
Uppu Sai Preethi et al., Int. J. Pharm & Ind. Res, 15 (04) 2025 [643-658] 
 

643 

 

 

 

ISSN: 2231-3656 
Print: 2231-3648 

International Journal of Pharmacy and Industrial 
Research (IJPIR) 

IJPIR |Vol.15 | Issue 4 | Oct - Dec -2025 
www.ijpir.com 

DOI : https://doi.org/10.61096/ijpir.v15.iss4.2025.643 -658 

 

Review 

 

A Review on Malaria Vaccination: Advances, Challenges, and Future 

Perspectives 

Uppu Sai Preethi1*, Kattupalli Sumanth Kumar2, Puchalapalli Sailaja3, Dr. Yadala 

Prapurna Chandra4 

1
Ratnam Institute of Pharmacy, Pidathapolur (V), Muthukur (M), SPSR Nellore Dt. 524346 A.P., India 

2
Associate Professor, Department of Pharmacology, Ratnam Institute of Pharmacy, Pidathapolur (V), 

Muthukur (M), SPSR Nellore Dt. 524346 A.P., India 
3
Associate Professor, Department of Pharmacology, Ratnam Institute of Pharmacy, Pidathapolur (V), 

Muthukur (M), SPSR Nellore Dt. 524346 A.P., India 
4
Principal & Professor, Department of Pharmacology, Ratnam Institute of Pharmacy, Pidathapolur 

(V), Muthukur (M), SPSR Nellore Dt. 524346 A.P., India 

*Author for Correspondence: Uppu Sai Preethi 

Email: Saipreethi.uppu@gmail.com 

 

 

Abstract 

 

Published on: 24 Oct 2025 

Malaria remains one of the most devastating infectious diseases 

worldwide, posing a major threat to public health, particularly in tropical and 

subtropical regions. Despite decades of intensive control measures such as 

vector management and chemotherapeutic interventions, the persistent 

transmission of Plasmodium species, especially P. falciparum and P. vivax, 

underscores the urgent need for an effective and durable vaccine. Significant 

progress has been achieved in malaria vaccinology with the development and 

deployment of RTS, S/AS01 (Mosquirix) and R21/Matrix-M, marking a 

breakthrough in global malaria prevention strategies. These vaccines primarily 

target the pre-erythrocytic stage, eliciting immune responses that limit parasite 

invasion of hepatocytes. However, challenges such as limited duration of 

protection, antigenic diversity, and the complex lifecycle of Plasmodium 

continue to hinder universal efficacy. Ongoing research is focused on 

multistage, multivalent, and next-generation vaccine platforms, including 

mRNA-based and nanoparticle formulations, to enhance immune durability and 

cross-species protection. This review comprehensively discusses the 

immunobiology of malaria, current vaccine developments, adjuvant 

technologies, implementation challenges, and the future directions essential to 

achieving sustainable malaria eradication. 
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INTRODUCTION 

1.1 Global Burden and Epidemiology of Malaria 

Malaria continues to be a major public health challenge in tropical and subtropical regions, particularly 

across sub-Saharan Africa, Southeast Asia, and parts of South America. According to the **World Health 

Organization (WHO, 2023)**¹, approximately 249 million malaria cases and 608,000 deaths were reported 

globally in 2023. More than 90% of these deaths occurred in children under the age of five, predominantly due to 

Plasmodium falciparum infections. 

Malaria transmission is influenced by several epidemiological factors including climatic conditions, 

vector species distribution, human migration, and socioeconomic determinants². Seasonal transmission peaks 

coincide with rainy periods, favoring Anopheles mosquito breeding. The Plasmodium vivax species, though less 

fatal, contributes significantly to relapsing infections, particularly in South and Southeast Asia³. 
 

 

Fig 1: Global Distribution of Malaria Endemicity (2023) 

Table 1: Regional Burden of Malaria (WHO, 2023) 

Region Estimated Cases 

(Million) 

Deaths 

(Thousands) 

Dominant Plasmodium 
Species 

Sub-Saharan Africa 200 580 P. falciparum 

South-East Asia 30 12 P. vivax 

Eastern Mediterranean 15 10 P. falciparum, P. vivax 

Americas 3 <1 P. vivax 

Western Pacific 1 <1 P. knowlesi 

Source: WHO World Malaria Report, 2023¹. 
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Fig 2: Global Trend in Malaria Incidence (2010–2023) 

Despite substantial global efforts, malaria remains endemic in more than 90 countries, disproportionately 

affecting low- and middle-income nations with fragile healthcare infrastructure⁴. The persistence of malaria 

underscores the need for integrated and sustainable prevention strategies. 

1.2 Importance of Preventive Strategies 

Preventive measures form the cornerstone of malaria control. These include vector control, 

chemoprevention, environmental management, and personal protective strategies. The most effective 

interventions to date are insecticide-treated nets (ITNs) and indoor residual spraying (IRS), both of which have 

significantly reduced malaria transmission⁵. Additionally, intermittent preventive treatment (IPT) in pregnant 

women and children helps in reducing parasite load and preventing anemia in endemic areas. 

However, malaria prevention demands multi-sectoral collaboration, integrating public health 

education, vector ecology, and community engagement. The WHO Global Technical Strategy for Malaria (2016– 

2030) aims to achieve at least a 90% reduction in global malaria incidence and mortality by 2030 emphasizing 

preventive and immunization strategies⁶. 

 

 

Fig 3: Integrated Malaria Prevention Framework 

 

1.3 Limitations of Chemotherapeutic and Vector Control Measures 

Although chemotherapeutic regimens such as artemisinin-based combination therapies (ACTs) have 

been highly effective, drug resistance among Plasmodium falciparum strains in Southeast Asia and parts of Africa 

has emerged as a serious threat⁷. Similarly, insecticide resistance in Anopheles species limits the effectiveness of 

long-term vector control programs⁸. 



Uppu Sai Preethi et al., Int. J. Pharm & Ind. Res, 15 (04) 2025 [643-658] 
 

646 

Furthermore, behavioral and operational challenges, including poor bed-net usage, limited healthcare 

access, and inconsistent insecticide application, further reduce the impact of existing interventions⁹. The high cost 

of sustained chemoprevention and the lack of novel drug classes exacerbate these limitations. 

1.4 Rationale for Vaccine Development 

Given these challenges, vaccine development represents a logical and essential next step in global malaria 

elimination efforts. Unlike chemotherapy, vaccines have the potential to induce long-term adaptive immunity, 

reduce parasite transmission, and complement existing vector control strategies¹⁰. 

The first licensed malaria vaccine, RTS,S/AS01 (Mosquirix), has demonstrated partial protection (30–50%) 

against P. falciparum infection in African children, leading to its pilot implementation in Ghana, Kenya, and 

Malawi¹¹. More recently, the R21/Matrix-M vaccine achieved efficacy levels exceeding 75%, representing a major 

milestone toward large-scale eradication goals¹². 

Future vaccine strategies are exploring multi-antigenic and multi-stage approaches, including mRNA, 

viral-vectored, and nanoparticle-based platforms, which target the pre-erythrocytic, erythrocytic, and 

transmission-blocking stages of the parasite lifecycle¹³. These next-generation vaccines aim to overcome antigenic 

variation and provide broad, durable immunity across Plasmodium species. 
 

 

Fig 4: Lifecycle of Plasmodium Species and Potential Vaccine Targets 

Table 2: Classification of Malaria Vaccines by Target Stage 

Vaccine Type Target Stage Example Mechanism of Action 

Pre-erythrocytic Sporozoite/Liver RTS, S/AS01, 
R21/Matrix-M 

Prevent liver invasion 

Blood-stage Asexual/Erythrocytic AMA-1, MSP-1 Reduce parasite multiplication 

Transmission-blocking Gametocyte/Mosquito Pfs25, Pfs230 Block parasite transmission 

Whole-organism Multi-stage PfSPZ, attenuated 

sporozoite 

Induce broad immune response 

 

2. Malaria Pathogenesis and Immunology 

2.1 Lifecycle of Plasmodium Species 

The Plasmodium parasite exhibits a complex, multistage lifecycle involving both human and mosquito 

hosts, alternating between asexual replication in humans and sexual reproduction within the mosquito vector¹⁴. 

Infection begins when a female Anopheles mosquito injects sporozoites into the bloodstream during a blood meal. 

The sporozoites rapidly migrate to the liver, invading hepatocytes where they mature into schizonts and release 

thousands of merozoites (pre-erythrocytic stage).Upon rupture of infected hepatocytes, merozoites enter the 

bloodstream, invading red blood cells (RBCs) and initiating the erythrocytic stage, which is responsible for the 

clinical manifestations of malaria, such as fever and anemia¹⁵. Within erythrocytes, the parasite undergoes 

trophozoite and schizont stages, producing additional merozoites that perpetuate the cycle. Some merozoites 

differentiate into gametocytes, which are ingested by mosquitoes, completing the sexual stage of the lifecycle¹⁶. 

 

Table 3: Key Stages in Plasmodium Lifecycle and Their Biological Features 
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Lifecycle Stage Host Location Biological 

Event 

Major Antigens 

Sporozoite Human Bloodstream/Liver Hepatocyte 

invasion 

Circumsporozoite 

protein (CSP) 

Schizont (Liver) Human Hepatocytes Merozoite 

formation 

Liver-stage antigen 

(LSA-1) 

Merozoite Human RBCs Erythrocyte 

invasion 

Merozoite surface 

protein (MSP-1) 

Trophozoite/Schizont Human RBCs Asexual 

multiplication 

PfEMP1, AMA-1 

Gametocyte Human/Mosquito Blood/Midgut Sexual 

differentiation 

Pfs25, Pfs230 

Ookinete/Oocyst Mosquito Midgut wall Sporozoite 

production 

CSP, TRAP 

Source: Adapted from Kappe et al., 2022¹⁷. 

 

2.2 Host Immune Response to Malaria Infection 

The immune response to malaria is multifaceted, involving both innate and adaptive immune 

mechanisms. 

Innate Immunity: Upon initial infection, Kupffer cells, macrophages, and dendritic cells in the liver recognize 

Plasmodium antigens via pattern recognition receptors (PRRs), such as **Toll-like receptors (TLRs)**¹⁸. This 

activation triggers pro-inflammatory cytokine release (e.g., TNF-α, IL-12, IFN-γ), initiating early parasite 

clearance. Natural killer (NK) cells and γδ T-cells also contribute to early defense, though their responses are 

typically short-lived¹⁹. 

Adaptive Immunity: The adaptive immune system targets distinct stages of the parasite lifecycle. 

Humoral immunity, mediated by B cells and antibodies, plays a crucial role in preventing sporozoite invasion and 

blocking merozoite attachment to RBCs²⁰. IgG subclasses, particularly IgG1 and IgG3, neutralize Plasmodium 

antigens such as CSP and MSP-1. Cell-mediated immunity (CMI), dominated by CD4⁺ T-helper cells and CD8⁺ 

cytotoxic T-cells, is essential for controlling liver-stage infection. CD8⁺ T-cells target infected hepatocytes, while 

CD4⁺ cells assist B-cell maturation and macrophage activation²¹. The balance between pro-inflammatory and 

regulatory cytokines determines disease outcome excessive cytokine release can lead to cerebral malaria, while 

inadequate response allows persistent infection²². 

 

 

Fig 5: Immune Responses in Malaria Infection 

 

2.3 Challenges in Inducing Long-Term Immunity 
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Despite robust immune activation during infection, sterile immunity to malaria is rarely achieved. 

Individuals in endemic regions develop partial or non-sterile immunity, providing protection against severe 

disease but not reinfection²³. 

Several factors contribute to this challenge: 
1. Antigenic variation: P. falciparum expresses diverse surface proteins (e.g., PfEMP1, RIFIN, STEVOR) 

that undergo frequent genetic recombination, evading host immune recognition²⁴. 

2. Immune suppression: Chronic exposure to parasitemia can lead to immune exhaustion and reduced T- 

cell functionality²⁵. 

3. Short-lived antibody responses: Antibodies against merozoite antigens decline rapidly post-infection, 

necessitating repeated exposures for sustained immunity²⁶. 

4. Complex lifecycle: Multiple antigenic targets across stages hinder the development of a single, cross- 

protective vaccine²⁷. 

 

 

 

 

 

 

 

Table 4: Factors Limiting Durable Immunity in Malaria 

 

Factor Mechanism Effect on Immunity 

Antigenic variation Genetic polymorphism in surface 

antigens 

Evasion of antibody 

recognition 

Immune modulation Induction of regulatory T-cells Suppression of protective 

responses 

Low memory B-cell 

persistence 

Rapid decline in antibody titers Short-term protection only 

Stage-specific antigen 

expression 

Different targets at each lifecycle 

stage 

Incomplete cross-protection 

Adapted from Duffy et al., 2023²⁸. 

3. Need and Rationale for Malaria Vaccination 

3.1 Why Vaccines Are Essential Despite Control Measures 

Despite decades of progress in vector control and chemotherapy, malaria remains a leading cause of 

morbidity and mortality in endemic regions. Traditional strategies such as insecticide-treated nets (ITNs), indoor 

residual spraying (IRS), and artemisinin-based combination therapies (ACTs) have reduced disease incidence but 

cannot achieve eradication alone¹⁴,¹⁶. 

Limitations of existing measures include: 

 Drug resistance: Emerging Plasmodium falciparum strains reduce ACT efficacy²⁵. 

 Insecticide resistance: Widespread pyrethroid resistance in Anopheles mosquitoes limits vector control²⁷. 

 Incomplete coverage and compliance: Socioeconomic and logistical barriers reduce ITN usage and 
chemoprevention adherence²³. 

Vaccines complement these measures by inducing long-term adaptive immunity, reducing parasite replication and 

transmission, and providing population-level herd immunity that control measures alone cannot achieve²⁸. 

 

5.2 Comparison with Other Disease Eradication Strategies 

Table 5: Historical successes in disease eradication highlight the importance of vaccines. For example 

 

Disease Primary Control Measures Vaccine Contribution Outcome 

Smallpox Isolation, hygiene Vaccination Eradicated (1980) 

Polio Sanitation, surveillance IPV/OPV vaccines Near eradication 

Measles Public health campaigns MMR vaccine Significant mortality reduction 

Malaria ITNs, ACTs RTS,S/AS01 (pilot) Reduced severe malaria in children 

Source: Adapted from Greenwood, 2017²⁹. 

 

Unlike smallpox or polio, malaria’s complex lifecycle and antigenic variation make eradication more 

challenging. Stage-specific immune evasion and partial natural immunity necessitate the development of multi- 
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stage, multi-antigen vaccines to achieve long-term protection³⁰. Vaccines therefore act as the missing cornerstone 

in comprehensive malaria control strategies. 

 

3.3 WHO Initiatives and Global Vaccine Roadmap 

The World Health Organization (WHO) has recognized vaccination as a critical component of malaria elimination. 

Key initiatives include: 

1. Malaria Vaccine Implementation Programme (MVIP): 

Pilot introduction of RTS,S/AS01 in Ghana, Kenya, and Malawi targeting children aged 5–17 months¹⁴. 

Early results demonstrate up to 40% reduction in severe malaria episodes. 

2. Global Technical Strategy for Malaria 2016–2030: 

Includes vaccination goals as part of integrated malaria control to reduce incidence and mortality by at 

least 90% by 2030²⁸. 

3. Global Vaccine Roadmap: 

Supports next-generation vaccines (e.g., R21/Matrix-M, viral-vectored, and mRNA platforms) with 

higher efficacy, multi-stage targeting, and long-term protection³¹. 
 

 

Fig 6: WHO Malaria Vaccine Implementation Framework 

4. Types of Malaria Vaccines Under Development 

Malaria vaccine development has advanced substantially in the past two decades. Given the complex 

lifecycle of Plasmodium species, vaccines are being designed to target specific stages of the parasite: pre- 

erythrocytic, blood-stage, sexual (transmission-blocking), and whole-organism or DNA-based vaccines. Each 

vaccine type has distinct mechanisms of action, immunological targets, and challenges, as summarized below. 

 

4.1 Pre-erythrocytic (Sporozoite) Vaccines 

Pre-erythrocytic vaccines aim to prevent liver infection by targeting sporozoites immediately after they 

are injected by an infected mosquito. By halting the parasite before it enters hepatocytes, these vaccines can 

prevent clinical disease and reduce transmission potential¹⁴,³⁰. 

Key vaccines and mechanisms: 

 RTS,S/AS01 (Mosquirix): A recombinant protein vaccine containing circumsporozoite protein (CSP) 

fused with hepatitis B surface antigen and formulated with the AS01 adjuvant. Clinical trials demonstrate 

30–50% protection against severe malaria in children²⁹,³¹. 

 R21/Matrix-M: Similar to RTS,S but with improved antigen density and the Matrix-M adjuvant, showing 

>75% efficacy in phase IIb trials³¹. 
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Mechanism of action: 

1. Induces CSP-specific antibodies to neutralize sporozoites in the bloodstream. 

2. Activates CD8⁺ T-cells, which recognize and destroy infected hepatocytes, preventing merozoite release. 
 

4.2 Blood-stage (Asexual) Vaccines 

Blood-stage vaccines target merozoites and infected erythrocytes, aiming to limit parasite replication, reduce 

disease severity, and prevent clinical symptoms such as anemia and cerebral malaria. These vaccines do not 

prevent infection, but can significantly mitigate morbidity²⁹,³⁰. 

Examples: 

 MSP-1 (Merozoite Surface Protein-1) and AMA-1 (Apical Membrane Antigen-1) vaccines: 

Recombinant protein-based vaccines that elicit high-titer antibodies to block erythrocyte invasion. 

 Challenges: High antigenic polymorphism leads to reduced efficacy in genetically diverse Plasmodium 

falciparum populations²³. 

Mechanism of action: 

 Induction of neutralizing antibodies prevents merozoites from invading red blood cells. 

 Facilitates opsonization and phagocytosis of infected erythrocytes by macrophages. 

 

4.3 Transmission-blocking (Sexual Stage) Vaccines 

Transmission-blocking vaccines (TBVs) target gametocytes or mosquito-stage parasites, aiming to interrupt the 

malaria lifecycle in the mosquito vector and reduce community-level transmission³⁰,³¹. 

Examples: 

 Pfs25 and Pfs230 vaccines: Recombinant proteins expressed on gametocytes and ookinetes. Induce 

antibodies in humans, which, when ingested by mosquitoes during blood feeding, inhibit parasite 

development in the mosquito midgut. 

Mechanism of action: 

1. Human immune system produces antibodies against sexual-stage antigens. 
2. Upon mosquito ingestion, antibodies bind gametes or ookinetes, preventing oocyst formation and 

subsequent sporozoite production. 

3. Effectively reduces malaria transmission at the population level. 

Advantages: TBVs do not directly protect the vaccinated individual but contribute to herd immunity and 

community-wide disease reduction. 

4.4 Whole-organism and DNA-based Vaccines 

Whole-organism and DNA-based vaccines represent innovative next-generation platforms targeting multiple 

stages of the parasite to induce broad and durable immunity³¹. 

Whole-organism vaccines: 

 Use attenuated sporozoites (PfSPZ vaccine) delivered intravenously. 

 Induce both humoral and cellular immune responses, targeting pre-erythrocytic and early erythrocytic 

stages simultaneously. 

DNA-based vaccines: 

 Encode Plasmodium antigens (e.g., CSP, AMA-1) in plasmid DNA. 

 Facilitate in vivo expression of antigens, stimulating robust CD8⁺ and CD4⁺ T-cell responses and 

antibody production. 

 Advantages include stability, ease of production, and potential for multi-antigen constructs. 

Table 5: Summary of Malaria Vaccine Types 

 

Vaccine Type Target Stage Example Mechanism of 

Action 

Key 

Advantages 

Limitations 

Pre- 

erythrocytic 

Sporozoite/Liver RTS,S/AS01, 

R21/Matrix- 

M 

Neutralize 

sporozoites, 

CD8⁺ T-cell 

killing of 

infected 

hepatocytes 

Prevents 

infection 

Partial efficacy, 

short-term 

protection 

Blood-stage Merozoite/ 

Erythrocyte 

MSP-1, 

AMA-1 

Block RBC 

invasion, 

opsonization 

Reduces 

disease 

severity 

Antigenic 

polymorphism, 

limited cross- 
strain efficacy 
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Transmission- 

blocking 

Gametocyte/ 

Mosquito 

Pfs25, Pfs230 Antibodies 

block parasite in 

mosquito 

Reduces 

transmission 

No direct 

individual 

protection 

Whole- 

organism/DNA 

Multi-stage PfSPZ, DNA 

vaccines 

Broad humoral 

and cellular 

immunity 

Multi-stage 

targeting, 

durable 
response 

Complex 

production, 

delivery 
challenges 

 

4.5 Summary 

Malaria vaccine development is tailored to target specific parasite stages, each with distinct 

immunological mechanisms and clinical outcomes. Pre-erythrocytic vaccines aim to prevent liver infection, 

blood-stage vaccines reduce clinical severity, transmission-blocking vaccines interrupt parasite spread, and whole- 

organism/DNA vaccines seek to provide multi-stage, broad-spectrum immunity. Combining insights from 

pathogenesis, immunology, and vaccine immunogenicity is critical to developing highly effective next-generation 

malaria vaccines. 

 

 

Approved and Leading Malaria Vaccines 

The recent approval and deployment of malaria vaccines mark a major milestone in global malaria 

control. Two leading vaccines, RTS, S/AS01 (Mosquirix) and R21/Matrix-M, have undergone rigorous clinical 

evaluation and pilot implementation in endemic regions. These vaccines represent first-generation and next- 

generation approaches to malaria immunization, providing crucial insights for future multi-stage vaccine 

development. 

 

5.1 RTS,S/AS01 (Mosquirix) 

5.1.1 Composition and Mechanism 

RTS,S/AS01 is a recombinant protein-based vaccine formulated with the AS01 adjuvant. The vaccine consists of: 

 Circumsporozoite protein (CSP): A major sporozoite surface antigen critical for hepatocyte invasion. 

 Hepatitis B surface antigen (HBsAg) fusion: Enhances immunogenicity and particle formation. 

 AS01 adjuvant system: Contains monophosphoryl lipid A (MPL) and QS-21 saponin, promoting strong 

Th1-biased immune responses and robust antibody production³⁴,³⁵. 

Mechanism of action: 

1. Induces CSP-specific IgG antibodies that neutralize sporozoites in circulation. 

2. Activates CD4⁺ and CD8⁺ T-cells to destroy infected hepatocytes. 

3. Reduces parasite liver burden, preventing the onset of erythrocytic infection and clinical disease. 

 

5.1.2 Clinical Trial Data and Efficacy 

RTS,S/AS01 has undergone extensive Phase III trials in sub-Saharan Africa: 

 

Study Population Vaccine 

Doses 

Follow-up Efficacy against 

Clinical Malaria 

Severe Malaria 

Reduction 

RTS,S Phase III 

(2011–2015) 

Children 5– 
17 months 

4 doses 48 months 36% 32% 

RTS,S Phase III Infants 6–12 

weeks 

4 doses 48 months 25% 26% 

Source: RTS,S Clinical Trials Partnership, 2015³⁴. 

 

The efficacy varies by age, transmission intensity, and dosing schedule, with the highest protection 

observed in older infants receiving the full 4-dose regimen. Booster doses further enhance immunity and prolong 

protection. 

5.1.3 Implementation and WHO Recommendation 

In 2021, WHO recommended the widespread use of RTS,S/AS01 in children living in areas with 

moderate to high Plasmodium falciparum transmission³². The vaccine is being piloted in Ghana, Kenya, and 

Malawi under the Malaria Vaccine Implementation Programme (MVIP): 

 Target population: Children aged 5–17 months. 

 Delivery: Integrated with routine childhood immunization schedules. 

 Early impact: Reduction in hospitalization due to severe malaria by approximately 30–40%. 
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5.2 R21/Matrix-M Vaccine 

5.2.1 Composition and Mode of Action 

R21/Matrix-M is a next-generation pre-erythrocytic vaccine based on virus-like particle (VLP) 

technology. Its composition includes: 

 Circumsporozoite protein (CSP) fused to HBsAg: Similar to RTS,S but with higher antigen density. 

 Matrix-M adjuvant: Saponin-based formulation enhancing humoral and cellular immunity³⁵,³⁶. 

Mechanism: 

1. Induces high-titer sporozoite-specific antibodies, neutralizing parasites in circulation. 

2. Activates CD4⁺ T-helper cells and CD8⁺ T-cells, targeting infected hepatocytes. 

3. Potentially provides higher efficacy and longer-lasting protection compared with RTS,S/AS01. 

 

 

 

 

 

 

 

5.2.2 Clinical Data and Comparative Advantages 

Phase IIb trials in Burkina Faso demonstrated: 

 

Study Population Vaccine 

Doses 

Follow-up Efficacy against 

Clinical Malaria 

R21 Phase IIb Children 5–17 

months 

3 doses + 

booster 

12 months 77% 

Comparative 

analysis 

RTS,S Phase III 4 doses 12 months 36% 

Source: Draper SJ et al., 2018³⁶. 

Advantages of R21/Matrix-M 

 Higher antigen load and density. 

 Improved long-term antibody titers. 

 Simplified dose regimen and potential for broader coverage. 

5.2.3 Deployment Status in Africa and India 

 Africa: Large-scale rollout underway in Nigeria, Burkina Faso, and other West African countries under 

collaborative efforts with WHO and local ministries of health. 

 India: Pilot studies and regulatory evaluation are ongoing to assess safety, immunogenicity, and 

integration into routine immunization programs. 

 

6. Adjuvants and Delivery Systems 

The success of malaria vaccines is heavily dependent not only on the choice of antigen but also on the 

adjuvants and delivery platforms that enhance immunogenicity, durability, and breadth of immune response. 

Modern vaccine development leverages adjuvants and innovative delivery systems to overcome the challenges 

posed by the complex lifecycle and antigenic variability of Plasmodium. 

 

6.1 Role of Adjuvants 

Adjuvants are critical components that enhance the magnitude, quality, and longevity of the immune 

response to vaccine antigens. They achieve this by stimulating innate immunity, enhancing antigen presentation, 

and directing adaptive immune responses toward humoral or cellular pathways³⁵,³⁶. 

Key adjuvants used in malaria vaccines: 

1. AS01 Adjuvant (used in RTS,S/AS01): 

o Composition: Monophosphoryl lipid A (MPL) + QS-21 saponin in a liposomal formulation. 
o Function: Activates dendritic cells, enhances Th1 CD4⁺ T-cell responses, and increases CSP- 

specific antibody titers. 

o Clinical relevance: Demonstrates robust immunogenicity in infants and young children²⁹,³⁵. 
2. Matrix-M Adjuvant (used in R21/Matrix-M): 

o Composition: Saponin-based nanoparticles forming cage-like structures. 



Uppu Sai Preethi et al., Int. J. Pharm & Ind. Res, 15 (04) 2025 [643-658] 
 

658 

o Function: Promotes strong humoral and cellular immunity, increases antibody titers, and 
prolongs memory B-cell persistence³⁶. 

o Advantage: Enables higher antigen density vaccines, resulting in increased efficacy over earlier 
formulations. 

Adjuvants are essential for achieving protective immunity, particularly in young children and populations with 

limited prior exposure. They also reduce the required antigen dose and enhance long-term immune memory. 

 

6.2 New Delivery Platforms 

Traditional vaccine delivery methods (e.g., intramuscular injection) have limitations in antigen stability and 

immune targeting. Next-generation delivery platforms aim to improve efficacy, safety, and scalability of malaria 

vaccines³⁷,³⁸. 

 

Key platforms under investigation: 

1. Viral Vector-based Vaccines: 

o Use recombinant viruses (e.g., adenovirus, modified vaccinia Ankara) to express Plasmodium 
antigens. 

o Advantages: Induce strong cellular and humoral immunity, capable of multi-stage antigen 
delivery. 

o Examples: ChAd63-MVA ME-TRAP, showing promising CD8⁺ T-cell responses in clinical 
trials³⁷. 

2. Nanoparticle-based Vaccines: 

o Antigens are encapsulated in lipid or polymer nanoparticles for targeted delivery. 
o Benefits: Enhanced stability, sustained antigen release, and efficient uptake by antigen- 

presenting cells (APCs). 

o Example: VLP (virus-like particle) platforms for CSP delivery, increasing antibody titers and 
protection duration³⁶. 

3. mRNA-based Vaccines: 

o Encode Plasmodium antigens in synthetic mRNA encapsulated in lipid nanoparticles. 
o Mechanism: Host cells translate mRNA into protein antigens, eliciting strong adaptive 

immunity. 

o Advantages: Rapid design, scalability, and potential for multi-antigen/multi-stage vaccines. 
o Relevance: Inspired by SARS-CoV-2 mRNA vaccine success, ongoing trials are exploring CSP 

and blood-stage antigen mRNA vaccines³⁸. 

 

6.3 Integration of Adjuvants and Delivery Systems 

The combination of adjuvants and advanced delivery systems enables: 

 Stage-specific immune responses (pre-erythrocytic, blood-stage, transmission-blocking). 

 Enhanced antibody titers and T-cell memory, crucial for long-term protection. 

 Dose sparing, improving cost-effectiveness and scalability in resource-limited settings. 

Examples of Adjuvant and Delivery Combinations in Malaria Vaccines 

 

Vaccine Antigen Adjuvant Delivery Platform Key Outcome 

RTS,S/AS01 CSP AS01 Recombinant protein 

IM 

36–50% protection in children 

R21/Matrix-M CSP Matrix-M Virus-like particle IM >75% efficacy in phase IIb 

trials 

ChAd63-MVA ME- 

TRAP 

ME- 

TRAP 

None / AS01 Viral vector Strong CD8⁺ T-cell response 

mRNA CSP Vaccine CSP LNP- 
encapsulated 

mRNA in lipid 
nanoparticles 

Induces potent humoral and 
cellular immunity 

VLP-based Multi- 

antigen 

CSP + 

MSP 

Matrix-M Nanoparticle VLP Multi-stage immunity, 

enhanced antibody titers 

 

Adjuvants and innovative delivery systems are critical enablers of malaria vaccine efficacy. AS01 and Matrix-M 

adjuvants potentiate immune responses in first-generation vaccines, while viral vectors, nanoparticles, and mRNA 

platforms provide enhanced immunogenicity, flexibility, and multi-stage protection. Integrating optimal adjuvants 

with advanced delivery technologies is pivotal for the next generation of malaria vaccines, offering the potential 

for higher efficacy, longer protection, and broader population coverage. 

 

7. Challenges in Malaria Vaccine Development 
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Despite significant progress in malaria vaccine research, the development and deployment of highly 

efficacious, long-lasting vaccines face multiple biological, logistical, and socio-economic challenges. 

Understanding these obstacles is critical for guiding next-generation vaccine strategies. 

Malaria vaccine development is hindered by: 
1. Antigenic variation and parasite diversity, limiting cross-strain efficacy. 

2. Short-lived immunity, requiring boosters and advanced adjuvants. 

3. Manufacturing complexity and cost, particularly for whole-organism and novel platforms.4 

4. .Logistical and ethical challenges in endemic regions, impacting implementation and uptake 

Malaria vaccine development is hindered by 

5. Antigenic variation and parasite diversity, limiting cross-strain efficacy. 

6. Short-lived immunity, requiring boosters and advanced adjuvants. 

7. Manufacturing complexity and cost, particularly for whole-organism and novel platforms. 

8. Logistical and ethical challenges in endemic regions, impacting implementation and uptake. 

Overcoming these challenges requires innovative vaccine design, integration with existing malaria control 

measures, and global collaboration to ensure affordable, scalable, and equitable vaccine access. 

 

 

8. Recent Advances and Future Directions 

Recent advances in malaria vaccine development focus on: 

1. Genetic and molecular targets to overcome antigenic diversity. 

2. Multi-antigen and combination vaccines to achieve broader, multi-stage protection. 

3. Integration with vector control and chemoprevention for synergistic impact. 

4. 4.AI-driven vaccine design and computational modeling to optimize immunogenicity and deployment 

Malaria vaccine research has entered a new era of precision immunology, integrating genetic, molecular, and 

computational approaches. Recent advances focus on enhancing vaccine efficacy, broadening strain coverage, and 

integrating immunization with existing malaria control strategies. 

8.1 Genetic and Molecular Vaccine Targets 

Advances in genomics and proteomics have enabled the identification of novel antigens and molecular pathways 

critical for parasite survival, allowing targeted vaccine design³⁶,³⁷. 

 Key genetic and molecular targets: 

o Pre-erythrocytic antigens: Circumsporozoite protein (CSP), Liver-stage antigen 1 (LSA-1) 
o Blood-stage antigens: Merozoite surface proteins (MSP-1, MSP-2), Apical membrane antigen 

1 (AMA-1) 

o Transmission-blocking antigens: Pfs25, Pfs230 

 Molecular approaches: 

o Epitope mapping and reverse vaccinology to select highly conserved antigenic regions 
o Gene-editing technologies (e.g., CRISPR-Cas9) to attenuate parasites or identify essential 

vaccine targets³⁹ 

 

8.2 Multi-antigen and Combination Vaccines 

Single-antigen vaccines often yield partial protection due to parasite diversity. Multi-antigen and combination 

vaccines target multiple stages of the parasite lifecycle simultaneously³⁸,⁴⁰. 

 Examples: 

o CSP + AMA-1 combination vaccines to target both liver and blood stages 

o Multi-stage VLP vaccines incorporating CSP, MSP-1, and gametocyte antigens 

 Advantages: 

o Induces broader humoral and cellular immune responses 

o Reduces risk of immune escape by targeting multiple antigens 

o Enhances durability of protection, particularly in high-transmission areas 

8.3 Integration with Vector Control and Chemoprevention 

Vaccination is most effective when integrated with traditional malaria control strategies: 

 Vector control: 

o Insecticide-treated nets (ITNs) and indoor residual spraying (IRS) reduce mosquito-human 
transmission. 

o Vaccination synergizes by reducing parasite reservoir, lowering infection pressure³⁹. 

 Chemoprevention: 
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o Seasonal malaria chemoprevention (SMC) in children combined with vaccination enhances 
protection during peak transmission seasons. 

 Impact modeling: Integrated strategies are predicted to accelerate malaria elimination, particularly in 

high-burden regions³⁸,⁴⁰. 

 

8.4 Artificial Intelligence and Computational Modeling in Vaccine Design 

Emerging AI and computational tools are transforming malaria vaccine development by enabling predictive 

modeling and rational antigen selection: 

 Applications: 

o Epitope prediction: AI algorithms identify conserved B- and T-cell epitopes for multi-stage 
vaccine design⁴¹. 

o Immunogenicity modeling: Machine learning predicts vaccine-induced antibody and T-cell 
responses. 

o Population impact simulations: Computational models optimize vaccine deployment strategies 
in endemic regions. 

Malaria vaccine research has entered a new era of precision immunology, integrating genetic, molecular, and 

computational approaches. Recent advances focus on enhancing vaccine efficacy, broadening strain coverage, and 

integrating immunization with existing malaria control strategies. 

 

9. Genetic and Molecular Vaccine Targets 

Advances in genomics and proteomics have enabled the identification of novel antigens and molecular pathways 

critical for parasite survival, allowing targeted vaccine design³⁶,³⁷. 

 Key genetic and molecular targets: 

o Pre-erythrocytic antigens: Circumsporozoite protein (CSP), Liver-stage antigen 1 (LSA-1) 
o Blood-stage antigens: Merozoite surface proteins (MSP-1, MSP-2), Apical membrane antigen 

1 (AMA-1) 

o Transmission-blocking antigens: Pfs25, Pfs230 

 Molecular approaches: 

o Epitope mapping and reverse vaccinology to select highly conserved antigenic regions 
o Gene-editing technologies (e.g., CRISPR-Cas9) to attenuate parasites or identify essential 

vaccine targets³⁹ 
 

 

Fig 6: Genetic and Molecular Targets in Malaria Vaccine Development 

 

Impact: These approaches aim to maximize cross-strain efficacy and overcome antigenic variation, a major 

challenge in malaria vaccine development. 

9.1 Multi-antigen and Combination Vaccines 

Single-antigen vaccines often yield partial protection due to parasite diversity. Multi-antigen and combination 

vaccines target multiple stages of the parasite lifecycle simultaneously³⁸,⁴⁰. 
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 Examples: 

o CSP + AMA-1 combination vaccines to target both liver and blood stages 

o Multi-stage VLP vaccines incorporating CSP, MSP-1, and gametocyte antigens 

 Advantages: 

o Induces broader humoral and cellular immune responses 

o Reduces risk of immune escape by targeting multiple antigens 

o Enhances durability of protection, particularly in high-transmission areas 

Examples of Multi-antigen Vaccine Platforms 

 

Vaccine Platform Antigens 

Included 

Target Stage Immune Response Status 

CSP + AMA-1 CSP, AMA-1 Liver + Blood Antibody + T-cell Phase II 

VLP Multi-stage CSP, MSP-1, 
Pfs25 

Pre-erythrocytic + Blood 
+ Gametocyte 

Broad humoral and 

cellular 

Preclinical 

DNA Combo 

Vaccine 

CSP, LSA-1, 

MSP-1 

Multi-stage CD8⁺ and CD4⁺ T-cell 

activation 

Preclinical 

 

 

9.2 Integration with Vector Control and Chemoprevention 

Vaccination is most effective when integrated with traditional malaria control strategies: 

 Vector control: 

o Insecticide-treated nets (ITNs) and indoor residual spraying (IRS) reduce mosquito-human 
transmission. 

o Vaccination synergizes by reducing parasite reservoir, lowering infection pressure³⁹. 

 Chemoprevention: 

o Seasonal malaria chemoprevention (SMC) in children combined with vaccination enhances 
protection during peak transmission seasons. 

 Impact modeling: Integrated strategies are predicted to accelerate malaria elimination, particularly in 

high-burden regions³⁸,⁴⁰. 

 

9.3 Artificial Intelligence and Computational Modeling in Vaccine Design 

Emerging AI and computational tools are transforming malaria vaccine development by enabling predictive 

modeling and rational antigen selection: 

 Applications: 

o Epitope prediction: AI algorithms identify conserved B- and T-cell epitopes for multi-stage 
vaccine design⁴¹. 

o Immunogenicity modeling: Machine learning predicts vaccine-induced antibody and T-cell 
responses. 

o Population impact simulations: Computational models optimize vaccine deployment strategies 
in endemic regions. 

 

Collectively, these strategies represent the next frontier in malaria prevention, promising higher efficacy, longer- 

lasting immunity, and accelerated progress toward global malaria elimination goals. 

 

CONCLUSION 

Malaria continues to impose a substantial global and national health burden, particularly in endemic 

regions such as sub-Saharan Africa and parts of India. Despite decades of progress in vector control and 

chemotherapeutic interventions, persistent drug resistance, vector adaptation, and incomplete immunity highlight 

the limitations of conventional approaches³²,³⁵. Vaccination has emerged as a critical complementary strategy to 

address these gaps, with RTS,S/AS01 and R21/Matrix-M vaccines demonstrating significant albeit partial 

protection in clinical trials. 

Key challenges in malaria vaccine development include antigenic variation, short-lived immunity, 

manufacturing complexity, cost constraints, and logistical or ethical barriers in endemic populations³⁴,⁴⁴. These 

factors underscore the necessity of innovative vaccine design, incorporating multi-antigen approaches, advanced 

adjuvants, and next-generation delivery platforms such as viral vectors, nanoparticles, and mRNA-based 

formulations³⁶,³⁸,⁴¹. Integrating vaccination with existing vector control strategies and chemoprevention can 
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amplify population-level impact, enhancing protection for vulnerable children and high-transmission 

communities³⁹,⁵¹. 

Looking ahead, genetic and molecular antigen discovery, AI-driven computational modeling, and multi- 

stage combination vaccines offer promising avenues to broaden efficacy, prolong immunity, and overcome strain 

diversity³⁹,⁵³. In the Indian context, careful policy planning, cost-effectiveness analysis, community engagement, 

and infrastructure strengthening are essential to translate scientific advances into meaningful public health 

outcomes⁵⁴,⁵⁸. 

In conclusion, malaria vaccination represents a transformative opportunity in global and national malaria 

control. By addressing the scientific, logistical, and socio-economic challenges identified in this review, 

researchers and policymakers can accelerate the path toward malaria elimination, reduce childhood morbidity and 

mortality, and strengthen the overall resilience of endemic communities. Continuous collaborative research, 

innovation, and evidence-based policy implementation will be pivotal to achieving a malaria-free future. 
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