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ABSTRACT 

Malaria remained a major global health burden, with Plasmodium falciparum causing significant morbidity and 
mortality, particularly among children in sub-Saharan Africa. The RTS, S/AS01 vaccine represents the first licensed 
malaria vaccine, targeting the circumsporozoite protein of the parasite's pre-erythrocytic stage. This review 
critically examined the efficacy profile of RTS,S/AS01, evaluated implementation challenges encountered during 
pilot programs, and assessed the vaccine's broader public health impact in endemic regions. A comprehensive 
literature search was conducted across PubMed, Scopus, and clinical trial registries, selecting peer-reviewed articles, 
systematic reviews, and implementation reports published between 2011 and 2025. Phase III trials demonstrated 
modest efficacy, with approximately 32% reduction in clinical malaria episodes among children aged 5 to 17 months 
over four years when administered in four doses. Pilot implementation programs in Ghana, Kenya, and Malawi 
revealed significant operational challenges, including maintaining cold chain integrity, achieving adequate coverage 
across four-dose schedules, and integrating delivery with existing immunization programs. Despite moderate 
efficacy, mathematical modeling indicates that RTS, S/AS01 deployment in high-transmission settings can avert 
substantial numbers of clinical cases and deaths when combined with existing vector control and chemoprevention 
strategies. Cost-effectiveness analyses suggested favorable outcomes in areas with persistent high transmission. 
Antibody responses wane substantially within 12 months post vaccination, raising questions about optimal booster 
timing and long-term protection. RTS, S/AS01 represented a significant milestone in malaria control, offering 
partial protection that complements existing interventions. Ongoing research must address immunological gaps, 
optimize delivery strategies, and monitor real-world effectiveness to maximize public health benefit. 
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INTRODUCTION 

Malaria caused by Plasmodium falciparum continues to impose substantial disease burden globally, with an 
estimated 241 million cases and 627,000 deaths reported in 2020, predominantly affecting children under five years 
in sub-Saharan Africa [1,2]. The complex lifecycle of the parasite, involving both mosquito vector and human host 
stages, presents unique immunological challenges for vaccine development. The circumsporozoite protein (CSP), 
which coats the surface of sporozoites during the pre-erythrocytic phase, has emerged as a leading vaccine target 
due to its abundance and accessibility to antibody-mediated neutralization [3]. RTS, S/AS01, developed through a 
public-private partnership, incorporates a recombinant fusion protein consisting of the central repeat region and C-
terminal domain of CSP fused to hepatitis B surface antigen, formulated with the AS01 adjuvant system containing 
monophosphoryl lipid A and QS-21 saponin. This vaccine design aims to elicit both humoral and cellular immune 
responses capable of preventing sporozoite invasion of hepatocytes, thereby interrupting the infection cycle before 
blood-stage parasitemia develops [4]. 

Research Output Journal of Public Health and Medicine 6(1):92-99, 2026  

ROJPHM                                                                                        ISSN ONLINE: 1115-9715 

https://rojournals.org/roj-public-health-and-medicine/      ISSN PRINT: 1115-6147 

https://doi.org/10.59298/ROJPHM/2026/619299
kiu.ac.ug


 

This is an Open Access article distributed under the terms of the Creative Commons Attribution License 
(http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction in 
any medium, provided the original work is properly cited. 

 
 

Page | 93 

The path from CSP-based vaccine candidates to RTS, S/AS01 licensure involved decades of iterative development, 
with early formulations demonstrating proof of concept but inadequate protection. Adjuvant optimization proved 
critical, as the AS01 system significantly enhanced immunogenicity compared to earlier formulations, inducing 
robust CD4+ T cell responses and high-titer anti-CSP antibodies [5]. However, translating laboratory 
immunogenicity into field efficacy remained challenging, with protection levels falling short of the initial 75% 
efficacy target established by the malaria vaccine technology roadmap. The vaccine's moderate efficacy must be 
understood within the context of naturally acquired immunity, antigenic polymorphism in field parasite strains, and 
the immunological immaturity of the target population [6]. Despite these limitations, the vaccine received a positive 
scientific opinion from the European Medicines Agency in 2015 and a WHO recommendation for broad use in 2021, 
marking a historic achievement in malaria vaccine development [7]. The objective of this review is to critically 
evaluate the clinical efficacy of RTS, S/AS01 across diverse epidemiological settings, analyze the operational and 
programmatic challenges encountered during pilot implementation, and assess the vaccine's population-level impact 
on malaria burden when integrated into comprehensive control strategies. 
Immunological Basis and Mechanism of Protection 
The RTS, S/AS01 vaccine operates through a dual mechanism targeting the pre-erythrocytic stage of Plasmodium 
falciparum infection. The recombinant antigen consists of 19 NANP tetrapeptide repeats and the C-terminal region 
of CSP, representing approximately 60% of the native protein sequence, co-expressed with hepatitis B surface 
antigen in a particulate structure. This configuration facilitates efficient antigen presentation and generates virus-
like particles measuring approximately 20 to 30 nanometers in diameter, promoting uptake by antigen-presenting 
cells [8]. The AS01 adjuvant system enhances innate immune activation through Toll-like receptor 4 stimulation 
by monophosphoryl lipid A and saponin-mediated enhancement of antigen presentation, collectively driving Th1-
biased cellular immunity alongside robust antibody production [9]. 
Anti-CSP antibodies represent the primary correlate of protection, functioning through multiple mechanisms 
including direct sporozoite neutralization, prevention of hepatocyte invasion, and complement-mediated parasite 
lysis [10]. Quantitative analyses from phase III trials identified a threshold antibody concentration of approximately 
100 enzyme-linked immunosorbent assay units per milliliter as correlating with protective efficacy, though this 
relationship demonstrates considerable individual variability [11]. CD4+ T cell responses, particularly 
polyfunctional cells secreting interferon gamma, tumor necrosis factor alpha, and interleukin 2, contribute to 
protection by eliminating infected hepatocytes and supporting antibody class switching. However, the vaccine fails 
to induce substantial CD8+ cytotoxic T cell responses against liver-stage parasites, representing a potential 
immunological gap compared to naturally acquired immunity or attenuated sporozoite vaccines. 
A critical limitation of RTS,S/AS01 immunogenicity concerns the rapid waning of antibody titers, with geometric 
mean concentrations declining by approximately 90% within 12 months following the primary vaccination series 
[12]. This phenomenon likely reflects the absence of natural boosting in vaccinated individuals who avoid infection, 
combined with the short-lived nature of plasma cell responses elicited by subunit vaccines [13]. The vaccine also 
demonstrates reduced efficacy against non-vaccine CSP haplotypes, particularly those containing amino acid 
substitutions in the C-terminal region, highlighting challenges posed by parasite genetic diversity [14]. 
Mathematical modeling suggests that antibody-dependent mechanisms account for the majority of observed 
protection, while cellular immunity may provide modest additional benefit [15]. These immunological 
characteristics underscore the need for improved vaccine formulations capable of inducing durable, broadly cross-
reactive responses that better recapitulate naturally acquired protective immunity observed in malaria-endemic 
populations. 
Clinical Efficacy Evidence from Controlled Trials 
The phase III clinical trial of RTS,S/AS01, conducted across 11 African sites from 2009 to 2014, remains the largest 
malaria vaccine trial ever undertaken, enrolling 15,459 participants in two age cohorts [16]. Among children aged 
5 to 17 months receiving four doses, vaccine efficacy against clinical malaria was 36.3% over four years of follow-up, 
while efficacy against severe malaria reached 32.2% [17]. The younger infant cohort, vaccinated at 6 to 12 weeks of 
age, demonstrated lower efficacy of 25.9% against clinical malaria and 26% against severe disease, suggesting age-
dependent immunological factors influence vaccine performance [18]. Efficacy peaked during the first year post 
vaccination at approximately 50%, declining substantially thereafter as antibody titers waned, with minimal residual 
protection observed beyond 36 months [19]. 
Subgroup analyses revealed important heterogeneity in vaccine performance based on transmission intensity and 
baseline parasitemia status. In areas of lower malaria transmission, vaccine efficacy approached 60% during the first 
year, compared to approximately 35% in high-transmission settings where children experience repeated infections 
[20]. Paradoxically, participants with parasitemia at baseline demonstrated reduced vaccine efficacy compared to 
aparasitemic children, potentially reflecting immune interference by concurrent infection or altered immune 
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responses in previously exposed individuals [21]. Efficacy against uncomplicated malaria episodes showed dose-
dependent patterns, with three-dose recipients experiencing significantly reduced protection compared to those 
completing the four-dose schedule, emphasizing the importance of booster administration [22]. 
The impact of RTS, S/AS01 on severe malaria outcomes, while statistically significant, remained modest in absolute 
terms. Among older children, the vaccine prevented approximately three severe malaria cases per 1,000 vaccinated 
children annually in high-transmission areas. Importantly, post-hoc analyses detected no evidence of disease 
enhancement or increased severity among breakthrough infections in vaccinated individuals, addressing theoretical 
concerns about antibody-dependent enhancement or delayed acquisition of natural immunity [23]. Time-to-first-
episode analyses demonstrated that the vaccine delays malaria infection rather than preventing all episodes 
indefinitely, consistent with its mechanism of reducing but not eliminating sporozoite invasion [24]. These efficacy 
data, while falling short of traditional vaccine benchmarks, must be contextualized within the unique challenges of 
malaria immunity and the absence of alternative licensed vaccines. The moderate but consistent protection observed 
across diverse epidemiological settings provided the evidence base for regulatory approval and WHO policy 
recommendation, despite ongoing debates about cost-effectiveness and optimal implementation strategies. 
Pilot Implementation Programs and Operational Challenges 
Following the WHO recommendation in 2019, pilot implementation of RTS, S/AS01 commenced in selected regions 
of Ghana, Kenya, and Malawi, collectively reaching over 1.7 million children by 2023 [25]. These programs aimed 
to evaluate vaccine uptake, safety in routine use, and the feasibility of delivering a four-dose schedule alongside 
existing childhood immunizations. Coverage data revealed significant challenges in achieving complete vaccination, 
with approximately 70% of children receiving the first dose at 6 months of age, declining to 50% for the second dose, 
40% for the third dose, and only 30% completing the fourth dose at 24 months [26]. This dropout pattern 
substantially exceeded that of routine immunizations, reflecting difficulties in maintaining contact with mobile 
populations and competing demands on caregiver time [27]. 
Cold chain maintenance emerged as a critical operational constraint, as RTS, S/AS01 requires storage at 2 to 8 
degrees Celsius throughout the distribution network. Infrastructure assessments in pilot countries documented 
frequent power outages, inadequate refrigeration capacity at peripheral health facilities, and temperature excursions 
during vaccine transport [28]. The lyophilized vaccine format, while improving thermostability compared to liquid 
formulations, still necessitates reconstitution expertise and timely administration following preparation. Integration 
with existing immunization platforms proved complex due to scheduling conflicts, as the RTS,S/AS01 series does 
not align perfectly with standard Expanded Program on Immunization contacts, requiring additional clinic visits 
[29]. Health worker training demands were substantial, encompassing reconstitution procedures, documentation 
of four separate doses, and counseling caregivers about the vaccine's partial efficacy [30]. 
Monitoring for safety signals during pilot implementation detected no unexpected adverse events, with 
reactogenicity profiles consistent with clinical trial data showing mild to moderate injection site reactions and 
transient fever [31]. Concerns about potential interference with concurrent vaccines, particularly when 
RTS,S/AS01 is administered alongside measles or meningococcal conjugate vaccines, were not substantiated by 
immunogenicity studies [32]. Community acceptance varied across implementation sites, influenced by health 
literacy, trust in immunization programs, and clarity of messaging about the vaccine's complementary role rather 
than replacement of existing interventions. Qualitative research identified misconceptions regarding vaccine 
efficacy, with some caregivers erroneously believing vaccination confers complete malaria immunity, potentially 
leading to reduced adherence to bed nets or prompt treatment-seeking for febrile illness [33]. 
Financial sustainability represents a long-term implementation challenge, as vaccine procurement costs 
approximately 9 to 10 US dollars per fully vaccinated child, excluding delivery expenses. While Gavi funding 
initially supported pilot programs, the transition to domestic financing in low-income countries raises questions 
about prioritization relative to other health interventions. Supply chain planning must account for cold chain 
expansion, waste management, and procurement of sufficient doses to meet demand in countries considering national 
rollout [34]. These operational realities demonstrate that vaccine introduction extends far beyond product 
licensure, requiring health system strengthening, community engagement, and sustained political commitment to 
achieve population-level impact. 
Public Health Impact and Cost-Effectiveness Modeling 
Mathematical models projecting the population health impact of RTS, S/AS01 suggest that widespread 
implementation in moderate to high transmission settings could avert substantial malaria burden when layered onto 
existing control interventions. Transmission dynamic models incorporating vaccine efficacy data, coverage 
projections, and local epidemiological parameters estimate that achieving 80% coverage with four doses could 
prevent approximately 40,000 to 80,000 child deaths annually across sub-Saharan Africa [35]. These projections 
assume sustained implementation alongside insecticide-treated nets, indoor residual spraying, and prompt case 
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management, as the vaccine is not intended as a standalone intervention [36]. Impact varies considerably by baseline 
transmission intensity, with the greatest absolute benefit observed in areas sustaining perennial transmission where 
children experience multiple infectious episodes annually [37]. 
Cost-effectiveness analyses conducted from health system and societal perspectives generally support RTS, S/AS01 
introduction in high-burden countries, with incremental cost-effectiveness ratios ranging from 100 to 500 US dollars 
per disability-adjusted life year averted depending on assumptions about coverage, delivery costs, and comparator 
interventions. In settings where malaria transmission remains high despite maximal deployment of conventional 
control measures, the vaccine may represent a cost-effective addition to the intervention portfolio [38]. However, 
sensitivity analyses reveal that cost-effectiveness is highly dependent on achieving and maintaining high coverage 
across all four doses, as incomplete vaccination series substantially diminishes the impact [39]. Countries with 
declining malaria incidence face different cost-effectiveness profiles, as the absolute number of cases prevented 
decreases while fixed program costs remain constant. 
Real-world impact data from pilot implementation countries provide preliminary evidence of vaccine effectiveness 
under operational conditions. Observational studies in Ghana documented a 32% reduction in malaria 
hospitalizations among children eligible for RTS, S/AS01 compared to non-eligible cohorts, after adjusting for 
temporal trends and concurrent interventions [40]. Similar analyses in Kenya and Malawi showed reductions in 
severe malaria incidence ranging from 9% to 17%, slightly lower than trial-based efficacy estimates but consistent 
with imperfect coverage and real-world adherence patterns [41]. Notably, no evidence of disease burden 
displacement to older age groups has emerged, addressing concerns that delaying infection in vaccinated children 
might shift malaria morbidity to ages with reduced natural immunity [42]. 
The vaccine's impact on malaria mortality reduction must be considered alongside potential indirect effects and 
programmatic synergies. Modeling suggests that RTS, S/AS01 could reduce selective pressure for drug-resistant 
parasites by decreasing overall transmission, though this benefit requires high population coverage [43]. 
Integration with seasonal malaria chemoprevention in Sahel countries presents opportunities for additive protection, 
as the interventions target different parasite stages and operate through distinct mechanisms [44]. However, 
resource allocation debates persist regarding whether investments in RTS,S/AS01 deployment might yield greater 
health returns if directed toward strengthening case management, expanding chemoprevention coverage, or 
implementing novel vector control tools [45]. These considerations underscore that vaccine introduction decisions 
must account for local epidemiology, health system capacity, and opportunity costs within constrained budgets. 
Current Limitations and Future Research Directions 
Despite representing a milestone achievement, RTS,S/AS01 exhibits several limitations that constrain its public 
health impact and motivate ongoing research toward improved malaria vaccines. The modest and waning efficacy 
observed in clinical trials reflects fundamental constraints of the current antigen design, which presents only a 
fraction of the CSP sequence and lacks other pre-erythrocytic antigens that contribute to naturally acquired 
immunity [46]. Next-generation vaccine candidates under development incorporate additional sporozoite antigens, 
alternative adjuvant systems, or utilize viral vector platforms to enhance immunogenicity and durability [47]. The 
R21/Matrix-M vaccine, formulated with a higher antigen-to-carrier ratio and novel adjuvant, recently 
demonstrated superior efficacy in phase II trials, achieving approximately 77% protection over 12 months in high-
dose cohorts [48]. Comparative effectiveness studies will be essential to determine whether this improved 
performance translates to greater public health benefit. 
Understanding the immunological basis of vaccine failure in non-responders remains a priority research area. 
Genetic polymorphisms in human leukocyte antigen alleles, variations in innate immune receptor expression, and 
environmental factors such as concurrent helminth infections or nutritional status may influence vaccine 
immunogenicity [49]. Systems biology approaches integrating transcriptomics, metabolomics, and antibody 
profiling could identify biomarkers predicting vaccine response and inform personalized vaccination strategies [50]. 
The role of liver-resident memory T cells, which provide durable protection in controlled human malaria infection 
models using attenuated sporozoites, deserves investigation in the context of subunit vaccines [51]. Inducing this 
cellular compartment may require novel delivery systems or prime-boost regimens combining different vaccine 
platforms [52]. 
Research gaps persist regarding optimal implementation strategies and target populations. The relative benefits of 
routine immunization beginning in infancy versus targeted campaigns in older children require further evaluation, 
as do strategies for catch-up vaccination in endemic areas [53]. Defining the role of RTS, S/AS01 in pre-elimination 
settings where transmission has declined remains unclear, as cost-effectiveness deteriorates when baseline malaria 
incidence falls below specific thresholds [54]. The potential for incorporating malaria vaccination into school-based 
delivery platforms warrants exploration, given challenges in reaching older children through routine infant 
immunization programs [55]. Long-term surveillance studies must monitor vaccine effectiveness over multiple 
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years, assess the need for additional booster doses beyond 24 months, and detect any unanticipated safety signals as 
deployment scales [56]. 
Finally, addressing equity considerations in vaccine access represents both a programmatic and ethical imperative. 
Ensuring that RTS, S/AS01 reaches marginalized populations bearing disproportionate malaria burden, including 
remote rural communities, displaced populations, and areas affected by conflict, will require innovative delivery 
strategies and sustained political commitment [57]. Balancing vaccine introduction with maintenance of existing 
interventions poses resource allocation challenges for malaria-endemic countries, necessitating careful planning to 
avoid diversion of funding from proven control measures [58]. As multiple malaria vaccine candidates advance 
through development pipelines, mechanisms for comparing effectiveness, selecting optimal products for specific 
epidemiological contexts, and managing portfolio decisions will become increasingly important [59]. These 
considerations emphasize that vaccines represent one component of comprehensive malaria control requiring 
continued investment across prevention, diagnosis, and treatment modalities. 

CONCLUSION 
RTS, S/AS01 represents a landmark achievement in malaria vaccine development, providing the first licensed tool 
targeting the pre-erythrocytic stage of Plasmodium falciparum infection. Clinical trials demonstrated modest but 
consistent efficacy, with four-dose regimens reducing clinical malaria episodes by approximately 36% and severe 
malaria by 32% among children aged 5 to 17 months over four years. Pilot implementation programs revealed 
significant operational challenges, including maintaining cold chain integrity, achieving adequate coverage across 
four doses, and integrating delivery with existing immunization platforms. Despite these constraints, mathematical 
modeling and preliminary real-world data suggest that RTS, S/AS01 deployment in high-transmission settings can 
avert substantial disease burden when layered onto conventional control interventions. The vaccine's moderate 
efficacy and rapidly waning immunity underscore that it complements rather than replaces existing tools such as 
insecticide-treated nets, chemoprevention, and prompt case management. Cost-effectiveness analyses generally 
support introduction in areas sustaining high malaria transmission, though resource allocation decisions must 
consider local epidemiology and health system capacity. Future research priorities include developing next-
generation vaccines with improved efficacy and durability, optimizing implementation strategies to maximize 
coverage and impact, and ensuring equitable access for populations bearing the greatest malaria burden. While RTS, 
S/AS01 falls short of ideal vaccine characteristics, its deployment represents meaningful progress toward 
comprehensive malaria control and demonstrates the feasibility of vaccine-based interventions against complex 
parasitic diseases. 
Recommendation 
National malaria control programs in high-transmission countries should integrate RTS,S/AS01 into 
comprehensive intervention packages while simultaneously strengthening surveillance systems to monitor real-
world effectiveness and guide optimization of delivery strategies. 
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