (T), hepatitis B (Hep B), Haemophilus influenzae type b (Hib), and poliovirus

(Polio) antigens.
Safe and immunogenic.

Phase I
NCT04429295

Healthy Infants and
Toddlers in Thailand [90,222]

S. pneumoniae

23-Valent pneumococcal
polysaccharide vaccine

(PPSV23)
1940

Immunogenicity study endpoint.
Safety study endpoint.

No results posted.

Phase III
NCT04278248

healthy volunteers
aged 2 Years and

above
[90,224]

15-Valent pneumococcal
conjugate vaccine (PCV) 1950

Immunogenicity study endpoint.
Safety study endpoint.

No results posted.

Phase III
NCT04357522

2 and 3-month-old
Healthy Volunteers [90,225]

14-Valent PCV (adsorbed) NR NR Phase III NR [90]

13-Valent PCV 1200
Geometric mean concentration (GMC) of serotype-specific pneumococcal IgG antibody

concentration ≥ 0.35 ug/mL at 30 days after primary vaccination.
No results posted.

Phase III
NCT02494999

healthy infants aged 2
months [90,226]

ASP3772 630 Safety and immunological response of PCV13, ASP3772, and PPSV23.
No results posted.

Phase II
NCT03803202 elderly 65 to 85 [90,227]

Multivalent PCV 230 Pneumococcal serotype-specific IgG GMC ratios.
No results posted.

Phase II
NCT03467984 healthy infants [90,228]

Polyvalent PCV V116 600
Adverse effects and serotype-specific opsonophagocytic activity (OPA); geometric mean titers

(GMTs) for the common serotypes in V116 and Pneumovax™ 23.
No results posted.

Phase II
NCT04168190 Healthy adults [90,229]

Nucovac 48 NR Phase II
CTRI/2013/ 05/003711 Healthy adults 18–65 [90]

Pneumococcal recombinant
protein vaccine (PPrV) (35) 280 Immunogenicity and adverse effects.

No results posted.
Phase II

NCT01446926
Healthy Adults,

Toddlers and Infants [90,230]

SP0202, SKYPAC 750
Geometric mean (GM) of serotype-specific opsonophagocytic (OPA) titers for all

pneumococcal serotypes included in the SP0202 formulations.
No results posted.

Phase II
NCT04583618 Adults Aged 50 to 84 [90,231]

15-Valent PCV 140 NR Phase II
CTRI2019-02-017527

healthy subjects 2–5
years [90]

PF-06842433 NR NR
Phase II
EudraCT

2020-005039-59
NR [90]
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Table 2. Cont.

Bacterium Vaccine Candidate Number of
Participants Primary Outcome Measures and Data on Safety and Immunogenicity Phase of the Study Target Population References

13-Valent PCV 237 Adverse reactions and immunogenicity.
No results posted.

Phase I
NCT04100772

Healthy People Aged
6 Weeks and Above [90,232]

Protein-based pneumococcal
vaccine (PBPV) 120 Solicited and unsolicited adverse reactions; immunogenicity.

No results posted.
Phase I

NCT04087460
Elderly 18 to 49 years

of age [90,233]

13-Valent PCV NR NR Phase I NR [90]
euPCV15 60 Incidence of solicited AEs.

No results posted.
Phase I

NCT04830358
Healthy Koreans

19–50 Years [90,234]

ExPEC

ExPEC9V 18556 Participants with first invasive extraintestinal pathogenic E. coli disease.
No results posted.

Phase III
NCT04899336

Adults Aged 60 Years
and Older [90,133]

UTI Vx, FimH vaccine
(FimCH) NR NR Phase II NR [90]

Uro-Vaxom (OM-89) 48

Checklist or consensus guidelines that can be used to measure a symptomatic urinary tract
infection and practicality of carrying out a definitive randomized controlled clinical study.

Urinary tract infection rates varied between different catheterization methods: male
indwelling (2.72), clean intermittent (0.41), condom (0.36), female suprapubic (0.34), and

normal voiding (0.06), with an overall incidence of 0.68.

Phase II
NCT02591901 Adults 18–75 Years [90,235]

ExPEC10V (VAC52416,
JNJ-69968054) 836 Safety and antibody titers.

No results posted.
Phase I/II

NCT03819049 Adults 60–85 Years [90,134]

Salmonella enterica serovar
Paratyphi A

O:2,12-TT NR NR Phase III NR [90]

Entervax 99 Diagnosis of typhoid fever.
No results posted.

Phase IIb
NCT01405521 Adults 18–60 Years [90,144]

CVD 1902 51 Safety and serum antibodies.
No results posted.

Phase I
NCT01129453 Adults 18–45 Years [90,236]

C. difficile
PF-06425090 (+/− adjuvant)

(62–64, 68) 17535 Number of first primary episodes of CDI.
No results posted.

Phase III
NCT03090191 Adults 50 and older [90,237]

PF-06425090 (+/− adjuvant)
(62–64, 68) 140 Adverse effects.

No results posted.
Phase I

NCT04026009 Adults 18–70 [90,148]

N.gonorrhoeae 4CMenB (Bexsero) 652
Change in the incidence of the first episode of N. gonorrhoeae infection.

Overall incidence of all episodes of N. gonorrhoeae infection.
No results posted.

Phase III
NCT04415424

Gay and Bisexual
Men 18 to ≤50 years

of age
[90,238]

ETEC

ETVAX/dmLT; ETVAX
(OEV-122); ETVAX
(OEV-123); ETVAX

(OEV-121); (OEV-124)
NR NR Phase IIb

PACTR202010819218562 NR [90]

Phase I: CfaE + mLT (ID);
CssBA + dmLT; Phase II:

CfaE + mLT
56 Number of adverse events and prevented diarrhea episodes.

No results posted.
Phase II

NCT01922856 Adults 18–50 Years [90,239]

Shigella-ETEC NR NR Phase I NR [90]

ShigETEC NR NR
Phase I

EudraCT:
2020-000248-79

NR [90]

CVD 31000 (CVD 1208S-122) 54 Adverse reactions.
No results posted.

Phase I
NCT04634513 Adults 18–49 Years [90,240]

dmLT (LTR192G/L211A)
(77) 75 Adverse effects and reactogenicity.

No results posted.
Phase I

NCT03548064 Adults 18–45 Years [90,241]

K. pneumoniae KlebV4 166 Adverse effects and IgG titers against K. pneumoniae O serotypes.
No results posted.

Phase I/II
NCT04959344 Adults 18–70 Years [90,242]

P. aeruginosa VLA43 (IC43) 803 Number of deaths until day 28.
No results posted.

Phase II/III
NCT01563263
(Discontinued)

Adults 18–80 Years [90,243]

S. aureus
rTSST-1 variant vaccine

(ORG28077) 140 Adverse events and fold increase of ELISA IgGs against rTSST-1.
No results posted.

Phase II
NCT02814708 Adults 18–64 Years [90,244]

GSK3878858A 632 Number of participants with solicited local adverse events.
No results posted.

Phase I/II
NCT04420221 Adults 18–64 Years [90,245]
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6. Conclusions

Considering the indiscriminate use of antibiotics and the increasing resistance of
bacteria to them, employing new approaches for vaccines is emerging as the optimal
strategy for treating and preventing bacterial infections that are resistant to antibiotics. To
effectively vaccinate against antibiotic-resistant bacteria, it is crucial to utilize safe, low-risk,
and low-complication vaccines. Conventional lipopolysaccharide-based and conjugate
protein vaccines have been developed against rapidly mutating strains of bacteria such
as S. pneumoniae. However, such approaches are laborious, require complex processes,
and may be impractical against the rapid evolution and emergence of multiple bacterial
serotypes. An effective and novel approach entails employing the reverse vaccinology
method to develop subunit vaccines with minimal side effects. The advent of the COVID-19
pandemic resulted in the field of vaccine design undergoing significant transformation
with the adoption of reverse vaccinology [246]. This method involves vaccinating the
patient against conserved and immunogenic epitopes and antigenic determinants of the
bacteria. In particular, the strategy of in silico integration of reverse vaccinology and
immunoinformatics may be used to identify conserved and immunogenic epitopes that
could be incorporated into next-generation multi-epitope vaccines such as recombinant
protein, DNA, or mRNA vaccines [247,248]. These vaccines are amenable to accelerated
developmental timelines and can quickly progress to the clinical stage in order to curb
the spread of antibiotic-resistant bacterial strains. Thus, next-generation vaccines offer
a promising avenue for enhancing the effectiveness and safety of vaccine candidates,
ultimately contributing to improved global health outcomes.
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Abstract
The protective efficacies of current licensed vaccines against COVID-19 have significantly reduced as a result of SARS-
CoV-2 variants of concern (VOCs) which carried multiple mutations in the Spike (S) protein. Considering that these 
vaccines were developed based on the S protein of the original SARS-CoV-2 Wuhan strain, we designed a recombinant 
plasmid DNA vaccine based on highly conserved and immunogenic B and T cell epitopes against SARS-CoV-2 Wuhan 
strain and the Omicron VOC. Literature mining and bioinformatics were used to identify 6 immunogenic peptides 
from conserved regions of the SARS-CoV-2 S and membrane (M) proteins. Nucleotide sequences encoding these 
peptides representing highly conserved B and T cell epitopes were cloned into a pVAX1 vector to form the pVAX1/
S2-6EHGFP recombinant DNA plasmid vaccine. The DNA vaccine was intranasally or intramuscularly administered 
to BALB/c mice and evaluations of humoral and cellular immune responses were performed. The intramuscular admin-
istration of pVAX1/S2-6EHGFP was associated with a significantly higher percentage of CD8+ T cells expressing 
IFN-γ when compared with the empty vector and PBS controls. Intramuscular or intranasal administrations of pVAX1/
S2-6EHGFP resulted in robust IgG antibody responses. Sera from mice intramuscularly immunized with pVAX1/
S2-6EHGFP were found to elicit neutralizing antibodies capable of SARS-CoV-2 Omicron variant with the ACE2 cell 
surface receptor. This study demonstrated that the DNA vaccine construct encoding highly conserved immunogenic B 
and T cell epitopes was capable of eliciting potent humoral and cellular immune responses in mice.

Keywords  DNA vaccine · next-generation · SARS-CoV-2 · VOCs

Introduction

COVID-19 was caused by the SARS-CoV-2 which resulted 
in a global pandemic, leading to extensive economic and 
financial downturns and a debilitating impact on public 
health and wellbeing [1]. As of 8 November 2024, there 
were more than 771,820,937 infections and 6,978,175 
deaths as a result of the COVID-19 pandemic [2].

When the pandemic began, academic institutions and 
pharmaceutical companies collaborated at a pace unprece-
dented in history to develop novel mRNA and viral-vectored 
vaccine candidates which targeted the full-length Spike (S) 
protein from the SARS-CoV-2 Wuhan strain [3]. These vac-
cine candidates were granted emergency use authorization 
for global immunizations. Efficacies of the licensed vac-
cines against the SARS-CoV-2 Wuhan strain were high. For 
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example, mRNA-1273, BNT162b2, ChAdOx1 nCoV-19, 
and BBIBP-CorV showed protective efficacies of 94.1%, 
95.0%, 90·0%, and 78.1%, respectively [4–6].

The genome of the SARS-CoV-2 is a single-stranded 
positive-sense RNA with a size of approximately 29.9 kB 
[7]. The genome comprises two large open-reading frames, 
ORF1a and ORF1b, positioned at the 5’ end. They are 
responsible for encoding 16 non-structural proteins rang-
ing from NSP1 to NSP16 which are involved in the for-
mation of a replication–transcription complex (RTC) [8]. 
The other ORFs located at the 3’ end are responsible for 
encoding four structural proteins, namely spike (S), enve-
lope (E), membrane (M), and nucleocapsid (N) proteins. 
The M protein provides shape and structure to the viral 
particles, the E protein ensures proper virion assembly and 
release, and the N protein packages the RNA genome and 
enhances pathogenicity by reducing interferon production, 
while the S protein is of particular importance in vaccine 
design because it mediates binding and entry of the virus 
into the host [9, 10].

The SARS-CoV-2 is subjected to spontaneous mutations 
due to the replication process carried out by the viral RNA 
polymerase [11]. Throughout the pandemic, the SARS-
CoV-2 has evolved consistently, resulting in the emergence 
of Alpha, Beta, Gamma, Delta, and Omicron VOCs which 
carried different genome sequences compared to the origi-
nal SARS-CoV-2 Wuhan strain [12]. The majority of these 
mutations were found largely in the S gene [13].

However, the emergence of SARS-CoV-2 VOCs with 
multiple mutations in the S protein was associated with 
reduced protective efficacies of current vaccines against 
the Alpha, Beta, Delta, and Omicron VOCs [14–21] 
(Table I). Indeed, the Omicron variant (B.1.1.529) was 
associated with greater infectivity and immune evasion 
owing to the enhanced molecular flexibility of the S pro-
tein to bind to the ACE2 receptor [22–24].

mRNA-based, DNA, and recombinant protein vaccines 
could be developed to incorporate different antigenic tar-
gets specific to the sequences of novel SARS-CoV-2 VOCs 
[25–27]. Moderna's bivalent vaccine, mRNA-1273.222 
which consisted of the S protein from the Wuhan strain and 
the Omicron BA.4/BA.5 strain, quickly progressed to phase 
2/3 clinical development and demonstrated the induction 
of higher neutralizing antibody titers against BA.4/BA.5 
variants when compared to a booster dose of mRNA-1273 
[28]. Although this proactive approach to developing vac-
cines is commendable, such targeted adaptations might not 
be sustainable in the long run in light of the emergence of 
continuously mutating SARS-CoV-2 VOCs. Hence, the 
development of next-generation vaccines using highly con-
served and immunogenic sequences from the SARS-CoV-2 

structural proteins, which were discovered by literature 
mining and bioinformatics tools, would be a more promis-
ing approach and would offer higher protection against the 
original Wuhan strain and emerging VOCs.

DNA vaccine candidates such as INO-4800 and ZyCoV-
D have shown promise in clinical development against 
SARS-CoV-2 [29, 30]. Unlike mRNA vaccines, DNA vac-
cines are highly stable, less prone to degradation and do 
not require extreme low temperatures at -80°C for storage 
and transportation [31]. Moreover, DNA vaccines could 
be easily modified by simply changing the selected gene 
sequences in the DNA plasmid which could serve as up to 
date vaccines to effectively prevent the spread of emerging 
mutated VOC strains. They are also amenable to accelerated 
developmental timelines, allowing for rapid transition to the 
clinical stage. An additional advantage is the efficient large-
scale and cost-effective manufacture of DNA vaccines for 
large-scale immunizations [27, 32]. A number of DNA vac-
cine candidates have shown promise in preclinical develop-
ment against COVID-19 in terms of the elicitation of potent 
humoral and cellular immune responses and have progressed 
to clinical trials [27, 33–38]. However, the majority of these 
focus on the full length S protein sequence of the SARS-
CoV-2 Wuhan strain isolated in 2019.

Most of the clinical development of DNA vaccines against 
SARS-CoV-2 has involved the intramuscular or intradermal 
administrations of the recombinant DNA plasmid. Vac-
cine candidates such as the pVAX-S1 vaccine developed by 
researchers in the King Abdulaziz University were delivered 
through intramuscular administration using customized nee-
dle-free Tropis system [39]. Moreover, current DNA vaccine 
candidates such as IN0-4800 and ZyCoV-D were both admin-
istered intradermally and utilized the CELLECTRA® deliv-
ery device and a spring-powered jet injector electroporation 

Table I   Reduction in Protective Efficacies of Current SARS-CoV-2 
Vaccines

Vaccine Reduction in 
neutralizing 
activity

Variant Reference

BNT162b2 3.2-fold B.1.1.7 [17]
ChAdOx1 nCoV-19 4-fold B.1.351 [19]
mRNA-1273 6.4-fold B.1.351 [21]
BNT162b2 22-fold B.1.1.529 [15]
BNT162b2 31-fold B.1.1.529 [16]
CoronaVac 6.5 fold B.1.1.529 [16]
COVID-19 convalescent 

sera
10.6-fold B.1.1.529 [16]

BNT162b2 1-3-fold B.1.1.529 [16]
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device, respectively [40]. While there are a few studies evalu-
ating elicited immune responses from DNA vaccines admin-
istered intranasally in ferrets and rhesus macaques, current 
research on the intranasal delivery of DNA vaccines against 
SARS-CoV-2 as well as evaluations of elicited immune 
responses as a result of intranasal delivery of DNA vaccines 
is lacking, particularly in clinical development [38, 41].

Intranasal administration of COVID-19 vaccines offers 
multiple advantages over traditional intramuscular injec-
tions. In a global context, intranasal vaccines can be easily 
supplied to the global population, especially to those from 
middle and low income countries without the need for nee-
dles. Intranasal delivery of DNA vaccines can also overcome 
the need for syringes or costly administration devices such 
as electroporators. It is cost-effective, non-invasive and does 
not require skilled professionals for its administration [42]. 
COVID-19 is a respiratory virus. The nasal mucosa serves 
as the first point of SARS-CoV-2 entry and viral replica-
tion before lung aspiration. The host ACE2 cell receptor is 
expressed in the nasal goblet as well as epithelial cells in 
the respiratory tract and the lungs. The nasal cavity might 
be the initial reservoir for seeding of the virus to the lungs. 
Indeed, intranasal administration of a SARS-CoV-2 vaccine 
elicited potent immunogenicity in both the airway mucosa 
and periphery in terms of T cell responses, IgG and neutral-
izing antibodies [43]. Moreover, potent Spike-specific IgG, 
IgA, and tissue-resident memory T cells were elicited in the 
lungs and nasal mucosa of mice immunized twice using the 
intranasal route with the Spike-LP-GMP vaccine. These 
responses lasted for at least three months [44]. Further-
more, stable protection against both the Wuhan and emerg-
ing SARS-CoV-2 strains was achieved in mice upon intrana-
sal vaccination with ChAd-SARS-CoV-2-S [45].

Following the uptake of the vaccine antigen through the 
paracellular or transcellular pathway, nasally administered 
vaccines primarily target the nasopharynx-associated lym-
phoid tissue (NALT), situated beneath the mucosal lining. 
This region which is, part of Waldeyer's ring, encompasses 
the pharynx and tonsils. NALT serves as the initial site for 
nasal immunity, involving M cells, B cells, T cells, dendritic 
cells (DCs), and nearby lymph nodes. During nasal vaccina-
tion, antigens travel to NALT through specialized M cells 
on the follicle-associated epithelium (FAE). These M cells 
lack a brush border and don't secrete mucus or enzymes, 
aiding in antigen binding and delivery. Within NALT, den-
dritic cells process and present antigens, initiating immune 
responses. Some antigens migrate to regional lymph nodes 
via the major histocompatibility complex (MHC) to activate 
T helper cells. Activated antigen-specific CD4+ T helper 
cells (Th cells) interact with B cells, stimulating antibody 
production [46].

A total of six peptides capable of eliciting B and T cell 
immune responses were identified through bioinformatics and 
literature mining approaches. These peptides were further val-
idated in mice to conclude that they were able to elicit potent 
humoral and cellular immune responses (Unpublished data).

In this study, we developed a SARS-CoV-2 recombinant 
DNA vaccine candidate encoding the six peptides, five of 
which represented highly conserved B and T cell epitopes 
which were immunogenic against the SARS-CoV-2 and the 
Omicron VOC. Reverse vaccinology bioinformatics and lit-
erature mining approaches were used to identify the peptides 
specifying highly conserved B cell and T cell epitopes from 
the SARS-CoV-2 S and M proteins. Nucleotide sequences 
encoding these peptides were synthesized and incorpo-
rated into a pVAX1 plasmid vector to produce the pVAX1/
S2-6EHGFP recombinant DNA plasmid vaccine. We dem-
onstrated in vitro protein expression after direct transfec-
tion of HEK 293T cells. The immunogenicity of the plas-
mid DNA vaccine candidate was analyzed for humoral and 
cell-mediated immune responses following intranasal and 
intramuscular immunizations.

Materials and Methods

Analysis of Conservancy of the 6 Peptides using 
the IEDB Epitope Conservancy Analysis

Sequences of a total of 4260 SARS-CoV-2 Omicron 
(B.1.1.529) strains were downloaded from the Global Initia-
tive on Sharing All Influenza Data (GISAID) (https://​gisaid.​
org/) in a FASTA format. The nucleotide sequences were then 
translated into amino acid sequences, followed by the extrac-
tion of spike (S) and membrane (M) protein sequences using 
a customized python program running in Google Colab. The 
IEDB Epitope Conservancy Analysis tool (https://​tools.​iedb.​
org/​conse​rvancy/) was used to determine the similarity of 
the 6 peptides against Omicron sequences to yield protein 
sequence matches at identity < = 100%.

Cell Culture

Human embryonic kidney (HEK) 293T cells were main-
tained in Dulbecco's Modified Eagle Medium (DMEM) 
(Nacalai Tesque, Kyoto, Japan) which was supplemented 
with 10% fetal bovine serum (FBS) (Nacalai Tesque, Kyoto, 
Japan) and penicillin-streptomycin (1% final concentra-
tion) (Nacalai Tesque, Kyoto, Japan). HEK 293T cells were 
maintained in the incubator at 37°C supplemented with 5% 
CO2 atmosphere.

https://gisaid.org/
https://gisaid.org/
https://tools.iedb.org/conservancy/
https://tools.iedb.org/conservancy/
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Construction and Preparation of Recombinant 
Plasmid DNA pVAX1/S2‑6EHGFP

Nucleotide sequences encoding peptides linked by linkers 
encoding AAY and GPGPG and specifying immunogenic 
epitopes from the SARS-CoV-2 S, M, and N proteins were 
cloned into the mammalian expression vector pVAX1 under 
the control of the cytomegalovirus immediate-early (CMV) 
promoter and denoted as pVAX1/S2-6EHGFP (GenScript, 
California, USA). The coding sequence was incorporated 
within the Kpn1 and EcoRI restriction site. A polyhistidine-
tag consisting of nucleotide sequences encoding six histidine 
residues was inserted before the six peptide gene fragments 
encoding nucleotides. Nucleotides encoding the kanamycin 
resistance gene were incorporated in the plasmid vector as 
an antibiotic resistance selection marker to confer resistance 
to kanamycin.

Preparation of Competent E. coli TOP 10

Competent E. coli TOP 10 cells were prepared using the 
calcium chloride method. An aliquot of 10 ml of LB broth 
was inoculated with a single colony of the E. coli TOP 10 
strain and cultured overnight at 37°C with shaking at 200 xg. 
An aliquot of 1 ml of the overnight culture was inoculated 
into 100 ml of LB broth and cultured overnight at 37°C 
with shaking at 200 xg. The culture was divided equally 
between two sterile 50 ml centrifuge tubes and centrifuged 
for 10 minutes at 7000 xg at 4°C (Eppendorf Centrifuge 
5810/ 5810 R, Hamburg, Germany) and the supernatant 
was discarded. An aliquot of 20 ml of sterile, ice-cold 100 
mM CaCl2 was added to the cell pellets, followed by gentle 
resuspension. The suspended cells were placed on ice for 15 
minutes and centrifuged for 10 minutes at 7000 xg at 4°C 
after which the supernatant was discarded. An aliquot of 5 
ml of sterile, ice-cold 100 mM CaCl2 supplemented with 
15 % glycerol was added to each cell pellet and followed 
by gentle resuspension. The suspended cells were divided 
into 100 μl aliquots in sterile, ice-cold Eppendorf tubes and 
stored at -80°C.

Transformation of Competent E. coli cells

An aliquot of 2 μl of lyophilized plasmid DNA in 1x TE 
buffer was added to thawed competent E. coli TOP 10 cells 
in a 1.5 ml centrifuge tube and kept on ice for 30 minutes. 
The contents in the tubes were subjected to heat shock at 
42°C for 42 seconds. An aliquot of 1 ml of trans media was 
added to each tube, followed by incubation at 37°C with 
shaking at 200 xg for 60 minutes. Aliquots of 50 µl of the 
transformed E. coli cells were spread on LB plate contain-
ing kanamycin (50 μg/ml) and incubated overnight at 37°C.

Plasmid Extraction

A single colony of transformed E. coli was inoculated into 
10 ml of LB broth supplemented with kanamycin (50 µg/
ml) and incubated at 37°C with shaking at 200 xg. The 
QIAprep Spin Miniprep Kit (QIAGEN, Hilden, Germany) 
was used for plasmid extraction. The bacterial culture was 
centrifuged at 10,000 xg for 5 minutes and the supernatant 
was discarded. The pellet was mixed with 250 μl of Buffer 
P1 (resuspension buffer RNase), followed by the addition 
of Buffer P2 lysis buffer and mixed by inversions. The mix-
ture was incubated at room temperature for three minutes 
until the solution turned clear. Then 350 μl of Neutralization 
Buffer N3 were added to the tube and the tube was inverted 
6 times. The supernatant was collected and added to the spin 
column directly. The column was centrifuged at 10,000 xg 
for 30 seconds. An aliquot of 500 μl of PB buffer was added 
and centrifuged at 10,000xg for 30 seconds, followed by 
centrifugation at 12000 xg for 1 minute to remove the etha-
nol residue. The column was transferred to a new Eppen-
dorf tube and 50 μl of elution buffer was directly added to 
the filter of the column. The column containing the plasmid 
and the elution buffer was incubated for 2 minutes at room 
temperature and centrifuged at 12000 xg for 2 minutes. The 
concentration of the extracted DNA was determined using 
the NanoDrop One (Thermo Fisher Scientific, Massachu-
setts, USA).

Characterization of pVAX1/S2‑6EHGFP

Characterization of the recombinant plasmid pVAX1/
S2-6EHGFP was performed using restriction enzyme diges-
tion, followed by agarose gel electrophoresis and nucleo-
tide sequencing. In order to linearize the recombinant DNA 
plasmid pVAX1/S2-6EHGFP, restriction enzyme digestion 
was carried out with EcoRI. Agarose gel electrophoresis was 
carried out in a 1% agarose gel at 100 mV for 60 minutes. 
The Invitrogen 1Kb Plus Ladder (Invitrogen, Massachusetts, 
USA) was used as the molecular marker for reference to 
indicate the size of the visualized DNA bands. The gel was 
visualized using G:BOX F3LFB gel doc (Syngene, Mary-
land, USA). Nucleotide sequence analysis of the gene insert 
containing six genes in the recombinant plasmid pVAX1/
S2-6EHGFP was conducted by a commercial company 
(GenScript, California, USA).

Transfection of HEK 293T Cells 
with the Recombinant DNA Plasmid pVAX1/
S2‑6EHGFP

The in vitro protein expression of the recombinant DNA plas-
mid pVAX1/S2-6EHGFP was evaluated in HEK 293 T cells. 
HEK 293 T cells were seeded into a 24-well plate at 1x105cfu/
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ml and incubated overnight at 37°C in DMEM supplemented 
with 10% FBS and 1% PSA. Upon reaching 70% confluency, 
the HEK 293T cells were then transfected with varying con-
centrations of plasmid DNA (3 μg, 5 μg, 7 μg, and 10 μg) 
using Xfect™ Transfection Reagent (Takara Bio, Kusatsu, 
Japan) by following the manufacturer’s protocol. The cells 
were incubated at 37°C in DMEM supplemented with 10% 
FBS and 1% PSA. Transfected HEK 293 T cells were allowed 
to grow for 24 hours at 37°C in DMEM supplemented with 
10% FBS and 1% PSA. After 24 hours, the plate was trans-
ferred to an incubator set at 33°C for the remaining 24 hours. 
After 48 hours of transfection, the qualitative and quantita-
tive transfection efficiency was determined using fluorescence 
microscopy and flow cytometry, respectively.

Qualitative Evaluation of Transfection Efficiency

The recombinant plasmid pVAX1/S2-6EHGFP carried a 
green fluorescent protein (AcGFP1) gene from Aequorea 
coerulescens with an excitation maximum of 475 nm and 
an emission maximum of 505 nm. Qualitative evaluation of 
transfection efficiency was conducted by employing fluo-
rescent microscopy using the Nikon Inverted Microscope 
Eclipse Ti-S (Nikon, Kyoto, Japan) to confirm that plasmid 
transfection was successful. Upon successful transfection 
of HEK 293T cells with pVAX1/S2-6EHGFP, the AcGFP1 
protein was found to be expressed under the control of 
the IRES2 promoter and would be visible under the FITC 
(fluorescein isothiocyanate) filter. Cells were also viewed 
under the BF (Bright Field) filter, followed by merging the 
FITC and BF images to determine which cells were actively 
expressing AcGFP1.

Quantitative Evaluation of Transfection Efficiency

Following 48 hours of transfection of HEK 293T cells 
with different concentrations of recombinant DNA plasmid 
pVAX1/S2-6EHGFP, the media was removed and the wells 
were washed with PBS. An aliquot of 1 ml of trypsin was 
added, followed by incubation at 37°C with 5% CO2 atmos-
phere for 6 minutes. The cells were washed with centrifuga-
tion at 10,000 xg for 10 minutes at 4°C and fixed using the 
BD Cytofix/Cytoperm Fixation solution and left overnight 
at 4°C. Cells were centrifuged at 10,000 xg for 10 minutes 
at 4°C, washed with PBS, and subjected to centrifugation 
at 10,000 xg for 10 minutes at 4°C. Cells were suspended 
in FACS buffer, transferred to flow cytometer tubes, and 
subjected to flow cytometry using the BD FACSCelesta™ 
Cell Analyzer (BD Biosciences, New Jersey, USA). to quan-
tify the number of cells expressing AcGFP1 as well as the 
total number of cells to determine the transfection efficiency 
quantitatively.

Determination of Amino Acid Sequence 
and Expected Protein Size of the Cloned Gene 
Incorporated into the DNA Plasmid Vector pVAX1

The nucleotide sequence of the cloned gene insert incorpo-
rated into the DNA plasmid vector pVAX1 was converted 
to its amino acid sequence using the Expasy Translate tool 
(https://​web.​expasy.​org/​trans​late/). The molecular weight of 
the recombinant protein of interest was determined using 
the amino acid sequence of the cloned gene insert using the 
Expasy ProtParam tool (https://​web.​expasy.​org/​protp​aram/).

In vitro Protein Expression of HEK 293T Cells 
Transfected with pVAX1/S2‑6EHGFP

Following 48 hours of transfection of HEK 293T cells 
with different concentrations of recombinant DNA plasmid 
pVAX1/S2-6EHGFP, cell lysis was performed using 40 μl 
of cell lysis buffer and protease inhibitor. Wells were scraped 
and protein lysates were collected and subjected to centrifu-
gation at 15000 xg for 15 minutes at 4°C (Eppendorf™ 5424 
Microcentrifuge, Hamburg, Germany). The supernatants 
were subjected to SDS-PAGE and Western blot analysis.

Analysis of Samples for Detection 
of Histidine‑Tagged Protein of Interest Using 
SDS‑PAGE and Western Blot

Protein samples were mixed with the 6X loading buffer in a 
ratio of 2:1, followed by boiling at 95°C for 15 minutes, and 
loading of denatured samples onto a 12% polyacrylamide gel. 
Electrophoresis was carried out at 100 V for 120 minutes, 
followed by visualization of protein bands using Coomassie 
blue staining. Western blot was conducted and the separated 
proteins were transferred from the polyacrylamide gel onto 
a polyvinylidene difluoride (PVDF) membrane using the 
semi-dry method (Gravel, 2009). The membrane was then 
blocked with 10 % skim milk to prevent nonspecific binding 
of antibodies, followed by adequate washing with 1X TBST. 
Overnight primary antibody incubation was carried out with 
Anti-His-Tag Antibody (H-3): sc-8036 (1:1000) (Santa Cruz 
Biotechnology, Inc, Dallas, USA), followed by washing and 
secondary antibody incubation with anti-mouse HRP conju-
gated secondary antibody. The blot was visualized using the 
G:BOX F3LFB gel doc (Syngene, Maryland, USA).

Ethics Statement

All animal experimental procedures were carried out 
in accordance with the guidelines approved by the Ani-
mal Institutional Animal Care and Use Committee (FOM 
IACUC) (2023-20260609/SUNWAY/R/KK) of the 

https://web.expasy.org/translate/
https://web.expasy.org/protparam/
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University Malaya (UM) and Sunway Research Ethics Com-
mittee (Ethics Approval No.: PGSUREC2021/043). All mice 
were housed in a temperature-controlled biosafety level 2 
(BSL-2) animal facility at the Animal Experimental Unit 
(AEU), Faculty of Medicine, Universiti Malaya, Malaysia.

Mice Immunizations

BALB/c mice (6-8 weeks old) were purchased and immu-
nized at the AEU, Faculty of Medicine, UM, Malaysia. For 
the evaluation of immunogenicity elicited by the recombinant 
plasmid DNA pVAX1/S2-6EHGFP, mice were randomly 
divided into 6 groups (n=5). Group 1, group 2, and group 3 
mice were given intramuscular administrations of the naked 
recombinant plasmid DNA pVAX1/S2-6EHGFP, the plasmid 
vector pVAX1, and PBS, respectively. Mice from group 4, 
group 5, and group 6 were given the intranasal administrations 
of the naked recombinant plasmid DNA pVAX1/S2-6EHGFP, 
the plasmid vector pVAX1, and PBS, respectively. At day 42 
post-immunization, mice were anesthetized with isoflurane for 
blood collection via cardiac puncture, before euthanasia by 
cervical dislocation after which spleens were collected.

Evaluation of Humoral Responses

Detection of Peptide‑Specific IgG Antibodies Through 
the Enzyme‑Linked Immunosorbent (ELISA) Assay

Blood samples collected from mice were centrifuged at 6000 
xg for 15 minutes to obtain sera. A 96-well flat-bottom plate 
(Fisher Scientific, Pittsburgh, USA) was coated overnight with 
a mixture of peptides B6 and B10 (5 μg/peptide) at 4℃. The 
contents of the wells were discarded and the plate was washed 
with 200 μl of PBS Tween 20 wash [0.05% (v/v) Tween 20 in 
PBS. Aliquots of 100 μl of blocking buffer (0.5% BSA in PBS) 
were added to each well on the plate, followed by incubation 
at 37 ℃ for 2 hours. Sera from immunized mice were diluted 
using dilution buffer (20% blocking buffer in PBS) and added 
to wells in ratios of 1:50, 1:250 and 1:1000. A total of 12 wells 
were tested. Wells labelled “blank” did not contain sera and 
served as the negative control. Wells were washed with 200 
μl of PBS Tween 20 wash, followed by the addition of 100 μl 
of diluted sera and incubated at 37 ℃ for 2 hours. Wells were 
washed with 200 μl of PBS Tween 20 four times, followed by 
the addition of 100 μl of horseradish peroxidase (HRP)-con-
jugated goat anti-mouse IgG antibody (Invitrogen, Calsbad, 
CA, USA) that had been diluted in a 1:1000 ratio in dilution 
buffer and incubated at 37℃ for 1 hour. Aliquots of 100 μl of 
3,3’5,5’-Tetramethylbenzidine (TMB) substrate solution were 
added to each well and contents were allowed to incubate at 
room temperature until a blue color was observed. Lastly, ali-
quots of 100 μl of 1M sulphuric acid (H2SO4) were added to 

the wells in order to stop the reaction. Absorbance was read 
using a Tecan Infinite M200 Pro microtiter plate reader (Tecan, 
Zürich, Switzerland) at 450 nm.

Neutralizing Antibody Detection Using the GenScript 
cPass™ SARS‑CoV‑2 Neutralization Antibody Detection Kit

The determination of the levels of neutralizing antibod-
ies to SARS-CoV-2 in the sera of immunized mice that 
could  inhibit  the interaction between RBD-HRP and the 
ACE2 receptor was performed using the FDA approved 
“cPASS SARS-CoV-2 Surrogate Virus Neutralization Test 
RUO Kit” (Cat. #L00847-A, Genscript) [47] . HRP-conju-
gated RBD (HRP-RBD) from the SARS-CoV-2 Omicron 
variant was prepared by diluting the stock solution in a 1:1000 
ratio with the RBD dilution buffer. A 1x wash solution con-
sisting of Tris-buffered saline with Tween 20 at pH 8.0 was 
prepared by diluting it with deionized water in a 1:20 ratio. 
Murine sera from each immunization group, negative and 
positive controls were mixed in a 1:1 ratio with the diluted 
RBD-HRP and aliquots of 100 μl were added to wells, fol-
lowed by incubation at 37 ℃ for 15 minutes. Wells were 
washed with the wash solution 4 times and 100 μl of TMB 
solution was added to the wells. The plate was incubated in 
the dark for 15 minutes at room temperature, followed by the 
addition of 50 μl of stop solution until a yellow color was 
observed. Absorbance was analyzed at OD 450 nm immedi-
ately using a Tecan Infinite M200 Pro microtiter plate reader 
(Tecan, Zürich, Switzerland) at 450 nm. The inhibition of 
ACE2 receptor binding was calculated using the formula pro-
vided by the manufacturer. According to the manufacturer’s 
specification, a positive value was interpreted as >30% of 
inhibition and a negative as < 30% of inhibition.

Evaluation of Cellular Responses

The intranasal and intramuscular administrations of the 
recombinant plasmid DNA pVAX1/S2-6EHGFP were per-
formed in order to evaluate differences in the elicitation of 
immune responses attributable to differences in delivery 
routes relative to PBS and the empty pVAX1 vector. Follow-
ing stimulation of murine splenocytes with PMA (Sigma-
Aldrich, Missouri, United States), ionomycin (Sigma-
Aldrich, Missouri, United States), and GolgiStop (BD 
Biosciences, New Jersey, USA) to induce cytokine produc-
tion, splenocytes were stained with CD3+, CD4+, CD8+ and 
IFN-γ antibodies. Flow cytometry was conducted to deter-
mine the percentages of IFN-γ secreting CD3+ CD4+ and 
CD3+ CD8+ T cells following intramuscular and intranasal 

%Signal Inhibition = (1 −
OD value of Sample

OD value of Negative Control
) x 100
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administrations of the recombinant plasmid DNA pVAX1/
S2-6EHGFP, PBS, and empty pVAX1 vector.

Processing of Murine Splenocytes from Immunized Mice

Spleens removed from immunized mice were stored in 
incomplete RPMI 1640 media (Sigma-Aldrich, Missouri, 
USA) and processed for splenocyte isolation. Spleens were 
placed into 100 μm pore size cell strainer (BD Biosciences, 
New Jersey, USA), crushed with a 5 ml syringe plunger 
(Terumo Inc., Tokyo, Japan), washed with incomplete 
RPMI 1640 media, and collected into 50 mL Falcon tubes, 
followed by centrifugation at 3000 × g for 3 minutes. The 
supernatants were discarded, and the tubes were tapped to 
dislodge the pellet. Aliquots of 7 ml of ACK lysing buffer 
(150 mM NH4Cl, 0.1 mM NaHCO3, and 10 mM EDTA) 
were added to the pellet to lyse the red blood cells. The RBC 
lysis reaction was stopped through the addition of complete 
RPMI 1640 media containing 10% heat-inactivated FBS, 1% 
Penicillin-Streptomycin, 50 μM 2-Mercaptoethanol, and 10 
mMol HEPES), followed by centrifugation at 3000 × g for 3 
minutes. The supernatants were discarded, the pelleted cells 
were resuspended in complete RPMI media, and subjected 
to cell counting using the hemocytometer. Splenocytes were 
seeded at 4.0 x 106 cells/well for flow cytometry analysis to 
determine the percentage of IFN-γ expressing CD3+ CD4+ 
and CD3+ CD8+ T cells.

Intracellular Cytokine Staining (ICS) for Flow Cytometry 
Analysis

For intracellular staining, cytokine expression was induced 
through the addition of 50 ng/ml PMA (phorbol 12-myristate 
13-acetate), 1 μg/ml ionomycin (calcium ionophore), and 1 
μg/ml GolgiStop (BD Biosciences, New Jersey, USA), fol-
lowed by incubation for five hours at 37°C. The stimulated 
cells were collected into 1.5 ml microcentrifuge tubes and 
centrifuged at 250 xg for 5 minutes at 4°C. The supernatants 
were discarded, and the pellets were resuspended in 50 μl of 
BD Horizon™ Fixable Viability Stain 780 (FVS-780) (BD 
Biosciences, New Jersey, USA) followed by incubation in 
the dark for 30 minutes at room temperature. Aliquots of 
300 μl of stain buffer were added to the tubes to wash off any 
unbound antibody, followed by centrifugation at 3000 × g for 
3 minutes at 3℃. Surface stains were performed with each 
of the antibodies viz.: anti-CD3 APC conjugated antibody 
(Biomed Global, Kuala Lumpur, Malaysia), anti-CD4 BV786 
conjugated antibody (Biomed Global, Kuala Lumpur, Malay-
sia), and anti-CD8A BB515 conjugated antibody (Biomed 
Global, Kuala Lumpur, Malaysia), were added to the cell 

pellets and incubated for 30 minutes in the dark at 4°C. After 
30 minutes of incubation, 300 μl of stain buffer was added to 
the tubes, followed by centrifugation at 400 xg for 5 minutes 
at 4°C. The supernatants were discarded, and the pellets were 
resuspended in Cytofix buffer (BD Biosciences, New Jersey, 
USA), followed by incubation for 30 minutes at 4℃. Aliquots 
of 300 μl of Cytoperm buffer were then added, followed by 
centrifugation at 4000 xg for 4 minutes at 4°C. The superna-
tants were discarded, and the pellets were resuspended in the 
intracellular stain, anti-IFN-γ PerCP-Cy5.5 conjugated anti-
body stain, followed by incubation in the dark for 60 minutes 
at 4℃. Aliquots of 300 μl of stain buffer were added to wash 
away unbound antibodies, followed by centrifugation at 3000 
× g for 3 minutes. Supernatants were discarded, and aliquots 
of 500 μl of stain buffer were added to resuspend the cells 
and data were acquired using the BD FACSCelesta™ Flow 
Cytometer (BD Biosciences, New Jersey, USA) and analyzed 
using the Kaluza Analysis Software (Beckman Coulter, Cali-
fornia, United States).

Statistical Analysis

All the data were expressed as the mean value ± standard 
deviation (SD). Statistical analysis was performed using 
Graphpad Prism v8.-02 software (Graph Pad Software Inc., 
San Diego, CA, USA). Comparisons of the data between 
group were made using T-tests. The mean (± SD) for 
each group was calculated, and statistical significance was 
assessed at p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), and 
p < 0.0001 (****).

Results

Epitope Conservancy Analysis of Selected Peptides 
Against Omicron (B.1.1.529) VOC

The sequence of the 6 peptides was cross-checked with the 
FASTA sequences of 4260 SARS-CoV-2 Omicron strains 
using the IEDB Epitope Conservancy Analysis tool. Table II. 
showed that epitope sequences of five of the six peptides from 
the SARS-CoV-2 Wuhan strain were highly conserved when 
compared with sequences of SARS-CoV-2 Omicron strains. 
Peptides S1, S5, M1, B6, and B10 showed high sequence sim-
ilarities of 99.30% (4230/4260), 99.91% (4256/4260), 100% 
(4260/4260), 99.79% (4251/4260), 99.58 % (4242/4260) 
against Omicron strains, respectively. However, peptide S19 
was found not to be conserved against the SARS-CoV-2 Omi-
cron strains since it showed a sequence similarity of only 
1.92% (82/4260) against the SARS-CoV-2 Omicron strains.
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EcoR1 Digestion of the Recombinant Plasmid 
pVAX1/S2‑6EHGFP and Analysis by Agarose Gel 
Electrophoresis

The recombinant DNA plasmid pVAX1/S2-6EHGFP has a 
single restriction site for EcoRI at position 1220 base pairs 
(bp) (Fig.  1a). The recombinant DNA plasmid pVAX1/
S2-6EHGFP was characterized by digesting with the restric-
tion enzyme EcoR1. Subsequently, agarose gel electropho-
resis was performed to determine the size of the linearized 
plasmid. Electrophoresis analysis revealed the presence of a 
single DNA band. Lane 1 which indicated a band at 4773 base 
pairs represented the linearized recombinant DNA plasmid 
pVAX1/S2-6EHGFP (Fig. 1b).  The result showed that the 
recombinant DNA plasmid was of the right size in accordance 
with the size of the recombinant plasmid (4773 bp) as shown 
in the illustrated recombinant plasmid map (Fig. 1a).

Qualitative Evaluation of Transfection Efficiency

A qualitative evaluation of transfection efficiency was con-
ducted to examine the fluorescence generated by HEK 293T 
cells transfected with pVAX1/S2-6EHGFP after 48 hours. The 
recombinant plasmid pVAX1/S2-6EHGFP contained the green 
fluorescent protein (AcGFP1). After incorporating optimization 
conditions such as lowering the culture temperature from 37°C 
to 33°C as well as using DMEM supplemented with 10% FBS 
and 1% PSA, green fluorescence signals emitted 48 hours after 
transfections of HEK 293T cells with the recombinant plasmid 
pVAX1/S2-6EHGFP were observed. The fluorescence signal 
emitted by HEK 293T cells transfected with different con-
centrations of the recombinant plasmid pVAX1/S2-6EHGFP 
showed that the strongest fluorescence signal was observed 
when transfection of HEK 293T cells was conducted with 10 
μg of pVAX1/S2-6EHGFP. However, transfection with 7 μg of 
pVAX1/S2-6EHGFP, with 5 μg of pVAX1/S2-6EHGFP, and 
with 3 μg of pVAX1/S2-6EHGFP did lead to reduction in the 
fluorescence signals upon transfection (Fig. 2a).

Quantitative Evaluation of Transfection Efficiency

Transfection efficiency of the recombinant DNA plasmid 
pVAX1/S2-6EHGFP in HEK 293T cells was measured 
using flow cytometry after transfection with various con-
centrations of DNA plasmid (3 μg, 5 μg, and 7 μg) using 
the XfectTM Transfection Reagent (Takara Bio, Kusatsu, 
Japan). As a negative control, the non-transfected HEK 
293T cells showed a transfection efficiency of 0.3%. The 
transfection efficiency of HEK 293T cells transfected with 
3 μg of pVAX1/S2-6EHGFP was determined to be 14.3 %. 
The transfection efficiency of HEK 293T cells transfected 
with 5 μg of pVAX1/S2-6EHGFP increased the transfection 
efficiency to 22.8 %. Moreover, increasing the amount of 
pVAX1/S2-6EHGFP plasmid DNA further to 7 μg resulted 
in a prominent increase in transfection efficiency. The trans-
fection efficiency of HEK 293T cells transfected with 7 μg of 
pVAX1/S2-6EHGFP was shown to be 40.6 % and increased 
to 49.8 % when HEK 293T cells were transfected with 10 μg 
of pVAX1/S2-6EHGFP. Moreover, a clear dose-dependent 
relationship was observed between the amount of DNA plas-
mid and transfection efficiency in HEK 293T cells. A pro-
portional increase in the transfection efficiency was observed 
as the amount of plasmid DNA increased from 3 μg to 5 μg 
to 7 μg. The highest transfection efficiency achieved was 
when 10 μg of pVAX1/S2-6EHGFP was used for transfec-
tion (Fig. 2b).

In Vitro Protein Expression of HEK 293T Cells 
Transfected with pVAX1/S2‑6EHGFP

In vitro protein expression was further confirmed through 
transfection of HEK 293T cells with varying concentrations 
pVAX1/S2-6EHGFP, followed by cell lysis and Western 
blot analysis using an anti-His-tag antibody reactive against 
the six histidine residues fused to the six peptides. Western 
blot of the lysates of HEK 293T cells transfected with 3 
μg, 5 μg, 7 μg, and 10 μg of pVAX1/S2-6EHGFP revealed 

Table II   The epitope 
conservancy analysis of the six 
peptides from the SARS-CoV-2 
against Omicron (B.1.1.529)

The six peptides were incorporated in pVAX1/S2-6EHGFP

Peptide Peptide Sequence Antigenic 
Region

Percent of protein sequence 
matches at identity < = 
100%

1. S1 WTA​GAA​AYYVGYLQPRTFLLKY S 99.30% (4230/4260)
2. S5 FPQSAPHGVVFLHVTYVPAQEK S 99.91% (4256/4260)
3. M1 GLMWLSYFIASFRLFARTRSM M 100% (4260/4260)
4. S19 GEVFNATRFASVYAWNRKRISNC-

VADYSVLYNS
S 1.92% (82/4260)

5. B6 TESNKKFLPFQQFGRD S 99.79% (4251/4260)
6. B10 ESNKKFLPFQQFGRDIADTT S 99.58 % (4242/4260)
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Fig. 1   a The plasmid map of the recombinant DNA plasmid pVAX1/S2-6EHGFP b Agarose gel electrophoresis of EcoR1 digested recombinant 
plasmid pVAX1/S2-6EHGFP, Lane MM: 1 kb molecular weight marker; Lane 1: 1 ng/μl of digested pVAX1/S2-6EHGFP

Fig. 2   a Fluorescent images of HEK 293T cells after 48-hour trans-
fection with 3 µg, 5 µg, 7 µg, and 10 µg of pVAX1/S2-6EHGFP 
recombinant plasmid viewed under the FITC, BF, and FITC/BF 
merged filter b Flow cytometry analysis showing ratio of transfected 
and non-transfected HEK 293T cells transfected with 3 μg, 5 μg, 7 
μg, 10 μg of pVAX1/S2-6EHGFP plasmid DNA, and the negative 
control of non-transfected HEK 293T cells. c  Western blot analy-
sis showing the in vitro protein expression of the cloned gene insert 

after transfection of HEK 293T cells with of 10 μg (Lane 1) and 7 μg 
(Lane 2) of pVAX1/S2-6EHGFP. d The Western blot analysis show-
ing in vitro protein expression of the cloned gene insert after transfec-
tion of HEK 293T cells with 5 μg (Lane 1), 3 μg (Lane 2) of pVAX1/
S2-6EHGFP and the negative control of non-transfected HEK 293T 
cells (Lane 3). The Prestained Kaleidoscope ladder was used as the 
molecular marker (Lane MM)
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bands equivalent to the predicted protein molecular weight 
of the protein of interest, 18 kDa. Transfection with 10 μg 
of pVAX1/S2-6EHGFP was associated with a band with 
the darkest intensity (Fig. 2c, lane 1), which was followed 
by bands with decreasing intensity upon transfection with 
7 μg of pVAX1/S2-6EHGFP (Fig. 2c, lane 2). Transfec-
tion with 5 μg of pVAX1/S2-6EHGFP also generated a dark 
band (Fig. 2d, lane 1). The lightest band was observed upon 
transfection with 3 μg of pVAX1/S2-6EHGFP (Fig. 3d, lane 
2). The negative control representing the protein lysate from 
non-transfected HEK 293T cells yielded no visible band 
(Fig. 2d, lane 3).

Mouse Weight Progression Throughout 
the Immunogenicity Study

The body weight progression of mice in the six experimen-
tal groups was monitored over 42 days, with measurements 
taken on days 0, 14, 28, and 42 post-immunization. For mice 
immunized intramuscularly with the recombinant DNA plas-
mid pVAX1/S2-6EHGFP, mice had an average weight of 21.4 
g on day 0, which increased to 21.7 g on day 14, further to 
21.8 g on day 28, and reached 23.5 g on day 42. For mice 
immunized intramuscularly with PBS, mice had an average 
weight of 20.4 g on day 0, which increased to 21.3 g on day 

14, further to 21.6 g on day 28, and reached 22.7 g on day 42. 
For mice immunized intramuscularly with the empty pVAX1 
vector, mice had an average weight of 20.2 g on day 0, which 
increased to 20.9 g on day 14, further to 21.9 g on day 28, 
dropping slightly to 21.6 g on day 42 (Fig. 3a). For mice 
immunized intranasally with the recombinant DNA plasmid 
pVAX1/S2-6EHGFP, mice had an average weight of 20.0 g on 
day 0, which increased to 20.7 g on day 14, further to 21.6 g 
on day 28, and reached 22.7 g on day 42. For mice immunized 
intranasally with PBS, mice had an average weight of 20.4 g 
on day 0, which increased to 21 g on day 14, further to 21.1 g 
on day 28, and reached 23.0 g on day 42. For mice immunized 
intranasally with the empty pVAX1 vector, mice had an aver-
age weight of 18.9 g on day 0, which increased to 19.2 g on 
day 14, further to 20.0 g on day 28, dropping slightly to 21.1 g 
on day 42 (Fig. 3b). The observations indicated vaccine safety 
and a lack of adverse side effects from the administration of 
the DNA vaccine by either route of administration.

Production of IFN‑γ Secreting CD3+CD4+ T Cells 
by Intramuscular or Intranasal Administration 
of the Recombinant Plasmid DNA pVAX1/S2‑6EHGFP

A specific gating strategy was employed for ICS analysis 
to determine the percentage of CD4+ T cells producing 

Fig. 3   Progression of the 
weight of mice immunized 
through a intramuscular (IM) 
or b intranasal (IN) route with 
the recombinant plasmid DNA 
pVAX1/S2-6EHGFP, PBS, or 
the empty pVAX1 vector at day 
0, day 14, day 28, and day 42 
post-immunization

Intranasal Administration

a

b

Intramuscular Administration
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IFN- γ from murine splenocytes isolated from mice immu-
nized intramuscularly or intranasally with the recombinant 
plasmid DNA pVAX1/S2-6EHGFP, PBS, or the empty 
pVAX1 vector. This involved gating the lymphocyte pop-
ulation, singlet population, live CD3+ T cells, and CD3+ 
CD4+ T cells producing IFN-γ (Fig. 4a). The percentage 
of CD4+ T cells secreting IFN-γ was shown to be 0.23 
% for splenocytes from mice immunized intramuscularly 
with the recombinant plasmid DNA pVAX1/S2-6EHGFP 
relative to 0.10 % for splenocytes from mice immunized 

intramuscularly with PBS and 0.14 % for splenocytes from 
mice immunized intramuscularly with the empty pVAX1 
vector (Fig. 4b). The percentage of CD3+ CD4+ T cells 
secreting IFN-γ was at 0.29 % for splenocytes from mice 
immunized intranasally with the recombinant plasmid 
DNA pVAX1/S2-6EHGFP relative to 0.17 % for spleno-
cytes from mice immunized intranasally with PBS and 
0.16 % for splenocytes from mice immunized intranasally 
with the empty pVAX1 vector (Fig. 4c). An approximate 
percentage increase of 130% in the percentage of CD4+ T 

Fig. 4   The recombinant plasmid 
DNA pVAX1/S2-6EHGFP 
elicited IFN-γ production by 
CD4+ T cells in splenocytes of 
BALB/c mice immunized with 
the vaccine candidate. BALB/c 
mice (n=5) were immunized 
with the recombinant plasmid 
DNA pVAX1/S2-6EHGFP 
three times either through IM or 
IN administration at a two-week 
interval. On Day 42 post-immu-
nization, cells were harvested 
from spleens of the immu-
nized mice. a Gating strategy 
employed for ICS analysis of T 
cell subsets in flow cytometry 
in terms of the identification 
of the lymphocyte population, 
singlet population, live CD3+ 
T cells, and CD4+ and CD8+ T 
cells producing IFN-γ. b Rep-
resentative plots showing the 
percentage of IFN-γ production 
by CD4+ T cells in splenocytes 
of BALB/c mice immunized 
intramuscularly with the recom-
binant plasmid DNA pVAX1/
S2-6EHGFP, PBS or the empty 
pVAX1 vector. c Representative 
plots showing the percentage of 
IFN-γ production by CD4+ T 
cells in splenocytes of BALB/c 
mice immunized intranasally 
with the recombinant plasmid 
DNA pVAX1/S2-6EHGFP, 
PBS and the empty pVAX1 
vector. d Comparative per-
centages of IFN- γ secreting 
CD4+ T cells in splenocytes 
in mice immunized with IM 
or IN administration with the 
recombinant plasmid DNA 
pVAX1/S2-6EHGFP, PBS, or 
empty pVAX1 vector. The bars 
indicated the mean ±SD while 
the error bars indicated standard 
deviations. Statistical signifi-
cance was analyzed using paired 
t-tests
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cells secreting IFN-γ was observed when comparing the 
intramuscular immunization of mice with the recombi-
nant plasmid DNA pVAX1/S2-6EHGFP to intramuscular 
immunization with PBS. When comparing intramuscu-
lar immunization with the recombinant plasmid DNA to 
intramuscular immunization with the empty pVAX1 vec-
tor, a percentage increase of 64 % was observed (Fig. 4d). 
When comparing the intranasal immunization with the 
recombinant plasmid DNA pVAX1/S2-6EHGFP to intra-
muscular immunization with PBS, a percentage increase 
of 71 % in the percentage of CD4+ T cells secreting 
IFN-γ was observed while a percentage increase of 81 
% was observed when comparing intranasal immuniza-
tion with the recombinant plasmid DNA to intramuscu-
lar immunization with the empty pVAX1 vector. While 

a percentage increase was observed in the percentage of 
IFN-γ-secreting CD4+ T cells in mice immunized with the 
recombinant plasmid DNA when compared to the control 
groups where intramuscular and intranasal administrations 
were used, this difference was not statistically significant 
(p > 0.05) (Fig. 4d).

Production of IFN‑γ Secreting CD3+CD8+ T Cells 
by Intramuscular and Intranasal Administration 
of the Recombinant Plasmid DNA pVAX1/S2‑6EHGFP

The percentage of CD8+ T cells secreting IFN-γ was reported 
to be 1.77 % for splenocytes harvested from mice immu-
nized intramuscularly with the recombinant plasmid DNA 
pVAX1/S2-6EHGFP relative to 0.68 % for splenocytes from 

Fig. 5   The recombinant plasmid 
DNA pVAX1/S2-6EHGFP 
elicited IFN-γ production by 
CD8+ T cells in splenocytes 
of BALB/c mice immunized 
with the vaccine. BALB/c mice 
(n=5) were immunized IM or 
IN with the recombinant plas-
mid DNA pVAX1/S2-6EHGFP 
thrice with a two-week interval. 
On Day 42 post-immunization, 
cells were harvested from 
spleens of the immunized mice. 
a Representative plots show-
ing the percentage of IFN-γ 
production by CD8+ T cells in 
splenocytes of BALB/c mice 
immunized intramuscularly 
with the recombinant plasmid 
DNA pVAX1/S2-6EHGFP, 
PBS and the empty pVAX1 
vector. b Representative plots 
showing the percentage of 
IFN-γ production by CD8+ T 
cells in splenocytes of BALB/c 
mice immunized intranasally 
with the recombinant plasmid 
DNA pVAX1/S2-6EHGFP, 
PBS and the empty pVAX1 
vector. c Comparative percent-
ages of IFN- γ secreting CD8+ 
T cells in splenocytes in mice 
immunized IM or IN with the 
recombinant plasmid DNA 
pVAX1/S2-6EHGFP, PBS, 
and empty pVAX1 vector. The 
bars indicated the mean ±SD 
while the error bars indicated 
standard deviations. Statistical 
significance was analyzed using 
paired t-tests
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mice immunized intramuscularly with PBS and 0.25 % for 
splenocytes from mice immunized intramuscularly with the 
empty pVAX1 vector (Fig. 5a). Moreover, the percentage 
of CD8+ T cells secreting IFN-γ was reported to be 0.83 % 
for splenocytes from mice immunized intranasally with the 
recombinant plasmid DNA pVAX1/S2-6EHGFP relative to 
0.23 % for splenocytes from mice immunized intranasally 
with the empty pVAX1 vector and 0.54 % for splenocytes 
from mice immunized intranasally with PBS (Fig. 5b). When 
comparing the intramuscular immunization of mice with the 
recombinant plasmid DNA pVAX1/S2-6EHGFP to intra-
muscular immunization with PBS, a statistically significant 
increase of approximately 160 % was also observed in the 
percentage of CD8+ T cells secreting IFN-γ. when comparing 
intramuscular immunization with the recombinant plasmid 
DNA to intramuscular immunization with the empty pVAX1 
vector, we also observed a statistically significant increase in 
the percentage of CD8+ T cells secreting IFN-γ, which was 
approximately 608% (Fig. 5c). When comparing intranasal 
immunization with the recombinant plasmid DNA to intrana-
sal immunization with the empty pVAX1 vector, a statistically 
significant increase was observed in the percentage of CD8+ 
T cells secreting IFN-γ, which was approximately 261 %. A 
percentage increase in CD8+ T cells secreting IFN-γ at 54 % 
was also observed when comparing intranasal immunization 
with the recombinant plasmid DNA to intranasal immuniza-
tion with PBS. However, this difference was not statistically 
significant (p < 0.05) (Fig. 5c).

High Levels of IgG Antibodies in Sera from Mice 
Immunized with the Recombinant Plasmid DNA 
pVAX1/S2‑6EHGFP

An ELISA IgG assay was conducted using a 96-well ELISA 
plate precoated with peptides B6 and B10 to evaluate the 
levels of binding IgG antibodies elicited in the sera from 
mice immunized intramuscularly or intranasally with the 
recombinant plasmid DNA pVAX1/S2-6EHGFP, PBS, and 
empty pVAX1 vector. Sera from mice administered intra-
muscularly or intranasally with the recombinant plasmid 
DNA pVAX1/S2-6EHGFP, PBS, and empty pVAX1 vector 
were diluted in the ratios 1:50, 1: 250, and 1: 1000.

At 1:50 dilution, the IM Vaccine group of mice exhibited 
significant elevated levels of IgG antibodies, as indicated an 
absorbance at 450 nm (mean A450) of 1.7771, in comparison 
to the IM PBS group (A450 = 0.844633), with a statistically 
significant difference observed (p < 0.05) (Fig. 6). Although 
the IM Vaccine group demonstrated higher IgG antibody 
levels when compared to the group of mice administered 
with the vector IM (A450 = 1.144533) across the same dilu-
tion, this difference did not reach statistical significance (p > 
0.05) (Fig. 6). At 1:250 dilutions, the group of mice receiv-
ing the vaccine IM showed significantly elevated levels of 

IgG antibodies, as indicated by a mean A450 of 1.7054, in 
comparison to both the group of mice administered with PBS 
(IM) (A450 = 0.794767) and mice administered with the 
vector (IM) (A450 = 0.876633) with statistically significant 
differences were observed in both comparisons (p < 0.05) 
(Fig. 6). At 1:1000 dilution, the group of mice administered 
with the DNA vaccine IM exhibited significantly elevated 
levels of IgG antibodies, as reflected by a mean A450 of 
1.5676. This was in comparison to both the IM PBS group 
(A450 = 0.517267) and the IM Vector group (A450 = 
0.644767), with statistically significant differences observed 
in both comparisons (p < 0.05) (Fig. 6). At a 1:50 dilution, 
the IN Vaccine group displayed significantly elevated levels 
of IgG antibodies, with a mean A450 of 1.8917. This was 
in comparison to both the IN PBS group (A450 = 0.8201) 
and the IN Vector group (A450 = 0.541967), with statisti-
cally significant differences observed in both comparisons 
(p < 0.05) (Fig. 7). At 1:250 dilution, the IN Vaccine group 
exhibited significantly elevated levels of IgG antibodies, with 
a mean A450 of 1.866667. This was in comparison to both 
the IN PBS group (A450 = 0.794833) and the IN Vector 
group (A450 = 0.464), with statistically significant differ-
ences observed in both comparisons (p < 0.05) (Fig. 7). At 
1:1000 dilution, the IN Vaccine group displayed significantly 
elevated levels of IgG antibodies, as indicated by a mean 
A450 of 1.828833. This was in comparison to both the IN 
PBS group (A450 = 0.645733) and the IN Vector group 
(A450 = 0.4573), with statistically significant differences 
observed in both comparisons (p < 0.05) (Fig. 7).

Positive Detection of Neutralizing Antibodies 
Against the SARS‑CoV‑2 Omicron Strain 
in the Sera of Mice Immunized Intramuscularly 
with the Recombinant Plasmid DNA pVAX1/
S2‑6EHGFP

The ELISA IgG data showed the presence of binding IgG 
antibodies in the sera of mice immunized IM and IN with the 
recombinant plasmid DNA pVAX1/S2-6EHGFP. However, 
detection of significant levels of neutralizing antibodies as a 
subset of binding antibodies in total IgG was important. The 
cPass SARS-CoV-2 Neutralization Antibody Detection Kit 
was used to determine the levels of neutralizing antibodies 
effective against the SARS-CoV-2 Omicron strain in the sera of 
immunized mice. The neutralizing antibodies could inhibit the 
interaction between RBD-HPR and the ACE2 receptor.

Sera from mice immunized intramuscularly or intranasally 
with the recombinant plasmid DNA pVAX1/S2-6EHGFP or 
PBS or the empty pVAX1 vector were mixed in a 1:1 ratio 
with the HRP-conjugated RBD (RBD-HRP) and signal inhibi-
tion of the interaction between RBD and ACE2 receptor was 
determined. The positive and negative control showed signal 
inhibition of 96.7% and 0, respectively (Fig. 7). Sera from 



	 AAPS PharmSciTech (2024) 25:6060  Page 14 of 19

mice immunized intramuscularly or intranasally with PBS or 
the empty pVAX1 vector showed a signal inhibition of 0%, 
indicating that neutralizing antibodies to SARS-CoV-2 were 
not detected. Sera from mice immunized intramuscularly with 
the recombinant plasmid DNA pVAX1/S2-6EHGFP showed a 
signal inhibition of 31.5 %, respectively while that from mice 
immunized intranasally with the recombinant plasmid DNA 
pVAX1/S2-6EHGFP showed a signal inhibition of 29.2 %. 
Since the cutoff value for the cPass SARS-CoV-2 Neutralizing 
Antibody Detection assay was based on 30% signal inhibition, 
it was concluded that sera obtained from the intramuscular 
administration of the recombinant plasmid DNA pVAX1/
S2-6EHGFP were positive for the presence of neutralizing 
antibodies capable of blocking the binding between SARS-
CoV-2 Omicron strain RBD and the ACE2 receptor.

Discussion

The etiological agent for COVID-19, the SARS-CoV-2 con-
tinues to cause multiple infections as well as a significant 
morbidity and mortality toll [48]. The continuing spread of 
infections is attributable to SARS-CoV-2 VOCs which are 
associated with a potential for higher infectivity and immune 
invasion [49]. Although S protein based vaccines were quickly 
progressed through clinical development and used for public 
immunizations, the emergence of VOCs with multiple muta-
tions in the S protein warrant the use of a novel approach to 
vaccine development. Here we have described the preclini-
cal development of a novel COVID-19 recombinant plasmid 
DNA vaccine, pVAX1/S2-6EHGFP to combat the rising 
spread of infections caused by SARS-CoV-2 VOCs. The 

development of this vaccine amalgamates reverse vaccinol-
ogy bioinformatics and literature mining approaches used 
for the identification of immunogenic and highly conserved 
epitopes together with the incorporation of selected epitopes 
to develop a next-generation DNA vaccine incorporating these 
epitopes. The design and synthesis of the vaccine was initiated 
upon reports of reductions in protective efficacies of current 
licensed BNT162b2, mRNA-1273, ChAdOx1-S vaccines as a 
result of the emergence of mutates SARS-CoV-2 VOCs with 
multiple mutations in the S protein. The data produced by 
this research study supports the expression and immunogenic-
ity of the pVAX1/S2-6EHGFP recombinant plasmid DNA 
vaccine in the murine model. Humoral and cellular immune 
responses were reported upon the IM or IN administration of 
the pVAX1/S2-6EHGFP recombinant plasmid DNA vaccine 
in BALB/c mice. More specifically, administration of the vac-
cine and the subsequent evaluation of immune responses was 
conducted in accordance with clinical delivery parameters. 
The study assessed the production of IFN-γ by CD4+ and 
CD8+ T cells in splenocytes of immunized mice together with 
determination of IgG antibody levels relative to absorbance 
values and the presence of neutralizing antibodies blocking 
of ACE2/SARS-CoV-2 S protein interaction in sera of mice 
immunized with pVAX1/S2-6EHGFP.

Curbing the spread of infections caused by rapidly emerg-
ing SARS-CoV-2 VOCs warrants a coordinated response 
from the global health community and the development 
of novel vaccine development strategies which can elicit 
immune responses against both the SARS-CoV-2 proto-
type strain and its VOCs. In response to the emergence of 
highly transmissible SARS-CoV-2 VOCs such as the SARS-
CoV-2 Omicron strain, we employed the use of the DNA 
vaccine to develop the pVAX1/S2-6EHGFP recombinant 

Fig. 6   Absorbance values in ELISA corresponding to the concentra-
tion of IgG antibodies in the sera of mice immunized IM or IN with 
the recombinant plasmid DNA pVAX1/S2-6EHGFP, PBS, and empty 
pVAX1 vector

Fig. 7   Inhibition of interaction between the SARS-CoV-2 Omicron 
strain RBD and ACE2 receptor in the sera of immunized mice with 
the recombinant plasmid DNA pVAX1/S2-6EHGFP, PBS, or the 
empty pVAX1 vector through the IM or IN administrations. Positive 
and negative controls were included
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plasmid DNA vaccine which encoded peptides representing 
highly conserved and immunogenic B and T cell epitopes. 
The design and development of the pVAX1/S2-6EHGFP 
recombinant plasmid DNA vaccine utilized a plug and play 
process such that the target antigenic sequence encoding 6 
peptides from SARS-CoV-2 structural proteins was incorpo-
rated into an FDA-approved plasmid vector (pVAX1). The 
unique America FDA-approved pVAX1 vector was also used 
to express another DNA vaccine known as pVAX1-D3ME 
which expressed the prM and E proteins of dengue virus 
serotype 3 (DENV3) [50]. In the current study, the design of 
the pVAX1/S2-6EHGFP recombinant plasmid DNA vaccine 
was optimized for in vivo gene expression such as the inclu-
sion of the CMV promoter, a major immediate early (MIE) 
enhancer-containing promoter which regulates and promotes 
high-level eukaryotic expression of target sequences.

Lim et al. (2021) utilized bioinformatics analysis to pre-
dict immunogenic B and T cell epitopes that could be used 
to develop a multi-epitope vaccine against SARS-CoV-2. 
Moreover, further literature mining performed by research-
ers in the Centre for Virus and Vaccine Research (CVVR) 
at Sunway University yielded a total of 6 peptides which 
represented immunogenic and highly conserved B and T 
cell epitopes from SARS-CoV-2 structural proteins [51, 52].

S1 WTA​GAA​AYYVGYLQPRTFLLKY

Lim et al. (2021) comprehensively evaluated the data from 
11 different publications that had used bioinformatics to 
identify promising CD4+ and CD8+ T cell epitopes from the 
S protein of SARS-CoV-2. WTA​GAA​AYYVGYLQPRT-
FLLKY was identified as a highly potent T cell epitope, 
capable of inducing both CD4+ and C8+ T cell responses. 
It was associated with positive IFN-γ production, a high 
immunogenicity score of 97.729 %, and a high global HLA 
population coverage of 99.63% [52].

S5 FPQSAPHGVVFLHVTYVPAQEK

FPQSAPHGVVFLHVTYVPAQEK was identified as a 
highly potent T cell epitope, capable of inducing both CD4+ 
and C8+ T cell responses. It was associated with positive 
IFN-γ production, a high immunogenicity score of 98.6 %, 
and a high global HLA population coverage of 96.4 % [52].

S19 GEVFNATRFASVYAWNRKRISNCVADYSVLYNS

Prioritizing the identification of epitopes from con-
served regions of the SARS-CoV-2 as well as from 
regions associated with high viral infectivity, Yar-
markovich et al. (2020) demonstrated that viral epitope 

GEVFNATRFASVYAWNRKRISNCVADYSVLYNS from 
the RBD of the S protein scored in the 90.9th percentile of 
T epitopes. It was also shown to be third of 1,546 epitopes 
scored in the S, E, and M genes for combined B and T cell 
epitopes, with high MHC class I coverage of 98.3% [53].

Moreover, GEVFNATRFASVYAWNRKRISNCVADYS-
VLYNS was used as a peptide along with 45 other peptides 
which were mixed to form a multi-peptide cocktail to serve 
as a COVID-19 vaccine. Intramuscular administration of this 
COVID-19 peptide vaccine in addition to a tetanus vaccine 
in horse was able to induce neutralizing antibodies against 
the SARS-CoV-2 Delta variant [54].

M1 GLMWLSYFIASFRLFARTRSM

GLMWLSYFIASFRLFARTRSM was identified as a CD4+ 
T cell epitope through in silico predictions of potential 
T-cell epitopes through retrieval of protein sequences from 
the NCBI database, analysis of average antigenic propen-
sity and binding affinity of peptides for class II MHC, assess-
ment of immunogenicity score and the ability to induce Th1 
immune response together with IFN-γ production [52].

B6 TESNKKFLPFQQFGRD & B10 
ESNKKFLPFQQFGRDIADTT

Heffron et al. (2021) utilized ultradense peptide microarray 
mapping to identify ESNKKFLPFQQFGRDIADTT as one 
of the epitopes associated with potent antibody responses as 
a result of SARS-CoV-2 infection [55]. ESNKKFLPFQQF-
GRDIADTT was predicted as a dominant SARS-CoV B Cell 
Epitope as identified by the EpitopeVec software that utilizes 
residue properties, modified antigenicity scales, and pro-
tein language model-based representations for linear BCE 
predictions.

A total of five epitopes were associated with peptides 
from the SARS-CoV-2 S protein. The SARS-CoV-2 S pro-
tein is characterized as a class I membrane fusion protein 
(Jackson et al., 2022). Multiple reports have established that 
the SARS-CoV-2 S protein interacts with the host ACE2 
cell receptor to facilitate viral entry and fusion [56]. The 
interaction between the SARS-CoV-2 S protein and the 
ACE2 receptor may be blocked by the action of anti-S neu-
tralizing antibodies [27]. In vivo immunogenicity studies 
conducted in the BAL/c mouse model reveled high levels 
of B6 and B10-reactive binding IgG in the serum of mice 
immunized with the recombinant plasmid DNA vaccine. 
In addition to binding IgG, antibodies, we further demon-
strated that immunization with pVAX1/S2-6EHGFP induced 
RBD binding antibodies through an in vitro cPASS assay 
that demonstrated that these binding antibodies were able 
to neutralize the interaction between the SARS-CoV-2 RBD 
and the ACE2 receptor. Indeed, the RBD is reported to be 
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a target for neutralizing antibodies from SARS-CoV con-
valescent patients [57]. Future studies of immunogenicity 
testing of pVAX1/S2-6EHGFP should involve the functional 
demonstration of these antibodies through neutralization of 
SARS-CoV-2 wild-type and Omicron through live virus and 
pseudovirus assays in addition to assays to show competi-
tive inhibition of SARS-CoV-2 spike protein binding to the 
ACE2 receptor in the presence of serum of mice immunized 
with the recombinant plasmid DNA vaccine. In addition to 
humoral immunity, cellular immune responses have also 
been linked with favorable recovery from SARS-CoV-2 
infection [58]. In this research study, we demonstrated the 
induction of T cell responses against SARS-CoV-2 in terms 
of IFN-γ production by CD4+ and CD8+ T cells. Rapid cel-
lular responses may reduce viral load and potentially slow 
the spread of COVID-19 and its associated SARS-CoV-2 
disease.

The prospect of developing DNA vaccines for SARS-
CoV-2 is attractive because the DNA vaccine platform 
shows great potential in eliciting both humoral and cellular 
immune responses [59]. MHC-I antigen presentation by non- 
APCs such as monocytes as well as MHC-II cross-priming 
and antigen presentation by dendritic cells can induce the 
activity of both CD4+ and CD8+ T cells [35]. In addition, 
the recognition of the antigen by B lymphocytes resulted in 
humoral responses [34, 37]. Current DNA vaccines target-
ing the S protein of the SARS-CoV-2 have shown humoral 
immune responses detected by ELISA in the form of neutral-
izing antibodies and cellular immune responses determined 
by ELISpot in the form of IFN-γ production [27, 33, 36, 
38]. The DNA vaccine platform offers a promising solution 
to combat the problem of emerging SARS-CoV-2 VOCs. 
Multiple DNA vaccine candidates could be designed by sim-
ply changing the antigenic sequence incorporated into the 
plasmid vector. Smith et al. (2020) have reported that DNA-
based vaccines could be developed quickly since a variety 
of different candidates could be prepared and tested using 
high-throughput approaches [27]. Moreover, they could be 
quickly progressed to the clinical stage by leveraging on 
established pathways.

It is relatively easy to produce the vaccine in large quan-
tities for dissemination to the public for immunization [27, 
32]. They can also be conveniently produced in large quanti-
ties using bacteria such as E. coli [32]. Therefore, efficient 
large-scale and cost-effective production of DNA vaccines 
for large-scale immunizations offers an attractive practical 
advantage. In the fields of vaccinology and immunology, 
vaccine storage is an important issue since it is directly 
associated with vaccine stability and the maintenance of its 
quality. Therefore, in order to ensure that the efficacy of 
mRNA vaccines is not negatively affected, cold storage at 
-70°C is necessary for the preservation of the Pfizer vaccine. 
DNA vaccines are highly stable, less prone to degradation 

unlike mRNA vaccines, and do not require such low tem-
perature for storage. DNA vaccines can be kept at room 
temperature [31]. Since they do not require specific cold 
chain conditions, DNA vaccines would be ideal for immu-
nizing populations in third world countries which lack the 
financial resources and infrastructure to maintain cold chain 
conditions [31, 60]. In the current research study, immuno-
genicity was determined after three doses of 100 µg of the 
pVAX1/S2-6EHGFP recombinant plasmid DNA vaccine 
were administered to BALB/c mice. Future studies may be 
conducted to find the optimal immunogenic dose associated 
with the elicitation or robust immunogenic responses. This 
may reduce the need for multiple immunizations.

It is true that there are concerns of vaccine-induced immu-
nopathology associated with the administration of vaccines. 
However, it is entirely possible that such concerns are more 
likely to be associated with specific vaccine platforms such as 
inactivated vaccines [61]. Indeed, there have been no reports 
of immune pathology of DNA vaccines that were tested in 
mice or non-human primate (NHP) models [62, 63]. Moreo-
ver, the DNA vaccine platform has shown effectiveness in 
models of respiratory infection, such as SARS-CoV, MERS-
CoV, and RSV, by inducing Th1-type immune responses with-
out causing immunopathology [62, 64, 65]. It is worth not-
ing that our study's vaccine groups did not show any weight 
reduction following vaccine administration. This absence of 
weight drop among the vaccinated animals indicates a favora-
ble safety profile for this vaccine platform in our experimental 
models. This finding aligns with the overall lack of observed 
adverse effects and suggests that the DNA vaccine platform 
holds promise as a safe and effective candidate. These positive 
safety indicators strengthen our confidence in the potential of 
the pVAX1/S2-6EHGFP recombinant plasmid DNA vaccine 
for further research and development. Future studies involv-
ing animal challenges with SARS-CoV-2 could effectively 
evaluate the ability of the pVAX1/S2-6EHGFP recombinant 
plasmid DNA vaccine to protect against the disease while 
also considering the potential for vaccine-enhanced disease.

Four T cell epitopes namely, S1, S5, S19, and M1 were 
incorporated in the pVAX1 vector as part of the vaccine 
design to form the pVAX1/S2-6EHGFP recombinant plas-
mid DNA vaccine. The IM and IN administration of pVAX1/
S2-6EHGFP recombinant plasmid DNA vaccine was asso-
ciated with the production of IFN-γ production by CD8+ T 
cells. The IM and IN administration of pVAX1/S2-6EHGFP 
recombinant plasmid DNA vaccine also resulted in IFN-γ 
production by CD4+ T cells, although this did not differ 
significantly from the control groups. Apart from T cell 
epitopes, two B cell epitopes namely, B6 and B10 were 
also to form the pVAX1/S2-6EHGFP recombinant plasmid 
DNA vaccine. We utilized absorbance values to demon-
strate high levels of binding IgG antibodies elicited against 
the two B cell epitopes, B6 and B10. Both the IM and IN 
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administration of pVAX1/S2-6EHGFP resulted in robust 
levels of binding IgG antibodies in the sera of immunized 
mice.

The results of the neutralizing assay showed that the sera 
of mice immunized with the vaccine showed 30% inhibition 
of interaction between the SARS-CoV-2 Omicron RBD and 
the ACE 2 receptor. The cPASS protocol specifies that the 
cutoff value for the cPass SARS-CoV-2 Neutralizing Anti-
body Detection Kit is 30% signal inhibition. These results 
are promising and indicate the neutralizing potential of the 
humoral responses elicited by the DNA vaccine. Future stud-
ies may involve the identification of more promising B cell 
epitopes for inclusion in the vaccine to elicit higher percent-
age signal inhibition while using the cPASS kit.

The approach undertaken to develop the pVAX1/
S2-6EHGFP DNA vaccine involved employing reverse 
vaccinology to identify highly conserved and immunogenic 
epitopes present in the structural proteins of SARS-CoV-2. 
When incorporated into the DNA, functional T cell and B 
cell responses were observed. This indicated that the design 
of the study with the use of specific epitopes could offer 
protection against the SARS-CoV-2 Omicron strain. This 
was a promising finding considering reports of reduced 
protective efficacies of current COVID-19 vaccines against 
emerging viral variants. Since these vaccines focused on the 
full-length S protein of the original viral strain, mutations 
in the S protein meant that the protective efficacies of these 
vaccines reduced in response to emerging variants.

In contrast, the current DNA vaccine was developed using 
selected highly conserved and immunogenic epitopes that 
were able to elicit T cell responses in terms of IFN-γ pro-
tection and cross-neutralizing activity against the Omicron 
variant. This demonstrates proof of concept: the inclusion 
of specific B cell and T cell epitopes to demonstrate cross-
protection against multiple strains which will prevent the 
need for repeated immunizations upon emergence of each 
new variant. The current approach is well suited to quickly 
build vaccines comprising of different pathogenic to combat 
continuously emerging viral variants of infectious diseases 
through quick progression through clinical stages based on 
established regulatory pathways.

To date, this is the only DNA vaccine consisting of 
in silico predicted epitopes that is able to elicit immune 
responses in terms of IFN-γ producing T cells as well as 
humoral responses that can neutralize the SARS-CoV-2 
Omicron strain. There has been one other study where Pers-
son et al. (2023) reported the development of a DNA vac-
cine consisting of in silico epitopes protected against lethal 
SARS-CoV-2 infection in K18-hACE2 mice but this study 
only utilized T cell responses [66]. The inclusion of B cell 
epitopes with cross-neutralizing ability represents a forefront 
in vaccine design and the concept could be implemented 

for the development for future vaccines emerging infectious 
diseases.

In summary, these initial preliminary findings which 
described the immunogenicity of the novel COVID-19 
recombinant plasmid DNA vaccine, pVAX1/S2-6EHGFP 
are promising, and it is especially significant that the 
results showed functional neutralizing antibodies and T 
cell responses in BALB/c mice. This research study further 
supports the continuing evaluation of pVAX1/S2-6EHGFP 
as a vaccine candidate against the SARS-CoV-2 prototype 
strain and VOCs. This study highlights the immunogenicity 
of pVAX1/S2-6EHGFP and the further evaluation of this 
vaccine candidate should involve challenge studies with 
SARS-CoV-2 prototype and the Omicron strains to establish 
cross-protection in multiple animal models.
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