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Abstract 

Context: Plasmodium knowlesi is an emerging zoonotic malaria species in Southeast Asia, challenging elimination efforts. 

Aims: To design a safe and immunogenic multi-epitope vaccine (MEV) targeting the merozoite surface protein-1 (MSP-1) of P. knowlesi using a comprehensive 

immunoinformatics approach. 

Methods: Conserved regions of the P. knowlesi MSP-1 sequence were retrieved and analyzed to predict helper T lymphocyte (HTL), cytotoxic T lymphocyte 

(CTL), and B cell epitopes. Epitopes were selected based on predicted immunogenicity, solubility, and safety. Suitable linkers were used to fuse selected 

epitopes, adjuvants, and sequences into a multi-epitope vaccine (MEV) construct. Physicochemical properties, immunogenicity, allergenicity, and 

antigenicity of the MEV were assessed in silico. Molecular docking and molecular dynamics (MD) simulation were conducted to evaluate MEV binding affinity 
and stability with toll-like receptor 4 (TLR4). The immunogenic potential was further evaluated using the C-ImmSim server to simulate host immune 

responses. 

Results: The 219-amino acid MEV construct was predicted to be stable, soluble, non-toxic, and non-allergenic, with 98.89% global population coverage. 

Molecular docking and MD simulations confirmed a stable interaction with TLR4. Immune simulation revealed efficient antigen clearance, significant 

production of IgM and IgG1/IgG2 antibodies, expansion of plasma and memory B cells, and activation of CD4⁺ and CD8⁺ T cells. A Th1-skewed cytokine 

response was observed, marked by elevated IFN-γ, IL-2, and IL-12 levels.  

Conclusions: The in silico-designed MEV demonstrated favorable immunological, structural, and population coverage profiles, supporting its potential as a 

promising vaccine candidate against P. knowlesi malaria. Further experimental validation is needed.  

Keywords: immunoinformatics; knowlesi malaria; MSP-1; multi-epitope vaccine; peptide design; T-cell epitopes. 

 

Resumen 

Contexto: Plasmodium knowlesi es una especie zoonótica emergente de malaria en el Sudeste Asiático, que dificulta los esfuerzos de eliminación.  

Objetivos: Diseñar una vacuna multiepítopa (MEV) segura e inmunogénica dirigida a la proteína de superficie del merozoito-1 (MSP-1) de P. knowlesi mediante 

un enfoque inmunoinformático integral. 

Métodos: Se recuperaron y analizaron regiones conservadas de la secuencia MSP-1 de P. knowlesi para predecir los epítopos de linfocitos T cooperadores 

(HTL), linfocitos T citotóxicos (CTL) y linfocitos B. Los epítopos se seleccionaron en función de la inmunogenicidad, solubilidad y seguridad previstas. Se 

utilizaron enlaces adecuados para fusionar epítopos, adyuvantes y secuencias seleccionadas en una vacuna multiepítopa (MEV). Las propiedades 

fisicoquímicas, la inmunogenicidad, la alergenicidad y la antigenicidad de la MEV se evaluaron in silico. Se realizó una simulación de acoplamiento molecular 

y dinámica molecular (MD) para evaluar la afinidad y estabilidad de la unión de MEV con el receptor tipo Toll 4 (TLR4). El potencial inmunogénico se evaluó 

adicionalmente utilizando el servidor C-ImmSim para simular la respuesta inmunitaria del huésped. 

Resultados: Se predijo que la construcción de MEV de 219 aminoácidos sería estable, soluble, no tóxica y no alergénica, con una cobertura poblacional global 

del 98,89%. Las simulaciones de acoplamiento molecular y MD confirmaron una interacción estable con TLR4. La simulación inmunitaria reveló una 

eliminación eficiente de antígenos, una producción significativa de anticuerpos IgM e IgG1/IgG2, la expansión de linfocitos B plasmáticos y de memoria, y la 

activación de linfocitos T CD4⁺ y CD8⁺. Se observó una respuesta de citocinas con sesgo Th1, caracterizada por niveles elevados de IFN-γ, IL-2 e IL-12. 

Conclusiones: La MEV diseñada in silico demostró perfiles inmunológicos, estructurales y de cobertura poblacional favorables, lo que respalda su potencial 

como prometedora vacuna candidata contra la malaria por P. knowlesi. Se requiere mayor validación experimental. 

Palabras Clave: diseño de péptidos; epítopos de células T; inmunoinformática; malaria por knowlesi; MSP-1; vacuna multiepítopa. 
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INTRODUCTION 

Plasmodium knowlesi, a simian malaria parasite, has 
recently emerged as a significant zoonotic threat in 
Southeast Asia, where it is transmitted to humans 
through bites from Anopheles mosquitoes. While ma-
caques serve as the natural reservoir, increasing hu-
man infections have been reported in endemic re-
gions. Unlike most zoonotic malarias, P. knowlesi is 
capable of causing severe and sometimes fatal dis-
ease, with clinical manifestations and complication 
rates comparable to those of P. falciparum (Anstey et 
al., 2021; Rajahram et al., 2016). Given its rapid 24-
hour erythrocytic replication cycle and rising inci-
dence, P. knowlesi presents a growing challenge to 
malaria control and elimination efforts, necessitating 
the development of novel preventive strategies. 

To date, malaria vaccine development has pre-
dominantly focused on P. falciparum, as exemplified 
by the RTS,S/AS01 vaccine (Duffy and Patrick Gores, 
2020). This vaccine targets the circumsporozoite pro-
tein (CSP) during the pre-erythrocytic phase, which is 
a short-lived stage preceding red blood cell invasion. 
Consequently, its protective efficacy remains partial 
and time-limited (Plowe, 2022). Moreover, vaccine 
development efforts for non-falciparum species, in-
cluding P. knowlesi, have remained largely underex-
plored. 

The merozoite surface protein 1 (MSP-1) of P. 
knowlesi has been identified as a key molecule ex-
pressed during the erythrocytic stage that plays an 
essential role in red blood cell invasion (Jäschke et al., 
2017). Antibodies targeting P. knowlesi MSP-1, particu-
larly the conserved C-terminal 42-kDa fragment 
(pkMSP-142), have demonstrated strong immunore-
activity (Baldwin et al., 2015), supporting its potential 
as a subunit vaccine candidate. Furthermore, the 
MSP-1–erythrocyte interaction is highly conserved 
across Plasmodium species (Cheong et al., 2013), high-
lighting its value for broad-spectrum vaccine design. 

Recent advances in computational vaccinology 
have enabled the rational design of multi-epitope 
peptide vaccines by integrating conserved B-cell, 
helper T lymphocyte (HTL), and cytotoxic T lympho-
cyte (CTL) epitopes. These peptide-based constructs 
offer several advantages over conventional vaccines, 
including enhanced specificity, safety, rapid scalabil-
ity, and the capacity to elicit both humoral and cellu-
lar immune responses (Khalid and Ashfaq, 2020). 
Despite these advantages, the immunogenic potential, 
structural stability, and population coverage of such 

vaccine constructs must be thoroughly validated us-
ing in silico methods. 

Therefore, the present study was conducted to de-
sign and evaluate a multi-epitope peptide vaccine 
targeting conserved regions of P. knowlesi MSP-1. A 
comprehensive immunoinformatics pipeline was 
employed, encompassing epitope prediction and se-
lection, vaccine construct design, antigenicity and 
allergenicity assessment, population coverage analy-
sis, 3D structure modeling, molecular docking with 
TLR4, molecular dynamics simulation, and immune 
response simulation.  

MATERIAL AND METHODS 

Sequences retrieval 

A total of 42 P. knowlesi MSP-1 protein sequences 
from Southeast Asia were retrieved from the NCBI 
database (http://www.ncbi.nlm.nih.gov) and trans-
lated to amino acid sequences. The sequences were 
saved in FASTA format and aligned using MEGA X 
software to identify conserved regions (Kumar et al., 
2018). The conserved protein sequences were then 
used to predict three-dimensional structures via 
SWISS-MODEL and visualized using Biovia Discov-
ery Studio. 

B-Cell epitope prediction 

Linear B-cell epitopes were predicted using Bepi-
Pred 2.0 available on the Immune Epitope Database 
(IEDB) server (http://tools.iedb.org/bcell/). The 
default threshold of 0.350 was retained, as it repre-
sents a balance between sensitivity and specificity 
based on IEDB benchmarking datasets. BepiPred uti-
lizes a Hidden Markov Model (HMM), which enables 
accurate detection of epitope patterns in protein se-
quences (Srivastava et al., 2007). 

CTL and HTL epitope prediction 

Cytotoxic T lymphocyte (CTL) and helper T lym-
phocyte (HTL) epitopes were predicted using the 
NetMHCpan 4.1 and NetMHCIIpan 4.1 tools, respec-
tively, both available via the Immune Epitope Data-
base (IEDB) at http://tools.iedb.org/mhci/ and 
http://tools.iedb.org/mhcii/. All predictions were 
performed using default server parameters. For CTL 
epitope prediction, the NetMHCpan 4.1 EL (eluted 
ligand) method was employed, with the percentile 
rank threshold set at <0.5, where lower percentile 
values indicate higher binding affinity. The HLA class 
I allele set used in the prediction was based on the 
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IEDB-recommended global reference panel, which 
includes a broad range of alleles representing global 
ethnic diversity (Reynisson et al., 2020). For HTL 
epitope prediction, the NetMHCIIpan 4.1 tool was 
applied with a percentile rank threshold of <5. The 
HLA class II allele set was likewise selected based on 
the IEDB global reference dataset to ensure compre-
hensive population representation (Mahmoodi et al., 
2023). 

NetMHCpan was selected over alternative tools 
such as MHCflurry and MixMHC2pred due to its 
high predictive accuracy, broad HLA allele coverage, 
and ability to integrate both binding affinity data and 
naturally eluted ligand datasets. Multiple benchmark 
studies have consistently demonstrated that 
NetMHCpan offers superior performance, particular-
ly in predicting peptide–MHC interactions for un-
derrepresented or less-studied alleles—an important 
consideration for vaccine development in regions 
with diverse HLA backgrounds, such as Southeast 
Asia (Reynisson et al., 2020). 

To ensure broad population applicability and ef-
fective immune coverage, predicted CTL and HTL 
epitopes were further filtered to retain only those 
capable of binding to at least three different HLA 
alleles. This selection criterion was chosen as a bal-
ance between broad immunogenic coverage and 
epitope specificity, aiming to include epitopes rele-
vant to both globally distributed and regionally prev-
alent HLA alleles. Although increasing promiscuity 
may enhance population coverage, a more stringent 
cutoff could inadvertently exclude high-affinity 
epitopes that are critical for inducing robust immune 
responses in specific target populations. Prior studies 
have supported the use of this threshold, showing 
that epitopes with binding affinity to ≥3 HLA mole-
cules can elicit effective T-cell responses across di-
verse populations without sacrificing specificity 
(Khatrawi et al., 2025). 

Allergenicity, antigenicity, solubility, and toxicity 
screening of selected epitopes 

All predicted B-cell, CTL, and HTL epitopes were 
subjected to further screening to evaluate their anti-
genicity, allergenicity, solubility, and toxicity. Anti-
genicity was assessed using the VaxiJen v2.0 server 
(http://www.ddg-pharmfac.net/vaxijen/), with a 
default threshold of 0.4 for classification. Peptides 
with a score >0.4 were considered probable antigens, 
while those with scores ≤0.4 were classified as non-
antigenic. Toxicity was evaluated using the ToxinPred 
v2.0 server 
(https://webs.iiitd.edu.in/raghava/toxinpred/), 
which uses support vector machine (SVM)-based 
classifiers trained on experimentally validated toxic 

peptides. Peptides were considered non-toxic if the 
SVM score was ≤0, and toxic if >0. Allergenicity 
screening was performed via AllerTOP v2.0 
(https://www.ddg-pharmfac.net/AllerTOP/), which 
uses a k-nearest neighbor algorithm trained on a da-
taset of known allergens and non-allergens. Peptides 
with SVM scores >0.5 were classified as allergenic, 
whereas those ≤0.5 were considered non-allergenic. 
Solubility was predicted using SOLpro 
(https://scratch.proteomics.ics.uci.edu/), which uses 
a two-stage SVM to predict solubility upon overex-
pression in Escherichia coli. Only epitopes with pre-
dicted high solubility scores were selected for vaccine 
construct development. Peptides that were non-toxic, 
non-allergenic, antigenic, and predicted to be soluble 
were selected for inclusion in the multi-epitope vac-
cine design. 

Population coverage analysis 

The IEDB population coverage 
(http://tools.iedb.org/population/) was used to as-
sess the vaccine coverage for the populations of the 
world, Asia, Africa, Europe, America, and Oceania 
(Mahmoodi et al., 2023). 

Construction of a multi-epitope vaccine 

The selected CTL, HTL, and B-cell epitopes were 
assembled into a multi-epitope vaccine construct us-
ing AAY, GPGPG, and KK linkers, respectively. An 
adjuvant peptide (APPHALS), known for its TLR4 
agonistic activity, was added at the N-terminal using 
an EAAAK linker to enhance immunogenicity. The 
three-dimensional structure of the vaccine construct 
was predicted with the I-TASSER server 
(https://zhanglab.ccmb.med.umich.edu/I-
TASSER/). Structural refinement was carried out 
using the GalaxyWEB server 
(https://galaxy.seoklab.org/), specifically through 
the GalaxyRefine module, before Ramachandran plot 
validation to improve overall model quality (Naz et 
al., 2023; Rouzbahani et al., 2022). The final vaccine 
construct was re-evaluated for antigenicity, toxicity, 
and allergenicity using the web servers VaxiJen v2.0, 
ToxinPred v2.0, and AllerTOP v2.0, respectively. 
Then, its physicochemical properties, including amino 
acid composition, theoretical isoelectric point (pI), 
molecular weight, grand average of hydropathicity 
(GRAVY), aliphatic index, instability index, and pre-
dicted in vitro and in vivo half-lives, were assessed 
with the ProtParam tool 
(https://web.expasy.org/protparam/). Structural 
validation was additionally supported by Ramachan-
dran plot analysis after refinement using SWISS-
MODEL (https://swissmodel.expasy.org/) 
(Mahmoodi et al., 2023). 
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Molecular docking 

The ClusPro 2.0 server (https://cluspro.org) was 
utilized for protein-protein docking between the 
TLR4 (PDB ID: 4G8A) receptor and the designed vac-
cine construct. To serve as a negative control, a shuf-
fled version of the final vaccine sequence was gener-
ated using a custom Python script employing a ran-
dom sequence shuffling function. The docking pro-
cess was executed in three sequential steps: rigid 
body docking, clustering of the lowest energy con-
formations, and structural refinement through energy 
minimization. (Rouzbahani et al., 2022). 

Molecular dynamic 

Molecular dynamics (MD) simulations were per-
formed using YASARA Dynamics v4.3.13 to evaluate 
the structural stability of the vaccine–TLR4 complex. 
The system was prepared by setting the simulation 
parameters through the Set Target and Macro & Mov-
ie options. A simulation environment mimicking 
physiological conditions was configured, including a 
temperature of 310 K and a pH of 7.4. The MD run 
was executed using the md_run macro for a total 
duration of 21,000 picoseconds (21 ns). Post-
simulation analysis was carried out using the 
md_analyze and md_analyzeres macros to determine 
the root mean square deviation (RMSD) and evaluate 
the conformational stability of the complex through-
out the simulation trajectory. 

Immune simulation 

The immunogenic potential of the MEV construct 
targeting P. knowlesi MSP-1 was evaluated using the 
C-ImmSim server (https://150.146.2.1/C-
IMMSIM/index.php), an agent-based simulation 
platform that models the mammalian immune re-
sponse (Cheng et al., 2022). The default parameters 
were applied for the random seed and simulation 
volume. The simulation was run for 1000 steps, with a 
single dose of the vaccine construct administered at 
the beginning of the simulation. To ensure global 
applicability and population relevance, HLA alleles 
were selected based on the server’s recommended 
global reference set. 

RESULTS  

Conserved sequence from P. knowlesi MSP-1 

A total of 42 P. knowlesi MSP-1 protein sequences 
in FASTA format were aligned using MEGA X soft-
ware to identify conserved regions. The resulting 
consensus sequence is as follows: 

MYKSIKKQLENHVAAFNTNITDMLDSRLKKR
YFLDVLDSELNPFKYSSGEYIIKDPYKLLDLEQKK
KLLGSYQYIGASVDKDLITAKDMEYYKMGELYK
HLEAVNAQIKEIESVPQSQLNKEELKKYLPFLNSI
QKEYESLVNMAHTYKENLKKFINNCQIEKKETEI
IVKKLEDYTKIDENLEIYKKSKKESDVRSSGLLEK
LKNSKLINEEESKKVLSQLLNVQTQMLNMSSAH
KCIDTNVPENAACYRYLDGTEEWRCLLGFKEVG
GKCVPASITCEENGGCAPEAECTMDDKKEVECK
CTKEGEPLFEGVFCSSS 

This conserved region was subsequently subjected 
to homology modeling to assess structural similarity 
with known protein templates. Based on the criteria 
described by Waterhouse et al. (2018), a minimum 
sequence identity of 20% is considered acceptable for 
reliable structural modeling. The aligned MSP-1 se-
quence demonstrated a 61% identity with the selected 
template (UniProt ID: A0A3Q8U669), indicating 
strong structural conservation and high predictive 
value. This result validates the use of the conserved 
region as a structurally stable and immunologically 
relevant target for subsequent epitope mapping and 
vaccine design. 

B-Cell epitope prediction 

As illustrated in Fig. 1, four peptide sequences 
(NPFKYS, KSKKESDVR, INEEESKK, and TNVPEN) 
were predicted as potential B-cell epitopes based on 
their score profiles. All these peptides were predicted 
to be antigenic, non-allergenic, and non-toxic, with 
favorable solubility profiles, which supports their 
potential inclusion in a multi-epitope vaccine con-
struct. 

HTL and CTL epitope prediction 

Helper T lymphocyte (HTL) epitopes were pre-
dicted using the IEDB MHC-II binding prediction 
tool, yielding 8,239 candidate peptides across 27 ref-
erence HLA alleles. Peptides within the top 5% per-
centile rank were retained for further analysis. These 
were subsequently screened for antigenicity, toxicity, 
allergenicity, and water solubility. Five predicted 
HTL epitopes were identified that fulfilled all selec-
tion criteria, including binding affinity to at least 
three distinct HLA class II alleles. 

Cytotoxic T lymphocyte (CTL) epitope prediction 
was conducted using the IEDB MHC-I binding pre-
diction tool, which generated 2,301 candidate pep-
tides across 54 HLA class I alleles. A total of 1,751 
peptides with percentile ranks ≤0.5 were subjected to 
the same screening pipeline. Five CTL epitopes exhib-
iting antigenic, non-toxic, non-allergenic, and soluble 
profiles, and binding to a minimum of three HLA 
class I alleles, were selected for vaccine construction. 
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Figure 1. Linear B-cell epitope prediction 
of the conserved MSP-1 region using 

BepiPred: Visualization of predicted 

antigenic regions. 

 

Table 1. Immunological and physicochemical profiles of selected CTL and HTL epitopes derived from Plasmodium knowlesi MSP-1 Protein 1. 

Type Peptide Sequence HLA Subtype Toxicity Allergenicity Antigenicity Solubility 

 CTL ELKKYLPFL HLA-B*08:01 

HLA-A*26:01 

HLA-A*68:02 

NT NA An GS 

NEEESKKVL HLA-B*40:01 

HLA-B*44:03 

NT NA An GS 

EELKKYLPF HLA-B*44:03 

HLA-B*40:01 

HLA-B*08:01 

HLA-B*44:02 

NT NA An GS 

TAKDMEYYK HLA-A*68:01 

HLA-A*11:01 

HLA-A*33:01 

NT NA An GS 

RSSGLLEKL HLA-A*32:01 

HLA-B*58:01 

HLA-B*57:01 

NT NA An GS 

LITAKDMEY HLA-B*35:01 

HLA-B*15:01 

HLA-A*01:01 

HLA-A*26:01 

NT NA An GS 

HTL DKDLITAKDMEYYKM HLA-DRB1*12:01 

HLA-DPA1*02:01 

HLA-DQA1*05:01 

HLA-DRB3*01:01 

HLA-DRB1*09:01 

HLA-DPA1*03:01 

NT NA An GS 

LEIYKKSKKESDVRS HLA-DRB1*11:01 

HLA-DRB1*08:02 

HLA-DRB1*13:02 

NT NA An GS 

ENLEIYKKSKKESDV HLA-DRB1*11:01 

HLA-DRB1*08:02 

HLA-DRB1*13:02 

NT NA An GS 

IDENLEIYKKSKKES HLA-DRB1*13:02 

HLA-DRB1*11:01 

HLA-DRB1*15:01 

NT NA An GS 

KETEIIVKKLEDYTK HLA-DPA1*01:03 

HLA-DRB4*01:01 

HLA-DRB1*13:02 

HLA-DRB1*11:01 

HLA-DRB1*08:02 

NT NA An GS 

NT: Non-toxic; NA: Non-allergenic; An: Antigenic; GS: Good water solubility. 
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Figure 2. Predicted global and regional 
population coverage based on HLA binding 

affinity of selected CTL and HTL epitopes. 

 
 

A B 

 

 

Figure 3. Amino acid sequence and 3D structural model of the constructed multi-epitope vaccine incorporating MSP-1 epitopes 

and RS09 adjuvant. 

(A) The designed amino acid sequence of the multi-epitope vaccine construct showing MSP-1-derived epitopes (black) linked by linkers (orange). 

(B) Predicted 3D structural model of the multi-epitope vaccine construct generated using computational modeling, showing the overall folding 

and secondary structure arrangement. 

 

The final selected HTL and CTL epitopes are 
summarized in Table 1 and were incorporated into 
the multi-epitope vaccine design for subsequent 
structural and immunological evaluations. 

Population coverage 

EAs illustrated in Fig. 2, the combined epitope set 
was predicted to cover approximately 98.89% of the 
global population, based on HLA allele distribution 
data. Region-specific coverage estimates revealed 
substantial population reach: 90.58% in Africa, 91.02% 
in Asia, 99.95% in Europe, 94.37% in the Americas, 
and 97.27% in Oceania. These results demonstrate a 
broad representation of HLA alleles across diverse 
ethnic and geographic populations, supporting the 
potential utility of the vaccine construct in global 
malaria prevention efforts. 

Multi-epitope vaccine construction, 
physicochemical assessment, and protein stability 

A MEV construct was designed by sequentially 
fusing selected CTL, HTL, and B-cell epitopes using 
appropriate linkers to ensure structural flexibility and 
epitope presentation. The CTL epitopes were linked 
by AAY linkers, HTL epitopes by GPGPG linkers, and 
B-cell epitopes by KK linkers. To enhance immuno-
genicity, a TLR4 agonist peptide (APPHALS) was 
added at the N-terminal using an EAAAK linker as an 
adjuvant. The final vaccine construct and its linear 
arrangement are illustrated in Fig. 3. 

The physicochemical properties of the construct 
are summarized in Table 2. The predicted molecular 
weight was approximately 24.67 kDa, which falls 
within the optimal range for recombinant expression. 
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Table 2. Predicted physicochemical characteristics of the multi-epitope vaccine construct targeting Plasmodium knowlesi MSP-1. 

Criteria Score 

Number of amino acids 219 

Molecular weight 24669.28 Da 

Total number of negatively charged residues 37 

Total number of positively charged residues 47 

Theoretical pI 9.24 

Instability index 35.64 

Aliphatic index 60.68 

Grand average of hydrophobicity -1.073 

Solubility 0.817 (soluble) 

 

 

 

Figure 4. Ramachandran plot analysis of the 

modeled multi-epitope vaccine protein 

structure. 

 
The theoretical isoelectric point (pI) was 9.24, indi-

cating a basic protein. The sequence contained 37 
positively charged and 47 negatively charged resi-
dues, suggesting an electrostatically balanced profile 
conducive to structural stability and solubility. 

The instability index of 35.64 classified the protein 
as stable (values <40 are considered stable). The ali-
phatic index was 60.68, suggesting good thermostabil-
ity, which is beneficial for storage and transport un-
der variable conditions (Enany, 2014). The GRAVY 
score was −1.073, indicating a hydrophilic nature, 
which supports solubility in aqueous environments 
and potential compatibility with intracellular biologi-
cal processes (Balasubramaniam and Namboori, 
2021). 

The predicted in vitro half-life of the protein was 
4.4 hours in mammalian reticulocytes, while in vivo 
half-lives were estimated to exceed 20 hours in yeast 
and 10 hours in E. coli. These values suggest a favora-
ble expression profile for downstream recombinant 
production (Kumar et al., 2020). Additionally, the 
construct was predicted to be soluble upon overex-

pression in E. coli, an important feature for large-scale 
production and purification. 

Structural quality assessment using a Ramachan-
dran plot showed that 90.32% of residues were locat-
ed in the most favored regions (Fig. 4). This percent-
age exceeds the commonly accepted threshold for 
high-quality modeled proteins and reflects favorable 
backbone dihedral angles (ϕ and ψ), supporting the 
structural integrity of the construct (Aarthy and 
Singh, 2022). Collectively, these parameters support 
the structural feasibility, physicochemical stability, 
and immunological suitability of the multi-epitope 
vaccine for further experimental validation. 

Table 2 summarizes the physicochemical charac-
teristics of the designed multi-epitope vaccine. The 
vaccine protein has a molecular weight of approxi-
mately 24.67 kDa, which is within the optimal range 
for recombinant expression and purification. It has an 
isoelectric point (pI) of 9.24, indicating a basic nature. 
The protein contains 37 positively and 47 negatively 
charged amino acid residues, suggesting a balanced 
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charge distribution conducive to stable molecular 
interactions. 

The instability index of the construct was calculat-
ed to be 35.64, classifying it as a stable protein (values 
below 40 are considered stable). A high aliphatic in-
dex of 60.68 suggests that the vaccine is thermostable, 
which is advantageous for storage and transport un-
der varying temperature conditions (Enany, 2014). 
The Grand Average of Hydropathicity (GRAVY) 
score was −1.073, indicating that the protein is hydro-
philic and likely to interact favorably with the aque-
ous intracellular environment (Balasubramaniam and 
Namboori , 2021). 

The predicted in vitro half-life of the protein is 4.4 
hours in mammalian reticulocytes, while its estimated 
in vivo half-lives are more than 20 hours in yeast and 
more than 10 hours in Escherichia coli. These parame-
ters reflect favorable expression and stability profiles. 
Moreover, the construct demonstrated good solubility 
upon overexpression in E. coli, which is essential for 
facilitating downstream purification and functional 
assays of recombinant proteins (Kumar et al., 2020). 

Model quality assessment using a Ramachandran 
plot revealed that 90.32% of the residues fall within 
the most favored regions (Fig. 4). A score exceeding 
90% indicates that the backbone dihedral angles (ϕ 
and ψ) are consistent with those found in well-folded, 
native protein structures, thus reinforcing the struc-
tural integrity and reliability of the modeled vaccine 
construct (Aarthy and Singh, 2022). This supports the 
potential utility of the construct for experimental ap-
plications and further vaccine development. 

Binding affinity of MEV-TLR4 based on molecular 
docking 

Molecular docking analysis was conducted to as-
sess the interaction between the multi-epitope vaccine 
(MEV) construct and the Toll-like receptor 4 (TLR4). 
As shown in Table 3, the MEV–TLR4 complex exhib-
ited a lower binding energy score compared to the 
control complex. The stability of this interaction is 
supported by several non-covalent interactions, in-
cluding hydrogen bonding (Fig. 5a), hydrophobic 
interactions (Fig. 5d), and π–π aromatic stacking (Fig. 
5b). Furthermore, electrostatic complementarity be-

tween the MEV and TLR4, as illustrated by the inter-
polated surface charges on the receptor (Fig. 5c), may 
also contribute to the overall docking affinity. 

Structural stability based on molecular dynamics 
simulation 

As shown in Fig. 6a, it consists of 3 lines with dif-
ferent colors. RMSDCa represents the RMSD for C-
alpha atoms. It shows fluctuations around 3.5 Å, indi-
cating that the protein's backbone maintains its struc-
tural integrity with minor deviations. RMSDBb repre-
sents the RMSD for backbone atoms, fluctuating 
around 4.0 Å. This suggests moderate movement 
within the backbone, possibly due to flexible regions 
or loops. RMSDall represents the RMSD for all heavy 
atoms, with higher fluctuations averaging around 4.5 
Å. This is expected as it includes side chains that are 
generally more flexible than the backbone. Futher-
more, the RMSF plot (Fig. 6b) indicates that the major-
ity of the protein regions display moderate flexibility 
(RMSF values of 1–3 Å), with increased fluctuations 
noted at the N-terminus (residues 1–50) and C-
terminus (residues 600–650), alongside a significant 
peak in the 200–250 residue range where RMSF val-
ues approximate 5–6 Å. The increase in the 200–250 
region indicates enhanced local flexibility, and might 
be enabling conformational alterations or interactions. 
Notably, the majority of the protein exhibits RMSF 
values below 3 Å, which is generally considered in-
dicative of structural stability throughout the simula-
tion (Alsedfy et al., 2024). 

Immune simulations 

The immune simulation following administration 
of the MEV targeting P. knowlesi MSP-1 showed a 
strong initial antigen peak, followed by a rapid and 
sustained decrease in antigen levels. The antigen 
clearance occurred within the first 30 days and re-
mained low throughout the 350-day simulation peri-
od (Fig. 7A). Antibody responses showed a sharp 
initial rise in IgM levels, which were later overtaken 
by IgG isotypes, particularly IgG1 and IgG2. The 
combined IgM + IgG response remained high and 
stable across the simulation timeframe, indicating a 
persistent humoral response. Plasma B cells produc-
ing IgM, IgG1, and IgG2 peaked early and remained 
detectable at moderate levels over time (Fig. 7B). 

 

Table 3. Molecular docking analysis between the MEV and shuffled MEV with TLR4. 

Ligand Binding energy (kcal/mol) 

MEV -771.9 

MEV-shuffled* -724.5 

*MEV-shuffled sequence: ESEYKELKEKEELEDANIGKKKEEAMYEGREARTELSAEEKEYHRAKKIEELNANIVVLPSATEKKSDYGPE 

GTDLKYSKIINKMAYKSLPEKDPFKSFSAGVGEYGLKEPFLPGPKKSKKGKGAPVIIAAMDEYGPGSGPNADKYLAEFYGTIKSEPSSYLD 

SDKPLKEYDAIPMKKLKKYAGVAYNYTPTKKNPYKKDGSAYKELPKKKEVL 
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Figure 5. Molecular docking analysis between the multi-epitope vaccine and TLR4: Intermolecular interaction profiles. 

(a) Hydrogen bonding interactions between the vaccine construct and TLR4. (b) Aromatic interactions between the vaccine construct and TLR4. (c) 

Electrostatic potential surface map (interpolated charge) of the binding interface between the vaccine construct and TLR4. (d) Hydrophobicity distri-

bution across the binding interface between the vaccine construct and TLR4. 

 

 

Figure 6. Molecular dynamics simulation of the vaccine–TLR4 complex. 

(a) Root Mean Square Deviation (RMSD), (b) Root Mean Square Fluctuation (RMSF). 

 
The total B lymphocyte population remained rela-

tively stable, while memory B cells gradually in-
creased. A consistent population of B cells in antigen-
presenting states (presenting on MHC class II) and 
internalized-antigen states was observed throughout 
the simulation (Fig. 7B). CD4+ T helper cell counts 
increased markedly after vaccination. The population 
included both active and duplicating cells in the early 
phase, which transitioned into resting and memory 

states as the simulation progressed (Fig. 7C). A transi-
ent increase in CD4+ regulatory T cells (Tregs), par-
ticularly in the active and memory compartments, 
was noted early after antigen exposure but decreased 
steadily over time (Fig. 7C). CD8+ cytotoxic T cells 
exhibited moderate changes. While total CD8+ cell 
counts remained steady, memory subsets increased 
slightly. Entry-state analysis showed early activation 
and duplication, with gradual accumulation of aner-

https://jppres.com/


Putri et al. Multi-epitope vaccine design of Knowlesi malaria 

 

https://jppres.com  J Pharm Pharmacogn Res (2025) 13(s1): S342 

 

gic and memory phenotypes (Fig. 7D). Natural killer 
cell numbers showed minor fluctuations but re-
mained within a narrow range throughout the simu-
lation (Fig. 7D). 

Cytokine analysis showed early and transient 
peaks in multiple pro-inflammatory cytokines, in-
cluding IFN-γ, IL-2, TNF-α, and IL-12.  

 

                                                         A                         B 

  

C1 C2 C3 

 

D1 D2 D3 

 

E1 E2 E3 

 

Figure 7. Simulated immune response dynamics following antigen exposure.  

(A) Antigen and immunoglobulins: temporal kinetics of antigen concentration (black line) and antibody titters by isotype (IgM + IgG, IgM, IgG1 + IgG2, IgG1, IgG2), showing 

rapid antigen clearance followed by sustained antibody production. (B) Cytokines: concentrations of key cytokines and interleukins (IFN-γ, IL-2, IL-4, IL-10, IL-12, IL-6, IL-

18, IL-23, TNF-α, IFN-β) over time, with the inset plot showing the danger signal (D) and IL-2 response. (C1) B lymphocyte population: total and memory B cell counts 

showing expansion, contraction, and memory formation; (C2) B lymphocyte population per entity state: distribution of B cells as active, presenting on class II, 

internalized, duplicating, and resting; (C3) plasma B cell population: transient increase of plasma cells subdivided by antibody isotype (IgM, IgG1, IgG2). (D1) CD4+ T 

helper population: total and memory CD4+ T helper cell counts; (D2) CD4+ T helper per entity state: subdivision into active, resting, duplicating, and anergic states; (D3) 

CD4+ T regulatory population: dynamics of total, memory, and state-specific (active + resting) regulatory T cells. (E1) CD8+ T cytotoxic population: total and memory 

CD8+ T cell counts showing effector expansion and memory persistence; (E2) CD8+ T cytotoxic per entity state: active, duplicating, and anergic cytotoxic T cells; (E3) 

natural killer (NK) cell population: fluctuating NK cell counts reflecting baseline innate immune activity.  
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Regulatory cytokines such as IL-4 and IL-10 also 
showed moderate elevations. A transient rise in the 
simulated danger signal (D) and IL-2 was observed 
within the first 30 days, returning to baseline levels 
thereafter (Fig. 7B). 

DISCUSSION 

Vaccine design justification 

P. knowlesi has become an emerging public health 
threat in Southeast Asia, attributed to its zoonotic 
transmission from macaque reservoirs and its ability 
to cause severe, P. falciparum-like malaria (Grigg et al., 
2017). These characteristics demand vaccine strategies 
that target blood-stage antigens to reduce clinical 
severity and transmission potential.  

MSP-1, a highly conserved and abundantly ex-
pressed protein on the surface of merozoites, was 
selected as the vaccine target. Its essential role in 
erythrocyte invasion and intracellular parasite devel-
opment, as well as the protective potential of anti-
MSP-1 antibodies in blocking this process, support its 
inclusion in multi-epitope vaccine constructs (Chan-
dramohanadas et al., 2014; Moss et al., 2012). 

In the present study, immunoinformatics tools 
were employed to predict B-cell, CTL, and HTL 
epitopes from the P. knowlesi MSP-1 protein. To opti-
mize immunogenicity and processing, epitopes were 
connected using specific linkers—AAY (for MHC-I 
binding), GPGPG (for HTL flexibility), and KK (for 
lysosomal cleavage)—based on established immuno-
peptide construction strategies (Atapour et al., 2022; 
Tarang et al., 2020). Moreover, the RS09 TLR4 agonist 
(APPHALS) was incorporated as a molecular adju-
vant via an EAAAK linker to enhance innate immune 
activation and prevent steric hindrance. 

The final vaccine construct, comprising 219 amino 
acids, was predicted to be immunogenic, thermosta-
ble, non-toxic, and water-soluble, with a molecular 
weight below 110 kDa, which is favorable for recom-
binant expression systems (Zhu et al., 2023). Electro-
static analysis revealed a balanced distribution of 
positive and negative charges, a characteristic associ-
ated with enhanced molecular interaction capacity 
(Xu et al., 2013). Similar physicochemical profiles 
have been reported in prior multi-epitope vaccine 
studies targeting Toxoplasma gondii and Leishmania 
spp. (Khatoon et al., 2017; Shey et al., 2019). 

Molecular interaction insights 

Molecular docking analysis was conducted to 
evaluate the binding affinity and potential interaction 
between the multi-epitope vaccine (MEV) construct 
and Toll-like receptor 4 (TLR4), a key innate immune 

receptor involved in pathogen recognition and the 
initiation of the adaptive immune response. The dock-
ing results indicated that the MEV construct exhibited 
a stronger binding interaction with TLR4, as evi-
denced by a lower binding energy score (-771.9 
kcal/mol) compared to the MEV-shuffled control (-
724.5 kcal/mol). The lower binding energy of the 
MEV–TLR4 complex suggests a thermodynamically 
more favorable interaction, indicating increased mo-
lecular stability and binding probability. This en-
hanced interaction implies that the structural configu-
ration and epitope arrangement of the designed MEV 
are optimized for effective engagement with TLR4, 
which may, in turn, facilitate the activation of down-
stream immune signaling cascades such as NF-κB and 
the production of pro-inflammatory cytokines (Ding-
ding et al., 2025). Furthermore, the inclusion of a suit-
able adjuvant and appropriate linker sequences in the 
MEV design might have contributed to the increased 
conformational compatibility and molecular docking 
efficiency. The observed binding affinity underscores 
the rationality of targeting TLR4 as a component of 
vaccine design, supporting the immunostimulatory 
potential of MEV through direct engagement of the 
innate immune system.  

MD simulations over a 20 ns period provided ad-
ditional insights into structural stability. The RMSD of 
Cα atoms stabilized around 3–4 Å, suggesting struc-
tural conservation of the vaccine–receptor core (Aier 
et al., 2016). RMSD values for all atoms and the pro-
tein backbone were slightly higher (~4–5 Å), indicat-
ing peripheral side-chain flexibility that may facilitate 
dynamic binding (Sargsyan et al., 2017). RMSF analy-
sis revealed moderate fluctuations (<3 Å) across most 
residues, with peaks in loop regions (residues ~200–
220 and ~600–620), consistent with known immuno-
genic flexible domains in other subunit vaccines 
(Knapp et al., 2011). Collectively, these results 
strengthen the structural rationale behind the vaccine 
construct and suggest that MEV–TLR4 interaction 
could serve as a mechanistic basis for triggering ro-
bust immunogenicity in downstream in vitro and in 
vivo validations. 

Immune response interpretation 

The immunogenic profile of the designed vaccine 
was further explored using in silico immune simula-
tions via the C-ImmSim platform. The simulation 
output indicated a typical primary response, charac-
terized by rapid antigen clearance, followed by a ro-
bust humoral response marked by high titers of IgM, 
IgG1, and IgG2. These results indicate the successful 
priming of both naïve and memory B cells, aligning 
with patterns observed in other MSP-based vaccine 
constructs (Fraussen, 2022). 
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B cell populations expanded significantly, with 
pronounced memory and plasma cell differentiation. 
CD4+ T helper cells were robustly activated, particu-
larly the Th1 subset, while regulatory T cells (Tregs) 
remained low and transient. This is indicative of an 
effective yet well-regulated cellular immune response, 
supporting previous findings on MSP1-induced T 
helper activation in murine models (Gasper et al., 
2014). 

CD8+ cytotoxic T lymphocytes, while exhibiting 
less expansion, demonstrated memory formation 
essential for intracellular parasite control, particularly 
for targeting liver-stage or relapsing parasites. The 
cytokine profile was skewed toward Th1 dominance, 
with elevated levels of IFN-γ, IL-2, IL-12, and TNF-α. 
Moderate IL-4 and IL-10 levels suggest controlled 
inflammation and minimized risk of immune overac-
tivation, a profile associated with protective efficacy 
in experimental malaria vaccines (Khatoon et al., 
2017; Pandey et al., 2018). Notably, the C-ImmSim 
platform does not simulate stochastic biological varia-
tion; thus, standard deviation, confidence intervals, or 
inter-individual variability were not incorporated. 
While qualitative trends are informative, experi-
mental validation is required to confirm the robust-
ness of these predictions. 

CONCLUSION 

A computationally optimized multi-epitope pep-
tide vaccine targeting conserved MSP-1 regions of 
Plasmodium knowlesi was successfully designed and 
validated through immunoinformatics tools. The con-
struct exhibited strong antigenicity, non-allergenicity, 
structural stability, and favorable immune engage-
ment properties. These findings support its potential 
as a novel vaccine candidate against knowlesi malar-
ia. However, further experimental validation is re-
quired to confirm its immunoprotective efficacy and 
safety in biological systems. 
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