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A B S T R A C T

Malaria, a tropical disease, claims the lives of thousands of people annually and the development 
of resistance to insecticides and antimalarial drugs poses a great challenge to current prevention 
and control strategies. Current malaria vaccines are limited in efficacy, duration of protection, 
and safety, due to the high antigenic diversity and complex life cycle of the Plasmodium parasite. 
This study sought to design and assess a more effective multi-stage, multi-epitope vaccine 
candidate for the control of malaria. A multi-epitope malaria vaccine candidate was designed in 
silico using multiple antigens from both the pre-erythrocytic and erythrocytic stages, expressed in 
bacteria, and its sero-reactivity to antibodies in plasma from malaria-positive (cases) and negative 
individuals (controls) was assessed using enzyme-linked immunosorbent assay (ELISA). Immu-
nization experiments were equally conducted with BALB/c mice. In-silico analysis revealed that 
the designed antigen, PfCTMAG (Plasmodium falciparum Circumsporozoite, Thrombospondin- 
related adhesion protein, Merozoite surface protein 2, Apical asparagine (Asn)-rich protein and 
Glutamate-Rich Protein), effectively bound to Toll-like receptor 4 (TLR-4) and triggered a strong 
immune response. In sero-reactivity studies, malaria-positives (cases) had higher anti-PfCTMAG 
IgG (p = 0.024) and IgM (p < 0.001) levels compared to malaria negatives (controls). The 
mice immunized with PfCTMAG did not show adverse reactions and had higher levels of IgG 
antibodies (p = 0.002) compared to controls, thereby validating the safety and immunogenicity 
of PfCTMAG as a promising vaccine candidate.

Abbreviations: APC, Antigen Presenting Cell; COVID-19, Corona Virus Disease of 2019; CTL, Cytotoxic T lymphocyte; ELISA, Enzyme-linked 
Immunosorbent Assay; EDTA, Ethylenediaminetetraacetic Acid; GRAVY, Grand Average Hydropathicity; HTL, Helper T lymphocyte; HRP, Horse- 
Radish Peroxidase; IDRs, Intrinsic Disordered Regions; IEDB, Immune epitope database; IgG/IgM, Immunoglobulin G/M; IL4/10, Interleukin 4/10; 
ITNs, Insecticide-Treated Nets; IRS, Indoor Residual Spray; LBL, Linear B-lymphocyte; LC-MS, Liquid Chromatography-Mass Spectrometry; MEV, 
Multi-Epitope Vaccine; MHC, Major Histocompatibility Complex; mRDT, malaria Rapid Diagnostic Test; NMA, Normal Modes Analyses; OD, Optical 
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1. Introduction

Malaria remains a serious global health concern, causing significant morbidity and mortality especially in children under the age of 
five, pregnant women, and people with weakened immune systems in Africa [1]. Various strategies have been implemented to combat 
the disease including the use of antimalarial drugs, insecticide-treated bed nets (ITNs), and indoor residual sprays (IRS). However, the 
effectiveness of these tools is being jeopardized by the widespread resistance of the mosquito vector and parasite to insecticides and 
antimalarial drugs (including Artemisinin-based combination therapies) respectively [2]. There is, therefore, the need to develop more 
effective strategies to control and ultimately eliminate the parasite.

Vaccines have demonstrated remarkable efficacy in preventing numerous infectious diseases but the development of vaccines 
against the malaria parasite has been limited by the complexity of the parasite’s biology, its ability to evade immune responses, and the 
intricacy of the parasite’s infection cycle [3,4]. Malaria vaccine candidates can be classified as pre-erythrocytic, erythrocytic, or 
transmission-blocking depending on the specific stage of the life cycle they target [5]. The first approved malaria vaccine, RTS, S/AS01 
[6] demonstrated only a 36 % reduction in clinical malaria episodes in Phase III trials among African children. Additionally, neonates 
required up to four doses of the vaccine to experience only a 26 % reduction in severe malaria [7]. R21/MATRIX-M, the second 
approved vaccine has shown a remarkable ability to decrease symptomatic cases of malaria by 75 % but equally requires multiple 
doses [8]. Additionally, both vaccines only provide protection against the pre-erythrocytic stage of the life cycle but not the blood 
stage. A multi-stage vaccine that can confer protection against more than one life cycle stage will likely have a better efficacy [5].

Conventional vaccines, made up of weakened or inactivated forms of an infectious agent often have limited efficacy and safety 
concerns attributed to inadequate exposure of the antigen to the immune system, poor antigenic response, and allergenicity to the host 
[9]. However, advancements in reverse vaccinology have allowed the prediction of molecule(s) with the necessary qualities of a 
suitable vaccine candidate [10]. In recent years, reverse vaccinology coupled with immuno-informatics has revolutionized vaccine 
development, leveraging vast databases and tools to design safer and more efficacious multi-epitope vaccines [11,12]. This innovative 
approach has demonstrated its effectiveness in designing vaccines for COVID-19 [13,14] as well as malaria [15]. However, vaccines 
designed computationally need to be validated using wet lab experiments. As such, this study employed in silico, in vitro, and in vivo 
methods to design and characterize a vaccine candidate against P. falciparum. The multi-stage multi-epitope vaccine candidate, 
PfCTMAG was designed in silico using the Circumsporozoite protein (CSP), Thrombospondin-Related Adhesion Protein (TRAP), 
Merozoite Surface Protein 2 (MSP2), Apical Asparagine (Asn)-Rich Protein (AARP), and Glutamate-Rich Protein (GLURP). The level of 
circulating antibodies against PfCTMAG was then quantified in vitro in malaria-infected human plasma samples by ELISA, followed by 
safety and immunogenicity assessment, in vivo through mice immunization.

2. Materials and methods

2.1. Ethical considerations

Ethical clearance was obtained from the Institutional Review Board of the Faculty of Health Sciences of the University of Bamenda 
(2023/0869H/UBa/IRB) on March 29, 2023, while administrative authorization was obtained from the South West Regional Dele-
gation of Public Health. The clearance for animal studies was obtained from the University of Buea Institutional Animal Care and Use 
Committee (UB-IACUC No 20/2023) on September 20, 2023.

2.2. Study design

The study comprised an in-silico design, subsequent sample collection through a cross-sectional case-control, and a cohort study 
from July to August 2023 during the rainy season.

2.3. Study participants

Given that malaria immunity is age-dependent with a weaker immune response in children, stronger response in adults, and 
declining response in the elderly, we selected participants [16] between the ages of 18–65 years for enrollment. Cases included mi-
croscopy and mRDT (malaria rapid diagnostic test) positive individuals reporting to selected health facilities while controls consisted 
of age- and gender-matched blood film and mRDT negative participants from health facilities, blood donors as well as apparently 
healthy individuals (individuals with no observed symptoms of disease) from the community. A pool of 5 malaria-naïve European sera 
was used as the negative control for the assay.

2.4. Study area

This research was conducted in Buea (4◦ 10′0″N 9◦14′0″E) which is found in the Fako Division, South West Region of Cameroon. 
Buea has an equatorial climate with average temperatures ranging between 20 and 33 ◦C daily, high humidity, and rainfall (2625 mm 
annually). Buea has 2 distinct seasons: a long rainy (March–November) and short dry (November-March) [17]. Malaria prevalence in 
the study area exhibits seasonal variation, meso-endemic (moderate transmission) during the dry season but becomes hyper-endemic 
(intense transmission) during the rainy season. Plasmodium falciparum, transmitted primarily by the Anopheles gambiae mosquito, is 
responsible for up to 96 % of malaria cases in this region [18]. Blood samples were collected at the main government (Regional 
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Hospital Buea) and private (Solidarity Health Foundation) hospitals in the area, as well as the surrounding community (Molyko) from 
June to August 2023. After collection, samples were transported to the Parasitology Laboratory at the Faculty of Health Sciences, 
University of Buea for storage and analysis.

2.5. Sample size

From a similar study by Nebie et al., we used the same effect size of 0.18 [19], α = 0.05, power = 0.8, and a two-tailed test in the 
G*Power software, A priori sample size of 123 participants per group was obtained. Allowing for 10 % missingness, a minimum of 135 
samples per group was required to conduct the case-control study. The number of mice (N) was determined using the resource formula 
N = (DF/k)+1 at (LINK) where k refers to the number of groups and 10 ≤ DF ≤ 20 [20]. Given the estimated minimum of 5 mice and a 
maximum of 7 mice per group, 6 mice per group were enrolled for the 3 groups in this study.

2.6. Construct design

2.6.1. Retrieval of protein sequences
Fourteen previously reported pre-erythrocytic and erythrocytic P. falciparum vaccine candidates: Circumsporozoite protein (CSP), 

Cell-traversal protein for ookinetes and sporozoites (CelTOS), Thrombospondin-related adhesion protein (TRAP), Liver-stage antigen 3 
(LSA3), P. falciparum schizont egress antigen 1 (PfSEA-1), Serine repeat antigen 5 (SERA5), Merozoite surface protein 1 (MSP1), 
Merozoite surface protein 2 (MSP2), Merozoite surface protein 3 (MSP3), Apical membrane antigen 1 (AMA-1), Erythrocyte binding 
antigen 175 (EBA175), Glutamate-Rich Protein (GLURP), Reticulocyte binding homolog (RH5), and Apical asparagine (Asn)-rich 
protein (AARP) were selected following literature review. Their sequences were retrieved from PlasmoDB and antigenicity was pre-
dicted using Vaxijen v2.0 (LINK). Based on their antigenicity scores, two pre-erythrocytic (CSP and TRAP), two erythrocytic (MSP2 and 
AARP) specific, and GLURP which belong to both stages were retained for further analyses. For each step of the in-silico design, we 
selected the most commonly used tools from the literature, and in most cases we used more than one tool to account for the differences 
in their algorithms.

2.6.2. Prediction of subcellular localization
DeepLoc v2.0 and WoLFpSORT were used to predict where the selected antigens reside within the cell. DeepLoc v2.0 (LINK) uses 

solely the sequence information for prediction [21] while WoLFpSORT (LINK) predicts by converting amino acid sequences to features 
like sorting signals and functional motifs [22].

2.6.3. Prediction of signal peptide and transmembrane domains
SignalP6.0 and PrediSi were used to predict the presence of signal peptides. SignalP6.0 (LINK) excels at discriminating classical 

secretory from non-secretory proteins [23]. PrediSi (LINK) offers versatility, predicting cleavage sites and signal peptide presence [24]. 
TMHMM v2.0 and TOPCONS were used to predict the presence of transmembrane helices. The TMHMM v2.0 server (LINK) is based on 
a hidden Markov model and effectively differentiates soluble from membrane proteins [25]. TOPCONS (LINK) provides a consensus 
prediction of membrane protein topology [26]. Following the prediction process, all identified signal peptides and transmembrane 
helices were cleaved.

2.6.4. Selection of Linear B-lymphocyte (LBL) epitopes
The BepiPred v2.0 and SVMTrip servers were used to predict LBL epitopes. The BepiPred v2.0 server (LINK) leverages a novel 

algorithm to predict LBL epitopes. This method, trained on known 3D structures of antibody-antigen complexes and a vast database of 
epitopes from the immune epitope database (IEDB), utilizes a random forest algorithm and has superior performance compared to 
other tools [27]. On the other hand, SVMTriP (LINK) employs a support vector machine (SVM) approach for prediction and in-
corporates a scoring system based on tri-peptide similarity and propensity to enhance the accuracy of its predictions [28]. From 
BepiPred v2.0, we only selected epitopes above the threshold of 0.5 and with lengths between 12 and 20, and from SVMTrip we 
selected epitopes with a score of 1.000.

2.6.5. Selection of T cell epitopes
This is aimed at pinpointing short sequences in an antigen with the ability to trigger immune responses mediated by CD4+ or CD8+

T cells [29]. NetCTL 1.2 (LINK) predicts MHCI binding peptides and was therefore used to predict cytotoxic T lymphocytes (CTL) 
epitopes for MHC supertypes A2, A3, and B7, with a 0.75 threshold, a C-terminal cleavage weight of 0.15, and a TAP efficiency weight 
of 0.05 [30]. We selected only CTL epitopes with scores greater than 0.75. Prediction of Helper T cell (HTL) epitopes was performed 
using the NetMHCII 2.3 server (LINK). NetMHCII 2.3 is an allele-specific approach and predicts peptide binding to human leukocyte 
antigens (HLA) and mouse H2 alleles. The program also identifies both strong and weak binding peptides [31]. The cutoff for binding 
affinity values was set at < 50 nm, and we only selected HTL epitopes that were strong binders.

2.6.6. Evaluation of epitopes
The antigenicity prediction for all LBL, CTL, and HTL epitopes was performed using VaxiJen v2.0 and ANTIGENpro servers. 

VaxiJen v2.0 (LINK) employs an alignment-independent, predicting antigenicity with an accuracy rate of approximately 88 %. The 
threshold for antigenicity prediction varies depending on the target organism selected on this server [32]. ANTIGENpro (LINK) uses an 
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SVM classifier to analyze the results from various protein sequence analyses and ultimately predicts whether the protein is antigenic 
along with a probability score [33]. The allergenicity of the epitopes was predicted using the AllergenFP v1.0 and AllerTOP v2.0 
servers. AllergenFP v1.0 (LINK) utilizes an alignment-free approach, analyzing the protein sequence itself based on various physi-
cochemical properties. It has been reported to be accurate in identifying allergens, achieving 88 % [34]. Meanwhile, AllerTOP v2.0 
(LINK) is based on amino acid E-descriptors, auto and cross-variance transformation, and machine learning methods such as k-nearest 
neighbours [KNN] algorithm with an 85.3 % prediction accuracy [35]. Prediction of epitope toxicity status was done using ToxinPred 
(LINK) [36]. Therefore, only epitopes with antigenicity scores greater than 0.5, nonallergic and nontoxic were selected for further 
analysis.

2.6.7. Conservation of epitopes
To determine the potential of cross-protection to related Plasmodium species (P. vivax, P. knowlesi, P. malariae, and P. ovale), a 

BLAST was done for each selected antigen. BLASTp (LINK) identifies regions of similarity between protein sequences [37]. For each 
antigen, the homolog with the greatest percentage identity per Plasmodium specie was selected. The IEDB Epitope Conservancy 
Analysis tool LINK was used to predict the level of conservation of the epitopes across these four species of Plasmodium [38].

2.6.8. Multi-epitope vaccine construction
In order to avoid the expression complexities often associated with large proteins, we aimed to keep the designed protein short and 

easy to express. We ranked the selected epitopes for each class (LBL, CTL, HTL) by their antigenicity scores and to keep a balance 
between the classes, we selected the six (6) top-ranking epitopes from each class making a total of 18 epitopes used in designing the 
vaccine candidate. A synthetic TLR-4 agonist, RS09 (APPHALS) was added at the N-terminal as an adjuvant [39]. The first top LBL 
epitope was combined with the adjuvant using an EAAAK linker, while the remaining LBL epitopes were joined using the KK linker. 
The AAY linker was used to connect the CTL epitopes and the GPGPG linker was employed to join the HTL epitopes together. Finally, a 
6x His-tag was added at the C-terminal.

2.6.9. Analysis of physicochemical properties and solubility
The construct’s physicochemical properties were evaluated using ExPASy-ProtParam (LINK), an online tool that predicts properties 

like molecular weight, grand average hydropathicity (GRAVY) value, theoretical isoelectric point (pI), instability index (II), half-life, 
and aliphatic index [40]. For the assessment of solubility upon expression in E. coli, SOLpro at (LINK) with an estimated overall ac-
curacy of over 74 % was applied [41]. Furthermore, allergenicity prediction (using AllerTOPv 1.0 and AllegenFP v2.0) and antigenicity 
prediction (using Vaxijen and ANTIGENpro) for the construct was performed.

2.6.10. Prediction of cytokine responses
The presence of IFN-γ epitopes was predicted by scanning the designed construct on the IFNepitope server (LINK). This server is 

specifically designed to identify peptides from protein sequences that have the potential to induce IFN-γ release from CD4+ T cells [42]. 
Next, IL-4 and IL-10 inducers were identified with the IL4pred (LINK) [43] and IL10pred servers (LINK) [44] respectively.

2.6.11. Prediction of secondary structure and disordered regions
PSIPRED and SOPMA were employed for secondary structure prediction of the vaccine construct. PSIPRED (LINK) employs a 

position-specific technique to find similar sequences and predicts alpha-helices, beta-sheets, coil structures, and other features with an 
accuracy of around 84.2 % [45]. The SOPMA server (LINK) is another server that was used to predict secondary structure features in 
the designed candidate [46]. For this study, the default parameters of the SOPMA tool were maintained.

2.6.12. Prediction of intrinsic disordered regions (IDRs)
These regions have been established as structural antigens [47] with numerous vaccine candidates in Plasmodium containing 

significant disordered regions [48]. For PfCTMAG, IDRs were predicted using IUPred3 (LINK). IUPred3 is capable of identifying 
protein regions that either form a stable structure or remain disordered based on the redox conditions of their environment [49].

2.6.13. Tertiary structure prediction, refinement, and validation
The sequence of the designed construct was submitted to the I-TASSER server (LINK) which is a top-ranked platform for automated 

protein structure and function prediction from amino acid sequences. It achieves this by analyzing multiple threading alignments and 
performing iterative simulations [50]. The resulting 3D models were visualized using a software called PyMOL (LINK). To further 
refine the 3D structure and improve its quality, a two-step process with ModRefiner and GalaxyRefine was employed. ModRefiner 
(LINK) first tackled the core structure (Cα traces) through energy minimization, leading to better overall and local structures with more 
accurate side-chain positions and fewer clashes between atoms [51]. GalaxyRefine (LINK) then focused on reconstructing the side 
chains, generating five refined models in total [52]. To assess the overall quality of the 3D model, a score (Z-score) was calculated by 
ProSA-web (LINK) [53]. Additionally, ERRAT SAVES v6.0 (LINK) was used to predict high-resolution crystallography structures to 
evaluate interactions between atoms [54]. Finally, the Ramachandran plot generated by PROCHECK (LINK) served as a final validation 
step. This plot visualizes the allowed angles for amino acid backbones (psi [ψ] and phi [ϕ] angles), ensuring the structure adheres to 
biophysical constraints [55].
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2.6.14. Prediction of discontinuous B-cell epitopes
To identify potential discontinuous B-cell epitopes within the vaccine construct, ElliPro (LINK), a cutting-edge tool that treats the 

protein as an ellipsoid was utilized. It is a structure-based method known for its superior performance in epitope prediction [56].

2.6.15. Molecular docking with TLR-4, MHC-I, and MHC-II
To assess how the vaccine construct might interact with immune system receptors, PatchDock (LINK), which
performs structure prediction of protein-protein and protein-small molecule complexes was used for docking assessment
of the refined 3D structure with human TLR-4 (PDB ID: 5IJB), MHC-I (PDB ID: 1I1Y), and MHC-II (PDB ID: 1KG0) receptors from 

RCSB PDB [57]. Refinement and re-scoring of the top 10 models was performed with FireDock (LINK), which ranked them by their 
global energy [58].

2.6.16. Molecular dynamics simulation
To understand the flexibility and movements of the docked vaccine-receptor complex, iMODS (LINK) which analyzes normal modes 

(NMA) of the complex, predicting its deformability, characteristic motions, and stability based on factors like eigenvalues and B-factors 
[59] was used.

2.6.17. Immune simulation analysis
To predict the immune response to the vaccine candidate, the C-ImmSim server (LINK), a program that combines immune epitope 

prediction and machine learning to assess immune interactions, was used [60]. For the simulation of the vaccine construct responses, 
three doses were injected with a time step of 14 days between doses.

2.6.18. Codon optimization and in-silico cloning
To predict its expression conditions within the E. coli strain K12 prokaryotic expression system, reverse translation of the amino 

acid sequence to DNA and codons optimized using the Java Codon Adaptation Tool (JCAT) (LINK) [61], which further predicted the 
codon adaptation index (CAI) and GC content [62]. Finally, a plasmid map was designed using SnapGene for integration into a pET-30a 
(+) expression vector.

2.6.19. Protein expression and purification
The DNA sequence of PfCTMAG was sent to GenScript (Netherlands) for optimization, synthesis, and cloning into a pET-30a (+) 

vector. The resulting plasmid was transformed into competent E. coli strain BL21 Star™ (DE3) cells and a single colony was selected for 
inoculation into LB medium supplemented with kanamycin. The culture was incubated at 37 ◦C until the optical density (OD600) 
reached 1.2. Protein production was then induced with IPTG at 37 ◦C for 4 h. Cells were harvested by centrifugation, and the cell 
pellets were re-suspended in lysis buffer followed by sonication to break down the cells. The lysate was centrifuged again to separate 
soluble and insoluble components. The protein of interest was then extracted from the precipitate using guanidine hydrochloride, and 
subsequently purified using a nickel affinity column. The concentration was determined by Bradford protein assay. Purity was 
determined using standard SDS-PAGE and confirmed with Western blot and LC-MS.

2.7. Assessment of seroreactivity in cases and controls

2.7.1. Sample collection and processing
Information on socio-demographic and clinical parameters was recorded using a structured questionnaire. Two (2) mL of venous 

blood were collected from each selected participant and transferred into tubes containing EDTA (BD Vacutainer Systems, Plymouth, 
UK). Following malaria parasitaemia and Hb determination, plasma was separated from packed cells by centrifugation at 3000×g for 
10mins and the plasma aliquoted into 1.5 mL Eppendorf tubes and stored at − 86 ◦C for antibody measurement.

2.7.2. Haemoglobin measurement
Haemoglobin levels were measured using a hemoglobinometer (Hangzhou Sejoy Electronics, China) according to the manufac-

turer’s instructions. Anemic status was defined as Hb < 11.0 g/dL [63].

2.7.3. Malaria diagnosis
The presence of P. falciparum was diagnosed via two methods. First, a rapid diagnostic test (RDT) using the PfHRP2/pLDH malaria 

kit (AdvDx™ Malaria Pf test) was performed following the manufacturer’s instructions. Briefly, 5 μL of blood were added to the sample 
well, followed by three drops of diluent and allowed to run for 15 min. The presence of two (test and control), one (control only), and 
no (or one at the test) line(s) indicated a positive, negative or an invalid test result respectively. Secondly, microscopic examination 
was conducted following WHO guidelines. Thick and thin blood smears were prepared on microscope slides, stained with 10 % Giemsa 
for 10 min, and examined for the presence of P. falciparum under oil immersion with the 100x objective, 10× eyepiece of a binocular 
light microscope (Olympus Optical Co., Ltd, Japan) [64]. Parasitaemia was determined in the thick film by counting the number of 
parasites relative to at least 200 white blood cells, assuming an average white blood cell count of 8000 per microliter [65] while thin 
films were used for Plasmodium species identification. Two independent microscopists reviewed the slides, with a third reading per-
formed for discrepancies. If no malaria parasites were seen in 100 high-power fields, then the smear was declared negative.

Therefore, 
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Parasites
/

μL blood =
Number of parasites counted x 8000 white bloodcells/μL

No. of white blood cells counted 

2.7.4. Measurement of IgG and malaria diagnosis
All plasma samples were tested for the presence of P. falciparum-specific IgG and IgM antibodies against the expressed antigen using 

ELISA. Prior to the assay, the optimal concentrations were determined through checkerboard titrations were 2.5 μg/mL for antigen and 
1:250 plasma dilution for both IgG and IgM. Microtiter plates (Costar, Cambridge, MA) were coated with the antigen in 0.1M, pH 9.6 
carbonate buffer (100 μL/well) overnight at 4 ◦C and blocked for 2 h at 37 ◦C with 200 μL Phosphate Buffered Saline – Tween 20 (PBST) 
containing 0.5 % non-fat milk to prevent non-specific binding. Plasma samples diluted to the optimal concentration were added to 
duplicate wells, incubated for 1 h at 37 ◦C with 100 μL diluted plasma/well, and washed with PBST. Goat anti-human IgM or IgG Fc- 
HRP (Southern Biotech, USA) were added to probe for bound antibodies. After incubation with the HRP conjugates, TMB (Glentham 
Life Sciences Ltd) was added as substrate, and the enzymatic reaction stopped with 100ul of 1M sulfuric acid. The intensity of the color 
change was read at 450 nm using an ELISA plate reader (SINOTECH, Shanghai, China). A positive result (seropositivity) was defined as 
samples with ODs exceeding the mean OD for the 5 non-immune European donors + 2 standard deviations (SD).

2.8. Safety and immunogenicity in animal model

Given that BALB/c mice tend to produce a stronger humoral immune response compared to most common mouse strains [66], a 
total of eighteen (18) BALB/c mice aged between 8 and 12 weeks were purchased and kept at the animal house of the University of 
Buea. The mice were randomly divided into 3 groups (Prime, Booster, and Control) containing 3 males and 3 females each and allowed 
to acclimatize for 5 days before the experiments. On day 0, the Prime and Booster groups were immunized intramuscularly with 50 μg 
antigen in 100 μl PBS while mice in the control group received 100 μL of 1x PBS. On day 14, only the mice in the Booster group were 
administered a second (booster) dose of same concentration. All mice were observed daily and their weights were recorded on days 0, 
3, and 7. Blood was collected via facial bleeding from each mouse on days 0 (baseline for immune response measurement), 14 (usually 
where peak primary immune responses occur for most vaccines), and 28 (to assess the sustained primary immune response or the 
secondary response from a booster dose) [67]. The blood was centrifuged at 4 ◦C, and the plasma samples were aliquoted and stored at 
− 20 ◦C until use in ELISA. All mice were euthanized on day 28 by injecting with an anesthetic followed by decapitation.

The ELISA procedure was conducted as described in 2.2.4 above but the human plasma was replaced with mice plasma and probed 
with goat anti-mouse IgG Fc-HRP and IgM-HRP. Seropositivity was defined as test samples with an OD greater than the mean + 2 SD of 
the ODs recorded on day 0 of each group before immunization.

2.9. Data analysis

Data analysis was done with the SPSS statistics version 29 (IBM® Chicago, USA). Comparisons between the means of two groups 
(cases and controls) were done using the student’s t-test and the Kruskal-Wallis H was used for the three different groups of mice with 
the Bonferroni correction to reduce the likelihood of false positives for pairwise comparisons. To compare proportions between groups, 
the Pearson χ2 test was used. A p-value < 0.05 was considered significant.

3. Results

3.1. Construct design

3.1.1. Antigenicity, localization, signal peptides and TMHs of antigens
The predicted antigenicity scores of the selected proteins were ranked in order of decreasing antigenicity per stage (Supplementary 

materials Table S1). For the pre-erythrocytic stage, CSP had the highest antigenicity score followed by TRAP, for the erythrocytic stage, 
MSP2 and AARP had the highest scores while for antigens found in both stages, GLURP had a higher score. The chosen antigens were 
predicted by one or both servers to be present in the cell membrane or extracellular matrix implying they are exposed to the host 
immune system and are likely to be good targets for vaccine development. Signal peptides and transmembrane helices (TMHs) were 
each predicted in 3 of the 5 antigens (Supplementary materials Table S2). The signal peptide sequences and TMHs of CSP, TRAP, and 
GLURP were cleaved prior to further analysis while the entire amino acid sequence of MSP2 and AARP were retained.

3.1.2. Epitope prediction and selection
After stages of screening based on antigenicity, allergenicity and toxicity scores, we selected only epitopes that were nonallergic, 

nontoxic with antigenicity score greater than the 0.5 threshold for parasites. To keep the ratio of LBL, CTL and HTL equal, we selected 
the same number of epitopes for each and since HTL only had 6 epitopes that met our selection criteria, we also selected 6 from LBL and 
6 from CTL. The final epitopes for the construction therefore included 18 top-scoring LBL, CTL, as well as high-binding HTL epitopes 
(Supplementary materials Table S3).

3.1.3. Conservation of epitopes
A BLAST query of the chosen proteins revealed that they were conserved in the selected human malaria-causing Plasmodium species 
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(P. vivax, P. knowlesi, P. malariae and P. ovale) and share no homology with Homo sapiens. The homologues with the greatest 
conservancy for each species was chosen for epitope conservancy analysis on IEDB. All epitopes were conserved to some extent in the 
chosen homologues with a minimum and maximum identity of 22.73 % and 90 % respectively (Supplementary materials Table S4).

3.1.4. Vaccine construction
The sequence of PfCTMAG was 354 amino acids long starting with the adjuvant sequence at the N-terminal to enhance immu-

nogenicity, followed by the different epitope sequences joined by their respective linkers, and lastly a C-terminal 6x His-tag to aid in 
purification (Fig. 1).

3.1.5. Prediction of antigenicity, allergenicity, and toxigenicity
Vaxijen2.0 predicted the protein’s antigenicity to be 1.2049 (threshold = 0.5 for parasites) while ANTIGENpro predicted a 

0.551496 probability of antigenicity. AllerTOP v2.0 and AllergenFP v1.0 predicted the protein to be non-allergenic while ToxinPred 
predicted the protein to be non-toxic.

3.1.6. Physicochemical features of the chimeric vaccine construct
PfCTMAG had a predicted theoretical pI of 10.03 indicating a basic nature, a low molecular weight of 37431.57 (~37 kDa), an 

instability index of 28.27 which is less than 40, indicating it’s stable, an aliphatic index of 45.28, a favourable half-life of 30 h in vitro in 
mammalian reticulocytes and 10 h in vivo in E. coli. The Grand average of hydropathicity (GRAVY) was − 1.279 with the negative 
indicating a hydrophilic nature and the predicted solubility score of 0.922015 validating its solubility when expressed in E. coli.

3.1.7. IFN-γ-inducing epitopes
Three hundred and forty-six (346) potential IFN-γ-inducing epitopes (overlapping 15-mer sequences) of which 158 had a positive 

score between 0 and 2 were predicted for the protein. The construct was predicted to contain a total of 211 IL-4-inducing epitopes with 
positive Support Vector Machine (SVM) scores ranging from 0.2 to 1.01 and 340 IL-10-inducing epitopes with scores from 0.31 to 0.66. 
This suggests that PfCTMAG has the potential to trigger a strong cytokine response.

3.1.8. Prediction of IDRs
The protein was predicted to be mostly composed of disordered regions as a majority of the residues were found above the threshold 

of 0.5 (Fig. 2). These disordered regions are advantageous to vaccine candidates since they do not have a fixed structural conformation 
and hence are flexible in their binding with products of the immune system.

3.1.9. Secondary structure prediction
The PfCTMAG antigen was predicted to be comprised of 11.30 % (40) alpha helix, 13.56 % (48) extended strand, 5.37 % (19) beta 

turn and 69.77 % (247) random coil by SOPMA. The PSIPRED tool predicted the protein to be mostly composed of coils, followed by 
helix and strands (Fig. 3).

3.1.10. Tertiary structure modeling, refinement and validation
I-TASSER used ten best templates (7t3uA, 3jc8Q, 6f2r, 2c3fA, 7wahA, 5fmwA, 7s7bB, 2nbiA, 7ptpA, 4n16A) to predict five models 

with C-scores ranging between − 5 and 2 with more positive values reflecting a higher quality. Model 1 with the greatest C-score of 
− 1.75, TM-Score of 0.50 ± 0.15, and RMSD of 10.6 ± 4.6A◦ was selected. Model 1 was initially refined using ModRefiner (RMSD =
0.960, TM-score = 0.9819) followed by another round of refinement using GalaxyRefine which yielded five models and the refined 
model with the greatest GDT-HA (0.9456) and the lowest MolProbity (2.242) was chosen (Fig. 6A). The ERRAT value of the construct 
was 81.3291 which indicates the model is of good quality, supported by a Z-score of − 4.05 which was within the range of native 
proteins of similar structure. The Ramachandran plot indicated 84.8 % favoured, 11.6 % additionally allowed, 1.8 % generously 
allowed and 1.8 % disallowed regions (Supplementary materials Fig. S1).

Fig. 1. Primary structure of PfCTMAG (A) Schematic view (B) Linear sequence.
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3.1.11. Discontinuous B cell epitopes
PfCTMAG was predicted to contain nine conformational B-cell epitopes with scores ranging from 0.525 to 0.798 and sizes from 3 to 

95 residues further validating its potential to trigger B cell immune responses.

3.1.12. Molecular docking
Docking of the PfCTMAG refined 3D structure with TLR4, MHCI, and MHCII generated 20 top solutions each with PatchDock. 

FireDock refined, rescored, and ranked the top 10 solutions in order of decreasing global energy. Solution 5 (TLR4), 2 (MHCI), and 9 
(MHCII) were selected since they had the lowest energies. The interactions in the docked complex were visualized using PDBsum 
which showed the formation of 8 hydrogen bonds with TLR4, 16 with MHCI, and 14 with MHCII, as well as 5, 4, and 7 salt bridges 
respectively indicating a strong interaction. A high amount of non-bonded contacts was also observed in each docked complex 
(Supplementary materials Fig. S2).

3.1.13. Molecular dynamics simulation
This was done to confirm the flexibility of the docked complexes and the simulation results (Supplementary materials Fig. S3), the 

docked complexes were flexible on the basis of favourable B factor values, Eigenvalues, co-variances, and elastic models. PfCTMAG- 

Fig. 2. Disordered regions predicted by IUpred3 showing a majority of residues located above the threshold score.

Fig. 3. Secondary structure predicted by PSIPRED mostly composed of grey residues which indicate coils.

Fig. 4. Immune profile of PfCTMAG (A)Antigens and antibodies (B) Cytokines and Interleukins.
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TLR4, PfCTMAG-MHCI and PfCTMAG-MHCII complexes had low eigenvalues of 1.3 x 10− 5, 1.6x 10− 4 and 1.5 x 10− 4 respectively.

3.1.14. Immune simulation
Following the primary injection, the antigen count per mL of PfCTMAG increased from day 0 with a peak count observed on day 2 

and gradually decreased until day 6 (Fig. 4A). Subsequently, a strong antibody response, involving increased levels of both IgM and IgG 
was observed (Fig. 4B). Subsequent immune responses were found to be more robust than the primary response, resulting in significant 
antibody production and antigen clearance. This pattern aligns with a typical immune response, where repeated exposure to the 
antigen enhances immunity. The vaccination not only enhanced humoral immunity but also boosted cell-mediated immunity with 
increased B-cells (memory and plasma B-cells) and T-cells (cytotoxic and helper T-cells). PfCTMAG demonstrated the ability to 
effectively process and present antigens, as indicated by the heightened concentration of APCs, such as dendritic cells and macro-
phages following injection. Moreover, the levels of interferon-gamma and interleukin-2 rose significantly, with frequent exposure to 
the antigen, sustaining their peak levels. Consequently, this led to an elevated number of TH cells and production of immunoglobulins, 
which play a central role in triggering the humoral immune response (Supplementary materials Fig. S4).

3.1.15. Codon optimization and in silico cloning
This was performed using E. coli strain-K12 as the expression system, which gave a resulting improved sequence with a favourable 

GC content of 47.87 % and Codon Adaptation Index of 1 reflecting a high probability of effective expression in the selected host. A 
plasmid map of the final clone was generated consisting of 6318 bp of DNA including the PfCTMAG sequence (1080 bp).

3.1.16. Expression and purification
PfCTMAG was purified from inclusion bodies with a purity >70 % by SDS-PAGE (Fig. 5A) and a final protein concentration of 0.48 

mg/mL. The quality check performed after receiving the candidate from GenScript validated its presence and integrity (Fig. 5B).

3.2. Assessment of seroreactivity in cases and controls

3.2.1. Demographic data of sampled population
A total of 350 participants (175 cases and 175 controls) were enrolled and their data recorded (Supplementary materials Table S4).

3.2.2. Determination of antigen and plasma dilutions for IgG and IgM
Plots of OD values against plasma dilutions for plates coated with different antigen concentrations indicated that an antigen 

concentration of 2.5 μg/mL and a plasma dilution of 1:250 are optimal for the measurement of IgG and IgM(Supplementary materials 
Figure S5).

3.2.3. Anti-PfCTMAG-IgM and -IgG levels and seropositivity in cases and controls
The [mean ± SD] IgG (0.149 ± 0.161) and IgM (0.412 ± 0.359) were higher (p < 0.001 each) in cases than for controls (0.071 ±

0.082 vs 0.131 ± 0.122) (Fig. 6A). The overall seropositivity for IgG and IgM was 61.4 % and 89.7 % respectively (Fig. 6B). Cases were 
more seropositive for both IgG (p = 0.024) and IgM (p < 0.001) compared to controls. The seropositivity of IgG and IgM was further 
compared between cases and controls based on their demographic characteristics. There was an association between IgG and IgM 
seropositivity and clinical groups as shown in Supplementary materials Table S5 and Supplementary materials Table S6 respectively.

3.3. Safety and immunogenicity in animal model

3.3.1. Safety: animal weight gain toxicity test
During the 7-day post-immunization observation period, none of the mice died or displayed any signs of abnormality or ill health. 

Animal weight change test demonstrated that the mice immunized with PfCTMAG experienced a significant increase in weight, 
exceeding 60 % when compared to the control group (Supplementary materials Table S7). On day 3, there was no difference in mean 

Fig. 5. SDS-PAGE Gels: Gel obtained by GenScript after expression and purification (A). Gel obtained from quality check after receiving the 
candidate from GenScript (B). The full non-adjusted gel images are available as supplementary material ‘Gel Fig. 5A’ and ‘Gel Fig. 5B’ respectively.
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weight gain between the prime and control group but the control had a higher (p = 0.018) mean weight gain than the booster group. 
On day 7, no significant difference was observed in the weight gain among the groups.

3.3.2. Immunogenicity assessment
On day 0, IgG and IgM levels were similar among the different groups. There was a significant difference in IgG levels between the 

three groups on day 14 (p = 0.005) and 28 (p = 0.002) with higher levels in the prime (Fig. 7A) and booster (Fig. 7B) compared to the 
control group. For IgM, there was an increase from day 0–14 followed by a decrease to day 28 in the prime group compared to the 
control group (Fig. 7C) while the booster had a constant increase from day 0–28 (Fig. 7D). However, the IgM difference was not 
statistically significant across groups on day 14 (p = 0.370) and 28 (p = 0.082).

None of the mice in the control group were seropositive on days 0, 14, and 28. On day 14, there was a significant difference in the 
proportion of IgG seropositivity among groups (p = 0.021) with the highest proportion in the Booster (p = 0.008) compared to the 
control and no significant difference between the prime and control. On day 28, there was equally a significant difference in the 
number of IgG seropositivity between groups (p = 0.001) with higher number in the Prime (p = 0.015) and Booster (p = 0.001) 
compared to the control. For IgM, there was no significant difference in the seropositivity between groups on day 14 but there was a 
significant difference observed between groups on day 28 (p = 0.002) with the booster group significantly higher than both the Control 

Fig. 6. Mean Anti-PfCTMAG IgG and IgM (A) Anti-PfCTMAG IgG and IgM seropositivity of cases and controls (B).

Fig. 7. Mean IgG levels of Prime vs Control (A), Booster vs Control (B), and Mean IgM of Prime vs Control (C), Booster vs Control (D) Groups 
Across Days.
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(p = 0.002) and Prime (p = 0.030) groups, while the Prime group did not significantly differ from the Control group (Fig. 8).

4. Discussion

With the advancement of multi-omics technology, the limitations associated with conventional vaccine development can be 
mitigated by coupling reverse vaccinology with immuno-informatics, in which web-based servers and specialized computer programs 
are employed to access, explore, and screen specific sequences of antigens (epitopes) that play a crucial role in triggering immune 
responses [68]. These predicted epitopes are then linked together to form multi-epitope vaccine (MEV) candidates. Few MEVs have 
been designed against P. falciparum [69–73]. However, these candidates have either focused on antigens present in a single stage of the 
life cycle or are based on antigens different from those identified in this study to have high antigenicity scores. Additionally, these 
candidates have not been evaluated in vitro and in vivo.

Given that signal peptides can impact protein folding and transport [74], they were cleaved from the selected antigens. Further-
more, transmembrane helices (TMHs) pose challenges in terms of cloning, expression, and purification as these TMHs are not exposed 
to the immune system [75] hence these helices were equally cleaved. Due to the significance of humoral immune responses mediated 
by B-cells and their antibody products, LBL epitopes were predicted in all antigens and assessed in terms of antigenicity, allergenicity, 
and toxicity. Cytotoxic T Lymphocyte epitopes recognize foreign antigens on MHC-I molecules subsequently destroying target cells, 
while HTL (MHC II binding) epitopes are important for both humoral and cell-mediated immune responses [76]. Therefore, CTL 
epitopes of all chosen antigens were predicted for A2, A3, and B7 alleles, which collectively cover approximately 88 % of the world’s 
population [77]. Binding affinity is indicated by IC50 scores with scores <50 nM denoting higher affinity [78]. As such, only strong 
binders were considered and epitopes with the same core merged. Conservation among pathogen species is a characteristic of good 
vaccine candidates to promote cross-protection [79]. A BLAST search and epitope conservancy analysis of selected proteins and 
epitopes demonstrated a good degree of conservation in P. vivax, P. knowlesi, P. malariae, and P. ovale. The KK linkers help to decrease 
junctional immunogenicity [80], and AAY and GPGPG linkers exhibit a superior ability to present epitopes and provide optimal sites 
for proteasomal system cleavage [81–83]. Multi-epitope vaccines tend to induce relatively weak immune responses when used alone 
hence, adjuvants are added to improve their immunogenicity [84]. The PfCTMAG was augmented with the RS09 adjuvant at the 
N-terminal. The EAAAK linker enhances the interaction between the adjuvant and its receptor, ultimately increasing the bioactivity of 
the protein [85]. A high number of IFN-γ, IL-10-, and IL-4-inducing epitopes were predicted in PfCTMAG. IFN-γ and IL-4 are two 
important cytokines involved in immune response [86]. Initially, many candidates were designed with different built-in adjuvants but 
the one with RS09 had the greatest antigenicity score indicating its ability to trigger a strong immune response. The PfCTMAG was thus 
more antigenic than previously designed malaria MEVs with antigenicities of 1.181 [72], 0.5247 [70], and 0.5600 [71], 1.01 [73]. 
PfCTMAG was shown to be safe, non-allergenic, and non-toxigenic. The physicochemical features foreseen for PfCTMAG strongly 
support the feasibility of heterologous expression and antigen purification. The higher the aliphatic index the greater the thermo-
stability [87], this implies PfCTMAG with an aliphatic index of 45.28 is only thermostable over a short range of temperatures. Stability 
was further evaluated through the instability index, with proteins considered stable if their index is below 40 [88]. Positive and 
negative GRAVY (Grand Average of Hydropathy) values represent the hydrophobic and hydrophilic qualities of a substance respec-
tively [89]. Short half-lives often indicate instability [90] and better solubility of the recombinant protein within the E. coli host leads 
to more effective separation and purification upon expression [91] indicating that PfCTMAG was stable and expressible as denoted by 
the long half-life and high solubility score. The secondary structure analysis revealed that random coils were the most frequent sec-
ondary structure followed by extended strands, alpha helices and beta turns. These random coils are predominantly found on the 
protein’s surface, protruding as flexible structures that may serve as potential epitopes for identification [92]. Validation is a crucial 
step in evaluating stability and identifying any inherent errors in the predicted 3D protein models [93]. An ERRAT score >50, indicates 
a good quality protein structure [94]. In order to effectively trigger an immune response, MEVs must possess a strong binding affinity 
with TLRs and docking predicts interactions amongst biological molecules such as a ligand with its receptor [95]. Numerous docked 
complexes were generated, and the complex with the lowest binding energy was selected for further analysis, as lower binding energies 
indicate stronger binding affinities [96]. The MD simulation graph demonstrated that the protein-protein combination remains highly 
stable, with minimal deformation observed in each residue. The eigenvalue serves as a crucial indicator of motion rigidity, a low 
eigenvalue signifies structures that possess a remarkable susceptibility to deformation [59,97]. Immune profiling is important in 

Fig. 8. Seropositivity of PfCTMAG IgG and IgM across mice treatment groups on days 0, 14, and 28.
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determining a vaccine candidate’s ability to trigger an immune response [98] and PfCTMAG induced a very high immune response in 
silico. Finally, to successfully produce a recombinant vaccine construct, it is crucial to select an appropriate heterologous system for 
expression.

The mean anti-PfCTMAG IgG and IgM levels were significantly higher in cases compared to controls which is an indication that a 
more robust immune response was present in individuals with current P. falciparum infection. Additionally, both cases and controls 
exhibited high seropositivity for IgG and IgM antibodies against PfCTMAG, with a slightly higher percentage observed in cases. This 
suggests that a larger proportion of individuals with malaria had greater exposure to the different components of the PfCTMAG antigen 
and developed detectable antibodies. The presence of anti-PfCTMAG antibodies in uninfected individuals can be attributed to various 
factors such as clearance of asymptomatic infection by the immune system [99], low levels of malaria parasites not detectable by 
microscopy or mRDT [100] and cross-reaction with antigens from other related parasites [101].

Ensuring vaccine safety is of utmost importance. However, it is crucial to recognize that no biological or pharmaceutical product, 
regardless of its development and production, can ever be considered completely safe [102]. It is recommended that the evaluation of 
safety should rely on clinical reactions and the weight gain of vaccinated animals compared to unvaccinated controls [103]. To 
investigate the safety of a vaccine by the animal weight change test, firstly, it should not cause a decline in mice weights three days 
after vaccination. Secondly, it should result in a weight gain of at least 60 % compared to the control group 7days post-vaccination. 
Lastly, the vaccine should not lead to more than 5 % mortality during the seven-day observation period, nor should it exhibit any signs 
of illness in the animals [104,105] and PFCTMAG fulfilled all the above criteria. The differences in weight gain among the groups 
observed on day 3 with the control group exhibiting the highest weight gain compared to all other groups, indicates that PfCTMAG did 
indeed simulate an actual infection, triggering an immune response that slowed metabolism in the mice [106] but this decrease was 
not significant enough to be considered toxic. On day 7, no significant differences in weight gain were observed among the groups. This 
could indicate a potential plateau effect or a convergence in weight gain between the different groups over time. The interpretation of 
these results is in line with previous studies assessing the safety of childhood vaccines in mice [107,108]. For immunogenicity 
assessment, the absence of statistically significant differences in IgG and IgM levels between the groups at the beginning of the 
experiment (day 0) suggests that any subsequent disparities in antibody levels observed at a later time are likely a result of the im-
munization rather than inherent distinctions between the groups. On day 14, both the prime and booster groups exhibited significantly 
higher IgG levels compared to the control implying that the immune system was successfully triggered by PfCTMAG, consistent with 
previous studies in which mice IgG levels rose after immunization with AARP [109], MSP2 [110] and CSP [111]. The lack of difference 
in IgG levels between the prime and booster groups is expected since they received the same dose on day 0. Conversely, IgM levels in 
the prime and booster groups were similar to controls. This deviates from previous studies that have demonstrated high levels of IgM 
upon immunization with malaria antigens [112]. This could be due to the fact that either the induced IgM response had subsided over 
14 days or may not have been significantly influenced by the immunization. On day 28, the significant difference in IgG levels among 
all groups indicates a sustained effect on the immune response, suggesting that the vaccination was successful in inducing a lasting 
antibody response. Similar to day 14, there was no significant difference in IgM levels of all three groups. The lack of a significant 
difference between the prime and booster groups indicates that the booster dose administered on day 14 did not significantly enhance 
the immune response induced by the prime dose. This suggests that the prime immunization alone was effective in eliciting a strong 
immune response. It is also important to note that induction of IgG and IgM immune response in some cases might result from an actual 
infection rather than from the vaccine candidate and vaccine-induced immune response can often be differentiated from an immune 
response induced by natural infection [113].

5. Conclusion

The integration of reverse vaccinology with immunoinformatics led to the design of a promising multi-epitope vaccine candidate, 
PfCTMAG, against P. falciparum. This candidate demonstrates strong antigenicity, safety, and the potential for a robust immune 
response, as indicated by significant IgG and IgM levels in infected mice. While PfCTMAG shows encouraging results, further in vitro 
and in vivo evaluations are essential to confirm its efficacy and optimize its application in malaria prevention. Therefore, in future 
studies, we plan to compare the immune response of PfCTMAG against other approved malaria vaccines, investigate the optimal dose 
regimen, evaluate the immune response when combined with different external adjuvants, and also test the DNA construct of 
PfCTMAG.
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