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ABSTRACT

	Malaria remains a significant public health concern, especially in endemic regions where increasing drug resistance poses challenges to effective treatment. Vaccine development has emerged as a crucial strategy for malaria control, targeting different stages of the parasite’s lifecycle, including pre-erythrocytic, blood-stage, and transmission-blocking vaccines. Among these, merozoite surface proteins (MSPs) erythrocyte-binding antigens (EBAs), circumsporozoïte protein (CSP) and placental malaria vaccine candidates (VAR2CSA) have been extensively studied for their roles in parasite invasion and immune evasion. Despite advances in vaccine formulation, challenges such as antigenic variation, immune response variability and logistical constraints continue to limit widespread implementation.
Computational approaches including Bioinformatics, Chemoinformatics and Immunoinformatics, have transformed vaccine research by improving antigen identification, immune response prediction and vaccine design. Machine learning (ML) and artificial intelligence (AI) further enhance these processes enabling the development of mRNA-based vaccines, self-assembling protein nanoparticles (SAPN), and multi-antigen strategies. While vaccines such as RTS,S/AS01 and R21/Matrix-M have demonstrated partial efficacy, new-generation formulations incorporating multi-omics and AI-driven models are being explored to improve immunogenicity and durability. Despite these advancements, achieving long-term immunity and broad protection against diverse parasite strains remains a challenge. 
Further research is required to address antigen stability, optimize delivery systems, and overcome barriers to vaccine accessibility in endemic regions. Strengthening global collaboration, investment in research, and large-scale clinical trials will be critical for developing a highly effective malaria vaccine.
The goal of this review is to analyze recent advances in malaria vaccine development targeting Plasmodium falciparum surface proteins, with a focus on computational approaches.
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1. INTRODUCTION

[bookmark: _Hlk190613524][bookmark: _Hlk190613507]Plasmodium falciparum (P. falciparum) is the most severe form of malaria, caused by a protozoan parasite of the genus Plasmodium and it remains one of the most serious global health challenges. This parasite causes the majority of malaria-related morbidity and mortality because it can cause complications such as cerebral malaria, severe anemia, and multiorgan failure (Trivedi 2022).
[bookmark: _Hlk190613549][bookmark: _Hlk190613540]The prevalence of malaria continues to exert a profound impact on public health systems, particularly in tropical regions and subtropical areas despite concerted efforts to reduce it. Sub-Saharan Africa has the highest malaria burden in the world, reporting over 90% of all malaria cases globally (Oladipo et al. 2022). The latest World Health Organization (WHO) report from 2024 estimated 263 million new cases and approximately 597,000 deaths from malaria, with young children and pregnant women representing the most vulnerable populations (Laura Anderson 2024).
Malaria control has become increasingly challenging due to the emergence of drug-resistant strains of P. falciparum,  the problem has been compounded, complicating treatment regimens and emphasizing the need for new therapeutic and preventative strategies, especially in regions where artemisinin is becoming less effective as a first-line treatment (Siqueira-Neto et al. 2023). Development of malaria vaccines has therefore become a high priority (Jagannathan and Kakuru 2022). The parasite's complex life cycle, which involves multiple developmental stages in both mosquitoes and humans, poses significant challenges for the development of vaccines (Sutanto 2024).
In order to develop a vaccine, it is crucial to identify the antigens that are expressed on P. falciparum's surface at each stage, since these surface proteins are readily accessible to the immune system, as they play a significant role in essential biological processes such as adhesion, invasion, and immunity (Bhalerao et al. 2024; El-Moamly and El-Sweify 2023).
In recent years, significant progress in malaria vaccine development have improved the identification and evaluation of P. falciparum candidates at an unprecedented speed and level of precision. As a result of these advancement, vaccines targeting different parasite stages have been developed, antigen selection has been optimized, and efficacy has increased, providing solutions to malaria prevention and control (Tajudeen et al. 2024; Malik and Waheed 2024; Kanoi et al. 2022; Draper et al. 2018).
This review aims to provide a comprehensive overview of novel computational approaches used to identify and evaluate P. falciparum surface proteins as potential vaccine candidates.

2. Role of Plasmodium falciparum surface proteins in host interaction and implications for vaccine development
[bookmark: _Hlk190613580][bookmark: _Hlk190613570][bookmark: _Hlk190613602][bookmark: _Hlk190613591][bookmark: _Hlk190613625][bookmark: _Hlk190613616][bookmark: _Hlk190613675][bookmark: _Hlk190613641]At various stages of Plasmodium falciparum's complex life cycle, surface proteins are critical to its ability to interact with host cells, invade tissues, and evade the host immune system. In each developmental stage, these proteins play a specific role. At the pre-erythrocytic stage, proteins such as circumsporozoite protein (CSP) and thrombospondin-related anonymous protein (TRAP) facilitate sporozoite motility and hepatocyte invasion, setting the stage for liver infection (Segireddy et al. 2024). During the blood stage, merozoite surface proteins (MSPs) facilitate the attachment and invasion of red blood cells (RBCs), contributing to parasite replication and malaria symptoms. The erythrocyte membrane protein 1 (PfEMP1) is expressed on the surface of infected RBCs, which mediates adhesion to endothelial cells (Beeson et al. 2016). Surface proteins such as Pfs230 and Pfs48/45 facilitate gametocyte transmission to the mosquito vector during the sexual gametocyte stage (Kengne-Ouafo et al. 2019). In this sense, they play a crucial role in the reproduction process of the parasite.

2.1 Erythrocyte binding antigens

In the invasion of red blood cells (RBCs) by Plasmodium falciparum, the parasite responsible for the majority of severe (complicated) malaria cases (Zekar and Sharman 2024), erythrocyte binding antigens (EBAs) play a significant role. The function of these proteins is to facilitate the recognition and binding of merozoites to specific receptors on the surface of red blood cells, which is essential for the establishment of infection (Alves-Rosa et al. 2024). In this family, EBA-175, which binds specifically to glycophorin A, a glycoprotein containing sialic acid that is present on the surface of erythrocytes, has received the most research attention. It is essential that EBA-175 interacts with glycophorin A to ensure efficacy of merozoite invasion; disruption of this interaction reduces the efficacy of merozoite invasion, highlighting its potential for use as a vaccine target (Jaskiewicz et al. 2019). EBAs are particularly attractive candidates for vaccination development due to their conserved receptor-binding domains. In particular, EBA-175 contains several conserved regions that are crucial to its function and are shared by various strains of Plasmodium falciparum (Draper et al. 2018). It is therefore likely that vaccines targeting these regions could elicit broadly protective immune responses against diverse strains of the parasite. According to recent studies, antibodies against EBA-175 prevent the invasion of RBCs by blocking the receptor-ligand interaction, thereby preventing the establishment of infection (Coelho et al. 2017).
[bookmark: _Hlk190613711][bookmark: _Hlk190613700]As a vaccine candidate, EBA-175 has shown promising results in clinical trials. In a phase I trial, EBA-175 RII-NG, which is a recombinant non-glycosylated version of EBA-175, demonstrated safety and immunogenicity in adults without malaria. Participants who received the vaccine expressed elevated levels of immunoglobulin G (IgG) antibodies that inhibited growth of P. falciparum (Koram et al. 2016) in vitro. It appears that vaccination with EBA-175 can induce an immune response that may protect against malaria.
[bookmark: _Hlk190613731][bookmark: _Hlk190613752]Further, research has identified additional conserved regions within EBA proteins that could be used as alternative targets for vaccine development. The study demonstrated that the conserved region III-V (RIII-V) of EBA-175 induces potent antibodies that inhibit merozoite invasion across a variety of parasite strains, including those that utilize alternative invasion pathways independent of EBA-175 (Laurenson and Laurens 2024). Multi-target vaccines that incorporate EBAs or their conserved regions may be useful in providing broader protection against malaria. It is important to note that genetic diversity in P. falciparum populations poses challenges for vaccine development, because polymorphisms within the EBA genes can affect antigenicity and immune recognition. To design vaccines that are effective, it is crucial to understand these polymorphisms. Researchers recently investigated the allelic dimorphism of PfEBA-175 in different geographical regions, revealing patterns of genetic variation that could be used to inform vaccine strategy and implementation (Duffy and Patrick Gorres 2020).

2.2 Merozoite surface proteins

The merozoite stage of P. falciparum is essential to its reproduction and survival, as it involves invasion of red blood cells (RBCs), leading to malarial symptoms. It is through a variety of surface and secreted proteins that merozoites can recognize, attach to, and penetrate host cells. Due to its important role in mediating RBC invasion, the merozoite surface protein (MSP) family is extensively studied (Beeson et al. 2016). Among these proteins, MSP1, which is the largest member in this family, is anchored to glycosylphosphatidylinositol (GPI) on the surface of merozoites. In the course of invasion, MSP1 undergoes a series of proteolytic cleavages, which results in smaller fragments facilitating the parasite's binding to RBCs (Das et al. 2015). The fragments remain on the merozoite surface until they have successfully invaded the RBC, suggesting that MSP1 plays a critical role both in the initial attachment and invasion process. Through their interactions with RBC surface receptors, MSP2 and MSP9 also contribute to merozoite attachment and invasion (Gilson and Taechalertpaisarn 2014).
Malaria remains a major global health challenge, and vaccine development is a crucial strategy in combating the disease. When developing vaccines based on MSPs, it is important to consider the broader implications of targeting parasite host protein-protein interactions (PPIs). Although targeting conserved binding sites on MSPs may disrupt crucial interactions and prevent RBC (red blood cell) invasion, care must be taken to avoid inadvertently harming host cells or triggering auto immunity. The identification of binding hotspots must therefore be accompanied by thorough safety evaluation.
Experimental validation is required to confirm these predictions and to ensure that the vaccine candidates are safe for clinical us. Computational modeling can be used to predict off-target effects as well as potential cross-reactivity with human proteins.
Therefore, targeting MSPs in malaria vaccine development is an effective strategy, particularly when it involves disrupting essential PPIs between the parasite and host RBCs.
Several studies have demonstrated that antibodies targeting the MSP family, particularly MSP1, can significantly inhibit merozoite invasion and are associated with lower parasite densities in malaria-infected individuals (Aitken et al. 2020). In light of this, MSP1 appears to be a promising candidate for vaccine development (Rosenkranz et al. 2024). MSP1 vaccines aim to elicit antibodies that interfere with its cleavage or disrupt its interactions with RBC receptors to prevent successful parasite entry. As a result of clinical trials evaluating MSP1-based vaccines, robust immune responses have been demonstrated, although broad and long-lasting protection remains a challenge due to the high genetic diversity of MSP1 among different strains of P. falciparum (Patel et al. 2022).
Currently, researchers are focused on identifying conserved epitopes within MSP1 and combining it with other merozoite antigens such as MSP2 and MSP9 to develop multivalent vaccine formulations. As a result of this approach, immune responses may be enhanced in both breadth and efficacy, providing better protection from diverse parasite populations and improving malaria control efforts (Gondeau et al. 2009).

2.3 Circumsporozoite protein

The circumsporozoite protein (CSP) is a surface antigen that is expressed at the sporozoite stage of P. falciparum, the parasite that causes the most severe form of malaria in humans. At the beginning of an infection, CSP plays an important role in facilitating the movement of sporozoites and the invasion of hepatocytes (Zhao et al. 2016). Since then, it has been a prime target for malaria vaccine development, most notably as part of the RTS,S/AS01 vaccine, which has shown a partial ability to prevent malaria in endemic areas. CSP is composed of three distinct regions: an N-terminal domain, a central repeat region, and a C-terminal domain. As the central repeat region consists mostly of NANP amino acid repeats, it is highly immunogenic and serves as a major target for antibody responses (Laurens 2020). C-terminal domains contain well-defined CD4+ and CD8+ T cell epitopes, which make both the repeat region and C-terminus ideal targets for inducing humoral and cellular immune responses (Flores-Garcia et al. 2021; Ngulube 2023).
Nearly 60 years of research have been invested in developing RTS,S/AS01. As an important milestone in the development of malaria vaccines marked a significant advancement in the fight against malaria.

[bookmark: _Hlk204862248]3. CURRENT MALARIA VACCINES AND THEIR LIMITATIONS

In 2019, RTS,S/AS01 (Mosquirix), a vaccine for pre-erythrocytic stages, became the first malaria vaccine approved by the World Health Organization (WHO) (van den Berg et al. 2019; Laurens 2019; Mo et al. 2020; Syed 2022; Mumtaz et al. 2023). The treatment provides 30 – 40% efficacy in reducing clinical malaria cases in children, however a major limitation is the short-term effect it has which necessitates booster shots after six months (Cairns et al. 2022). Even though RTS,S/AS01 represents a major achievement, it cannot be considered a standalone solution due to its moderate efficacy, and ongoing research continues to focus on the development of vaccines that have greater efficacy (Locke et al. 2024; Ogieuhi et al. 2024).
A new generation subunit vaccine R21/Matrix-M has been developed to improve upon RTS,S and has shown up to 75% efficacy in Phase II trials against seasonal malaria (Genton 2023; Malik and Waheed 2024). This vaccine contains more virus-like particles than RTS,S, which enhances the immune response and is currently undergoing Phase III trials in multiple African region (Miura 2024).
Malaria infection progresses through multiple stages, with distinct antigenic sequences serving as potential vaccine targets. During the liver stage, a key antigen involved in schizogony within hepatocytes features amino acids repeat units (ALKEKLQ-X-QQSDLEEQR) essential for parasite development. These antigens trigger IgD (immunoglobulin D) responses, offering a potential strategy to block parasite maturation before reaching the bloodstream (Skwarczynski et al. 2020). However, liver-stage peptide-based vaccines face challenges including variable immune responses, short-lived protection and the potential for parasite antigenic variation to enable immune evasion. Also, formulation stability and effective delivery mechanisms are critical hurdles (Palacpac et al. 2024). More research is needed to optimize antigens and enhance immune response durability.
Multi-antigen domain-based vaccine strategies incorporating Self-Assembling Protein Nanoparticles (SAPN) have been developed to enhance immune responses. As an example, the SAPN vaccine containing P. falciparum circumsporozoïte protein (CSP) and CD4+ and CD8+ epitopes utilizes a multivalent design (Seth et al. 2017). Additionally, SAPN vaccines have been investigated in conjunction with immunostimulatory agents, such as TLR5 agonists (flagellin), to enhance immune activation. It is important to note that, despite their potential, these approaches are constrained by limited clinical trial data and challenges associated with achieving sustained immune protection over the long term (Zarreen Simnani et al. 2023).
[bookmark: _Hlk190529142]A whole organism approach focuses on developing vaccines that induce immunity to malaria by using the whole sporozoites. The PfSPZ vaccine is another pre-erythrocytic vaccine that induces immunity using live, attenuated sporozoites from P. falciparum. It also includes genetically and chemically attenuated sporozoites, such as those used in GAP (Genetically Arrested Parasites) vaccines (Molina-Franky et al. 2020; Itsara et al. 2018). While PfSPZ vaccine has shown moderate protection in adults, its intravenous administration poses a significant challenge for large-scale implementation. Further, these vaccines are limited by manufacturing difficulties, strict storage requirements which make their widespread deployment in malaria endemic regions more difficult (Goh et al. 2019; Richie et al. 2023). There are ongoing studies investigating its long-term safety and possible improvements in delivery methods (Richie et al. 2015; Lyke et al. 2017; Mordmüller et al. 2022).
Numerous candidates have been explored for blood-stage vaccines, which aim to reduce the severity of malaria rather than to prevent it. AMA-1 (Apical Membrane Antigen-1) is designed to prevent merozoite invasion of red blood cells. Due to high antigenic variability, however it only generates partial immune responses (Malkin et al. 2005; Thera et al. 2011; Angage et al. 2024). An additional promising blood-stage vaccine candidate, PfRH5 (Plasmodium falciparum reticulocyte binding protein homolog 5) targets an invasion-related protein that could help overcome strain-specific limitations associated with AMA-1 vaccines (Minassian et al. 2021). Based on preclinical and early clinical studies, PfRH5 is a viable candidate for further development (Ragotte et al. 2020; King et al. 2024).
Also, vaccine targeting Merozoite Surface Protein-1 (MSP-1) and Erythrocyte-binding antigen 175 (EBA-175) have shown promise in triggering immune responses. These approaches are challenged by the high antigenic diversity among P. falciparum strains, which complicates the development of a vaccine that is broadly effective for all phases of the disease (Nikodem and Davidson 2000; Salamanca et al. 2019; Takashima et al. 2024).
Malaria vaccines under development include transmission-blocking vaccines (TBV) that do not prevent malaria infection directly in individuals, but instead interfere with parasite transmission to mosquitoes, thereby reducing disease spread in communities. In order to prevent mosquitoes from taking up gametocytes, one promising vaccine candidate Pfs25 targets surface antigens of gametocytes (Sauerwein 2007; McCoy et al. 2021; Dinglasan and Jacobs-Lorena 2008; Duffy 2021).
Trials in preclinical and early-stage indicate a high level of efficacy in the reduction of parasite transmission. Other TBV candidates, such as Pfs230 and Pfs48/45 antigen-based vaccines aim to prevent zygote formation and parasite fertilization in mosquito (Kapulu et al. 2015; Rausch et al. 2023). According to current research, immune responses are promising in controlled conditions, but fields trials are still being conducted in order to determine whether they are effective in the real world (Berry et al. 2021; Rogers et al. 2021; Kurtovic et al. 2024).
New advancements in vaccine technology have also introduced novel vaccines approaches, such as those based on mRNA and nanoparticles. Researchers are now investigating self-amplifying mRNA vaccines for malaria in light of the success of mRNA vaccines in combating COVID-19 (Maruggi et al. 2019; Chaudhary et al. 2021; Matarazzo and Bettencourt 2023; Tsoumani et al. 2023; Priyanka et al. 2023). Several advantages are expected to be offered by these vaccines, including faster development, increased scalability, stronger immune memory, and improved stability for storage and distribution compared to protein-based vaccines (C. Zhang et al. 2019; Gu et al. 2022; M. Zhang et al. 2023). Vaccines based on nanoparticles are another innovative approach, utilizing self-assembling protein nanoparticles to enhance antigen stability and immune response. Studies have shown that these vaccines can provide stronger and longer-lasting immunity than conventional subunit vaccines (Shi et al. 2024; Blakney et al. 2021; Li et al. 2024; Parvin et al. 2024; Nguyen and Tolia 2021; Liu et al. 2024; Adugna et al. 2024). 
Multi-omics approaches and computational vaccine design have further revolutionized malaria vaccine development. The use of chemoinformatic and immunoinformatic has been essential to predicting the molecular structures and antigenicity of potential vaccine targets (Zhou et al. 2021; Almansour 2022; Khan et al. 2023).
A genome-wide analysis using next-generation sequencing (NGS) has enabled the identification of highly conserved antigens, providing more accurate vaccine candidates (Akoniyon et al. 2022; Girgis et al. 2023; Thiam et al. 2024).
For pregnant women, malaria vaccines are available that specifically target placental malaria. These vaccines prevent infection with parasites adhering to chondroitin sulfate A (CSA) (Mahamar et al. 2024). Natural antibodies recognize CSA-binding parasites and block their reproduction. In the parasite, VAR2CSA, a PfEMP1 protein that binds to CSA undergoes conformational changes leading to antibody-based blocking of CSA. According to studies, VAR2CSA vaccines induce safe and effective immune responses, thereby providing target protection (Chêne et al. 2018; Rotich et al. 2022). Even so, challenges remain. Variations in antigenicity between strains of P. falciparum may affect the efficacy of the vaccine Aside from the immune response varying pregnancy, strategies for long-term protection are also difficult to implement due to storage and distribution difficulties in endemic regions (Lee et al. 2019).
Further, artificial intelligence (AI) as well as machine learning (ML) are used to optimize vaccine target selection by analyzing antigen expression, immune response profiles, and structural modeling to predict vaccine effectiveness (Olawade et al. 2024; Wistuba-Hamprecht et al. 2024; Gorki and Medhi 2024; Chou et al. 2024; Zhuang et al. 2024).
These novel computational approaches, combined with advancements in immunology and molecular biology, hold great promise for the development of highly effective and durable malaria vaccines.
Despite these computational approaches, a wide range of challenges remain in developing an effective and broadly protective malaria vaccine targeting P. falciparum. A major challenge is the high genetic diversity and rapid antigenic variation of the parasite (He and Pascual 2021; Zhan et al. 2024). P. falciparum alters the expression of its surface proteins to evade host immune responses, making it difficult to identify universal targets that are effective against all strains. It is also important to consider factors such as antigen stability, delivery systems, and adjuvant selection when determining the effectiveness of malaria vaccines (Cockburn and Seder 2018; Chandley et al. 2023).

4. COMPUTATIONAL STRATEGIES IN VACCIN DEVELOPMENT
In recent years, advances in computational sciences have significantly improved vaccine development by integrating Bioinformatics, Chemoinformatics and Immunoinformatics.
Vaccine development can be accelerated by using these fields, which facilitate the identification of candidate vaccines, the optimization of antigen design, and the prediction of immune responses, thus improving both efficacy and safety of vaccines (Pollard and Bijker 2021; Sharma et al. 2022; Bravi 2024).
Through the analysis of pathogen genomes, bioinformatics plays an important role in genome sequencing, structural modeling, and comparative genomics. It allows researchers to identify potential antigens by analyzing the genomes of pathogens. This method allows for the study of epitopes, protein structures and evolutionary variation in order to ensure the selection of highly conserved and immunogenic targets for the development of vaccines (Bah et al. 2018; Elrashedy et al. 2025). For example, reverse vaccinology was used to identify novel antigen in Neisseria meningitidis, leading to the development of 4CMenB vaccine (Masignani et al. 2019).
Chemoinformatics is useful for the discovery and formulation of vaccine adjuvants, as it assists in analyzing molecular interactions, optimizing vaccine stability, and predicting chemical properties of vaccine components. Using model-based ligand-receptor interactions, novel adjuvants can be designed to enhance immune responses and improve vaccine effectiveness (Marciani 2024; W.-Y. Zhang et al. 2024). An example is the design of TLR4 agonist adjuvants such as GLA-SE (Glucopyranosyl Lipid Adjuvant in Stable Emulsion) to optimize immune stimulation (Arias et al. 2012).
In Immunoinformatics, the goal is to predict immune responses by utilizing algorithms to map B-cell and T-cell epitopes, making vaccines more effective at stimulating lasting immune responses. To prevent adverse effects, this technology assists in the design of peptide-based vaccines, the optimization of antigen presentation, and the evaluation of possible cross-reactivity (Kwong et al. 2020; Mei et al. 2022; Shetty et al. 2024). For example, the prediction of T-cell epitopes for SARS-CoV-2 vaccines candidates to accelerate COVID-19 vaccine research (Mei et al. 2022).
Taking these computational approaches together reduces the necessity for extensive wet lab experiments, lowers costs, and expedites the selection of vaccine candidates, which ultimately leads to a more efficient vaccine development process. The integration of these approaches has contributed significantly to the development of mRNA vaccines, reverse vaccinology, and personalized immunotherapies, paving the way for more effective and precision-based vaccination programs.


5. Conclusion

Malaria vaccine development has progressed significantly, using advances in the discovery of antigens, immunological research, and computational approaches. A number of vaccine candidates have been explored, targeting different parasite stages, each with its own strengths and weaknesses. Although recent vaccines have shown promise, further improvements are needed to improve their efficacy, durability, and accessibility.
Various emerging technologies, including Bioinformatics-driven antigen selection, Chemoinformatics, Immunoinformatics, mRNA platforms and multi-target formulations provide new opportunities for optimizing vaccines. In order to address antigenic diversity, immune variability, and distribution challenge, continued innovation and collaboration will be necessary. An integrated approach that incorporates computational modeling, immunology, and large-scale trials is critical for the development of a malaria vaccine that delivers long-lasting broad protection.
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