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Abstract: SARS-CoV-2, the causative agent of COVID-19, represents a significant global 

health challenge. The continuous emergence of variants with immune-evasion capabilities, 

particularly Delta, Beta, and Omicron, has raised concerns about the long-term efficacy of 

current vaccines. These variants harbor mutations in the spike protein that alter viral binding 

affinity and enable escape from vaccine-induced neutralizing antibodies. This research 

examines vaccine design strategies targeting breakthrough variants, with particular focus on 

antibody-tolerant functions and mutational adaptability characteristics. We analyze 

modifications in spike protein configuration and function, especially within the receptor-

binding domain (RBD), which primarily contributes to immune escape. Additionally, we 

evaluate how these mutations impact vaccine development and propose broad-spectrum 

protection strategies. By integrating insights from molecular evolution, structural biology, 

and immunology, this study provides a comprehensive framework for understanding SARS-

CoV-2 and offers novel perspectives on future vaccine design. Our findings underscore the 

importance of developing mutation-responsive vaccines and therapeutic approaches to 

address continuously evolving viral threats. 
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1. Introduction 

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) emerged in Wuhan, China in 

December 2019, precipitating an unprecedented global pandemic that continues to pose significant 

public health challenges in 2025 and beyond [1]. According to the World Health Organization (WHO), 

SARS-CoV-2 has resulted in over 776.8 million confirmed COVID-19 cases and more than 7 million 

deaths as of November 10, 2024. This extraordinary global impact underscores the critical importance 

of understanding viral evolution and developing effective countermeasures[2]. 

Widespread vaccination programs have significantly reduced SARS-CoV-2 mortality rates while 

the virus maintains its characteristic high transmissibility. Since the authorization of the first COVID-

19 vaccine on July 22, 2020, approximately 13.59 billion vaccine doses have been administered 

globally as of February 2024 [3]. The current vaccine landscape encompasses multiple technological 

platforms, including mRNA-based vaccines, adenoviral vectors (Ad26.COV2.S), inactivated 
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vaccines, and protein subunit vaccines [4]. Each platform presents distinct advantages and limitations 

in clinical application. While mRNA vaccines represent cutting-edge technology, they face 

challenges related to stability and potential immunological side effects. Adenoviral vector vaccines 

demonstrate enhanced stability profiles and versatility across diverse population demographics. 

Traditional inactivated vaccines, though requiring a three-dose regimen, provide robust protection 

through well-established immunological mechanisms. Recent evidence suggests that heterologous 

prime-boost strategies combining mRNA and inactivated vaccines may optimize immunological 

responses through complementary activation pathways[5]. 

The rapid evolutionary dynamics of SARS-CoV-2 have generated multiple variants of concern 

(VOCs), including Alpha, Beta, and Omicron, characterized by enhanced transmissibility, immune 

evasion capabilities, and breakthrough infection potential6]. The occurrence of breakthrough 

infections in vaccinated individuals has raised significant concerns regarding vaccine efficacy and 

necessitates the development of next-generation vaccines targeting emergent variants. This research 

aims to analyze the molecular determinants of viral adaptability, characterize mutational signatures 

associated with immune escape, and develop predictive frameworks for vaccine design strategies 

targeting potential future variants. Additionally, we seek to evaluate proactive vaccine development 

approaches that can be implemented before variant emergence. 

Our investigation specifically focuses on understanding immune escape mechanisms in 

breakthrough variants, particularly Omicron and Delta, and their implications for current vaccine 

efficacy. This research will elucidate the molecular mechanisms underlying breakthrough variant 

immune escape and inform the rational design of broad-spectrum vaccines targeting conserved viral 

epitopes. The manuscript systematically addresses these objectives through a structured approach, 

beginning with a comprehensive introduction contextualizing the SARS-CoV-2 pandemic and current 

vaccine landscape. Subsequent sections examine the fundamental principles of existing vaccine 

platforms, analyze the impact of viral mutations on vaccine neutralization efficacy, propose 

approaches for developing broadly protective vaccines targeting conserved regions, and synthesize 

key findings and implications for future vaccine development strategies. 

Through this systematic investigation, we aim to contribute crucial insights into SARS-CoV-2 

variant evolution and vaccine development, ultimately advancing our capability to respond 

effectively to emerging viral threats. The findings will have significant implications for public health 

strategies and the future development of broad-spectrum coronavirus vaccines. 

2. Theoretical Research 

The development of SARS-CoV-2 vaccines has yielded three primary technological platforms. 

mRNA-based vaccines operate by delivering specific genetic instructions that guide host cells to 

produce viral S protein[7]. Upon intramuscular administration, myocytes synthesize and display S 

protein fragments on their surface, thereby inducing protective antibody responses against SARS-

CoV-2 [8]. Carrier vaccines utilize modified viral vectors to incorporate SARS-CoV-2 components, 

specifically engineering cellular machinery to replicate the S protein. This process triggers immune 

system activation through antibody production and T-cell recruitment. In contrast, protein subunit 

vaccines contain purified S proteins, which directly stimulate immune recognition and subsequent 

generation of protective antibodies and cellular immune responses [9]. 

Vaccine development strategies targeting the Spike protein implement four distinct 

methodological approaches, all utilizing full-length Spike protein as the primary antigen. This 

comprehensive strategy enables the induction of broad-spectrum immune responses against multiple 

Spike protein epitopes, encompassing both neutralizing antibodies and cellular immune components, 

thus providing effective viral neutralization [10]. The receptor binding domain (RBD) approach 

involves expressing the RBD-encoding gene in various expression systems, including insect cells and 
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Escherichia coli, to generate recombinant RBD protein antigens. Experimental validation in animal 

models demonstrates that RBD-based vaccines successfully induce protective antibody responses 

capable of viral neutralization [11]. 

Despite significant advances in COVID-19 vaccine development and implementation, critical 

challenges persist regarding RBD-mediated antibody escape mechanisms. This phenomenon 

manifests through three distinct pathways: (1) alteration of antibody binding sites that diminishes 

antibody-RBD interaction efficacy, leading to reduced neutralization; (2) conformational changes in 

protein structure that impair antibody recognition; and (3) enhanced receptor binding affinity. Notably, 

specific RBD mutations can strengthen the interaction between viral Spike protein and host cellular 

receptors, facilitating more efficient viral entry. 

The evolution of SARS-CoV-2 variants presents ongoing challenges for vaccine development, 

necessitating focused research on antibody tolerance and mutational adaptability. These 

investigations are crucial for developing next-generation vaccines capable of providing broad-

spectrum protection against emerging viral variants. 

3. Research Challenges 

The global vaccine rollout has revealed several critical challenges. Despite high vaccination rates in 

Western nations, breakthrough infections in fully immunized individuals continue to rise globally 

[12]. This phenomenon is attributed to two primary factors: the emergence of SARS-CoV-2 variants 

of concern (VOCs), particularly Omicron subvariants that demonstrate reduced susceptibility to 

vaccine-induced antibodies [13], and the temporal decline in serum antibody levels. Studies indicate 

that spike protein-specific antibody concentrations significantly decrease six months post-vaccination 

[14], potentially compromising infection prevention and transmission control [15,16]. 

The spike protein, the primary target for neutralizing antibodies in both convalescent sera and 

vaccine-induced immunity [17], plays a crucial role in viral entry through its interaction with ACE2 

[18]. This process is facilitated by transmembrane protease serine 2 (TMPRSS2), which cleaves S1 

and S2 at the S2′ site adjacent to the furin cleavage site (FCS), optimizing cellular infection [19]. The 

receptor-binding domain (RBD) within S1 mediates binding to the host cell ACE2 receptor, 

facilitating viral membrane-host cell membrane fusion [20]. 

The emergence of variants such as Omicron and Delta has significantly impacted vaccine efficacy. 

Notably, Omicron's Δ143-145 mutation alters the N3 loop structure, potentially enabling escape from 

anti-NTD neutralizing antibodies. This necessitates urgent investigation into Omicron's impact on the 

neutralization capacity of diverse anti-RBD antibody classes and epitopes. 

While vaccination remains crucial for global disease control, variant emergence has compromised 

vaccine effectiveness. Although current vaccines maintain protection against severe disease, their 

efficacy against emerging variants is suboptimal. Future vaccine development must specifically target 

variant characteristics, including immune escape mechanisms and enhanced cellular entry capabilities 

demonstrated by Omicron, Delta, and other variants. 

The global vaccine distribution inequity presents additional challenges. Disproportionate 

vaccination rates worldwide create conditions conducive to increased immune escape risk through 

enhanced viral transmission and evolution. In regions with low vaccination coverage, unrestricted 

viral transmission facilitates adaptive mutations, potentially accelerating variant evolution toward 

increased transmissibility and pathogenicity. These emerging variants complicate prevention and 

control measures, presenting unprecedented challenges to global healthcare systems. 
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4. Solutions to the problems 

Vaccination remains the most effective strategy for limiting the spread of SARS-CoV-2 and other 

viral pathogens. Developing new vaccines for variants is necessary for future pandemic preparedness, 

while biological and computational modeling provides valuable tools to predict SARS-CoV-2 viral 

dynamics. Current vaccine design strategies focus on two promising approaches: universal vaccines 

targeting conserved regions and multiepitope vaccines. 

Universal vaccines aim to target highly conserved regions of viral proteins to reduce the possibility 

of immune escape through mutation. When developing vaccines against viruses with multiple strains 

or variants, researchers exploit conserved epitopes that remain consistent across different viral strains 

[21]. For example, in influenza vaccine development, a common approach for creating universal 

vaccines has been to target conserved epitopes on the hemagglutinin (HA stalk) or the matrix 

ectodomain (M2e) [22-28]. 

For SARS-CoV-2, the S2 subunit contains highly conserved epitopes capable of inducing broadly 

neutralizing antibodies and eliciting robust humoral and cell-mediated immune responses. However, 

these conserved regions in S2 can be weak immunogens or remain inaccessible to the immune system. 

Through strategic vaccine design, these antigens can be modified to enhance their immunogenicity. 

While S2 shows significant promise, neutralizing epitopes on the S1 subunit remain critically 

important. Therefore, when designing a multi-epitope universal antigen targeting SARS-CoV-2 

variants, it is essential to incorporate the highly conserved HR2 domain alongside other identified 

conserved epitopes on the NTD, RBD, FP, and HR1 regions [21]. 

Multiepitope vaccines demonstrate high structural stability and can induce specific immune 

responses, representing a potential strategy against SARS-CoV-2. The development of multiepitope 

vaccines primarily involves T-cell epitope prediction (including cytotoxic T lymphocyte (CTL) and 

helper T lymphocyte (HTL) epitope prediction) and B-cell epitope prediction. The latter is 

particularly important for IFN-γ epitope prediction, which plays a significant role in antiviral, anti-

tumor, and immune regulatory activities. 

In recent studies, immunoinformatic tools have been used to construct multi-epitope vaccines 

against SARS-CoV-2 comprising CTL, HTL, and IFN-γ epitopes capable of triggering strong 

immune responses. These designed multi-epitope vaccines have demonstrated both antigenic and 

immunogenic properties [29], suggesting their potential effectiveness for future vaccine development 

strategies. 

5. Building Biology and Computational Modeling 

With the high mutation rate of SARS-CoV-2, predicting viral evolution trends is both crucial and 

complex. Developing data models that can anticipate mutational patterns, especially recent mutations, 

provides essential blueprints for diagnosis, treatment strategies, and vaccine development[30]. 

The process of building biological and computational models begins with formulating precise 

research questions. These questions typically center on genomic locations, so establishing genomic 

coordinates constitutes the first step. Next, developing predictive functions incorporating key 

independent variables such as historical mutation rates and daily mutational frequencies creates the 

foundation for modeling. These functions analyze historical patterns to generate forward-looking 

predictions. 

The second phase leverages machine learning methodologies for data modeling and performance 

evaluation, including the capability to anticipate unforeseen mutations. While predicting real-time 

frequency and characteristics of mutations remains challenging due to their complexity and 

unpredictability, the data transformation strategy developed by Zhou and Hu [31] offers a promising 

framework for this analysis. 
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6. Global Vaccine Allocation and Vaccination Strategies 

6.1. Fair Resource Allocation 

6.1.1. Establish a Global Vaccine Allocation Fund 

Governments, international organizations, and charitable foundations should jointly contribute to 

establishing a dedicated fund. Vaccine procurement resources should be allocated according to 

scientific criteria, incorporating factors such as population size, economic development level, and 

epidemic severity. Priority support should be directed to low-income countries experiencing severe 

outbreaks to ensure vaccine affordability and accessibility. 

6.1.2. Optimize the Vaccine Supply Chain 

This requires strengthening international logistics cooperation, establishing dedicated vaccine 

transportation channels, and coordinating with customs authorities to streamline procedures. Building 

regional vaccine reserve centers in proximity to production facilities facilitates timely distribution, 

reducing delivery timeframes and associated costs. 

6.2. Enhance Vaccination Capabilities 

6.2.1. Train Professional Vaccinators 

Countries should organize comprehensive vaccination skill training programs for healthcare 

personnel, with particular emphasis on those serving in underdeveloped regions. Vaccination 

protocols and adverse reaction management knowledge should be disseminated through both online 

and offline channels to elevate overall vaccination competency. 

6.2.2. Improve Vaccination Infrastructure 

Temporary vaccination sites should be established in remote and densely populated low-resource 

areas, equipped with appropriate refrigeration and medical supplies. Mobile vaccination units can 

provide door-to-door services in communities and villages, enhancing convenience and accessibility 

for residents. 

7. Conclusions 

SARS-CoV-2 variants such as Delta and Omicron harbor significant mutations in the spike protein, 

particularly within the receptor-binding domain (RBD). These mutations alter viral binding affinity, 

enabling immune escape and substantially compromising current vaccine efficacy. To address these 

challenges, this research proposes two promising vaccine design strategies. Universal vaccines target 

highly conserved viral regions, specifically the conserved epitopes of the S2 subunit, to minimize 

immune escape risk. Complementarily, multiepitope vaccines, developed through sophisticated T and 

B cell epitope prediction, demonstrate capacity to induce robust immune responses. 

Vaccine design innovation remains critical as emerging variants continue to challenge global 

health systems. Future vaccines must demonstrate adaptability to maintain effectiveness against 

evolving viral strains, thereby protecting public health and mitigating pandemic impact. 

Future vaccine development efforts should be tightly integrated with global epidemiological 

surveillance. Scientists must continuously monitor viral mutational adaptability while considering 

worldwide immunization coverage disparities. This necessitates optimizing vaccine allocation 

strategies to ensure equitable distribution and enhancing vaccination capabilities across diverse global 
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settings. Through these coordinated approaches, the international community can mount more 

effective responses to emerging variants and better control the global transmission of SARS-CoV-2. 
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