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initially emerged in Brazil in 1975 during an encephalitis 
outbreak, with a total of 465 infections and a 13% case fatality 
rate. Among the 465 cases, approximately 20% of patients 
developed neuropsychiatric conditions, including dysarthria 
and motor impairment (4). Researchers initially developed 
a formalin-inactivated ROCV vaccine and administered 3 
doses over the course of 1 month, followed by a booster dose 
15 months later (3). However, that vaccine was discontinued 
due to a low seroconversion rate of 22%, which indicated that 
the vaccine did not stimulate a sufficient antibody response 
(5). 
	 Following the 1975 outbreak, there is a lack of 
documentation describing how ROCV continued to circulate 
in the environment. Serological evidence suggests that 
ROCV was carried asymptomatically through migratory bird 
species, along with Aedes and Psorophora mosquitoes, 
possibly accounting for ROCV’s disappearance after the initial 
outbreak (6). In 2011, 9 ROCV strains were recovered using 
central nervous system tissue from a total of 17 deceased 
patients during a dengue virus (DENV) outbreak in Goiás, a 
central Brazilian state (3). Using serum samples from patients 
of all ages and sexes with suspected dengue fever, Saivish 
et al. identified the ROCV NS5 gene, and confirmed, through 
phylogenetic analysis, that it was a 100% match to an isolated 
ROCV strain from the original 1975 encephalitis outbreak 
(3). These findings imply that ROCV may have continued 
to circulate undetected throughout South America, despite 
the absence of reported cases between 1975 and 2011. As 
such, there is a high probability that ROCV is still circulating 
throughout South America, highlighting the need for further 
research to prevent reemergence. Currently, no licensed 
vaccine is available for ROCV.
	 In this study, we used bioinformatic tools to develop a 
multi-epitope-based vaccine candidate for ROCV. Epitopes 
are short peptide fragments derived from viral proteins that 
are recognized by the immune system, allowing antibodies 
and T cell receptors to elicit an immune response in response 
to the pathogen (7). Three different categories of epitopes 
were predicted from the structural and non-structural proteins 
of ROCV: epitopes recognized by B cells, CD8+ T cells, and 
CD4+ T cells. In this context, B cells produce antibodies, 
which bind to specific antigens to fight off pathogens. CD8+ T 
cells (often referred to as cytotoxic T cells) primarily provide 
protection by directly killing virally-infected cells, while CD4+ 
T cells (often referred to as helper T cells) can signal other 
immune cells for activation and also produce cytokines that 
aid B cells in the synthesis of antibodies (8). Peptides that are 
presented by major histocompatibility complex (MHC) Class 
I molecules are recognized by CD8+ T cells, while those 
presented by MHC Class II molecules are recognized by 
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SUMMARY
The Rocio virus, a member of the Flaviviridae family 
transmitted by Culex mosquitoes, causes headaches, 
fever, confusion, and fatal neurological symptoms. 
Currently, there is no approved vaccine available for 
the virus. Traditional Flaviviridae vaccine platforms 
rely heavily on live attenuated or inactivated viruses, 
which have significant limitations regarding safety. 
Here, we hypothesized that computational tools 
could be used to develop an epitope-based vaccine 
integrating M13 bacteriophage by generating epitopes 
that elicit a strong immune response against the 
Rocio virus. Using bioinformatics tools, we analyzed 
the proteome of the Rocio virus and selected 30 key 
B and T cell epitopes based on their antigenicity, 
allergenicity, and toxicity scores. We demonstrated 
both a phage-based epitope display and fusion epitope 
production using a bacterial expression system. In 
the phage-based delivery mechanism, a minor coat 
protein (pIII) of M13 bacteriophage was fused with 
the epitopes. Conversely, in the E. coli expression 
system, we designed the vaccine candidate by joining 
predicted epitopes with linkers to create a final 
antigenic product. Through molecular docking, we 
identified that the vaccine candidate binds effectively 
with antigen receptors and induces a robust immune 
response with an in silico immune simulation. Overall, 
this computational approach allows for the rapid 
generation of epitopes and demonstrates a novel 
framework combining bacteriophage display and 
bacterial expression. Nevertheless, further in vitro 
and in vivo experiments are essential to evaluate the 
candidate’s safety, efficacy, and ability to neutralize 
the virus.

INTRODUCTION
	 Rocio virus (ROCV) is a single-stranded RNA virus that 
belongs to the Flaviviridae family and is transmitted through 
the bite of Culex mosquitoes (1). The ROCV genome is 
approximately 11 kilobases long (1). This ROCV genome 
encodes three structural proteins: pre-membrane (prM), 
envelope (E), and capsid (C) proteins, which are involved with 
the structure and assembly of the virus and enable it to enter 
host cells (1). ROCV also has seven nonstructural proteins 
(NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5), which are 
involved in the replication of viral RNA (2). ROCV infection 
causes a variety of symptoms: encephalitis, fever, severe 
headache, vomiting, blindness, and conjunctivitis (3). ROCV 
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CD4+ T cells (8). It is vital that epitopes capable of activating 
B cells, CD8+ T cells, and CD4+ T cells are included in the 
vaccine candidate to ensure that the candidate provides 
a strengthened (virus-specific) immune response (8). The 
predicted epitopes were screened for favorable biophysical 
characteristics for incorporation into the final vaccine 
candidate, including antigenicity, allergenicity, and toxicity. 
Antigenicity is defined as the characteristic of an antigen to be 
recognized by the immune system and produce an immune 
response, while allergenicity is the ability of an antigen 
to provoke an abnormal immune response, causing the 
unfavored effect of tissue damage. Likewise, toxicity refers to 
the potential of a peptide to cause damage to the cell. 
	 Epitope-based vaccines provide a targeted immune 
response against an immunodominant epitope and are 
safer than live attenuated vaccines, which use the entire 
virus for vaccine development (7, 9). Rather than using 
whole pathogens or large proteins, epitope-based vaccines 
use specific protein fragments (epitopes) from a pathogen 
to stimulate an immune response, enhancing specificity 
and safety (9). An in silico vaccine design refers to the 
process of designing and selecting vaccine epitopes using 
computational methods, and epitope-based vaccines have 
been initially developed by in silico methods to improve 
efficiency. Successful implementations of in silico vaccines 
have been developed for cancer and viral infections, such as 
similar flaviviruses like the dengue and Zika virus (10, 11). For 
instance, epitope-based vaccines for the Zika virus developed 
using an immunoinformatic approach have demonstrated 
promising outcomes and usefulness in subsequent in vitro 
and in vivo studies, with processes including molecular 
docking and immune simulation supporting their potential 
efficacy (12). These vaccines have exhibited stability and 
have progressed to phase I and II clinical trials, suggesting 
that an effective vaccine could be generated for ROCV 
through similar methods (13, 14). 
	 With the rapid development of computational biology 
tools, epitopes can be predicted, and multiple rounds of 
screening can be performed based on different parameters to 
determine a vaccine candidate (15). The delivery mechanism 
of a vaccine is a critical part of eliciting a potent immune 
response. Phage display represents a versatile platform for 
antigen presentation and was employed in this study to enable 
surface display of peptide epitopes with high immunogenicity. 
In phage display systems, the DNA encoding foreign antigens 
are fused to genes encoding phage surface proteins, resulting 
in the expression of fusion proteins displayed on the phage 
surface by production in bacteria or direct incorporation in 
the phage genome (16, 17). Here, we used an M13-based 
display, where the surface protein pIII (a minor coat protein) 
was utilized to incorporate the epitopes. M13 phage display 
is highly immunogenic and is also capable of displaying 
larger peptides and proteins without hampering its replication 
(18, 19). Additionally, M13 has a non-lytic life cycle, which 
allows continuous phage production without killing their host 
bacteria, resulting in higher phage yield (20). Vaccines made 
with the phage-based system are safer than live attenuated 
vaccines, inexpensive, adjuvant-free (DNA vaccines require 
an adjuvant), and delivered intranasally/orally. These 
vaccines are also more likely to be globally accessible, as 
they can be rapidly produced and are stable at various pHs 
and temperatures for ease of storage (16, 21). However, many 

phage-based vaccines are currently only in early clinical trials 
or a preclinical stage (22). 
	 Additionally, we also used an E. coli bacterial expression 
system to express the multi-epitope fusion protein, providing a 
different approach of epitope delivery. The vaccine production 
in E. coli is scalable and low-cost with simple culture 
conditions; however, E. coli cannot perform post-translational 
modifications and falls short in protein folding and endotoxin 
removal (23). The lack of proper protein folding in an E. coli 
expression can lead to altered or nonfunctional proteins, 

Figure 1: Methodical procedures utilized to identify and 
formulate a Rocio virus vaccine. This figure shows the overall 
workflow of the study. After we retrieved the Rocio virus (ROCV) 
polyprotein sequence from NCBI and screened the ROCV proteins 
using the VaxiJen 2.0 server, we predicted B-cell and T-cell epitopes 
using the Immune Epitope Database (IEDB) server (27, 28). We 
assessed the antigenicity using VaxiJen, predicted allergenicity 
using AllerTOP v2.0 and toxicity using ToxinPred servers (57, 59, 
60). The study displayed a vaccine candidate using both the M13 
bacteriophage system and the Escherichia coli system. We analyzed 
the amino acid sequence of the final vaccine candidate using 
ProtParam (49). We predicted the vaccine candidates secondary 
structure using PsiPred, and tertiary structure (3-D structure) using 
AlphaFold (31). We docked the vaccine candidate against antigen 
receptors BCR, CD4+ T cell, and CD8+ T cell using ClusPro 2.0 (34). 
We predicted the immune simulation using the C-ImmSim server 
(35). Finally, we performed codon optimization using JCat and 
conducted in silico cloning using SnapGene software (36, 80).
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which could compromise the vaccine’s stability and efficacy. 
Likewise, bacteria-derived endotoxins can create an adverse 
immune response in the human body and subsequently hinder 
the quality of vaccine production (24). In contrast, mammalian 
expression systems can perform complex post-translational 
modifications such as glycosylation and phosphorylation, 
which help ensure proper protein folding and stability (25). 
Nevertheless, these mammalian systems are slower, more 
expensive to maintain, and often yield lower protein amounts 
as compared with bacterial systems. Thus, bacterial systems 
still remain promising for their cost-effectiveness and 
scalability for protein production (25). 
	 Thus, this study designed a potential epitope-based 
vaccine to combat future outbreaks of ROCV. Leveraging 
advanced computational biology tools, we identified potential 
antigenic, non-allergenic, and non-toxic epitopes from 
the ROCV genome. We hypothesized that conducting a 
computational study using bioinformatics methods could 
create a ROCV vaccine candidate that would produce a potent 
immune response. With a high antigenic score predicted 
from our modeling, our vaccine construct shows potential 
for effective immunization against ROCV, representing an 
important step toward developing a licensed vaccine for 
this pathogen, which is associated with severe neurological 
complications in infected patients. This study serves as 

a promising initial step in the development of a vaccine for 
ROCV, with additional experiments needed to evaluate these 
results and advance towards pre-clinical developments and 
clinical trials.  

RESULTS
	 Due to the lack of a licensed vaccine for ROCV, there is a 
need for an alternative approach to rapidly design a safe and 
effective vaccine candidate. In this study, we hypothesized 
that a bioinformatics-driven approach could be used to 
identify antigenic, non-allergenic, and non-toxic epitopes to 
construct a multi-epitope vaccine candidate that can elicit a 
strong immune response.

Epitope-based vaccine design workflow
	 In this study, we utilized various bioinformatics tools to 
aid us in designing an epitope-based vaccine for ROCV. 
We first retrieved the ROCV polyprotein sequence and 
tested for antigenic proteins to use in epitope prediction. 
Next, from these antigenic proteins, we predicted B-cell 
and T-cell epitopes, which we later extensively screened for 
antigenicity, allergenicity, and toxicity. Then, we incorporated 
linker sequences between each epitope to construct our final 
vaccine candidate. With the vaccine candidate, we conducted 
a protein-protein docking analysis with three antigen receptors 

Table 1:  Final epitopes selected for the ROCV vaccine candidate. This table lists 30 epitopes from ROCV that were screened based on 
their predicted ability to be recognized by CD8+ T cells, CD4+ T cells, and B cells. The antigenicity score and the toxicity score, with respective 
thresholds of 0.4 and 0, are listed for all epitopes, while the IFN score is only applicable to the CD4+ T cell epitopes. 
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– a cytotoxic T cell receptor, a helper T cell receptor, and a B 
cell receptor (BCR) – and performed an immune simulation 
to assess the efficacy of the candidate vaccine. Following 
codon optimization of the candidate, we performed in silico 
restriction cloning for insertion into a plasmid (Figure 1).

Antigenicity determination of the proteins and epitope 
screening
	 Initially, to predict potential antigenic epitopes from the 
ROCV proteome, we retrieved the FASTA format of the 
ROCV polyprotein sequence and used the online antigenicity 
prediction tool VaxiJen v2.0 to assess antigenicity for each 
structural and non-structural protein (26, 27). Only the 
capsid protein was non-antigenic from the server prediction, 
while the remaining proteins were antigenic (data not 
shown). We generated possible epitopes using the Immune 
Epitope Database (IEDB) server and conducted extensive 
screening of antigenicity, allergenicity, toxicity, human 
proteome non-homology, and cytokine-inducing potential, 
focusing on interferon-gamma (IFN-γ) and interleukin-10 
(IL-10) responses (28). By predicting human proteome non-
homology, we can minimize the risk of cross-reactivity with 
human proteins, which would otherwise lead to unintended 
autoimmune responses. IFN-γ is a cytokine that drives MHC 
Class I expression and activates helper T cells; predicting the 
IFN-γ response helps ensure the vaccine induces a protective 
immune response to eradicate the virus. Similarly, IL-10 
functions as an anti-inflammatory cytokine that enhances B 
cell differentiation and proliferation, contributing to long-term 
protection against the virus (29). With respective non-allergen 
and non-toxin labels provided by the AllerTOP v2.0 and 
ToxinPred server, this screening identified the most promising 
6 CD8+ T cell, 9 CD4+ T cell, and 15 B cell epitopes, based 
on antigenicity, toxicity, and IFN-γ-inducing potential, among 
other characteristics (Table 1). 

Population coverage analysis of selected peptides 
	 Next, to measure the effectiveness of our vaccine peptides 
in different populations, we used the IEDB server to calculate 
the population coverage for each epitope with specific MHC-
restricted alleles (28). Using an epitope set based on human 
leukocyte antigen (HLA) genotypic frequencies, which 
represent the human-specific form of MHC molecules, the 
IEDB server provides a percentage of individuals in a certain 
population that respond to the given sequence. The analysis 
showed that the CD8+ T cell epitopes covered 76.26% 
of the world population, while the CD4+ T cell epitopes 
encompassed 46.43% of the world population; overall, the 
population coverage for the CD8+ T cell epitopes was higher 
than that of the CD4+ T cell epitopes. Additionally, the B 
cell epitopes were predicted to cover 98.58% of the world 
population, likely due to the number and sheer length of the 
epitopes incorporated into the final ROCV vaccine candidate. 
Brazil’s population had the highest coverage for the B cell 
epitopes (99.98%), followed by Papua New Guinea (99.95%) 
and South Asia (99.52%) (Figure 2). 
	 These results show the developing potential for the 
ROCV vaccine candidate towards broad immunogenicity, 
especially due to the high coverage of the B cell and cytotoxic 
T cell epitopes. This suggests that epitopes with broad 
HLA binding profiles are essential for ensuring coverage in 
various populations, and that further refinement of the CD4+ 
T cell epitope inclusion could enhance the vaccine’s overall 
effectiveness (30).

Biophysical properties of final vaccine construct using 
E. coli expression
	 Using the selected CD8+ T cell, CD4+ T cell, and B cell 
epitopes, we assembled the final multi-epitope vaccine 
construct (Figure 3a). The VaxiJen v2.0 server score for 
the vaccine construct was 0.6597, which was predicted to 
be antigenic above the set threshold of 0.4 (Figure 3b) (27). 

Figure 2: Population coverage analysis of the selected epitopes and their chosen MHC alleles. The bar graph shows the percentage 
(%) of individuals in selected countries that were predicted to respond to a particular set of epitopes based on human leukocyte antigen (HLA) 
genotypic frequencies. Each bar represents the percentage of individuals within a given country predicted to have activation of a specific 
immune cell type (CD8+ T cells, CD4+ T cells, or B cells) by the selected epitopes.  Percentages were calculated through IEDB.
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Additionally, the molecular weight of the vaccine construct 
was predicted to be 62.059 kDa, making it favorable for 
expression in E. coli with a weight below 110 kDa. With an 
instability index (II) of 36.75 computed using the Expasy 
ProtParam server, the candidate is classified as stable, 
under the threshold of 40, and with a high aliphatic index of 
59.93, the protein demonstrates stability over a wide variety 
of temperatures. The overall CamSol intrinsic solubility score 
of the vaccine candidate was predicted to be 2.021, which 
corresponds with a high solubility, as scores above 1 are 
denoted high solubility while scores below -1 are denoted with 
low solubility. The vaccine candidate was also computed to 
demonstrate basic properties with a predicted theoretical pI 
score of 9.62, above the neutral pI 7. The vaccine’s half-life 
was predicted to be approximately 4.4 hours in mammalian 
reticulocytes, with more than 10 hours predicted in E. coli and 
longer than 20 hours predicted in yeast.

Molecular docking with antigen receptors
	 Next, to perform molecular docking, we predicted the 
vaccine candidate’s 3D structure using the AlphaFold server 
(31) (Figure 4a). Molecular docking between vaccine structure 
and antigen receptors is useful in predicting the binding affinity 
and verifying whether the vaccine candidate can elicit immune 
responses. We focused on the antigen receptors BCR, 
CD4+, and CD8+, which are known to recognize peptides 
and proteins. BCR is a major antigen receptor expressed 
by B cells that facilitates the processing of antigens, acting 
as a sensor to antigen binding. Additionally, BCR facilitates 
antigen processing and internalization in B cells, enabling 
peptide presentation on MHC Class II molecules, resulting 
in the activation of helper T cells (32). On the other hand, 
computational docking simulations with T cell receptors 
from CD4+ T cells and CD8+ T cells have been successful 
in modeling interactions with other mosquito-transmitted 
viruses, with top clusters exhibiting favorable binding scores 
and stable binding conformations (33). Based on this prior 

success, a CD4+ T cell receptor and CD8+ T cell receptor 
were selected for docking with the vaccine candidate. The 
three antigen receptors were docked with their respective 
portion of the vaccine candidate using the ClusPro 2.0 server, 
which generated a thousand different conformations with high 
binding affinities and ranked the top thirty models by cluster 
size (the number of docked structures) (34). Since cluster size 
is directly related to the binding affinity between the candidate 
and the receptor, we selected the highly clustered models for 
the BCR, CD4+ T cell receptor, and CD8+ T cell receptor. 
Each model demonstrated cluster sizes of 49, 43, and 161, 
with lowest energy levels of -1149.2, -1066.0, and -1052.4, 
respectively (Figure 4b–e). These low energy levels indicate 
a higher binding affinity with the target protein. 

Immune simulation 
	 To predict the immunogenicity of the vaccine candidate, 
we utilized the C-ImmSim server to conduct an immune 
simulation study (35). The prediction demonstrated an 
increase in antibody level (IgM and IgG) following vaccine 
administration (Figure 5a). Moreover, the vaccine induced 
the production of CD4+ T cells and CD8+ T cells, a crucial 
component of cell-mediated immune response (Figure 5b, 
5c). However, cytotoxic memory T cells were not detected in 
the simulation (data not shown). The server also predicted 
that the ROCV vaccine would stimulate many major cytokines, 
such as IFN-γ, IL-2, and IL-10, that would notify the immune 
system that a foreign particle was detected (Figure 5d). In 
summary, the immune simulation demonstrated that the 
vaccine candidate could produce a vigorous immunological 
response.  

Codon optimization and in silico cloning  
	 Following the immune simulation, we performed codon 
optimization on the vaccine DNA sequence to increase 
protein production in E. coli using the JCat server (36). 
The Codon Adaptation Index (CAI) value was 1.0, and the 

Figure 3: Schematic depiction and characteristics of the final proposed ROCV vaccine candidate. (a) The immunogenicity-enhancing 
PADRE sequence (AKFVAAWTLKAAA) was added at the beginning of the vaccine candidate sequence. The cytotoxic T lymphocyte (CTL) 
epitopes were connected with the GGGS linker, the helper T lymphocyte (HTL) epitopes were linked via the GPGPG linker, and the linear B 
cell (LBL) epitopes were fused with the KK linker, formulating a final vaccine candidate with 584 amino acids. (b) Biophysical properties of the 
final vaccine candidate generated by various bioinformatics servers.
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guanine-cytosine (GC) content was 53.03%. This optimized 
vaccine DNA sequence was incorporated into the pET-28b 
vector plasmid using the XhoI and NheI restriction enzyme 
sites (Figure 6). Subsequently, the RNAfold server was used 
to generate the mRNA secondary structure of the vaccine, 
resulting in a minimum free energy score of -612.70 kcal/
mol (Figure 6). This suggests the vaccine’s mRNA has a 
structure that is both thermodynamically-favored and stable, 
which would likely maintain mRNA translation efficiency and 
vaccine efficacy as reinforced by the Gibbs equation (37). 

DISCUSSION
	 In this study, we aimed to create a vaccine candidate 
using bioinformatics approaches to design a safe and 
effective multi-epitope vaccine candidate against ROCV, 
which currently has no licensed vaccine. We hypothesized 
that a computational immunoinformatics approach could 
be used to identify antigenic, non-allergenic, and non-toxic 

epitopes capable of producing a robust immune response. 
To address this, we analyzed the ROCV proteome using 
computational tools, selected 30 candidate B and T cell 
epitopes, and incorporated them into our vaccine construct 
using both a bacteriophage and bacterial expression 
system. Our findings indicate that the proposed final vaccine 
candidate demonstrates predicted high antigenicity, other 
favorable biophysical properties, strong binding affinity to 
human antigen receptors, and a capability to induce a robust 
immune response against ROCV.
	 Building on this approach, our study screened all of the 
predicted antigenic ROCV proteins (Pr, M, E, NS1, NS2A, 
NS2B, NS3, NS4A, NS4B, NS5) to identify optimal epitopes, 
in contrast to an in silico drug repurposing study conducted 
by Sagini et al., which focused solely on the NS1 protein (2). 
High antigenicity, low toxicity, and low allergenicity ensure 
the prevention of disease and safe vaccine administration. 
Subsequently, the predicted epitopes that could produce an 
effective immune response were incorporated into our final 
vaccine construct, which included 6 CD8+ T cell, 9 CD4+ T 
cell, and 15 B cell epitopes.
	 Here, we used two different models to display vaccine 
antigen. In the first model, the pIII protein of M13 bacteriophage 
fused with the epitopes. The N-terminal domain of pIII is 
attached with a flexible linker GGGS to incorporate large 
epitopes. The M13 phage display is known uniquely through 
its ability to use genetic modification to display proteins on 
the targeted coat proteins (38). While pVIII has a greater copy 
number, it only efficiently displays peptides up to eight amino 
acids in length, so we selected pIII over pVIII (39).
	 When constructing the in silico vaccine for E. coli display, 
we incorporated the PADRE sequence and three linkers 
(GGGS, GPGPG, and KK). The universal PADRE sequence 
(AKFVAAWTLKAAA) has been shown to induce a long-
lasting antigenic response and is also specifically designed 
to elicit an enhanced immune response in humans, thereby 
enhancing the overall immunogenicity of our vaccine (40, 
41). To combine the cytotoxic T cell epitopes, the GGGS 
linker was shown to be a more efficient linker than the AAY 
linker; it has been reported that the GGGS linker induces a 
stronger T cell immunological response than the AAY linker 
for an epitope-based vaccine designed for HIV-1 (42). These 
glycine-rich linkers strengthened epitopes’ flexibilities while 
preventing undesired interactions (43). The GPGPG linker 
specializes in stimulating effective responses from the helper 
T cell epitopes, which is an essential function of a multi-
epitope vaccine (44). Lastly, the KK linker, linking the B cell 
epitopes, reduces junctional immunogenicity (45). The KK 
linker is also the target for the lysosomal protease Cathepsin 
B, which helps during antigen presentation (45).  
	 Using the ClusPro molecular docking server to generate 
a model, we found that the BCR, CD4+ T cell receptor, and 
CD8+ T cell receptor exhibited a very high binding affinity 
with the target protein at a low energy level. This interaction 
highlights the increased affinity between the vaccine 
candidate and the antigen receptor, promoting strong antiviral 
immune responses through ligand recognition (​​46, 47). The 
molecular weight of our vaccine construct was 62.059 kDa, 
making it favorable for E. coli expression, since proteins less 
than 110 kDa have a higher chance of being soluble (48). The 
vaccine candidate’s instability index was also calculated to 
be 36.75, falling under the maximum of 40, demonstrating its 

Figure 4: 3D structure prediction and molecular docking of the 
vaccine candidate. (a) Cluster sizes and lowest energy levels of 
the five highest ranking models produced by ClusPro 2.0 (34) (b) 
3D structure of ROCV vaccine candidate predicted by AlphaFold 
(contains nine alpha helices). Here, amino acids 1–91 are colored 
in light pink (CD8+ T cell epitopes), amino acids 92–271 are colored 
in light blue (CD4+ T cell epitopes), and amino acids 271–584 are 
colored in light green (B cell epitopes). (c) Docking of CD8+ T cell 
receptor (magenta) with the CD8+ T cell epitopes of the ROCV 
vaccine candidate (light pink). (d) Docking of CD4+ T cell receptor 
(navy blue) with the CD4+ T cell epitopes of the ROCV vaccine 
candidate (light blue). (e) Docking of BCR receptor (teal) with the 
BCR epitopes of the ROCV vaccine candidate (light green).
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stability under standard conditions (49). The aliphatic index 
was 59.93, indicating moderate stability across a range of 
temperatures (50). The proposed vaccine is basic and strongly 
hydrophilic, with a basic theoretical pI of 9.62 and a negative 
grand average of hydropathy (GRAVY) value of -0.656 (51, 
52). The GRAVY value reflects an average hydropathy value 
for the entire protein sequence; positive values indicate 
hydrophobicity, while negative values, as seen here, indicate 
hydrophilicity. Additionally, the vaccine candidate’s intrinsic 
solubility score is 2.021, above the threshold of 1, which is 
solubility-promoting. 
	 Utilizing online immune stimulation software, we predicted 
the immune response of our vaccine candidate. Any ideal 
vaccine should induce strong antibody-mediated (humoral) 
immunity and a cellular immune response. After three rounds 
of injection stimulation, active B cells were present. When B 
cells are activated, they produce either a memory B cell or a 
plasma cell, and the plasma cell later produces antibodies, 
which will protect against ROCV (53). Also, there was an 
increase in different types of antibody levels, including IgG1 
and IgM. Immunoglobulin G (IgG), which is mainly found in 
bodily fluids, directly neutralizes the virus by activating the 
complement system, where a cascade of immune proteins 
either kills the virus directly or facilitates destruction of the 
pathogen by a phagocytic cell (54). IgG1 specifically is mainly 

responsible for thymus-mediated immune response and can 
also bind the Fc receptor of phagocytic cells and activate the 
complement system (54). IgM, the first antibody produced 
after virus infection, provides the first line of defense 
against virus infection (54). There was an upregulation of 
cytokines such as IFN-γ, IL-2, and IL-10. IFN-γ activates 
the macrophage and also stimulates the T cell response; 
IL-2 helps T cell differentiation and proliferation (55). 
	 As suggested by our population coverage analysis, the 
vaccine candidate’s broad immunogenicity across South 
America and other areas supports its potential for preventing 
ROCV infections in regions where the virus poses a 
higher threat. Our proposed ROCV vaccine candidate may 
contribute to controlling ROCV reemergence and improving 
access to treatment by potentially ensuring effective epitope 
presentation in populations with greater exposure risk. In 
the future, epitope selection for the vaccine candidate could 
be further optimized based on regional HLA frequencies 
and other epidemiological data in hopes of maximizing the 
effectiveness. Importantly, previous research supports the 
practical application of using in silico methods to design 
epitope-based vaccines. For example, a study by Ribeiro 
et al. developed a DNA vaccine encoding 18 HIV subtype B 
CD4+ T cell epitopes, which induced potent CD4+ and CD8+ T 
cell responses in HLA-expressing mice (56). Additionally, 16 

Figure 5: Immune simulation analysis by the C-ImmSim server. (a) Prediction of antibody (Ab) titers, where an increase in various 
subtypes of antibodies (IgG, IgM) is demonstrated. (b) Predicted count of CD4+ T helper cells by vaccine antigen. (c) Predicted count of CD8+ 
T cells following vaccination with the vaccine candidate, with an increased level of CD8+ cytotoxic T cells predicted. (d) Prediction of cytokine 
production, where major cytokines (IFN-γ, IL-10, etc.) are stimulated by the vaccine candidate.
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of the 18 epitopes were recognized by immune cells isolated 
from HIV-infected patients, demonstrating that in silico 
epitope prediction can help accelerate vaccine development 
and elicit meaningful immune responses in vivo.
	 Our in silico study has identified potential antigenic and 
non-allergenic epitopes for a multi-epitope vaccine against 
ROCV. This in silico study lays the groundwork for future 
experimental research toward an effective and safe ROCV 
vaccine. While these initial findings are promising, they require 
extensive validation through in vitro and in vivo experiments 
to ensure the vaccine’s efficacy, safety, and stability. In future, 
we would like to test the vaccine candidate in mice model to 
determine the antibody titer, cellular immune response and 
perform neutralizing antibody titer and viral challenge study. 

MATERIALS AND METHODS
Sequence retrieval 
	 The polyprotein and genomic sequence of ROCV were 
obtained from the NCBI Protein Database, with the accession 
code YP_009553341.1 (26). 

Antigenicity screening 
	 The VaxiJen v2.0 server was used for the antigenicity 
screening of the viral protein, with a default threshold value 
of 0.4 (27, 57). This allowed for a view of the entire genome 
to identify candidate proteins to investigate for the vaccine 
construct.

T cell and B cell epitope prediction 
MHC class I molecules present antigens to CD8+ T cells, 
while MHC class II molecules present antigens to CD4+ T 
cells. T cells recognize these epitopes in the context of MHC 
presentation. The IEDB server, which contains a wide array 
of key information on antibodies and epitopes, served as a 
platform to generate the B cell and T cell epitopes that were 
incorporated into the ROCV vaccine candidate (28, 58). 

Physicochemical property prediction 
	 In this step, to assess the antigenicity of the original B-cell 
and T-cell epitopes, the VaxiJen v2.0 server was utilized, with 
a threshold of 0.4 (57). The AllerTOP v2.0 server was then 

Figure 6: pET-28b vector plasmid cloned with ROCV. The ROCV vaccine DNA was incorporated into pET-28b plasmid using XhoI and 
NheI restriction enzyme sites, highlighted in grey. The KanR (kanamycin resistance) gene is highlighted in green, while the orange-colored 
gene indicates ROCV. 
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used to predict the allergenicity of all epitopes, assessing 
their potential to induce an allergic reaction (59). Additionally, 
the ToxinPred server supplied information on the toxicity of 
all epitopes, providing either a positive or negative Support 
Vector Machine (SVM) score that indicated a toxin or non-
toxin, respectively (60). The human homology prediction was 
performed using the IEDB Epitope Conservancy Analysis 
server using the BLAST tool provided in the server (61). Expasy 
ProtParam was used to predict the various physicochemical 
properties of the candidate, along with the CamSol server to 
predict the vaccine’s intrinsic solubility score (62).

Determination of cytokine-inducing potential 
	 The IFNepitope server was used to calculate the IFN-γ 
producing ability of the predicted epitopes (63). This server 
employs an algorithm that determines if an epitope induces 
cytokine production, comparing it against a dataset of 
inducing and non-inducing epitopes (64). Additionally, IL-10-
inducing characteristics were evaluated using the IL-10Pred 
server (65, 66).

Population coverage calculation 
	 For the population coverage of our epitopes, we used 
the IEDB server to examine the favorable epitopes across 
several HLA alleles in different parts of the world (58, 67). The 
calculation of population coverage required MHC-restricted 
alleles to compute, so both the IEDB MHC-I and MHC-
II binding prediction servers were used to predict the most 
promising HLA alleles for each epitope (68, 69).

Epitope display using M13 bacteriophage
	 We aimed to demonstrate both a phage-based display 
and a bacterial expression system for vaccine production. 
Initially, we constructed a model using an M13-based display 
system with the pIII protein (Figure 7a–d). pIII is a minor coat 
protein of M13, which is widely used as a fusion partner for 
different peptides (70). Due to its capability to display large 
peptides, we used the pIII protein as a fusion partner in our 
study (71). For epitope display in the M13 bacteriophage, 
two main approaches are used: a phagemid-based display 
and a phage-based vector approach. We selected the latter 
because when the vector has a single copy of the recombinant 
gene, it results in a polyvalent display where multiple copies 
of the antigen are presented on the phage surface, enhancing 
immunogenicity. In contrast, the phagemid-based display, 
which uses a phagemid vector (a cloning vector that combines 
characteristics of plasmids and phages), typically results in a 
monovalent display, where antigen presentation is limited to 
only a single copy of the antigen, limiting its immunogenicity 
potential (72). We selected a polyvalent approach to our 
phage display since the polyvalent display produces and 
binds more proteins than the monovalent display. Moreover, 
we incorporated a flexible glycine-rich linker, GGGS, between 
pIII and the epitopes. 

ROCV vaccine construction
	 For E. coli expression, predicted epitopes underwent an 
extensive screening process, and then were incorporated 
into the vaccine candidate – for example, only those with 
an antigenicity score from VaxiJen 2.0 above the threshold 
of 0.4 (which indicated categorization of “antigen-inducing”) 
and a negative SVM score (corresponding to a non-toxic 

epitope) were selected. Additionally, specifically for the CD4+ 
T cell epitopes, if an epitope produced a positive IFN score, 
indicative of an IFN-γ-inducing characteristic, then it passed 
this additional round of screening only present for the CD4+ T 
cell epitopes. 
	 We also incorporated different linkers to fuse with the 
different types of epitopes and integrated the entire sequence 
into the pET-28b plasmid (Figure 3a). We chose the pET-28b 
plasmid due to its strong T7 promoter that enables high protein 
production, and its His-tags present at the N-terminus and 
C-terminus of the plasmid, which allows for affinity purification 
(73). At the beginning of vaccine construct, we included the 
PADRE sequence AKFVAAWTLKAAA, which is a pan-
DR-binding epitope known for its capability as a universal 
synthetic peptide-binding receptor, augmenting CD4+ T 
cell response through MHC II presentation (74). We used a 
flexible GGGS linker between the cytotoxic T cell epitopes 
and a GPGPG linker between the helper T cell epitopes, as 
commonly employed in fusion proteins to induce immunity 
(44). Lastly, between the B cell epitopes, we implemented a 
bi-lysine KK linker, a target sequence engaged in antigenic 
peptide processing and enhancing antigen presentation, to 
further increase the overall immunogenicity of our vaccine 
(75, 76).

Protein structure prediction and molecular docking 
analysis 
	 To predict the protein’s 3-D structure, we utilized 
Neurosnap AI AlphaFold, which uses the newly developed 
CASP14 and provides highly accurate results (31). We docked 
our vaccine candidate with three antigen receptors in protein-
protein docking analysis – BCR (PDB ID: 5DRX), a CD4+ 
T cell receptor (PDB ID: 2NY1), and a CD8+ T cell receptor 
(PDB ID: 3QZW) through the ClusPro v2.0 server (34). This 
server utilizes a clustering algorithm that generates thousands 
of genetic conformations, identifying the most appropriate fits 
and providing a statistic on the lowest energy level indicative of 

Figure 7: Schematic representation of M13-based epitope 
display.  (a) M13 genome depicting various proteins, including pIII, 
pVI, pVII, pVIII, and pIX. (b) M13 phage vector containing the phage 
origin of replication (red) and a GGGS linker (black) connected to 
three different classes of ROCV peptides with the pIII gene. CD8+ 
T cell epitopes are shown in pink, CD4+ T cell epitopes in blue, and 
B cell epitopes in green. (c) Transformation of the M13 phage vector 
into E. coli bacteria. (d) Display of the ROCV antigen using the M13 
bacteriophage. Created in BioRender. TASLEM MOUROSI, J. (2026) 
https://BioRender.com/kmjqlwk
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the strongest binding affinity. From the generated models, we 
selected the one with the lowest energy level, which exhibited 
a highly populated cluster at the center (77).

Immune simulation
	 To conduct an immune simulation study, we used the 
C-ImmSim server, which uses a Position Specific Scoring 
Matrix (PSSM)-based method to predict immune interactions 
induced by the vaccine (35). Using the default settings for 
host HLA selection, including MHC Class I (A01:01), MHC 
Class I (B07:02), and MHC Class II (DRB1*01:01), we kept all 
parameters at their default setting except for the time intervals 
between the three injections set at 1, 84, and 170 time steps—
which each represent 8 hours—respectively, attempting to test 
the immune response over a six-month period. Additionally, 
the server’s total number of simulation steps was set at 1050 
(78). 

In silico cloning and mRNA secondary structure prediction 
	 For codon optimization, we used the Java Codon Adaptation 
Tool (JCat) server to generate an optimized codon sequence 
and to calculate the corresponding codon adaptation index 
(CAI) and GC-content percentage (36). The ideal CAI value 
is 1.0, but a score greater than 0.8 is adequate (79). The ideal 
GC-content percentages span from 30 to 70% (79). During the 
in silico cloning simulation, a high-expression vector pET-28b, 
which has kanamycin antibiotic resistance, was selected.  This 
protein sequence was reverse-translated and the SnapGene 
restriction cloning software was utilized to incorporate the 
vaccine DNA into the plasmid using Xhol and NheI restriction 
enzyme sites (80). We used the RNAfold server to generate 
the mRNA secondary structure of the vaccine construct (37).
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