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Abstract The emergence of various SARS-CoV-2 variants has posed significant challenges to the efficacy of COVID-19 vaccines.
This stdy assesses the protection levels offered by different COVID-19 vaccines against multiple SARS-CoV-2 variants, including
Alpha (B.1.1.7), Beta (B.1.351), Gamma, and Delta (B.1.617.2). The ChAdOx1 nCoV-19 (AZD1222) vaccine demonstrated reduced
neutralization activity against the B.1.1.7 variant but maintained clinical efficacy. Full vaccination with mRNA vaccines showed high
effectiveness against the Alpha variant and moderate effectiveness against Beta/Gamma and Delta variants, while partial vaccination
was less effective. The BNT162b2 and ChAdOx1 nCoV-19 vaccines exhibited lower effectiveness after one dose against the Delta
variant compared to the Alpha variant, but two doses provided substantial protection. The ChAdOx1 nCoV-19 vaccine showed
limited efficacy against mild-to-moderate COVID-19 caused by the B.1.351 variant. Overall, while vaccines have significantly
reduced the incidence and severity of COVID-19, the emergence of new variants necessitates ongoing evaluation of vaccine efficacy
and potential updates to vaccine formulations.
Keywords COVID-19 vaccines; SARS-CoV-2 variants; Vaccine efficacy; Neutralization activity; Immunogenicity

1 Introduction
The COVID-19 pandemic, caused by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), has led
to an unprecedented global health crisis. In response, several vaccines have been developed and deployed at an
extraordinary pace. Among the most prominent are the mRNA-based vaccines, such as BNT162b2
(Pfizer-BioNTech) and mRNA-1273 (Moderna), which have demonstrated high efficacy in preventing
symptomatic COVID-19 in clinical trials (Baden et al., 2020; Thompson et al., 2021). These vaccines work by
encoding the spike protein of SARS-CoV-2, thereby eliciting an immune response that provides protection against
the virus (Mulligan et al., 2020). Other vaccines, including viral vector vaccines like ChAdOx1 (AstraZeneca) and
Ad26.COV2.S (Johnson and Johnson), have also been widely used and shown to be effective (Lauring et al., 2022;
Zhang et al., 2023).

The emergence of SARS-CoV-2 variants, such as Alpha (B.1.1.7), Beta (B.1.351), Delta (B.1.617.2), and Omicron
(B.1.1.529), has raised concerns about the continued efficacy of existing vaccines. These variants have mutations
that may affect the virus's transmissibility and its ability to evade the immune response induced by vaccination
(Mulligan et al., 2020; Chemaitelly et al., 2021). For instance, the Delta variant has been associated with reduced
vaccine effectiveness, necessitating booster doses to maintain high levels of protection (Mulligan et al., 2020).
Similarly, the Omicron variant has shown a significant reduction in neutralization by antibodies generated from
previous infection or vaccination, although booster doses have been shown to enhance protection (Mulligan et al.,
2020; Fiolet et al., 2021). The effectiveness of vaccines against these variants varies, with mRNA vaccines
generally showing higher efficacy compared to other types (Haas et al., 2021; Zeng et al., 2021).

This study provides a comprehensive assessment of the protection levels offered by COVID-19 vaccines against
different SARS-CoV-2 variants. By synthesizing data from various studies, to understand the extent to which
these vaccines remain effective in the face of emerging variants and to identify any gaps in protection that may
need to be addressed through booster doses or new vaccine formulations. Understanding the impact of variants on
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vaccine efficacy is crucial for guiding public health strategies and ensuring that vaccination campaigns remain
effective in controlling the pandemic.

2 Overview of COVID-19 Variants
2.1 Emergence of major variants
The COVID-19 pandemic has been marked by the emergence of several significant SARS-CoV-2 variants, each
characterized by unique mutations in the spike protein. These mutations have influenced the virus's
transmissibility, virulence, and ability to evade immune responses. The World Health Organization (WHO) has
classified these variants into categories such as Variants of Concern (VOC), Variants of Interest (VOI), and
Variants Under Monitoring (VUM) based on their impact on public health (Thakur et al., 2022).

The first major variant to gain global attention was the D614G mutation, which became predominant worldwide
by mid-2020 (Hossain et al., 2021). Following this, four major VOCs were identified: Alpha (B.1.1.7) in the UK,
Beta (B.1.351) in South Africa, Gamma (P.1) in Brazil, and Delta (B.1.617.2) in India (Tao et al., 2021). These
variants share several mutations, particularly in the spike protein, which have been linked to increased
transmissibility and potential immune escape (Hossain et al., 2021; Tao et al., 2021).

2.2 Immune evasion mechanisms
SARS-CoV-2 variants have developed various mechanisms to evade the immune system, complicating efforts to
control the pandemic through vaccination and therapeutic interventions. The spike protein mutations, particularly
in the receptor-binding domain (RBD), play a crucial role in immune evasion. For instance, the E484K mutation
found in the Beta and Gamma variants significantly reduces the neutralization capacity of antibodies from
convalescent plasma and vaccinated individuals (Hoffmann et al., 2021; Wang et al., 2021).

The Beta variant (B.1.351) is notably resistant to neutralization by most monoclonal antibodies targeting the
N-terminal domain (NTD) and RBD, largely due to the E484K mutation (Wang et al., 2021). Similarly, the
Gamma variant (P.1) also exhibits resistance to neutralizing antibodies, which poses challenges for monoclonal
antibody therapies and vaccine efficacy (Hoffmann et al., 2021). The Delta variant (B.1.617.2) has shown reduced
susceptibility to neutralization by sera from vaccinated individuals, indicating the need for continuous monitoring
and potential updates to vaccine formulations (Lazarević et al., 2021).

2.3 Global spread and its impact
The global spread of these variants has had profound implications for public health measures, vaccine efficacy,
and the overall trajectory of the pandemic. The Alpha variant (B.1.1.7) demonstrated a higher transmissibility
rate, leading to its rapid spread across more than 50 countries and necessitating stricter public health measures
(Hossain et al., 2021). The Beta variant (B.1.351) and Gamma variant (P.1) have also spread internationally,
albeit to a lesser extent, but their ability to evade immune responses has raised significant concerns (Hossain et
al., 2021).

The Delta variant (B.1.617.2) has been particularly impactful, becoming the dominant strain in many regions due
to its high transmissibility and partial resistance to neutralization by antibodies (Lazarević et al., 2021). This
variant's spread has led to increased infection rates, hospitalizations, and deaths, even in populations with high
vaccination coverage (Lazarević et al., 2021). The emergence of new variants such as the New York variant
(B.1.526) and the California variant (B.1.427/B.1.429) further underscores the dynamic nature of the virus and the
ongoing need for vigilant surveillance and adaptive public health strategies (Hossain et al., 2021; Xu and Li,
2024).

The emergence and spread of SARS-CoV-2 variants have significantly influenced the course of the COVID-19
pandemic. These variants have introduced new challenges in terms of increased transmissibility, immune evasion,
and the need for continuous updates to vaccines and therapeutic approaches. Ongoing research and global
cooperation are essential to address these challenges and mitigate the impact of current and future variants on
public health.
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3 Vaccine Effectiveness Against Variants
3.1 Protection against Alpha variant
The Alpha variant (B.1.1.7) was one of the first variants of concern to emerge, leading to significant global spread.
Studies have shown that the initial COVID-19 vaccines provided robust protection against this variant. For
instance, a study conducted in the United States demonstrated that mRNA vaccines were highly effective in
preventing hospital admissions due to the Alpha variant, with an effectiveness rate of 85% after two doses
(Lauring et al., 2022). Similarly, a Danish nationwide cohort study reported a vaccine effectiveness (VE) of 90.7%
against Alpha infection 14 to 30 days post-vaccination, which waned to 73.2% after more than 120 days (Gram et
al., 2022). These findings underscore the high initial effectiveness of the vaccines against the Alpha variant,
although a gradual decline in protection over time was observed.

3.2 Effectiveness against delta variant
The Delta variant (B.1.617.2) posed a more significant challenge due to its higher transmissibility and partial
immune escape capabilities. Vaccine effectiveness against the Delta variant was generally lower compared to the
Alpha variant but still substantial. In the United States, mRNA vaccines showed an effectiveness of 85% against
hospital admissions after two doses, which increased to 94% after a third dose (Lauring et al., 2022). A study in
England found that vaccine effectiveness against symptomatic disease caused by the Delta variant was 65.5%
after two doses of the BNT162b2 (Pfizer-BioNTech) vaccine, dropping to 8.8% at 25 or more weeks
post-vaccination. However, a booster dose significantly increased protection, with effectiveness rising to 67.2%
shortly after the booster (Andrews et al., 2022).

In Denmark, the VE against Delta infection was 82.3% shortly after vaccination, decreasing to 50.0% after more
than 120 days. The third dose substantially increased protection, with VE estimates of 86.1% against Delta
infection 14 to 30 days post-vaccination (Figure 1) (Gram et al., 2022). These results highlight the importance of
booster doses in maintaining high levels of protection against the Delta variant.

Figure 1 Adjusted VE against COVID-19-related hospitalization after 2 or 3 doses of BNT162b2 mRNA or mRNA-1273 by
SARS-CoV-2 variant and age group (Adopted from Gram et al., 2022)
Image caption: Panel a represents VE against COVID-19 hospitalization after 2 doses. Panel b represents adjusted VE against
COVID-19 hospitalization after 3 doses. The VE estimates are adjusted for underlying calendar time, age, sex, comorbidity, and
geographical region. CI, confidence interval; COVID-19, Coronavirus Disease 2019; SARS-CoV-2, Severe Acute Respiratory
Syndrome Coronavirus 2; VE, vaccine effectiveness (Adopted from Gram et al., 2022)

3.3 Effectiveness against Omicron variant
The Omicron variant (B.1.1.529) has presented the most significant challenge to vaccine effectiveness due to its
extensive mutations, particularly in the spike protein, which have led to increased immune evasion. Initial studies
indicated that the primary vaccination series provided limited protection against Omicron infection. For example,
a systematic review found that the protection from primary vaccination against Omicron infection was inferior to
that against Delta and Alpha infections, with effectiveness waning faster over time (Paul et al., 2023). Another
study reported that vaccine effectiveness against symptomatic disease caused by Omicron was only 65% shortly
after two doses, dropping to 8.8% at 25 or more weeks (Andrews et al., 2022).
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However, booster doses have been shown to significantly improve protection against Omicron. A Danish study
reported that the third dose increased VE against Omicron infection to 57.7% shortly after the booster, although
this protection also waned over time (Gram et al., 2022). Similarly, a meta-analysis found that a booster dose
restored protection against Omicron infection up to 51.1% within three months, although this waned to 32.8%
within six months (Mohammed et al., 2023). Despite the reduced effectiveness against infection, vaccines have
maintained high effectiveness against severe outcomes. For instance, the VE against Omicron-associated
hospitalization remained high, with estimates of 95.5% or above shortly after vaccination (Gram et al., 2022).

While the primary vaccination series provides limited and short-lived protection against Omicron infection,
booster doses significantly enhance and prolong protection. However, the effectiveness of these boosters also
wanes over time, indicating the potential need for regular booster doses to maintain high levels of immunity
against the Omicron variant.

4 The Waning of Vaccine Protection and the Efficacy of Booster Shots
4.1 Waning vaccine efficacy
The efficacy of COVID-19 vaccines has been shown to decline over time, a phenomenon observed across various
vaccine types and populations. Studies have consistently reported a significant reduction in antibody levels and
vaccine effectiveness within months following the completion of the primary vaccination series. For instance, a
systematic review highlighted that the peak humoral response is typically reached 21-28 days after the second
dose of mRNA vaccines, after which antibody levels progressively diminish. By 4-6 months post-vaccination,
there is a notable decline in both anti-receptor binding domain immunoglobulin G (IgG) and anti-spike IgG levels,
with reductions ranging from 55% to 95% depending on the time frame and specific antibody measured (Notarte
et al., 2021).

This waning immunity is not limited to mRNA vaccines. Similar trends have been observed with other vaccine
platforms, including inactivated vaccines. For example, a study on the BBIBP-CorV vaccine reported a significant
decrease in antibody levels three months after the second dose, underscoring the need for booster doses to
maintain adequate protection (Chansaenroj et al., 2022). The decline in vaccine efficacy is particularly concerning
in the context of emerging variants of concern (VOCs) such as Delta and Omicron, which have shown the ability
to partially evade immunity conferred by the initial vaccination series (Menegale et al., 2023).

4.2 Immune response mechanism of boosters
Booster doses are designed to reinvigorate the immune system by enhancing both humoral and cellular responses.
The administration of a booster dose has been shown to significantly increase neutralizing antibody titers against
SARS-CoV-2, including its variants. For instance, a meta-analysis demonstrated that the first booster dose of
COVID-19 vaccines could induce higher seroconversion rates and neutralizing antibody titers compared to the full
vaccination series, thereby providing robust cellular immune responses (Xu et al., 2023).

The mechanism behind this enhanced response involves the reactivation of memory B cells and T cells, which are
crucial for long-term immunity. Boosters help in generating a more potent and durable immune response by
increasing the quantity and quality of antibodies. This is particularly important for older adults, who may have a
weaker initial response to vaccination. A study comparing homologous and heterologous mRNA vaccine boosters
found that heterologous boosters (e.g., BNT162b2 followed by mRNA-1273) induced a stronger neutralizing
response against the Omicron variant, especially in older individuals (Poh et al., 2022).

4.3 Clinical effects of boosters
The clinical benefits of booster doses are evident in their ability to reduce the risk of SARS-CoV-2 infection and
severe COVID-19 outcomes. A comprehensive meta-analysis revealed that individuals who received a booster
dose had significantly lower risks of infection, ICU admission, and death compared to those who only completed
the primary vaccination series. The risk ratios for these outcomes were markedly lower in the booster group,
indicating the substantial protective effect of booster doses (Xu et al., 2023).
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Moreover, booster doses have been shown to enhance protection against various VOCs. For example, a study on
the inactivated COVID-19 vaccine BBV152 (Covaxin) reported that a third dose significantly elevated neutral

5 Case Studies of Vaccine Effectiveness Against Variants
5.1 Case study 1: vaccine effectiveness in the U.S. against alpha and delta variants
In the United States, the effectiveness of COVID-19 vaccines against the Alpha (B.1.1.7) and Delta (B.1.617.2)
variants has been extensively studied. The mRNA vaccines, particularly BNT162b2 (Pfizer-BioNTech) and
mRNA-1273 (Moderna), have shown high efficacy against these variants. A study conducted across 21 hospitals
in the U.S. found that two doses of mRNA vaccines were 85% effective in preventing hospital admissions due to
the Alpha variant and 85% effective against the Delta variant. However, the effectiveness against the Delta variant
increased to 94% with a third dose (Figure 2) (Lauring et al., 2022).

Figure 2 Vaccine effectiveness (VE) of mRNA vaccines to prevent hospital admissions with covid-19 by variant group, including
alpha, delta, and omicron (Adopted from Lauring et al., 2022)
Image caption: Groups with ≥150 cases and controls were reported. Groups with <150 cases or <150 controls were not reported
owing to low precision of VE estimates with these sample sizes. †Obtained using structured medical chart review, and defined as one
or more of the following: active solid organ cancer (active cancer defined as treatment for the cancer or newly diagnosed cancer in
past six months), active hematologic cancer, HIV infection without AIDS, AIDS, congenital immunodeficiency syndrome, previous
splenectomy, previous solid organ transplant, immunosuppressive drugs, systemic lupus erythematosus, rheumatoid arthritis,
psoriasis, scleroderma, or inflammatory bowel disease, including Crohn’s disease or ulcerative colitis. ‡Obtained using structured
medical chart review, and defined as conditions within one or more of the following categories: cardiovascular disease, neurologic
disease, pulmonary disease, gastrointestinal disease, endocrine disease, renal disease, hematologic disease, malignancy,
immunosuppression not captured in other categories, autoimmune condition, or other condition (sarcoidosis, amyloidosis, or
unintentional weight loss≥10 pounds (4.5 kg) in past 90 days) (Adopted from Lauring et al., 2022)



Journal of Vaccine Research 2024, Vol.14, No.5, 231-242
http://medscipublisher.com/index.php/jvr

236

Another study highlighted that the effectiveness of two doses of the BNT162b2 vaccine was 93.7% against the
Alpha variant and 88.0% against the Delta variant. For the ChAdOx1 nCoV-19 (AstraZeneca) vaccine, the
effectiveness was 74.5% against the Alpha variant and 67.0% against the Delta variant (Bernal et al., 2021). These
findings underscore the importance of full vaccination, as partial vaccination was significantly less effective, with
VE of 59.0% against Alpha and 52.6% against Delta (Zeng et al., 2021).

5.2 Case study 2: vaccine efficacy in South Africa against the beta variant
In South Africa, the Beta (B.1.351) variant posed significant challenges due to its ability to partially evade
immune responses. The efficacy of various vaccines against this variant has been variable. For instance, the
ChAdOx1 nCoV-19 (AstraZeneca) vaccine showed an efficacy of only 10.4% in preventing mild to moderate
COVID-19 caused by the Beta variant (Fiolet et al., 2021). In contrast, the NVX-CoV2373 (Novavax) vaccine
demonstrated an efficacy of 50% in South Africa, where the Beta variant was dominant (Fiolet et al., 2021).

A systematic review and meta-analysis reported that full vaccination with mRNA vaccines provided moderate
effectiveness against the Beta variant, with a VE of 70.7% (Zeng et al., 2021). This was corroborated by
seroneutralization studies, which showed a significant reduction in neutralizing activity against the Beta variant
for mRNA vaccines, Sputnik V, and CoronaVac (Fiolet et al., 2021). Despite these challenges, full immunization
with mRNA vaccines was effective in preventing severe outcomes, including hospitalization and death, even
against the Beta variant (Fiolet et al., 2021).

5.3 Case study 3: vaccine effectiveness in denmark against the Omicron variant
Denmark has been at the forefront of monitoring the effectiveness of COVID-19 vaccines against the Omicron
(B.1.1.529) variant. A nationwide cohort study in Denmark revealed that two doses of mRNA vaccines provided
limited and short-lived protection against Omicron infection, with a VE of only 39.9% shortly after vaccination,
which waned to 4.4% over time (Gram et al., 2022). However, the effectiveness against COVID-19 hospitalization
remained high, with VE estimates of 95.5% or above for Omicron after two or three doses (Gram et al., 2022).

The study also highlighted the importance of booster doses. The third dose of mRNA vaccines significantly
increased protection against Omicron infection, with a VE of 57.7% shortly after the booster dose (Gram et al.,
2022). This aligns with findings from other studies, which reported that mRNA vaccine boosters reestablished
effectiveness against Omicron, although to a lower extent compared to Delta and Alpha variants (Paul et al.,
2023).

6 Comparison of Different Vaccine Types
6.1 mRNA vaccines: the performance of BNT162b2 and moderna against different variants
mRNA vaccines, particularly BNT162b2 (Pfizer-BioNTech) and mRNA-1273 (Moderna), have shown varying
levels of effectiveness against different SARS-CoV-2 variants. During the Delta variant predominance, the
effectiveness of two doses of mRNA vaccines against COVID-19-associated emergency department (ED) and
urgent care (UC) encounters was 86% within 14-179 days post-vaccination, dropping to 76% after 180 days.
However, a third dose significantly boosted effectiveness to 94% (Thompson et al., 2022). Against the Omicron
variant, the effectiveness of two doses dropped substantially to 52% within 14-179 days and 38% after 180 days,
but a third dose increased effectiveness to 82% (Thompson et al., 2022). This pattern was also observed in
hospitalizations, where the effectiveness of two doses against Delta was 90% within 14-179 days and 81% after
180 days, while a third dose increased it to 94%. For Omicron, the effectiveness was 81% within 14-179 days and
57% after 180 days, with a third dose boosting it to 90% (Thompson et al., 2022).

A systematic review and meta-analysis further confirmed that booster doses of mRNA vaccines provide better
protection against Omicron infections compared to the full dose. The booster dose showed a 22% increase in
protection against any Omicron infection, 20% against severe infections, and 22% against symptomatic infections
within three months (Pratama et al., 2022). However, the effectiveness of the booster dose also waned over time,
indicating the need for regular booster shots to maintain high levels of protection (Pratama et al., 2022).
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6.2 Inactivated vaccines: protection levels against omicron
Inactivated vaccines, such as CoronaVac (Sinovac), have shown lower effectiveness against the Omicron variant
compared to mRNA vaccines. Studies have indicated that two-dose regimens of inactivated vaccines induce low
to negligible neutralizing antibodies (NAb) against Omicron (Niyomnaitham et al., 2022). However, a booster
dose of an mRNA vaccine following a primary series of inactivated vaccines significantly increased the NAb titers
against Omicron, suggesting that heterologous booster regimens could enhance protection (Niyomnaitham et al.,
2022).

A systematic review highlighted that the protection from primary vaccination with inactivated vaccines against
Omicron infection is inferior to that against Delta and Alpha infections and wanes faster over time. However,
primary vaccination still preserved strong protection against Omicron-associated hospitalization, severity, and
death, even months after the last dose. Boosters provided more robust and longer-lasting protection against
hospitalizations due to Omicron compared to the primary series alone (Paul et al., 2023).

6.3 Adenovirus vector vaccines: efficacy of the ChAdOx1 vaccine against various strains
Adenovirus vector vaccines, such as ChAdOx1 (AstraZeneca), have demonstrated robust immune responses,
although they elicit lower antibody responses compared to mRNA vaccines. Despite this, they are nearly as
effective in preventing severe disease, likely due to the generation of immune memory cells (Fryer et al., 2023).
Studies have shown that ChAdOx1 vaccination elicits a strong memory B cell response capable of recognizing
Omicron subvariants BA.2 and BA.5. The second dose of ChAdOx1 boosted memory B cells that recognized
variants of concern (VoC), with 37% and 39% of Wuhan-Hu-1-specific memory B cells recognizing BA.2 and
BA.5, respectively (Fryer et al., 2023).

A systematic review and meta-analysis found that the effectiveness of ChAdOx1 against Omicron infection was
moderate, but a booster dose provided better protection against severe infection. The effectiveness of the booster
dose against severe Omicron infections was 18% within three months and 37% for symptomatic infections
(Pratama et al., 2022; Li, 2024). This suggests that while the primary series of ChAdOx1 provides some level of
protection, booster doses are crucial for maintaining higher levels of effectiveness against emerging variants.

While mRNA vaccines like BNT162b2 and Moderna have shown high effectiveness against various SARS-CoV-2
variants, including Delta and Omicron, their protection wanes over time, necessitating booster doses. Inactivated
vaccines offer lower initial protection against Omicron but can be significantly enhanced with mRNA boosters.
Adenovirus vector vaccines like ChAdOx1 provide robust immune memory responses, and their effectiveness can
also be improved with booster doses. Regular booster vaccinations are essential to maintain high levels of
protection against COVID-19 across different vaccine types and variants (Pratama et al., 2022; Thompson et al.,
2022; Niyomnaitham et al., 2022; Fryer et al., 2023; Paul et al., 2023).

7 Development and Future Prospects of Next-Generation Vaccines
7.1 New vaccines targeting variants
The rapid emergence of SARS-CoV-2 variants has necessitated the development of vaccines specifically targeting
these new strains. Recent studies have shown that vaccines based on the ancestral spike protein may not provide
sufficient protection against newer variants such as Omicron and its sub-lineages (Kang et al., 2023). To address
this, researchers have developed multivalent vaccines using platforms like the Ad5/35 vector, which encode spike
proteins from multiple variants. These vaccines have demonstrated the ability to induce broadly neutralizing
antibodies, thereby offering enhanced protection against a range of circulating strains (Kang et al., 2023).

Moreover, mRNA technology has proven to be highly adaptable for rapid vaccine development. For instance, an
mRNA vaccine encoding a trimeric receptor-binding domain (RBD) fused to ferritin nanoparticles has shown
robust and durable immune responses in preclinical studies. This vaccine was quickly modified to target specific
variants, producing broad-spectrum neutralizing antibodies against both Alpha and Beta variants (Sun et al., 2021).
Such advancements highlight the potential for mRNA vaccines to be swiftly updated to combat emerging variants.



Journal of Vaccine Research 2024, Vol.14, No.5, 231-242
http://medscipublisher.com/index.php/jvr

238

7.2 Potential of broad-spectrum vaccines
The development of broad-spectrum vaccines is crucial for providing protection against multiple SARS-CoV-2
variants and future viral mutations. Broad-spectrum vaccines aim to induce immunity that is effective across a
wide range of viral strains, reducing the need for frequent updates. One promising approach involves the use of
chimeric RBD constructs from different coronaviruses. For example, a DNA vaccine encoding a dimeric RBD
chimera of SARS-CoV-1 and SARS-CoV-2 variants has shown potent immunogenicity and broad-spectrum
protection in preclinical models (Fan et al., 2023). This vaccine, delivered via microneedle array patches, elicited
strong neutralizing antibody responses and protected mice from Omicron BA.1 challenge.

Additionally, the development of polyvalent vaccines, which include antigens from multiple variants, has shown
promise. A bivalent vaccine combining antigens from BA.5 and BA.2.75 variants induced broadly neutralizing
antibodies and improved cross-neutralization capacity in preclinical studies (Kang et al., 2023). Such vaccines
could provide a more comprehensive immune response, potentially reducing the impact of future variants.

7.3 Prospects of mRNA technology and other innovative platforms
mRNA technology has revolutionized vaccine development, offering rapid and flexible solutions to emerging
infectious diseases. The success of mRNA vaccines like Pfizer/BioNTech's BNT162b2 and Moderna's
mRNA-1273 has demonstrated the potential of this platform to provide high levels of protection against
COVID-19 (Sharif et al., 2021; Rudan et al., 2022). The ability to quickly modify mRNA sequences to target new
variants makes this technology particularly valuable in the ongoing fight against SARS-CoV-2.

Innovative platforms such as viral vectors and nanotechnology are also being explored for next-generation
vaccines. For instance, adenoviral vector-based vaccines have shown efficacy in inducing strong immune
responses and can be engineered to target multiple variants (Kang et al., 2023). Additionally, nanoparticle-based
vaccines, such as those using ferritin-formed nanoparticles, have demonstrated the ability to enhance the stability
and immunogenicity of vaccine antigens (Sun et al., 2021).

The integration of these innovative platforms with traditional vaccine approaches could lead to the development
of vaccines that are not only effective against current variants but also adaptable to future mutations. For example,
the use of self-assembled nanoparticle-based trimeric RBD mRNA vaccines has shown promise in providing
broad-spectrum protection and could serve as a reference for future vaccine design (Sun et al., 2021).

8 Concluding Remarks
The evolution of COVID-19 vaccines has been a dynamic process, driven by the emergence of new variants that
challenge the efficacy of existing vaccines. Initially, vaccines were developed based on the ancestral strain of
SARS-CoV-2, which provided substantial protection against severe disease and symptomatic infection. However,
as the virus evolved, new variants such as Delta and Omicron emerged, each with mutations that allowed them to
partially evade the immune response elicited by these vaccines.

The Omicron variant, in particular, has posed significant challenges due to its high transmissibility and numerous
mutations in the spike protein. Studies have shown that while the original vaccines still offer protection against
severe disease, their efficacy against symptomatic infection has decreased. This has led to the development of
multivalent and bivalent vaccines designed to target multiple variants simultaneously. For instance, vaccines based
on the adenovirus type 5/35 vector platform have been developed to include spike proteins from various Omicron
subvariants, showing promising results in broadening immunity.

The waning immunity observed over time and the continuous emergence of new variants underscore the
importance of booster doses. Booster vaccinations have been shown to significantly enhance neutralizing antibody
levels, thereby improving protection against both existing and emerging variants. For example, heterologous
booster regimens, which combine different types of vaccines, have demonstrated superior immunogenicity
compared to homologous boosters, particularly in older adults.
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Future vaccine strategies must focus on developing vaccines that can provide broad and durable protection. This
includes the creation of next-generation multivalent vaccines that can target a wide array of variants. Additionally,
the timely updating of booster vaccines to include antigens from newly circulating variants is crucial. Research is
also exploring alternative delivery methods, such as inhalation, to enhance mucosal immunity, which could
provide an additional layer of protection against respiratory viruses like SARS-CoV-2.

While the initial COVID-19 vaccines have been instrumental in reducing the severity of the pandemic, the
ongoing evolution of the virus necessitates continuous adaptation of vaccine strategies. Boosters play a critical
role in maintaining high levels of immunity, and future vaccines must be designed to offer broad and long-lasting
protection against a diverse range of variants. The collaborative efforts of the global scientific community will be
essential in achieving these goals and ultimately controlling the spread of COVID-19.
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