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Abstract: The COVID-19 pandemic has significantly impacted global health and economies, necessitating the 

development of effective vaccines against the novel virus. Understanding the structure and function of SARS-

CoV-2 is crucial for rational vaccine design. The virus consists of several key proteins, including the spike 

protein, envelope protein, membrane protein, and nucleocapsid protein. The spike protein plays a crucial role 

in host cell entry by binding to the angiotensin-converting enzyme 2 (ACE2) receptor on human cells. The 

replication of the virus within host cells is facilitated by various viral proteins, such as the RNA-dependent RNA 

polymerase (RdRp) and the main protease (Mpro). Rational vaccine design strategies for SARS-CoV-2 primarily 

focus on targeting the spike protein due to its role in host cell entry. However, developing vaccines against this 

protein is challenging due to its highly mutable nature and potential conformational changes. Alternative 

strategies involve using other viral proteins, such as the nucleocapsid protein, which is conserved and essential 

for viral replication. Considering T-cell responses in vaccine design is also vital as they play a vital role in 

controlling viral infections. Vaccines that elicit both antibody and T-cell responses are more likely to provide 

robust and durable immunity against SARS-CoV-2. Advancements in rational vaccine design for SARS-CoV-2 

include mRNA-based vaccines, viral vector-based vaccines, and protein subunit vaccines. However, challenges 

remain in developing a universally effective vaccine, including the emergence of new SARS-CoV-2 variants and 

mutations that may affect the efficacy of existing vaccines. In conclusion, rational vaccine design for SARS-CoV-

2 requires a comprehensive understanding of the virus's structure and function, targeting key viral proteins, and 

considering T-cell responses. 

Keywords: COVID-19; SARS-CoV-2; rational vaccine design; coronavirus; epitope prediction; antibodies;  

RNA vaccines 

 

1. Introduction 

1.1. Overview 

Viruses are nanoparticles filled with genetic nanomaterials, with reproductive capabilities 

assisted by host enzymes and ribosomes [1–3]. SARS-CoV-2, a severe acute respiratory syndrome 

coronavirus, was found in clinical samples and can be found on various surfaces in contaminated 

environments [4]. The virus is highly stable at 4°C, but heat-sensitive, and inactivation period reduces 

when incubation temperature is raised to 70°C [4]. 

SARS is a severe acute respiratory disease caused by the SARS-associated coronavirus, which 

can be transmitted through airborne droplets of saliva. Incubation typically lasts 2-7 days, with some 

patients experiencing moderate respiratory symptoms at the start. The lower respiratory stage begins 

after 3-7 days, with dry, unproductive cough or dyspnea, and hypoxemia. In 10-20% of cases [5], 

intubation and mechanical ventilation are required. Chest radiographs are usually standard in all 

patients, and white blood cell counts often drop prematurely during the disease. Most people have 

low platelet counts at the peak of the disease [5]. 

Middle East coronavirus respiratory syndrome (MERS-CoV) is a human-borne infectious 

disease transmitted to infected camels [6]. It is a zoonotic virus shared between animals and humans, 

acquired through direct or indirect contact with infected animals [6]. Since 2012, 27 countries have 
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reported cases, leading to 858 deaths due to infection and associated complications [6]. The origin of 

the virus is unknown, but it is thought to have started with bats and spread to camels. Person-to-

person transfers are possible, but they are found within relationships residing within the same 

building. 

MERS-CoV infection in healthcare is primarily person-to-person, causing a range of symptoms 

from asymptomatic to severe disease and death [6]. Common signs include fever, coughing, and 

breathing problems. Severe disease can lead to respiratory failure, necessitating mechanical 

respiration and medical care unit support [6]. The virus can cause severe illnesses like renal disease, 

cancer, chronic obstructive pulmonary disease, diabetes, compromised immune systems, and chronic 

diseases [6]. Approximately 35% of MERS-CoV patients have died, possibly due to overdoses. 

Patients with diabetes, insufficiency, chronic obstructive pulmonary disease, and autoimmune 

diseases are at higher risk of severe infection complications [6]. 

The coronavirus SARS-CoV-2 is responsible for the COVID-19 pandemic, a respiratory disease. 

The virus was declared an international public health emergency by the WHO on March 11, 2020 [7]. 

SARS-CoV-2, the most frequent respiratory-related coronavirus, could also be infected by SARSr-

CoV. The person-to-person transmission of SARS-CoV-2 was confirmed during the COVID-19 

epidemic on January 20, 2020 [7]. Transmission was initially thought to occur predominantly with 

respiratory drops, but some studies suggest that the virus may also be present in the air through 

aerosols. An average of 1000 infectious virions of SARS-CoV-2 are believed to initiate a new infection 

during human transmission [7]. Preliminary studies show that the virus can survive in plastic and 

stainless steel for a few days, but not on cardboard or copper. The virus does not operate with soap, 

making its lipid structure unstable. In infected individuals, viral RNA is also present in wild and 

sperm samples [7]. The extent of the virus's infection is uncertain, but studies show that the pharynx 

reaches a high level of the virus in the blood approximately four days after infection or the first week 

of symptoms [7]. Figure 1 shows different ways of transmission for SARS-COV2. 

 

Figure 1. SARS-COV2 Transmission. 

1.2. Global Scenario 

Thus, in line with WHO, these viruses' potential to grow to become a plague worldwide 

represents a significant public health risk [8]. The pandemic feature of COVID-19 may be a hallmark 

of the disease and, therefore, the indisputable fact that the virus is not well-known, of substantial 

concern for humanity the sole radical measure that may prevent the host's infection and block the 

virus's spread, is a vaccine. Figures 2a and 2b indicate the amount of COVID-19 cases and deaths 

reported till now and weekly by WHO Region (global region) [9,10]. 
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Figure 2. a. Globally, as of 12 August 2022, there have been 585,950,085 confirmed cases of COVID-

19, including 6,425,422 deaths, reported to WHO. [https://covid19.who.int/ ---12-August-2022]. Figure 
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2b. Total number of cases and deaths from coronavirus (COVID-19) in the WHO region as of August 

12, 2022, weekly [https://covid19.who.int/---12-August-2022]. 

1.3. Mutation 

In recent months, several additional varieties of the original virus have been found, and they 

appear to induce major changes in the pathogen's behavior, including contagiousness. These viral 

variants have developed in fast succession in several countries, including the United Kingdom, South 

Africa, and Brazil, and have outcompeted existing varieties in certain cases. Although better 

surveillance and sequencing efforts may explain why these variants are suddenly showing up, a 

certain pattern repeating shows that the changes are not random (Figure 3) [11]. Based on evidence 

that it contains several alterations that could impact the mode of its function, WHO has recognized 

the most recent COVID-19 variation Omicron (B.1.1.529) as a variant of concern. There is consistent 

evidence that Omicron spreads far faster than Delta in settings where community transmission is 

established, with a doubling period of 2-3 days. The overall risk associated with this new variant 

remains very high. 

 

Figure 3. COVID Mutation worldwide1.4 Problem Statement/The State of the Art. 
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This paper reviews the research on rational vaccinology models, including reverse vaccinology, 

RNA vaccinology, and machine learning approaches, in response to SARS-CoV-2 infection. The 

review aims to provide readers with an overview of how in silico methods have been effective in 

handling COVID-19 components and their potential for future use in crisis situations. The authors 

highlight the limitations of existing research, such as only discussing scientific applications, not 

reviewing comparisons with benchmark models, and not yet maturing big data analysis. The paper 

illustrates how in silico techniques helped life science professionals during the COVID-19 pandemic 

to improve their research quality. 

 

Figure 4. The crucial part in silico assays play in the global fight against COVID-19 and some of its 

applications in biology and medicine [12]. 

2. This publication provides a concise review of the existing literature on in silico strategies for 

combating COVID-19, focusing on SARS-CoV-2 structure predictions, phylogenetic analysis, 

drug virtual screening, natural compound production, vaccine development, and machine 

learning and AI. It also discusses potential challenges in using machine learning for future 

pandemics.Vaccine Development Strategies: Historical Outline 

Vaccine development strategies have evolved significantly over time, from empirical methods 

like smallpox to modern rational design approaches. Traditional methods include inactivated and 

live attenuated vaccines, which have been instrumental in controlling and eradicating infectious 

diseases in the past [13]. Newer approaches like recombinant protein subunit vaccines and nucleic 

acid-based vaccines have emerged, allowing for more precision in vaccine creation and faster 

development and manufacturing [13]. The recent development of mRNA vaccines and viral vector 

vaccines has been particularly promising in the fight against COVID-19 [13,14]. However, safety and 

efficacy remain crucial, and clinical trials are necessary to ensure the vaccine's effectiveness and safety 

in both short-term and long-term [13,15]. Collaborative efforts between researchers and 

pharmaceutical companies have expedited the development of a COVID-19 vaccine, with previous 

research on similar viruses informing the process [13,14]. To ensure safety, purity must be checked, 

and sterile production lines provided [15,16]. Knowledge gaps remain regarding the correlates of 

protection, how to best induce immunity in vulnerable populations, and the longevity of immunity 

induced by vaccination or natural infection [14]. A chronology of vaccine developments and 

achievements are shown in Figure 5. 
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Figure 5. Vaccine Development History [17]. 

Modern vaccinology focuses on improving subunit immunizations to increase viability and limit 

risks in healthy, compromised individuals. Advancements and information contribute to a 

comprehensive plan that not only enhances execution but also reduces time and costs associated with 

preclinical and clinical events. Promising methodologies/empowering variables and road 

obstructions are featured in green and pink, separately in Figure 6. 

 

Figure 6. Optimizing the Design for Efficient Vaccines [18]. 
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3. Molecular Architecture of SARS CoV-2 

Other coronaviruses, such as HKU1, NL63, OC43, and 229E, are more frequently found infecting 

people and producing serious infections, but SARS-CoV and MERS-CoV are more commonly seen 

infecting humans and causing serious infections [19]. Virion particles attach to the Angiotensin-

converting enzyme 2 (ACE2) cell surface receptor to join the center cell [20]. The 3C-like protease 

(3CLpro) and the papain-like protease (PLpro) [21,22]- induced proteolysis breaks down large 

polyproteins into smaller molecules for coagulation and packaging of new virions, allowing infection 

to spread more easily. SARS-main CoV-2 enzyme, which controls viral replication and transcription, 

is also a prominent protease, making it a popular therapeutic target [23]. Toxicity is necessary for 

viral replication by RNA-dependent RNA polymerase (RdRp), another interesting enzyme [24]. 

These major enzymes, 3CLpro, PLpro, and RdRp, are responsible for the proteolysis, replication, 

and synthesis of new virions [26]. Because these enzymes are required for virus survival, 

reproduction, and transmission, they could be used as drug targets in therapeutic strategies. There 

are successive similarities between these proteins and their viruses, which are closely related to 

SARS-CoV (2002) and MERS-CoV (2004), during the vision period for developing medications and 

vaccines (2013). As a result, because SARS-CoV-2 has high sequence ownership of its RdRp and 

3CLpro proteins in SARS-CoV and MERS-CoV, medical molecules assumed to be used to classify 

SARS-CoV, and MERS-CoV might be also helpful in treating COVID-19 with similar success like 

SARS-CoV and MERS-CoV. The SARS-CoV-2 spike receptor-binding domain (RBD), on the other 

hand, differs significantly from the SARS-CoV domain, particularly in the two ACE2 receptor-

interacting regions. Because of these structural differences, previously used SARS-CoV spike RBD 

antibodies and treatment peptides are less effective against SARS-CoV-2, necessitating new 

formulations and treatment modalities [27]. Figure 7 explains the above structure in pictorial form. 

 

Figure 7. Insights into SARS-CoV-2 genome, structure [25]. 

CoVs affect cells that are responsible for their cytocidal activity in addition to the immune 

response [28]. Numerous studies show that CoV infection results in cytopathic effects such as 

apoptosis, membrane damage, and cell lysis. The virus causes cell adhesions, which result in syncytial 

formation [29]. The above-mentioned processes are observed within the cell because of vesicle fusion, 

complicating viral replication and disrupting Golgi structures [30]. In comparison to other CoVs, such 
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as SARS-CoV and MERS-CoV, cytopathic effects within renal cells and the development of syncytia 

in lung tissue have been demonstrated [25]. 

The replication of the mutation mechanism is required for SARS-CoV-2 pathogenesis [31]. T cells 

and secondary messengers such as cytokines play a significant role in disease progression during 

infection. Molecules associated with a disease or secreted from damaged cells have been discovered 

to be involved in measuring the body's response to congenital and mutational SARS-CoV-2 disorders 

(PRRs). In addition to T cells, humoral antibodies are important in CoV-induced infections [32]. 

4. The COVID-19 Vaccine Landscape 

Around 51 vaccinated clinicians and 16 vaccines are currently in the pre-treatment phase or 

under study [33]. Most viral vaccinations work by activating antibodies that neutralize the virus 

envelope or spike glycoproteins (NAbs) (Table 1). In the case of respiratory pathogens like SARS-

CoV-2, the vaccine may be required to supplement systemic nAbs and prevent low-grade infections. 

Designing safe and effective mucosal vaccines remains a top objective to protect against infectious 

illnesses like tuberculosis, HIV, diarrheas, or influenza. The vaccine will contribute to the production 

of an effective nAb vaccine by addressing the vaccine's versatility in producing nAbs, the nAbs 

required for immunity, the strength of the nAb response, the concentration of memory cells for viral 

expression, nAb dependence on drug-inducing Abs, and the need for an immunosuppressive 

medicine [33]. 

Table 1. Pipeline of COVID-19 vaccine candidates by the technology platform. There are currently 

261 vaccine candidates being tracked by the London School of Hygiene and Tropical Medicine [34–40]. 

Country Stabilizing 

Mutations 

Carrier Type Mechanism 

Germany,USA/BioNTech/Pfizer Yes Simian 

Monkey 

A Virus 

mRNA Following injection, 

the vaccine particles 

collide with cells and 

fuse with them, 

releasing mRNA. 

Molecules in the cell 

read the sequence 

and construct spike 

proteins. The cell 

eventually destroys 

the vaccine's mRNA, 

leaving no 

permanent trace. 

USA/Moderna Yes Human 

AA 

Virus 

mRNA The vaccine's 

nucleoside-modified 

mRNA is formulated 

in lipid particles, 

allowing delivery of 
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the nucleoside-

modified mRNA into 

host cells and 

expression of the 

SARS CoV 2 Spike 

antigen. 

UK, 

Sweden/Oxford/AstraZeneca 

No Monkey 

AA 

Virus 

Adenovector The adenoviruses 

collide with cells and 

latch onto proteins 

on their surfaces after 

being injected into a 

person's arm. The 

virus is engulfed in a 

bubble by the cell, 

which pulls it inside. 

Once inside, the 

adenovirus escapes 

the bubble and 

travels to the 

nucleus, which 

houses the cell's 

DNA. 

China/Cansino No  Adenovector The new coronavirus 

is carried into the 

human body using a 

modified common 

cold virus. 

Russia/Sputnik V No Human 

AA 

Virus 

Adenovector A weakened virus is 

used to deliver small 

amounts of a 

pathogen and to 

stimulate an immune 

response. 

China/Sinopharm Not 

applicable 

 Inactivated It works by exposing 

the body's immune 
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system to the virus 

via killing viral 

particles without 

risking a serious 

disease response. 

India/BharatCovaxin Not 

applicable 

 Inactivated It is made from a 

weakened version of 

a common cold virus 

(called an 

adenovirus) derived 

from chimps. It has 

been altered to 

resemble a 

coronavirus. 

China/Sinovac CoronaVac Not 

applicable 

 Inactivated It works by exposing 

the body's immune 

system to the virus 

via killing viral 

particles without 

risking a serious 

disease response. 

Russia/Vector Institute 

EpiVacCorona 

Yes  Subunit The vaccine is based 

on chemically 

synthesized SARS-

CoV-2 protein-

peptide antigens 

conjugated to a 

carrier protein and 

adsorbed on an 

aluminum-

containing adjuvant 

(aluminum 

hydroxide). 

Germany/CureVac Yes  mRNA Following 

vaccination, the body 
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recognizes the 

protein as potentially 

harmful and 

activates the immune 

system, producing 

antibodies and T cells 

to combat it. In this 

way, we mimic 

natural viral 

infection and activate 

the immune system. 

USA/Johnson & Johnson Yes  Adenovector An adenovirus 

serves as a vehicle for 

the transmission of 

coronavirus genetic 

material (DNA). The 

adenovirus delivers 

the small piece of 

DNA to the cell, 

which then produces 

the spike protein. 

5. Different Coronavirus Vaccines in Development 

Pfizer, a US company, has led in developing a coronavirus vaccine, claiming that patients who 

received both vaccinations were less likely to acquire COVID-19. This is contrary to common 

perception, as all vaccinations rely on the development of antibodies produced by a non-harmful 

viral component. Pfizer's proposal is an mRNA vaccine, which has already been tested and 

successfully protected people from COVID-19. Moderna is another mRNA vaccine that produces 

antibodies using a fragment of the coronavirus genome. Protein-based vaccines, like Novavax and a 

partnership between Sanofi and GlaxoSmithKline, require injecting directly into the coronavirus 

surface in the circulation. The modified virus used in COVID-19 viral vector vaccines is safe, 

providing crucial instructions to cells on how to identify and combat the virus. According to a 

presentation given at a Senate hearing on September 9, 2020, by the National Institutes of Health, 

three types of coronavirus vaccines are currently developed (Figure 8).  
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Figure 8. Three types of coronavirus vaccines are currently being developed. (From a presentation 

given at a Senate hearing on September 9, 2020, by the National Institutes of Health). 

5.1. mRNA Vaccine: A New Possibility 

RNA vaccines are the first coronavirus vaccines to enter the market, using a tiny portion of the 

coronavirus messenger RNA (mRNA) genome to create a spike protein. This spike protein helps the 

virus attach to and enter cells, and antibodies to neutralize it develop in infected individuals. RNA 

vaccinations generate the spike protein when mRNA enters cells encased in a lipid molecule and 

transmits a coded message. Advantages of RNA vaccines include activating killer T-cells, inhibiting 

coronavirus replication, and being produced in test tubes or tanks. However, they are also 

inconvenient to carry and store, as they require a deep freezer or dry ice vaccine at -94 degrees 

Fahrenheit at vaccination sites. Early clinical data on RNA vaccines are just beginning to emerge 

before the pandemic. 

5.2. Protein-based Vaccine: The Slower, Traditional Method 

Scientists are developing synthetic spike protein vaccines for the coronavirus, similar to the 

hepatitis B vaccine developed in the 1980s. Novax and Sanofi-GSK produce these vaccines, grown in 

insect cells using a baculovirus vector. The protein is filtered before injection into the bloodstream, 

but is longer than competitors. Phase three tests for these protein-based vaccines have not yet started 

in the US. Sanofi-GSK will start its trial in December, while Sanofi-Genzyme plans to start its Warp-

backed study in November. The vaccines require a chemical agent to stimulate immune response, 

causing pain or swelling at the injection site. However, they can be stored at room temperature, 

making them more affordable than competitors. 

5.3. Viral Vector Vaccine: The Powerful Immune Response 

Vector vaccines use an adenovirus, a virus that causes the common cold, as a middleman instead 

of injecting the spike protein directly into the body. The adenovirus is connected to the spike protein 

gene, which distributes the gene throughout the body. The spike protein is released, prompting the 

immune system to produce antibodies to neutralize it. This technique was first used in the 1980s, but 

only Sanofi's Dengue vaccine has been approved for human use. Vector vaccines induce a robust 

immune response without an adjuvant, but designers must balance eliciting an immune response 

and preventing aggressive inflammation. However, this method cannot be natural, as people exposed 

to the adenovirus already need to fight it before the spike protein gene can be made. AstraZeneca 

and Johnson & Johnson, two leading developers of coronavirus vector vaccines, have delayed their 

studies in the United States until this autumn to investigate participant diseases. AstraZeneca's 

vaccine requires two doses, while Johnson & Johnson is only looking into a single injection. 
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6. The Rational Approach to develop a SARS-CoV-2 Vaccine 

Rational vaccine design techniques could be employed to direct the immune response towards 

protective epitopes on the S protein if current methods are insufficient. This approach could lead to 

longer-lasting vaccination protection and reduce the generation of non- or weakly-neutralizing 

antibodies. One strategy could be to immunize only with the receptor binding domain (RBD), as most 

anti-CoV nAbs target the RBD. This method has been initially successful in inducing nAbs in an 

animal model, as demonstrated by Quinlan et al. (2020) [41]. 

Reverse vaccinology 2.0 involves developing vaccine antigens by investigating the interactions 

between powerful non-immune antibodies (nAbs) and their target epitopes [42]. However, 

producing powerful nAbs from naturally infected donors has historically been a challenge. 

Researchers have used screening many donors to find those with the strongest neutralizing serum 

responses and high-throughput single B cell technologies to deep mine memory B cell repertoires 

specific to antigens [43]. These methods have produced highly effective and occasionally widely 

cross-reactive nAbs against a wide range of viral infections over the last 10 years [44]. Preliminary 

data suggests that the isolation of powerful neutralizing antibodies against SARS-CoV-2 may not be 

as challenging as it has been for other viruses. 

Structural studies of panels of potent nAbs in complex with full-length or sub-domains of S are 

necessary to create immunogens that present neutralizing epitopes to the immune system. Antigen 

engineering techniques, such as germline targeting, epitope-based protein scaffolds, and structure-

guided stabilization of full-length envelope proteins, have been used to concentrate the antibody 

response on protective epitopes. The stabilized MERS S protein was initially applied to the RSV F 

protein, producing higher titers of neutralizing antibodies than wild-type S [45]. Immunogenicity 

studies will reveal the effectiveness of this molecule in inducing nAbs to SARS-CoV-2 [46]. Studies of 

how nAbs and non-neutralizing Abs (nnAbs) bind to the immunogen can reveal potential design 

flaws if nAbs are not elevated in most vaccine recipients. To decrease the immunogenicity of 

undesirable epitopes, various immunogen design techniques can be used. For example, a stabilized 

E-dimer-based subunit vaccine against the Zika virus was developed to prevent the induction of 

antibodies against the immunodominant fusion loop and precursor membrane protein [47]. Mice 

immunized with this stabilized Zika E antigen developed protective antibodies that did not cause an 

ADE from a DENV infection or cross-react with DENV. The possibility of ADE occurring in the SARS-

CoV-2 vaccine is debated, but it is suggested that precise immunogen design is appropriate. Glycan 

masking has also been successful in reducing antibody responses to undesirable epitopes. 

Conventional SARS-CoV-2 vaccinations may cause short-lived nAb responses, which is 

concerning as many people exposed to SARS and MERS do not produce long-lasting nAb responses 

[48,49]. New information suggests that SARS-CoV-2 may not exhibit short-lived nAb responses, as 

seen in MERS [48,49]. To improve the immunogenicity of HIV, methods such as "slow delivery" 

immunization, which increases the antigen dose gradually over days to weeks, have been 

investigated. This mode of immunogen delivery results in longer antigen retention in lymph nodes 

and higher germinal center B cells [50]. Slow delivery immunization also improves nAb development 

in non-neutralizing epitopes in HIV immunization by modifying the immunodominance of non-

neutralizing epitopes [51]. Site-specific immobilization of HIV trimer antigens on alum prolongs 

immunogen bioavailability, resulting in enhanced germinal center and nAb responses [52]. The 

creation of strong adjuvants like GSK's AS01B can significantly improve antibody responses to 

glycoproteins.  

Rational Vaccine Design (RVD), combined with Machine Learning (ML) and non-random 

extensive data samples, can provide a guide for vaccine design in wet labs. This method saves time 

and helps choose the best candidates for CoV-2 infection prevention. Combining RVD with 

computational approaches can be a useful tool for designing CoV-2 infection and spreading 

prevention, accelerating vaccine production, and promoting better outcomes (Figure 9). 
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Figure 9. Vaccine development approaches. 

7. A Rational Approach to Pan-coronavirus Vaccines 

The future of coronaviruses is likely to follow the pattern of SARS and MERS, with other 

pathogens like West Nile, Zika, and flaviviruses also expected to emerge. Ebola Bundibungyo 

emerged after Ebola Zaire and Ebola Sudan, while Hantaviruses like Puumala and Seoul were well-

known in Eurasia. The mutation of pathogens further suggests that many of the COVID-19 

countermeasures currently being considered as band-aid solutions may be a potential solution to the 

chronic issue.  

Pan-pathogen vaccines are a promising approach to protect against both current and future 

pathogens [53]. The discovery of broadly neutralizing antibodies (bnAbs) has shown that even 

against significant variation, antibodies can recognize relatively conserved epitopes. This is due to 

the ability of antibodies to detect every nook and cranny of a pathogen surface, even in a minority of 

people. Early data supports the development of a potent mAb that cross-neutralizes SARS-CoV-2 and 

SARS-CoV-1, with the receptor binding domain (RBD) of the two viruses being bound by the cross-

reactive nAb [54]. Pan-betacoronavirus vaccine development is likely to be more challenging due to 

the high conserved and accessible fusion peptide of MERS-CoV and SARS-CoV-2, which is highly 

conserved and accessible. Overall, pan-pathogen vaccines offer a promising solution for future 

vaccine development [55]. 

A pan-coronavirus vaccine that produces cross-reactive antibodies may be more potent against 

variations of the same virus than strain-specific antibodies. These antibodies target a restricted set of 

critical conserved residues, exhibiting less propensity for mutation. Antibodies targeting a more 

compact conserved footprint within the functional binding site may achieve this feature. However, 

there is concern that a new virus affecting millions of people worldwide will produce variants that 

require a vaccine that induces antibodies with a certain degree of flexibility in their specific 

recognition properties. 

Antibodies, also known as "super-antibodies," due to their potency and cross-reactivity, are 

promising agents for viral infection prevention and treatment. Their high potency reduces the high 

cost of antibodies, requiring less for efficacy. Additionally, antibody half-lives and production and 

delivery developments can lower costs. Antibodies also have a quicker FDA approval route than 
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vaccines and small-molecule medications, making them a potential first line of defense against 

infectious disease outbreaks in the future. 

8. Machine Learning Approaches 

8.1. Introduction  

The COVID-19 pandemic has become the world's leading cause of death, and predictions of time 

series have gained significant attention in the literature [54]. Contemporary methods, such as the 

Autoregressive Integrated Average (ARIMA) hybrid model and deep belief networks (DBN), have 

been used for local time forecasting issues [55]. CNN and LSTM are used for traffic flow forecasting 

[56]. 

Machine learning techniques, particularly in time series issues, have been employed in 

prediction systems. The Auto-Regressive Integrated Moving Average (ARIMA) method is widely 

used for forecasting consecutive temporal issues [57], containing self-expression, a moving 

component, and a different term. Advanced learning algorithms (DL) have been recently used for 

time-series predictions [58]. Long short-term memory (LSTM) [59] is a repetitive neural network that 

generates three gates parallel between successive inputs to control the relationship between previous 

input, current input, and output. 

CNN variants [60] are commonly used in image and video classification, but CNN filters that 

collect neighboring records via an optional window have gained attention in local time-series 

predictors. The ANN model [61] is a simple DL algorithm approach that extracts non-linear data 

relationships using activation functions between all two layers. Although ANN does not use sets of 

nearby records or prior values like CNN or LSTM, it delivers reasonable results. 

8.2. Machine Learning Algorithms to Combat COVID-19  

Effective SARS-CoV-2 screening can reduce healthcare system impact by enabling prompt and 

accurate identification of COVID-19. Prediction models have been developed to aid healthcare 

professionals in prioritizing patients, especially in scarce healthcare resources, thereby reducing 

infection risk. Here, we summarized (Table 2) various machine learning (ML) techniques already 

used by researchers to predict COVID-19. 

Table 2. Machine Learning Algorithms for COVID-19 Forecast. 

Algorithms Subcategory Methods Recent Publications 

Supervised 

Learning 

Classificatio

n 

K-nearest Neighbours 

(KNN) 

KNN was used to identify respiratory 

diseases by Ginantra et al. [62] KNN 

was utilized by Yin et al. [63] to 

identify severe influenza. In (Cho, 

2016) [64], KNN was used to track the 

infected users' locations. 

Support Vector Machine 

(SVM) 

SVM was employed by Mori et al. [65] 

to forecast the onset of a disaster in a 

particular area. For the diagnosis of 

COVID-19, SVM was used with IoT 

(Internet of Things) and CNN 
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(Convolutional Neural Networks) by 

Le et al. [66]. 

Naïve Bayes Naive Bayes classifier has been used 

by Sadhukhan et al. [67] and Assery et 

al. [68] to group tweets. During the 

pandemic, it assisted in managing 

social networking issues. 

Logistic Regression To categorize COVID-19 patients in 

Iran, Mohammadi et al. [69] employed 

ANN and LR. Various blood and 

clinical indicators were employed by 

Bhandari et al. [70] to use Logistic 

Regression to predict the death rate. 

COVID-19 in Kuwait was predicted 

using LR by Almeshal et al. [71] 

Decision Trees During pandemics, decision trees have 

been used to determine the location of 

the users by Elhoseny [72]. Decision 

trees were used to discuss the 

prediction of several aspects that 

contributed to psychological suffering 

during the pandemic by Chen & Liu 

[73]. Using decision trees, a hybrid 

face mask detection application was 

created by Loey et al.[74]. 

Random Forest RF method was used to predict 

COVID-19 health by Iwendi et al. [75] 

The spatial-temporal distribution of 

COVID-19 daily cases worldwide was 

estimated using the random forest 

machine learning approach by 

Yeşilkanat [76]. 

Artificial Neural Network 

(ANN) 

IoT and ANN were combined to 

determine the user's position by Luoh 

[77]. Although there was little data 
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available, the accuracy was great. 

ANN was employed by Polese et al. 

[78] to identify the precise group of 

persons who were present in a 

location. 

Deep Neural Network 

(DNN) 

DNN was employed by Chhikara et al. 

[79] to evacuate a crowd in a crisis. 

Transferring healthy individuals to 

areas free of infectious diseases is 

crucial. 

Convolution Neural 

Network (CNN) 

People with COVID-19 were 

diagnosed using an IoHT (Internet of 

Health Things) and CNN-based model 

by More et al. [80] 

Regression Linear To anticipate new COVID-19 

coronavirus illness cases that are 

currently active, a multivariate linear 

regression model was applied by Rath 

et al. [81] A linear regression model 

was used to predict COVID-19 

positive samples in Nigeria by 

Ogundokun et al.[82] 

Polynomial Based on the polynomial regression 

model, estimates of the COVID-19 

epidemic in India were examined by 

Pandey et al.[83]. To predict the global 

spread of COVID-19, hierarchical 

polynomial regression models were 

used by Ekum & Ogunsanya [84]. 

Support Vector It was applied in Brazil to anticipate 

COVID-19 confirmed cases in the 

short term by Ribeiro et al.[85] 

Ridge It was explored in utilizing a hybrid 

polynomial-Bayesian ridge regression 
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model to predict the progression of the 

COVID-19 pandemic by Saqib [86]. 

Unsupervised 

Learning 

 K-Means The use of k-means to project the 

number of COVID-19 cases reported 

was covered by Vadyala et al. [87] In 

the United States of America, the K-

Means method was used to forecast 

COVID-19 instances by Zhang & Lin 

[88]. 

K-Medoids Indonesia's National Food Security 

during the COVID-19 epidemic 

utilized data mining techniques, 

including the k-medoids algorithm, as 

was discussed in by Elsi et al.[89] 

Fuzzy C-Means For detecting COVID-19 infection in 

chest X-rays, an intelligent model 

based on the Lévy slime mould 

algorithm and adaptive fuzzy C-

means has been constructed by Anter 

et al. [90] Using Fast Fuzzy C means 

clustering, ROI extraction in COVID-

19 CT lung images was mentioned by 

Chadaga et al. [91] The radiologists 

and other medical specialists benefited 

from this. 

Reinforcement 

Learning 

 Q-Learning Using multi-robot cooperation and the 

Q-learning approach, a strategy for the 

prevention of COVID-19 affected 

patients was provided by Sahu et al. 

[92] Miralles-Pechuán et al. [93] 

presented a novel methodology based 

on Deep Q-learning/Genetic 

Algorithms for optimizing Covid-19 

pandemic government activities. 
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Markov’s Decision Process Clinical risk factors of patients and the 

COVID-19 pandemic were analyzed 

using the epidemiological Markov 

model by W. Zhang et al. [94] 

8.3. Machine Learning Approaches for COVID-19 Forecast 

Researchers from MIT's CSAIL have developed two machine learning tools, OptiVax and 

EvalVax, to predict the number of people who will benefit from vaccines in the future, as effective 

vaccinations may not produce immunity for large populations due to individual responses [95]. 

OptiVax uses 11 pre-existing programs to test peptide and surface cell receptor combinations, 

identifying the best peptides for the surface cell receptor trench. The program classifies appropriate 

peptides from 155,000 samples and uses a beam scan tool, a common feature in natural language 

programs (NLP), to select the best set of peptides. 

EvalVax is a technology that uses population data from thousands of people to identify 

individuals with specific allele patterns and genetic variants of the surface cell receptor that function 

with specific peptide clusters. It predicts vaccine coverage and allows others to evaluate different 

vaccine formulations. OptiVax focuses on finding all possible peptide fragments from viral or tumor 

proteins that could be used as vaccine candidates. However, obtaining accurate data on genetic 

composition was a challenge. 

MIT and other companies are utilizing artificial intelligence and machine learning to identify 

and screen existing vaccines and medicines for COVID-19 treatment (Table 3) [96]. 

TCS Innovation Lab scientists in India have identified 31 molecular components from 1450 

molecules that could be potential COVID-19 vaccines [97]. Benevolent AI developed a COVID-19 

drug using AI-based discovery [98]. UK-based Exscientia and Diamond Light Source collaborated to 

identify compounds against COVID-19 using their 15000 clinically ready molecules [99]. Hong Kong-

based Insilco Medicine published 97 candidate epitopes for antigen production (Table 3) [100]. 

Table 3. Machine Learning Approaches for COVID-19 Forecast. 

Organization Principals Advantages Disadvantages 

MIT OptiVax works by looking 

for all possible peptide 

fragments from a set of 

viral or tumor proteins that 

could be used as vaccine 

candidates.  

This method 

improves the 

presentation 

likelihood of a 

diverse group of 

vaccine peptides 

based on the HLA 

haplotype 

distribution of a 

target human 

population and 

predicted epitope 

drift. 

Getting excellent data 

on how people differ 

in their genetic 

composition, 

particularly in 

important genes that 

affect the response to a 

vaccine or viral 

infection, was one of 

the hurdles. 

EvalVax is a 

complimentary technology 

they created that predicts 

vaccine coverage and 

allows others to evaluate 

different vaccine 

formulations. 
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TCS For the de novo design of 

small compounds capable 

of blocking the 3CL 

protease, they used deep 

neural network-based 

generative and predictive 

models. The small 

compounds that were 

created were filtered and 

screened against the 

binding site of SARS-3CL 

CoV-2's protease structure. 

They identified 31 

possible compounds 

as good candidates 

for further 

production and 

testing against SARS-

CoV-2 based on the 

screening results and 

additional research. 

This was done to make 

the challenge resemble 

the class of natural 

language processing 

(NLP) problems for 

which sophisticated 

AI models and 

architectures have 

been built throughout 

time. 

Benevolent AI Rather than focusing 

primarily on medications 

that could directly affect 

the virus, they investigated 

strategies to stop the virus 

from infecting human cells 

through biological 

processes. 

Find approved 

medications that 

could potentially 

stop COVID-19 from 

progressing, 

suppress the 

"cytokine storm," and 

minimize the 

inflammatory 

damage caused by 

the disease. 

Takes 1.5 hours to 

process. 

UK-based 

company 

Exscientia and 

Diamond Light 

Source and Calibr, 

a division of 

Scripps Research, 

US 

Applied improved 

biosensor platforms to 

screen the collection of 

15,000 clinically ready 

molecules. 

The first objective is 

to find any current 

medications that can 

be repurposed to 

protect humans. 

Discovering potential 

prospects among the 

currently available 

medications is difficult 

and time-consuming. 

Insilco Medicine, a 

Hong Kong-based 

pharmaceutical 

research company 

The seven promising 

compounds against 

COVID-19 were 

discovered, and two of 

Used Virtual Reality 

to Fine-Tune New 

AI-Generated 

COVID-19 Drugs 

Synthesis and 

validation could take a 

long time and cost a lot 

of money. 
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them have already been 

synthesized for testing. 

9. Reverse Vaccinology Approach 

Reverse vaccinology is a bioinformatic method that screens entire pathogen genomes to identify 

genes associated with good epitopes, which are peptides in antigens that antibodies form bindings 

with [101]. This technique is time and cost-efficient, reducing the number of proteins studied and 

allowing research of risky microorganisms [102]. After obtaining the genome sequence from multiple 

databases, it is crucial to identify all possible proteins using software packages [103,104]. This helps 

determine physicochemical properties to identify suitable antigens or vaccine candidates, leading to 

vaccine design. A detailed diagram will make the internal process of reverse vaccinology clear below 

(Figure 10). 

 

Figure 10. Internal process of reverse vaccinology [105]. 

Currently, several research groups are working on a potential COVID-19 vaccine using the 

reverse vaccinology technique. The following table describes the summarized overview of each 

research (Table 4). 
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Table 4. Overview of recent reverse vaccinology approaches of getting COVID-19 vaccine. 

Researc

h Group 

Datab

ase 

Target 

Protein

s 

B-cell 

and T-

cell 

Epitop

e 

Predic

tion 

 

Antigeni

city and 

Allergen

icity 

Test 

Molec

ular 

Docki

ng 

Immunoge

nicity 

Evaluation 

 

Energy 

Minimiz

ation 

and 

Binding 

Affinity 

Predictio

n 

In Silico 

Cloning 

and 

Codon 

Optimiz

ation 

Qamar 

et 

al.[106] 

GenB

ank 

S, E, M 

protein

s 

✔ ✔ ✔ ✔ •  ✔ 

Chen et 

al.[107] 

NCBI S, N 

protein

s 

✔ ✔ •  •  •  •  

Bhattach

arya et 

al.[108] 

NCBI S 

protein 

✔ ✔ ✔ •  •  •  

Ahmed 

et 

al.[109] 

UniPr

ot 

S 

protein 

✔ ✔ ✔ •  •  •  

Naz et 

al.[110] 

NCBI S 

protein 

✔ ✔ ✔ •  ✔ •  

Kar et 

al.[111] 

PDB 

(6VSB

) 

S 

protein 

✔ ✔ ✔ ✔ ✔ ✔ 

Robson[

112] 

GenB

ank 

and 

the 

Protei

n 

Data 

Bank 

S 

protein 

✔ •  •  •  •  •  
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Reverse Vaccinology with Machine Learning Approach 

Researchers have used machine learning and artificial intelligence to design the COVID-19 

vaccine, demonstrating the potential of reverse vaccination for faster and more accurate antigen 

prediction [115]. 

Table 5. Overview of the recent reverse vaccinology approach combined with the Machine Learning 

approach to get the COVID-19 vaccine. 

Resear

ch 

Group 

Databa

se 

Target 

Protei

ns 

B-cell 

and T-

cell 

Epitope 

Predicti

on 

 

Antigenic

ity and 

Allergeni

city test 

Molecu

lar 

Dockin

g 

Immunogen

icity 

Evaluation 

 

Energy 

Minimizat

ion and 

Binding 

Affinity 

Prediction 

In Silico 

Cloning 

and 

Codon 

Optimizat

ion 

ML 

Approach 

Ong et 

al.[116

] 

NCBI S, E, 

M, N 

protei

ns 

✔ ✔ •  ✔ •  •  Vaxign-

ML 

protegeni

city 

(protectiv

e 

antigenici

ty) score 

calculatio

n 

Enayatk

hani et 

al. [113] 

NCBI First S, 

E, M, N, 

ORF10, 

ORF8, 

ORF3a; 

then 

after 

the 

antigen

icity 

test N, 

ORF3a, 

and M 

✔ ✔ ✔ •  ✔ •  

Sarkar et 

al.[114] 

NCBI N, M, S, 

ORF3a 

✔ ✔ ✔ •  •  ✔ 
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The analysis of SARS-CoV-2's proteome revealed six adhesins, including the S protein and five 

non-structural proteins (nsp3, 3CL-pro, np8-10), crucial for viral adhesion and host invasion, and 

predicted by Vaxign-ML to induce high protective antigenicity.  

10. RNA Vaccine Design 

mRNA vaccines are a new type of vaccine platform that uses messenger RNA to instruct cells to 

produce a protein that triggers an immune response [117]. These vaccines work by delivering mRNA 

molecules into cells for the expression of a gene of interest, which in turn produces the antigen [117]. 

Three types of host cells can be transfected after administration: non-immune cells, immune cells 

found in tissues at the injection site, and immune cells in peripheral lymphoid organs [118]. 

MRNA vaccines are encapsulated in lipid nanoparticles (LNPs) to enter the target cell, as they 

are negatively charged and unstable [118]. The vaccine provides cells with a blueprint to construct 

the protein of the pathogen being studied [119], unlike traditional vaccines that contain a weakened 

or inactive pathogen to trigger an immune response. mRNA vaccines do not require actual exposure 

to the pathogen to mount an immune response, and the immune response elicits the production of 

antibodies that allow the body to develop immunity against the specific pathogen [119]. 

mRNA vaccines contain the coding region of S protein flanked by optimized 5'- and 3'-UTRs and 

polyA tail [117]. The mRNA molecules are modified with cap1 structure, pseudouridine substitution, 

preferred human codon usage, optimized UTR and polyA tail sequence to increase RNA stability and 

translation efficiency [117]. 

mRNA vaccines are synthesized via IVT and encapsulated with LNP for intramuscular injection 

(IM injection) [117]. They are delivered into muscle cells or antigen-presenting cells via endocytosis 

[117], with translation taking place in the cytoplasm rather than the nucleus. mRNA is a safer vector 

than DNA because it carries a short sequence to be translated, is a transient molecule, and does not 

interact with the host genome [117]. 

11.1. Effectiveness of mRNA vaccines in preventing COVID-19 

mRNA vaccines have been found to be highly effective in preventing COVID-19 [117], with 

clinical trials confirming their high efficacy [117]. These vaccines are crucial for achieving herd 

immunity and decreasing future surges of COVID-19 infections [119]. Early data suggests a reduction 

in the number of infected individuals, and the safety data of mRNA vaccines against COVID-19 are 

reassuring [120]. Encapsulated mRNA in lipid nanoparticles facilitate mRNA uptake and 

endocellular penetration, protecting against degradation. mRNA vaccines can induce antibody and 

cell-mediated immune responses and have demonstrated efficacy in preventing COVID-19 [120]. 

The ongoing COVID-19 pandemic highlights the urgent need for safe and effective vaccines 

[121], and mRNA vaccine technology has the most promising application prospects for COVID-19 

[122,118]. mRNA vaccines, including Pfizer-BioNTech and Moderna, were the fastest vaccine 

development in medical history. Pfizer-BioNTech was the first COVID-19 vaccine approved for 

commercialization by the FDA and for use in children aged 5-11 [118]. 

Previous vaccination with a 2-dose mRNA vaccine has been associated with hospitalization for 

COVID-19, suggesting that mRNA vaccines may be effective in preventing severe COVID-19 that 

requires hospitalization. Two mRNA vaccines against COVID-19 have completed late-stage clinical 

assessment at an unprecedented speed and reported positive results [122]. 

11.2. Reported Side Effects of mRNA Vaccines 

The mRNA vaccines have been reported to have mild to moderate side effects, usually localized 

to the injection site and resolving quickly. Symptoms usually arise within 24 hours of vaccination and 

resolve quickly [119]. Common side effects include chills, headache, injection site pain, fatigue, and 

myalgias, especially among those over 55 years old. A higher incidence of local and systemic reactions 

was reported following the second vaccine dose [119]. Only two systemic adverse events were 

classified as severe. Of the 71 adverse events reported, 17 were associated with the vaccine [119]. 
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However, no serious side effects have been identified in the ongoing phase 3 clinical trials for both 

the Moderna and Pfzier/BioNTech mRNA vaccines [119]. Other systemic side effects, such as fatigue, 

fever, headache, myalgias, and arthralgias, occur more frequently with the vaccine than with the 

placebo, with most occurring within 1 to 2 days following vaccination [119]. Hypersensitivity adverse 

side effects were equivalent in both the placebo and vaccine groups. Mild local side effects, such as 

heat, pain, redness, and swelling, are more common with the vaccines than with the placebo [119]. 

11. Conclusions and Future Directions 

The development of a rational vaccine for SARS-CoV-2 is a complex task due to various factors. 

The need for different vaccine types for different populations, such as infants, children, pregnant 

women, and immunocompromised individuals [123], and the need for post-marketing surveillance 

to record adverse events. Most vaccines target the healthy population, 18-55 years old adults, making 

a safe regulatory pathway necessary. DNA-based vaccines generate high titer of neutralizing 

antibodies when given with an inactivated vaccine but can cause adverse events (ADE) when used 

alone. DNA-based vaccines are unproven in practice, while RNA vaccines have the potential to 

induce ADE [123]. Limited information on antibodies targeting the S2 subunit of the spike protein 

poses challenges in developing a rational vaccine for SARS-CoV-2. Antibody-dependent 

enhancement (ADE) can worsen disease after the second infection with other serotypes due to pre-

existing vaccine-elicited antibodies with low or no cross-neutralizing activity. Optimizing animal 

models and further investigating ADE risk about SARS-CoV-2 are necessary. The conformational 

shift induced by the D614G mutation could influence the effectivity of some NAbs, making it 

challenging to develop a rational vaccine [123]. 

12.1. Potential Drawbacks of Rational Vaccines for SARS-CoV-2 

The development of rational vaccines for SARS-CoV-2 is promising, but there are potential 

drawbacks [123]. The effectiveness of vaccines varies across age groups, with older individuals 

showing lower efficacy compared to younger adults. Low-dose vaccines may be necessary for 

children due to increased reactogenicity. Fast-tracking vaccine development can lead to incomplete 

or limited data, resulting in ineffective vaccines or adverse events [123]. Building trust in public 

health systems through transparency and accurate reporting is crucial. The risk of vaccine-associated 

enhanced respiratory disease (VAERD) and ADE must also be considered. High viral loads may lead 

to VAERD, while inactivated vaccine candidates pose a risk of ADE [123]. ADE has been reported in 

other coronaviruses and could be a risk for CVCs. State-sponsored vaccine candidates in Russia and 

China may also have limited data. Therefore, careful consideration of these potential drawbacks is 

necessary when developing rational vaccines for SARS-CoV-2 [123]. 

12.2. The ways to address challenges and drawbacks in the development and distribution of a rational vaccine 

for SARS-CoV-2 

The development and distribution of a rational vaccine for SARS-CoV-2 is crucial in the fight 

against COVID-19. However, there are several challenges and drawbacks associated with vaccine 

design. One major challenge is the potential development of resistance to RBD-targeting NAbs due 

to naturally occurring mutations of SARS-CoV-2 [124]. Cocktail antibodies targeting two 

independent epitopes of RBD can neutralize mutated variants and reduce the emergence of resistance 

strains compared to single mAb treatment [124]. Combination treatment of two or more NAbs 

targeting distinct epitopes is an effective means to suppress escape variants [124]. 

Another challenge is the long-term clinical trials and uncertainty of vaccine efficacy in humans 

[124]. Information collected about the immune responses in COVID-19 patients can aid in the 

development of a rational vaccine. Developing SARS-CoV-2 NAbs that target the trimeric spike (S) 

glycoproteins and have the capacity to elicit high levels of neutralizing antibodies is a part of the 

strategy for the treatment of COVID-19 [124]. 
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Currently, there are no approved vaccines or specific therapeutics against COVID-19, but 

monoclonal antibodies and polyclonal antibodies have been reported under different states of clinical 

trials. Cocktail antibodies are considered a superior therapy against SARS-CoV-2 in preclinical 

studies [124]. The progress of clinical trials for specific antibodies, such as LY-CoV555 and NAb CB6, 

provides hope for the development of an effective treatment for COVID-19 [124]. 
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