
Vol.:(0123456789)1 3

International Journal of Peptide Research and Therapeutics          (2022) 28:162  
https://doi.org/10.1007/s10989-022-10467-1

Immunoinformatics Analysis of Citrullinated Antigen as Potential 
Multi‑peptide Lung Cancer Vaccine Candidates for Indonesian 
Population

Angelika Hermawan1 · Fedric Intan Damai2 · Leon Martin2 · Matthew Chrisdianto2 · Nadya Marcelina Julianto1 · 
Ihsan Tria Pramanda2 · Marsia Gustiananda1

Accepted: 2 October 2022 
© The Author(s), under exclusive licence to Springer Nature B.V. 2022

Abstract
Non-small-cell lung cancer (NSCLC) is the most common lung cancer which has the highest mortality rate in Indonesia. 
One of the trends in treating cancer is by utilizing peptide vaccines, an immunotherapeutic approach that aims to stimulate 
the cell-mediated adaptive immune system to recognize cancer-associated peptides. Currently, no peptide vaccines are avail-
able in the market for NSCLC treatment. Therefore, this project aims to develop a multi-epitope peptide-based vaccine for 
NSCLC utilizing citrullinated peptides. Citrullination is a post-translational modification that occurs in cancer cells during 
autophagy that functions to induce immune responses towards modified self-epitopes such as tumor cells, through activation 
of PAD enzymes within the APC and target cells. It was found that introducing a common citrullinated neo-antigen peptide 
such as vimentin and enolase to the immune system could stimulate a higher specific CD4+ T cell response against NSCLC. 
Moreover, carcinoembryonic antigen (CEA), an antigen that is highly expressed in cancer cells, is also added to increase the 
vaccine’s specificity and to mobilize both CD4+ and CD8+ T cells. These antigens bind strongly to the MHC Class II alleles 
such as HLA-DRB1*07:01 and HLA-DRB*11:01, which are predominant alleles in Indonesian populations. Through in silico 
approach, the peptides generated from CEA, citrullinated vimentin and enolase, were analyzed for their MHC binding strength, 
immunogenicity, ability to induce IFNγ response, and population coverage. It is expected that the immunodominant antigens 
presentation is able to induce a potent immune response in NSCLC patients in Indonesia, resulting in tumor eradication.
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Introduction

Lung cancer is a malignant cancer that originates in the lung. 
It is the third highest case of cancer in Indonesia with roughly 
8.8% of cases in 2020 (Global Cancer Observatory, 2020). 
There are two types of lung cancer: non-small cell lung can-
cer and small lung cancer; their difference is mainly in size 
and morphology of the cancer cell. Non-small-cell carcinoma 

cells (NSCLC) are the most common lung cancer which has 
the highest mortality rate in Indonesia which took roughly 
12.6% of Indonesia’s mortality in 2018 (Suraya et al. 2021). 
The major cause of lung cancer is smoking which results in 
80% deaths in lung cancer cases. Smoke contains carcino-
gens, co-carcinogens, and tumor promoters that can lead to 
lung cancer. Aside from smoking, high alcohol consumption 
that exceeds 30 gr/day can also increase the risk of lung can-
cer. In addition, high exposure to air pollution may lead to 
oxidative stress, inflammation on respiratory tract, and induc-
tion of procoagulatory. On the other hand, looking at the 
internal factor, lung cancer can be inherited in people with a 
family history of lung-related diseases; it is associated with 
the derived expression and function of regulating enzymes 
in tobacco carcinogens metabolism and DNA repair (Sholih 
et al. 2019).

To date, lung cancer is still remarkably challenging to 
overcome. Early stage (I and II) or locally advanced (stage 
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III) are commonly treated with complete resection. Still, 
recurrence is a major threat. Tumor resections are usually 
accompanied with neoadjuvant chemotherapy and study 
has shown that this method has improved overall survival 
(Song et al. 2010). Although the treatment can be consid-
ered as effective, chemotherapy leads to severe side effects; 
diarrhea, vomiting, constipation, mucositis, and anemia are 
among the most common observed adverse events (Singh 
et al. 2019).

Recent advances in immunotherapy have changed the 
landscape of treatment for NSCLC (Chen et  al. 2020). 
Immunotherapy, a combination between computer science 
and basic immunology, applies the computational methods 
to better understand immunological information (Tomar 
and De 2014). Immunotherapy has been utilized to provide 
insight into the host–pathogen interactions thus justifying 
their use in vaccine development (Fadaka et al. 2021). The 
broad scope of immunotherapy include tumor targeting and 
immunomodulatory monoclonal antibody, immune check-
point inhibitors, oncolytic virotherapy, tumor targeting 
monoclonal antibody, cell-based therapy, peptide vaccine, 
and many others (Galluzzi et al. 2014).

It is known that tumor lesions from NSCLC often express 
the same tumor associated antigens (TAA) and minimal pep-
tide sequences in TAA are able to induce immunological 
response (Palata et al. 2020). The findings had drawn scien-
tists to target these antigens by using a peptide vaccine. The 
peptide vaccine will be delivered by MHC-I and MHC-II 
molecules of the professional antigen presenting cell (APC) 
thus inducing the CD8+ and CD4+ T cell response.

Several NSCLC TAAs have been identified, such as 
MAGE-A3, PRAME1, MUC1, CEA, and many others. 
Carcinoembryonic antigen (CEA) is a glycoprotein that 
is overexpressed in a wide range of carcinoma including 
NSCLC (Criscitiello 2012). CEA is categorized as adhesion 
molecules, its overexpression in several cancers promotes 
adhesion and metastasis. Based on the fact that CEA expres-
sion in normal tissues is low, but significantly higher in can-
cer tissue, the antigen has been widely used as a predictive 
biomarker for NSCLC (Kataoka et al. 2018). Aside from 
that, CEA may also serve as a target for active-anticancer 
specific immunotherapy. Clinical trials of CEA-based vac-
cines have shown a strong efficacy while also having a good 
safety profile (Criscitiello 2012).

Although several clinical studies have shown activation 
of CD8+ and CD4+ T cells by peptide vaccine and thereby 
improved patient overall outcome, the same result can-
not be confirmed in a larger patient cohort, suspected due 
to restriction to the peptide used for immunization. One 
NSCLC patient might express the particular antigen, while 
others do not. That is why peptide vaccines are consid-
ered to be more suitable as personalized vaccines instead 
for the general population. Therefore, the trends shifted 

towards the use of multi-peptide vaccines that bring out a 
broad polyclonal tumor specific immune response which is 
able to target multiple antigenic epitopes at the same time 
(Palata et al. 2020).

Aside from the common tumor-associated antigens, the 
immune system has the ability to recognize modified self-
antigens such as citrullination. Citrullination is a post-trans-
lational modification that occurs upon cell autophagy, medi-
ated by peptidyl arginine deiminases (PAD). The process 
involves changes of the positively charged aldimine group 
(=NH) of arginine to the neutrally charged ketone (=O) 
group of citrulline. Autophagy is known to be induced by 
stress (e.g., hypoxia and nutrient starvation) and upregulated 
to promote tumor survival. The most common citrullinated 
proteins are vimentin and α-enolase. Vimentin is a cytoskel-
etal protein expressed by all mesenchymal cells. The protein 
is highly upregulated during epithelial to mesenchymal tran-
sition of metastasizing tumor cells. Moreover, the protein 
is also shown to be citrullinated in some human cancer cell 
lines including NSCLC (Brentville et al. 2015). Meanwhile, 
α-enolase is a glycolytic enzyme that plays an important role 
in glycolysis. Many tumors prefer to generate their energy 
via glycolysis compared to entering oxidative phosphoryla-
tion, the process is widely known as the Warburg effect. 
In conjunction, there is a significant increase in glycolytic-
related enzyme expression, including α-enolase. Surpris-
ingly, this particular protein is also known to be citrullinated 
in tumor cells (Cook et al. 2017). A study also showed that 
a combination of citrullinated vimentin and enolase induces 
a potent CD4+ anti-tumor response (Brentville et al. 2020). 
Activation of CD4+ anti-tumor response has beneficial 
effects because it is able to break self-tolerance. Moreover, 
it can overcome the immunosuppressive microenvironment 
because one of the subsets, Th1, is a pro-inflammatory 
CD4+, it secretes IFN-γ and TNF-α, provides chemokine 
gradients to promote infiltration of immune cells such as 
macrophages, CD8+, and antigen-presenting cells (APC) to 
the tumor site. In addition, CD4+ can also differentiate into 
potent killer T cells (Cook et al. 2017). This summarizes 
the reason why the study chose to include both citrullinated 
vimentin and α-enolase in the multi-peptide vaccine.

In this project, the protein sequences of peptides gener-
ated from carcinoembryonic antigen (CEA) from humans, 
citrullinated vimentin, and enolase were collected. Through 
in-silico approaches, the proteins were further analyzed for 
their MHC binding strength, immunogenicity, ability to 
induce IFNγ response, and population coverage in Indone-
sia. Epitopes with the highest score for these parameters 
were selected for the multi-epitope vaccine. EAAAK, AAY, 
and GPGPG linkers were used to join the different epitopes 
(Dong et al. 2020). To increase the immunogenicity, adju-
vant such as β-defensin was added into the vaccine construct 
(Tahir ul Qamar et al. 2020). Moreover, the TAT sequence 
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was also added as an adjuvant to allow the intracellular 
delivery of the vaccine (Dong et al. 2020).

Materials and Methods

Protein Sequence Retrieval

The normal protein sequence for alpha-enolase (ID: 
P06733), vimentin (ID: P08670), and CEA fragment (ID: 
Q13982) were obtained from the UniProt database (https://​
www.​unipr​ot.​org/). The arginine (R) was replaced with “X” 
to represent the citrullinated amino acid to accommodate 
various in-silico testing servers, as various servers do not 
accept the three-letter code cit as the code for citrullinated 
peptide.

Identification of Indonesian Allele Frequencies

To identify the frequencies of HLA alleles of the Indone-
sian population, The Allele Frequency Net Database (http://​
allel​efreq​uenci​es.​net/​hla60​06a.​asp) was utilized and several 
alleles were identified using the classical allele search with 
the parameter “Indonesia” for the country tab. The allele 
frequencies which were found in over 5% of Indonesian indi-
viduals were chosen for further processing with the peptides 
from the retrieved sequences.

Prediction of MHC Class I Epitopes

Prediction of class I epitopes was done by utilizing the 
NetCTLpan 1.1 server (https://​servi​ces.​healt​htech.​dtu.​dk/​
servi​ce.​php?​NetCT​Lpan-1.1). The FASTA sequence for 
each amino acid was inputted, and the corresponding MHC 
class I allele (HLA-A02:01, HLA-A11:01, HLA-A24:02, 
HLA-A24:07, HLA-A33:03, HLA-A34:01, HLA-A34:01, 
HLA-A34:01, HLA-B15:02, HLA-B15:13, HLA-B15:21, 
HLA-B18:01, HLA-B35:05, HLA-B38:02, HLA-B44:03, 
HLA-B58:01) frequency for the Indonesian population was 
chosen. The result obtained was sorted and filtered to obtain 
the strong binding level epitopes indicated by the abbrevia-
tion E. The sorted results were then inputted into the IEDB 
immunogenicity tool (http://​tools.​iedb.​org/​immun​ogeni​city/) 
to analyze the immunogenicity.

Prediction of MHC Class II Epitopes

Prediction of class II epitopes was done by utilizing the Net-
MHCIIpan-4.0 server (https://​servi​ces.​healt​htech.​dtu.​dk/​
servi​ce.​php?​NetMH​CIIpan-​4.0). The FASTA sequence for 
each amino acid was inputted, and the corresponding MHC 
class II allele (DRB1_07:01, DRB1_11:01, DRB1_12:02, 
DRB1_15:02) frequency for the Indonesian population was 

chosen. The result obtained was sorted and filtered to obtain 
the strong binding level epitopes indicated by the abbre-
viation SB. The epitopes were inputted into the IFNepitope 
server ((http://​crdd.​osdd.​net/​ragha​va/​ifnep​itope/​predi​ct.​php) 
to predict their ability in inducing IFNγ. The methods uti-
lized for prediction were the ‘Motif and SVM hybrid’ while 
the prediction model was set to ‘IFNγ versus non-IFNγ’ and 
the job was submitted.

Prediction of Antibody Binding

For predicted binding to B cell antibody epitopes, the IEDB 
Antibody Epitope Prediction tool (http://​tools.​iedb.​org/​
bcell/) was utilized. Each antigen sequence was inputted in 
the sequence tab and the Bepipred Linear Epitope 2.0 was 
chosen as the method.

Population Coverage Analysis of the Epitopes

The population coverage analysis was performed using the 
IEDB Population Coverage Analysis tool (http://​tools.​iedb.​
org/​popul​ation/). The population area was set to “Indonesia”, 
all the calculation options were selected, while the epitopes 
from the previous analysis were inputted alongside its cor-
responding MHC alleles.

Multi‑epitope Vaccine Construct Design

Various vaccine constructs were designed and assessed for 
their antigenicity and population coverage to obtain the best 
construct. Four types of multi-epitope vaccine construct 
combined with adjuvant and linkers were done and sum-
marized as Table 1. The rank of each epitope was based on 
its antigenicity.

Three types of linkers were used to increase protein 
structure stability: (1) EAAAK was used to link between 
the adjuvant with the MHC class I epitopes, (2) AAY was 
used to link between MHC class I epitopes, and (3) GPGPG 
was used to link between the MHC class II epitopes. Two 
adjuvants were also added to the construct to increase the 
vaccine’s immunogenicity: β-defensin placed at the C-termi-
nal of the construct and TAT peptide flanking the sequence 
at the N-terminal.

Reinspection of the Predicted Epitopes 
from the Vaccine Construct

The sequence of the vaccine construct was reinspected for 
predicted MHC class I and II peptide binding by utilizing the 
NetCTLpan 1.1 server and NetMHCIIpan-4.0 server accord-
ingly. The steps in the “Prediction of MHC class I epitopes” 
and “Prediction of MHC class II epitopes” sections were 
repeated with the vaccine construct as the inputted FASTA 

https://www.uniprot.org/
https://www.uniprot.org/
http://allelefrequencies.net/hla6006a.asp
http://allelefrequencies.net/hla6006a.asp
https://services.healthtech.dtu.dk/service.php?NetCTLpan-1.1
https://services.healthtech.dtu.dk/service.php?NetCTLpan-1.1
http://tools.iedb.org/immunogenicity/
https://services.healthtech.dtu.dk/service.php?NetMHCIIpan-4.0
https://services.healthtech.dtu.dk/service.php?NetMHCIIpan-4.0
http://crdd.osdd.net/raghava/ifnepitope/predict.php
http://tools.iedb.org/bcell/
http://tools.iedb.org/bcell/
http://tools.iedb.org/population/
http://tools.iedb.org/population/
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sequence. The result obtained was sorted and filtered to 
retrieve the strong binding level epitopes.

Blastp Analysis of the Vaccine Construct

The protein comparison analysis was done using the Blastp 
(Protein BLAST) from NCBI (https://​blast.​ncbi.​nlm.​nih.​gov/​
Blast.​cgi?​PAGE=​Prote​ins) in order to avoid autoimmunity. 
The overall vaccine construct sequence and the 9-mer of all 
epitopes used in the construct are inputted into the search 
box. Some settings in the “algorithm parameters” section are 
adjusted, such as the “Expect threshold” being 30,000, the 
“Word size” being 2, the “Matrix” changed to PAM30, the 
“Gap Costs” being Existence: 9 Existence: 1, and the “Com-
positional adjustments” set to no adjustments. The BLAST 
button was clicked to begin the analysis.

Allergenicity and Antigenicity Analysis 
of the Vaccine Construct

Allergenicity of the vaccine construct is analyzed with Aller-
TOP v2.0 server (https://​www.​ddg-​pharm​fac.​net/​Aller​TOP/) 
and further verified with AllergenFP v.1.0 server (https://​
ddg-​pharm​fac.​net/​Aller​genFP/). While the antigenicity pre-
diction is predicted based on its sequence with the ANTI-
GENpro tool provided in the SCRATCH Protein Predictor 
server (http://​scrat​ch.​prote​omics.​ics.​uci.​edu/). The vaccine 
construct sequence was inputted and the prediction feature 
for both protein allergenicity and antigenicity was checked.

Physicochemical Properties Evaluation 
of the Vaccine Construct

The physicochemical properties of the vaccine construct 
were evaluated using the ProtParam tool (https://​web.​
expasy.​org/​protp​aram/). The FASTA sequence of the vac-
cine construct was inputted. Various physicochemical 
properties were obtained, including the number of amino 
acids, molecular weight, theoretical pI (isoelectric point), 

formula, extinction coefficients, estimated half-life, insta-
bility index, aliphatic index, and grand average of hydro-
pathicity (GRAVY).

Population Coverage Analysis of the Vaccine 
Construct

The population coverage analysis was performed once 
again using the IEDB Population Coverage Analysis tool 
(http://​tools.​iedb.​org/​popul​ation/). The population area 
was set to “Indonesia”, all the calculation options were 
selected, while the vaccine construct sequence was input-
ted alongside its corresponding MHC alleles.

Tertiary Structure Prediction of the Vaccine 
Construct

The tertiary structure of the vaccine construct was pre-
dicted utilizing the RaptorX web server (http://​rapto​rx.​
uchic​ago.​edu/). The sequence was inserted and the server 
generates the best prediction.

Refinement and Validation of the Vaccine Construct

The predicted tertiary structure of the vaccine construct 
was further refined through the Galaxy Refine server 
(http://​galaxy.​seokl​ab.​org/​cgi-​bin/​submit.​cgi?​type=​
REFINE). The PDB file of the vaccine construct was 
inputted. The result obtained was filtered to obtain the 
most ideal vaccine construct according to the MolProbity 
and Rama favored score. Following that, the refined struc-
ture was assessed by using the Ramachandran plot analysis 
through the SwissProt Expasy server (https://​swiss​model.​
expasy.​org/​assess). The PDB file of the refined vaccine 
construct was inserted. The Ramachandran plot and Mol-
Probity score were obtained.

Table 1   Vaccine constructs and their epitopes

Enolase epitope Vimentin epitope CEA epitope

Construct #1 (total: 6 epitopes) Top 1 Epitope from each MHC 
Class I & II

Top 1 Epitope from each MHC 
Class I & II

Top 1 Epitope from each MHC 
Class I & II

Construct #2 (total: 12 epitopes) Top 2 Epitope from each MHC 
Class I & II

Top 2 Epitope from each MHC 
Class I & II

Top 2 Epitope from each MHC 
Class I & II

Construct #3 (total: 18 epitopes) Top 3 Epitope from each MHC 
Class I & II

Top 3 Epitope from each MHC 
Class I & II

Top 3 Epitope from each MHC 
Class I & II

Construct #4 (total: 7 epitopes) Top 1 Epitope from each MHC 
Class I & II and 1 Epitope Capable 
of Binding to HLA-A_24:02 & 
HLA-A_24:07

Top 1 Epitope from each MHC 
Class I & II

Top 1 Epitope from each MHC 
Class I & II

https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins
https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins
https://www.ddg-pharmfac.net/AllerTOP/
https://ddg-pharmfac.net/AllergenFP/
https://ddg-pharmfac.net/AllergenFP/
http://scratch.proteomics.ics.uci.edu/
https://web.expasy.org/protparam/
https://web.expasy.org/protparam/
http://tools.iedb.org/population/
http://raptorx.uchicago.edu/
http://raptorx.uchicago.edu/
http://galaxy.seoklab.org/cgi-bin/submit.cgi?type=REFINE
http://galaxy.seoklab.org/cgi-bin/submit.cgi?type=REFINE
https://swissmodel.expasy.org/assess
https://swissmodel.expasy.org/assess
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Molecular Docking of the Vaccine Construct 
with Human TLR (Toll‑Like Receptor)

The 3D structure of the TLR4/MD2 (ID: 3FXI) was 
obtained from the PDB database (www.​rcsb.​org). The 
protein–protein docking between the validated vaccine 
construct and TLR4/MD2 structure was performed using 
ClusPro 2.0 online server (https://​clusp​ro.​org/​login.​php). 
The whole human TLR4/ MD2 was used as the receptor 
molecule while the validated vaccine construct acted as the 
ligand. Cluspro 2.0 docking programs sample the confor-
mation of the receptor/ligand and rank these conformations 
using a scoring function. The 3D structure of the dock-
ing result with the highest score was then visualized using 
PyMOL software.

Codon Optimization and In Silico Cloning

Codon adaptation of the designed vaccine was carried out for 
cloning in order to examine the codon usage by the prokary-
otic organism (Escherichia coli, E. coli). To optimize the 
codon, the Java Codon Adaptation tool (http://​www.​jcat.​de/) 
was utilized. The E. coli K12 strain was chosen to improve 
the vaccine’s protein expression efficiency. The ⍴-independ-
ent transcription termination, prokaryotic ribosome binding 
site, and cleavage site of restriction enzymes were avoided 
during optimization. XhoI and BamHI restriction endonu-
clease sites were added to the vaccine’s N and C terminals, 
respectively. The in silico cloning insertion was performed 
on the pET28a(+) vector between the XhoI and BamHI by 
SnapGene.

Results

HLA Allele Frequencies in Indonesia

The allele frequencies commonly found in Indonesia are 
obtained from the Allele Frequency Net Database. The 
obtained 20 hits of alleles for both MHC class I and II that 
can be found in Indonesia, which is listed in Table 2. The 
top 5 allele frequencies found for both MHC class I and 
II are HLA-A24:07 (22.2%), HLA-A11:01 (16.4%), HLA-
A33:03 (16.2%), HLA-A24:02 (13.9%) and HLA-DRB 
107:01 (13.6%).

Predicted T Cell Epitopes

Both cytotoxic and helper T cell epitopes of CEA, vimentin, 
and enolase antigens that bind to HLA class I and class II 
are predicted using NetCTLpan 1.1 and NetMHCIIpan-4.0 
correspondingly. These servers are also able to predict 
the epitopes restriction to both HLA class I and class II. 

Furthermore, class I immunogenicity analysis was also per-
formed for potential epitopes that bind to HLA class I using 
a tool from IEDB. Hence, various cytotoxic T cell epitopes 
with strong binding levels and high immunogenicity were 
discovered (Table 3).

Meanwhile, potential helper T cell epitopes that bind to 
HLA class II were also discovered. Epitopes that were cho-
sen are those that have a strong binding affinity indicated 
by the %Rank EL score. For further analysis, the epitopes 
were also assigned to the IFNepitope server to predict 
whether the epitope was able to induce IFN-γ or not. As 
a result, several helper T cell epitopes with strong bind-
ing affinity and the ability to induce IFN-γ were obtained 
(Table 4).

Predicted Antibody Epitopes

The antibody epitope prediction is made to predict B-cell 
epitopes from the CEA antigen, citrullinated vimentin, and 
citrullinated enolase sequences (Figs. 1, 2, 3). The prediction 
was made using the IEDB analysis tool with Bepipred linear 
epitope prediction 2.0 method.

The graphs below show that the citrullinated vimentin 
has the best average score and has a lot of the yellow area 
in its graph. It also has the highest maximum score out of 
the three. Both CEA antigen and citrullinated enolase have 
similar average scores, and both have a lot of scores under 
the threshold indicated by the green color in their graphs. 

Table 2   The most common HLA allele in Indonesia and its frequency

HLA alleles Population Allele frequency

A*02:01 Indonesia Java-Western 0.0660
A*11:01 Indonesia Java-Western 0.1640
A*24:02 Indonesia Java-Western 0.1390
A*24:07 Indonesia Java-Western 0.2220
A*33:03 Indonesia Java-Western 0.1620
A*34:01 Indonesia Java pop 2 0.0830
A*34:01 Indonesia Java-Western 0.0730
A*34:01 Indonesia Sundanese and Javanese 0.0670
B*15:02 Indonesia Java Western 0.1220
B*15:13 Indonesia Java-Western 0.1150
B*15:21 Indonesia Java-Western 0.0730
B*18:01 Indonesia Java-Western 0.0640
B*35:05 Indonesia Java-Western 0.0860
B*38:02 Indonesia Java-Western 0.0540
B*44:03 Indonesia Java Western 0.0930
B*58:01 Indonesia Java Western 0.0590
DRB1*07:01 Indonesia Java Western 0.1360
DRB1*11:01 Indonesia Nusa Tenggara Island 0.0890
DRB1*12:02 Indonesia Java Western 0.3650
DRB1*15:02 Indonesia Java Western 0.2330

http://www.rcsb.org
https://cluspro.org/login.php
http://www.jcat.de/
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Table 3   The predicted peptide 
that binds to HLA class I

Antigen Peptide HLA Class I 
immuno-
genicity

CEA HLFGYSWYK HLA-A*11:01, HLA-A*33:03, HLA-A*34:01 0.09755
QQATPGAAY​ HLA-B*15:02, HLA-B*15:21 0.12874
EATGQFHVY HLA-B*35:05 0.09552

Vimentin SLQEEIAFL HLA-A*02:01 0.38735
LHEEEIQEL HLA-B*38:02 0.31677
LADAINTEF HLA-B*15:13, HLA-B*35:05, HLA-B*58:01 0.26134
XEMEENFAV HLA-B*18:01, HLA-B*38:02, HLA-B*44:03 0.25682
ELNDXFANY HLA-A*34:01, HLA-B*15:02, HLA-B*15:21 0.21006
EMAXHLXEY HLA-A*34:01, HLA-B*15:02, HLA-B*15:21, 

HLA-B*35:05
0.18802

NLAEDIMXL HLA-A*02:01 0.14237
ILLAELEQL HLA-A*02:01 0.13965
VETXDGQVI HLA-B*44:03 0.04454
IEIATYXKL HLA-B*18:01, HLA-B*38:02, HLA-B*44:03 0.03457
HLXEYQDLL HLA-A*02:01 0.01715
NYIDKVXFL HLA-A*24:02 0.00646

Enolase TEDTFIADL HLA-B*38:02 0.33152
LPVPAFNVI HLA-B*35:05 0.1692
ILPVPAFNV HLA-A*02:01 0.15899
ILPVGAANF HLA-A*24:02, HLA-A*24:07 0.13701
FIADLVVGL HLA-A*02:01, HLA-A*34:01 0.11772
EVILPVPAF HLA-A*34:01, HLA-B*15:02, HLA-B*35:05 0.0736
EAMXIGAEV HLA-A*34:01 0.2481
DDWGAWQKF HLA-B*18:01 0.12885
ASEFFXSGK HLA-A*11:01 0.1932

Table 4   The predicted peptide 
that binds to HLA class II

Antigen Peptide (15-mer) Core peptide (9-mer) HLA %Rank EL IFNepitope

CEA ESTPFNVAEGKEVLL FNVAEGKEV DRB1_0701 0.88 Positive
STPFNVAEGKEVLLL FNVAEGKEV DRB1_0701 1.31 Positive
FYTLQVIKSDLVNEE LQVIKSDLV DRB1_1502 1.46 Positive

Vimentin SLGSALXPSTSXSLY LXPSTSXSL DRB1_0701 1.42 Positive
LGSALXPSTSXSLYA LXPSTSXSL DRB1_0701 0.69 Positive
GSALXPSTSXSLYAS LXPSTSXSL DRB1_0701 0.58 Positive
MEENFAVEAANYQDT FAVEAANYQ DRB1_1101 1.95 Positive

Enolase KAVEHINKTIAPALV INKTIAPAL DRB1_0701 1 Positive
AGNSEVILPVPAFNV ILPVPAFNV DRB1_0701 1.63 Positive
GNSEVILPVPAFNVI ILPVPAFNV DRB1_0701 0.57 Positive
NSEVILPVPAFNVIN ILPVPAFNV DRB1_0701 0.32 Positive
SEVILPVPAFNVING ILPVPAFNV DRB1_0701 0.24 Positive
EVILPVPAFNVINGG ILPVPAFNV DRB1_0701 0.68 Positive
DDLTVTNPKXIAKAV LTVTNPKXI DRB1_0701 1.72 Positive
VSKAVEHINKTIAPA VEHINKTIA DRB1_1101 0.93 Positive
SKAVEHINKTIAPAL VEHINKTIA DRB1_1101 1.24 Positive
GNSEVILPVPAFNVI ILPVPAFNV DRB1_1502 0.54 Positive
NSEVILPVPAFNVIN ILPVPAFNV DRB1_1502 0.17 Positive
SEVILPVPAFNVING ILPVPAFNV DRB1_1502 0.09 Positive
EVILPVPAFNVINGG ILPVPAFNV DRB1_1502 0.47 Positive
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The threshold default value for residual antibody score is 0.5, 
indicated by the yellow area in the graphs. Those residues 
above the 0.5 value are probable to be part of the antibody 
epitope.

Population Coverage of the Epitopes

The population coverage was obtained from IEDB utilizing 
the epitope obtained from the binding prediction server for 

Fig. 1   Full methodology, which consisted of the preparation phase and vaccine construction phase

Fig. 2   The antibody epitope 
prediction result of CEA 
antigen using the IEDB tool and 
Bepipred linear epitope predic-
tion 2.0 method. The average 
score is 0.478, the minimum 
score is 0.219, and the maxi-
mum score is 0.650
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both MHC class I and II allele. The result shows that the 
coverage of the alleles is very high, reaching 96.7% cover-
age for both classes combined in enolase, 95.14% cover-
age in vimentin, and 91.39% coverage in CEA. However, if 
the alleles are observed individually, the coverage for MHC 
class II is quite low, only obtaining 59.56% coverage in eno-
lase, 24.8% coverage in vimentin, and 56.39% coverage in 
CEA. The number is very low compared to the individual 
allele MHC class I coverage which reaches 91.84% in eno-
lase, 93.54% coverage in vimentin, and 80.26% coverage 
in CEA. Overall, the result is quite satisfactory, where all 
of the epitopes could cover almost 100% coverage in class 
combined in all of the antigens (Table 5).

Construction of the Multi‑epitope Vaccine

Out of all four constructs, construct #4 was chosen for the 
final vaccine construction (refer to Appendix 1). Construct 
#4, containing seven epitopes, was selected due to its high 
immunogenicity score as a whole vaccine and had the capa-
bility to bind unique Indonesian HLA (HLA-A_24:02 and 
HLA-A_24:07). A total of 4 cytotoxic T cell epitopes and 3 

helper T cell epitopes were fused with the aid of AAY and 
GPGPG linkers. The AAY linker was chosen to link the 
cytotoxic T cell epitopes, while the GPGPG linker fused the 
helper T cell epitopes. In addition, two adjuvant sequences 
(human β-defensin-3 and TAT sequence) were added to the 
vaccine construct to enhance immunogenicity further. The 
human β-defensin-3 sequence was merged to the N-termi-
nal of the vaccine construct with the help of EAAAK link-
ers. On the other hand, the TAT sequence was added to the 
C-terminal of the vaccine construct by using GPGPG linkers 
(Fig. 4).

Predicted T‑Cell Epitopes from the Vaccine Construct

. The binding prediction between both cytotoxic and helper 
T cell epitopes of the vaccine construct and the HLA class 
I and class II are done utilizing NetCTLpan 1.1 and Net-
MHCIIpan-4.0 server, correspondingly. The purpose is to 
confirm the binding of chosen epitopes to HLA molecules 
and to discover other possible HLA binding peptides derived 
from the vaccine construct. The binding prediction of the 
vaccine construct epitopes to HLA class I is shown below 

Fig. 3   The antibody epitope 
prediction result of citrullinated 
vimentin using the IEDB tool 
and Bepipred linear epitope 
prediction 2.0 method. The 
average score is 0.565, the 
minimum score is 0.263, and 
the maximum score is 0.699

Table 5   Population coverage for CEA, vimentin, and enolase based peptide vaccine in Indonesia

a Projected population coverage
b Average number of epitope hits/ HLA combinations recognized by the population
c minimum number of epitope hits/ HLA combinations recognized by 90% of the population

Antigen Class I Class II Class Combined

Coveragea (%) Average hitb pc90c Coveragea (%) Average hitb pc90c Coveragea (%) Average hitb pc90c

CEA 80.26 1.51 0.51 56.39 0.82 0.23 91.39 2.33 1.06
Vimentin 93.54 3.49 1.36 24.80 0.66 0.13 95.14 4.15 1.67
Enolase 91.84 2 1.07 59.56 3.17 0.49 96.70 5.17 1.6
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in Table 6. The peptides and their corresponding HLA high-
lighted in bold are epitopes from our listed antigens, while 
the others originate from non-epitope.

Meanwhile, potential helper T cell epitopes that bind to 
HLA class II were also discovered. The binding prediction 
of the vaccine construct epitopes to HLA class II is shown 
in Table 7. The peptides and their corresponding HLA high-
lighted in bold are epitopes from our listed antigens, while 
the others originate from non-epitope.

Evaluation of the Vaccine Construct

The vaccine construct was further analyzed for its physical 
and chemical properties, including its allergenicity, anti-
genicity, and other physicochemical properties. Similarity 
with any other proteins in the human body is also checked 

with the Blastp server. The result shows that the epitopes 
utilized in the vaccine do not show similarity with any 
protein found in humans, thus reducing the possibility of 
autoimmunity (Fig. 5).

Additionally, the allergenicity result shows that the vac-
cine construct is non-allergen in both AllerTOP v2.0 and 
AllergenFP v1.0 servers. Therefore, it signifies that the 
construct is non-allergenic and safe to be used as a vac-
cine. While for the antigenicity test, the prediction score 
obtained was 0.918289, where it is able to induce a 91.8% 
antigenic response.

The physicochemical of the construct is also ana-
lyzed with Expasy ProtParam. The properties are sum-
marized in Table 8. Overall, the vaccine construct con-
sists of 176 amino acids with the molecular formula of 
C800H1265N223O246S7. The vaccine is relatively large, with 
18,167.61 Da. In mammalian reticulocytes, the vaccine 
half-life is estimated to be 30 h, while in yeast (in vivo), 
it is predicted to be 20 h. According to the Expasy Prot-
param, the protein has an instability index of 35.62 which 
is considered stable. It has a GRAVY or grand average of 
hydropathicity value of -0.205, which means that the vac-
cine construct is hydrophilic.

Population Coverage of the Vaccine Construct

The IEDB population tool was utilized to obtain the popu-
lation coverage of the whole vaccine construct (Table 9). 
According to the data presented, 92.33% of the Indone-
sian population could benefit from this whole vaccine con-
struct. Meanwhile, when the allele coverage is observed 
individually, the coverage for MHC class I in Indonesia 
reached 81.04%. On the other hand, the coverage for MHC 
class II in Indonesia is lower, reaching 59.56%.

Fig. 4   The antibody epitope 
prediction result of citrullinated 
enolase using the IEDB tool and 
Bepipred linear epitope predic-
tion 2.0 method. The average 
score is 0.457, the minimum 
score is 0.188, and the maxi-
mum score is 0.620

Table 6   Predicted vaccine construct epitopes that bind to HLA class I

Peptide HLA

SLQEEIAFL HLA-A*02:01
VTNPKXIAK HLA-A*11:01
NTLQKYYCR​ HLA-A*33:03
QQATPGAAY​ HLA-B*15:02, HLA-B*15:21
LAAYTEDTF HLA-B*15:13, HLA-B*35:05, 

HLA-B*58:01
KEAAAKAAY​ HLA-B*18:01, HLA-B*44:03
EEIAFLAAY​ HLA-B*18:01, HLA-B*44:03
MEENFAVEA HLA-B*18:01, HLA-B*44:03
TPGAA​YAA​Y HLA-B*35:05
AKFVAAWTL HLA-B*38:02
TEDTFIADL HLA-B*38:02
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Table 7   Predicted vaccine 
construct epitopes that bind to 
HLA class II

Peptide (15-mer) Core peptide (9-mer) HLA %Rank EL

AAKKAKFVAAWTLKA AKFVAAWTL DRB1_0701 1.89
AKKAKFVAAWTLKAA AKFVAAWTL DRB1_0701 1.1
KKAKFVAAWTLKAAA​ FVAAWTLKA DRB1_0701 1.21
KAKFVAAWTLKAAAE FVAAWTLKA DRB1_0701 1.15
GPGDDLTVTNPKXIA LTVTNPKXI DRB1_0701 1.29
PGDDLTVTNPKXIAK LTVTNPKXI DRB1_0701 0.53
GDDLTVTNPKXIAKA LTVTNPKXI DRB1_0701 0.43
DDLTVTNPKXIAKAV LTVTNPKXI DRB1_0701 1.72
AKKAKFVAAWTLKAA FVAAWTLKA DRB1_1101 1.7
KKAKFVAAWTLKAAA​ FVAAWTLKA DRB1_1101 0.95
KAKFVAAWTLKAAAE FVAAWTLKA DRB1_1101 0.67
KAAYQQATPGAA​YAA​ YQQATPGAA​ DRB1_1101 1.85
PGPGFYTLQVIKSDL FYTLQVIKS DRB1_1101 1.96
MEENFAVEAANYQDT FAVEAANYQ DRB1_1101 1.95
EENFAVEAANYQDTG FAVEAANYQ DRB1_1101 1.34
KKAKFVAAWTLKAAA​ FVAAWTLKA DRB1_1502 1.82
KAKFVAAWTLKAAAE FVAAWTLKA DRB1_1502 1.35
FYTLQVIKSDLVNEE LQVIKSDLV DRB1_1502 1.46

Fig. 5   Schematic diagram of 
vaccine construct

Table 8   Physicochemical 
properties of the vaccine 
construct

Molecular formula C800H1265N223O246S7

Number of amino acids 176 aa
Molecular weight (MW) 18,167.61 Da
Piezoelectric point (pI) 7.71
Extinction coefficients (280 nm) 12,295
Half-time estimation 30 h (mammalian reticulocytes, in vitro)

20 h (yeast, in vivo)
10 h (Escherichia coli, in vivo)

Protein instability index (II) 35.62 (Stable)
Aliphatic index 73.41
Grand average of hydropathicity (GRAVY) − 0.205

Table 9   Population coverage of the whole vaccine construct

a Projected population coverage
b Average number of epitope hits/ HLA combinations recognized by the population
c Minimum number of epitope hits/ HLA combinations recognized by 90% of the population

Population/area Class I Class II Class combined

Coveragea (%) Average hitb pc90c Coveragea (%) Average hitb pc90c Coveragea (%) Average hitb pc90c

Indonesia 81.04 1.24 0.53 59.56 0.66 0.25 92.33 1.9 1.08
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Structural Analysis of the Vaccine Construct

The tertiary structure prediction (RaptorX server) produces 
five tertiary structure models of the vaccine construct, where 
each was validated using Ramachandran plot and MolPro-
bity (SwissProt Expasy server). The tertiary structure vali-
dation results are shown below (Table 10). Model 2 is con-
sidered as the best model based on the lowest MolProbity 
score, relatively high Ramachandran favored score, and no 
Ramachandran outliers present in the structure.

The model 2 refinement (Galaxy Refine server) further 
produces five more models, which each are also validated 
using Ramachandran plot and MolProbity (SwissProt 
Expasy server). The refined model validation results are 
shown below (Table 11). Refined model c is considered 
the best model as it is the only model with the highest 
Ramachandran favored score and lowest Ramachandran out-
liers, even though the MolProbity score is not particularly 
the highest from the rest.

Molecular Docking of the Vaccine Construct 
with TLR4

The final vaccine construct and human TLR4/MD2 were 
subjected to protein–protein docking using the Cluspro 2.0 
server. The Cluspro 2.0 server ranked the model based on the 
cluster size, and the first model with a cluster size of 156 and 
lowest energy of -1023.7 was chosen for visualization using 

the Pymol server (Fig. 6). As can be seen from the figure, 
Arg17, Val155, and Pro175 amino acids residue from the 
constructed vaccine interact with Ser141, Lys91, and Ser98 
in human MD2 through hydrogen bonds.

In Silico Cloning of the Vaccine Construct

In silico cloning was performed to ensure expression of the 
constructed vaccine in E. coli. Initially, the codon was opti-
mized according to the E. coli (Strain K12) by the JCAT 
server. The optimized vaccine construct contained 1515 
nucleotides, an ideal range of GC content 56.38% (30–70%) 
and CAI value 0.93 (0.8–1.0), showing the high possibil-
ity of positive protein expression and reliability. After that, 
XhoI and BamHI restriction sites were inserted to both ends 
of the constructed vaccines optimized nucleotide sequence 
to aid the cloning/purification process. Finally, a refined con-
structed vaccine sequence was cloned between XhoI and 
BamHI restriction sites at the multiple cloning site of the 
pET28a (+) vector (Fig. 7). The total length of the clone 
was 5860 bp.

Discussion

Human leukocyte antigen (HLA), which is analogous to 
major histocompatibility complex (MHC) in other organ-
isms, is a part of the immune system which targets specific 
parts of the pathogen (epitopes) and presents the antigen 
to T cells and B cells. HLA is encoded by genes located in 
chromosome 6 and is considered one of the most polymor-
phic regions in the human genome. The allele variations of 
HLA are characterized at the DNA sequence level through 
genomic evolution, which results in different allele frequen-
cies in populations (Buhler and Sanchez-Mazas 2011). As 
Indonesia is diverse in ethnics, race, and cultural groups, 
more allele frequencies can be found in Indonesian popula-
tions (Pradana et al. 2019). However, the concern in high 
allele diversity is that not all allele frequencies will recog-
nize the specific epitope presented in peptide-based vaccines 
(Nilsson et al. 2021). Since several alleles are more common 
in the population compared to others, it is required to list 
those alleles (Table 2) for potential vaccine peptides. The 
more peptides used from the common alleles listed, the vac-
cine population coverage will be better.

HLA presents the epitopes to the adaptive immune sys-
tem, which consists of T cells and B cells. T cells play a 
critical role against foreign substances that enter the human 
body. It induces a receptor that will recognize various anti-
gens while also maintaining memory and self-tolerance. 
Some forms of T cells present in the human body are naive 

Table 10   Vaccine construct tertiary structure Ramachandran plot and 
MolProbity validation results

Tertiary struc-
ture model

MolProbity 
score

Ramachandran 
favored (%)

Ramachan-
dran outliers 
(%)

Model 1 3.53 82.18 6.32
Model 2 3.30 90.80 0.00
Model 3 3.40 91.95 1.72
Model 4 3.31 89.08 2.87
Model 5 3.48 84.48 4.02

Table 11   Refined vaccine construct tertiary structure Ramachandran 
plot and MolProbity validation results

Refined tertiary 
structure model

MolProbity 
score

Ramachandran 
favored (%)

Ramachan-
dran outliers 
(%)

Refined model a 1.82 82.18 2.87
Refined model b 1.86 89.66 2.30
Refined model c 1.81 91.38 1.15
Refined model d 1.78 91.38 2.30
Refined model e 1.79 90.23 1.15
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and memory T cells. Naive T cells are new T cells exposed 
to pathogenic antigens. In contrast, memory T cells are acti-
vated naive T cells with prolonged memory and specific to 
its antigen (Kumar et al. 2018). Moreover, T cells also have 
helper cells that secrete interleukins (IL), interferons (IFN), 
tumor necrosis factor (TNF) that helps induce inflammation, 
kill pathogens, and provide assistance to other immunogenic 
cells. Therefore, the T cell epitopes are essential for vaccines 
in inducing high-affinity antibodies and immune memory 
(Siegrist 2008).

The predicted MHC class I epitopes to the designated 
antigens (Table 3) is obtained from NetCTLpan 1.1 server 
and the IEDB immunogenicity tool. The NetCTLpan 1.1 
processes protein sequence input in 8-11mer peptides 
through an algorithm that calculates the peptides binding 
with MHC class I, the proteasomal C terminal cleavage, 
and TAP (transporter associated with antigen processing) 
transport. Those parameters are considered the differential 
points in MHC class I processing. Moreover, the threshold 
default values for the parameters (0.225 for cleavage and 
0.025 for TAP) are considered the best weight based on the 
observation using the AUC fraction 0.1 as the benchmark 
value. The epitope identification threshold value is set to 1; 
therefore, the overall peptide score must meet the threshold 

to be considered a good epitope candidate and marked with 
the “E” abbreviation (Stranzl et al. 2010).

The IEDB MHC I immunogenicity tool evaluates the 
ability of a peptide presented by the MHC complex to be 
recognized by the T cell and induce an immune response. 
The evaluation follows a propensity scale which is based on 
observations done on peptide residues that bind to T cells. 
Some residues are enriched with immunogenic peptides, 
while others are depleted. The tool validates 9-mers peptides 
specifically on residue 3–8, where usually those positions 
will bind with the T cell. The propensity scale will gener-
ate a score, where positive scores indicate possible peptide 
recognition by T cells (Fleri et al. 2017).

As for the predicted MHC class II epitopes (Table 4), 
NetMHCIIpan-4.0 and IFNepitope server were used. Similar 
to CTL prediction, the NetMHCIIpan-4.0 server utilizes an 
algorithm that measures both EL (eluted ligand) and BA 
(binding affinity) data, trained from various mass spectrom-
etry (MS) experiments. Thus, the prediction does not only 
process the peptide-MHC class II binding but also includes 
the antigen presentation pathway process. In addition, the 
NetMHCIIpan-4.0 machine framework was upgraded from 
NNAlign into NNAlign_MA; therefore, it extends the serv-
er's ability to process multiple alleles (MA) data. The bind-
ing strength result is determined based on the %Rank EL 

Fig. 6   TLR4/MD2-vaccine docking output. Molecular interaction 
between vaccine (green schematic ribbon) and MD2 (cyan wheat 
surface) by ClusPro 2.0. Zoomed regions show interactions of this 

TLR4/MD2-vaccine complex. Sidechains are sticks. Hydrogen bonds 
are orange dotted lines. Amino acids are abbreviated with capitalized 
letters. The residue position is marked with the number
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score, which ranks the peptide prediction score based on 
the threshold for each binding strength category (strong and 
weak binding). The default setting for NetMHCIIpan-4.0 for 
binding strength threshold is set to %Rank score below the 
top 2% and 10% for strong and weak binding, respectively 
(Reynisson et al. 2020). The top 2% score will be marked 
with the "SB" abbreviation and considered a good epitope 
candidate.

Interferons (IFN) are major cytokines with antiviral, anti-
tumor, and immunomodulatory features. IFN-γ, as the major 
product of Th1 CD4+ helper T-cell, has multiple roles in 
host defense, immune surveillance, and establishing innate 
and adaptive immunity. In addition, IFN-γ acts as a cytotoxic 
CD8+ T cell differentiation and proliferation signal, which 
is an important player in tumor cell eradication. Moreover, 
IFN-γ induces the “classical’ polarization of macrophages 
towards those with a proinflammatory profile (Castro et al. 
2018). These summarized why predicting the ability of 
peptide sequence to induce IFN-γ is crucial in vaccine con-
struction. The prediction (Table 4) was generated using the 
IFNepitope server. The server adopts a special algorithm 
that collects data from the IEDB database for peptides that 
strongly bind to MHC class II. From there, the data was 

divided into two, IFN-γ inducing and non-inducing peptides. 
The final prediction of whether the peptide sequence can 
induce IFN-γ production comes from the motif-based model 
generated by MERCI software, SVM-based model, and com-
bination of both (Dhanda et al. 2013).

Apart from T cells, the adaptive immune system also has 
B cells capable of giving long-term protection against patho-
genic molecules. B cells utilize its receptor named antibody 
or immunoglobulin (Ig) to recognize antigen via binding 
interactions between its receptor and a specific part of the 
antigen called an epitope. Therefore, B cell epitopes are used 
in vaccine development to ensure their prolonged persistence 
toward specific pathogens (Jespersen et al. 2019). In order 
to predict B cell epitopes, a sequence-based tool named 
Bepipred Linear Epitope 2.0 server was used. This server 
is trained on epitope data derived from crystal structures, 
resulting in an outstanding predictive power compared to 
other prediction tools. Hence, the B cell epitopes can be 
predicted from the protein sequence of the targeted antigen 
(Jespersen et al. 2017). The prediction of B cell epitopes 
showed that all antigens have epitopes that can bind to the 
B cell receptor indicated by the yellow area.

Fig. 7   In silico cloning of the 
vaccine in the vector, pET28a 
(+). Red areas represent the 
Lung Cancer vaccine, while the 
black areas represent the expres-
sion vector, pET28a (+)
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From all of the chosen CTL and HTL epitopes, a multi-
epitope-based vaccine approach was performed for this 
study. This method has several advantages compared to a 
single-epitope vaccine approach. A multi-epitope vaccine 
is capable of eliciting strong humoral and adaptive immune 
responses due to the multiple epitopes contained within the 
vaccine (Zhang 2017). Not to mention, this type of vaccine 
also contains specific adjuvants that can further enhance the 
vaccine's immunogenicity, which in this case is the human 
β-defensin-3 and TAT sequence. The human β-defensin-3 
is able to recruit naive T cells and induce innate immune 
responses by the interaction with the chemokine receptor-6 
(CCR-6) (Dong et al. 2020). On the other hand, the TAT 
sequence was added to the construct to assist the vaccine's 
intracellular delivery. Lastly, all of the epitopes and adju-
vants contained within the vaccine were fused with the help 
of EAAAK, AAY, and GPGPG linkers. In addition, these 
linkers also have crucial roles in maintaining the stability of 
the protein structure (Dong et al. 2020).

To evaluate the vaccine construct, BLASTp screening, 
antigenicity, immunogenicity, allergenicity, physicochemi-
cal test, and molecular docking was performed. The aim 
of this screening is to ensure that the vaccine construct 
does not elicit any autoimmunity potential. Any part of 
the construct that has a similarity higher than 35% is con-
sidered a homologous protein with the human proteome 
and thus unable to be used as the vaccine construct (Yang 
et al. 2021). As no similarity was found between the con-
struct and the human proteome, the vaccine construct is 
considered safe for usage.

Antigenicity is the ability to bind specifically with a cer-
tain group of molecules that have adaptive immunity, while 
immunogenicity is the ability of a substance to induce a 
cellular and humoral immune response. Another term, aller-
genicity, is the antigen’s ability to induce an unusual immune 
response known as allergy. It could be due to overreaction 
or distinct response by the immune response in comparison 
to the normal response, resulting in tissue damage or physi-
ological disorders (Zhang and Tao 2015). These parameters 
are essential to ensure the capability of the construct to 
induce the host’s immune response, as not all immunogenic 
substances are capable of inducing antigen response (Ilins-
kaya and Dobrovolskaia 2016). The antigenicity is based on 
the construct’s sequence, where the primary sequence from 
multiple representations and five machine learning algo-
rithms are utilized for the prediction. The result obtained 
is finalized with the support vector machine to determine 
whether the sequence of interest is antigenic or not (Heo 
et al. 2013). The common threshold for tumor antigenicity 
is set as 40% by the VaxiJen v2.0 prediction server (Doytchi-
nova and Flower 2007), whereas the construct prediction 
score obtained was 91.8%. Therefore, the construct exhibits 

very high potential as an antigenic and immunogenic protein 
with no risk of inducing allergy.

Protein’s physicochemical properties are essential to 
understand its structural organization, stabilization, and how 
the protein of interest in the vaccine construct would interact 
with its environment (Yang et al. 2021). The understanding 
would enable identifications of cryptic elements for protein 
folding, residues that stabilize the protein’s 3D structure, the 
behavior of amino acids, protein contact network, hydro-
pathicity, and others (Sengupta and Kundu 2012). From the 
negative GRAVY value of the vaccine construct, we could 
determine that it is hydrophilic, which could easily interact 
with water molecules (Yang et al. 2021). The half-life of the 
construct is approximately 30 h in vitro and 20 h in vivo, 
which is sufficient for a prolonged host immune system 
induction. Several methods which can prolong protein half-
life are PEGylation and genetic fusion with other proteins 
such as human serum albumin (HSA) (AlQahtani et al. 
2019). A high aliphatic index shows that the construct has 
high thermal stability based on the relative volume occupied 
by the aliphatic side chain. While the stability index below 
40 indicates that the protein is stable in its solvent environ-
ment, based on the occurrence of certain dipeptide bonds 
(Pyasi et al. 2021). These results show that the construct has 
the potential to be the NSCLC vaccine candidate.

The Cluspro 2.0 server uses PIPER, a docking program 
that implements the Fast Fourier Transform (FFT) correla-
tion method. FFT calculates energy function, thus enabling 
the sampling of billions of conformations of two interacting 
proteins. In Cluspro, the docked protein model was selected 
based on the cluster size. The bigger the cluster size, the 
higher probability of interactions. Furthermore, the server 
provides information regarding the lowest energy. It does not 
directly affect the binding affinity, but low-energy regions 
are more likely to produce more docked structures clusters 
(Kozakov et al. 2017; Natasya et al. 2021).

In this study, molecular docking is performed between 
TLR4/MD2 and our peptide vaccine with the intention of 
learning how the molecules interact with each other natu-
rally. Toll-like receptor 4 (TLR4) is a leucine-rich repeat 
molecule, a surface protein expressed by innate immune 
sentinel cells such as dendritic cells and macrophages. 
Normally, TLR4 recognizes bacterial lipopolysaccharides 
and then induces the production of inflammatory signals to 
recruit other immune players (Hajjar et al. 2002). However, 
a study by Shimazu et al. (1999) mentioned that the activa-
tion of human TLR4 requires another additional molecule 
which is MD2. MD2 was found to be physically attached to 
TLR4 molecules on the cell surface and provide responsive-
ness towards bacterial LPS. Meanwhile, TLR ligands have 
long been used as adjuvants for peptide vaccine, and reports 
suggest that it plays an important role in enhancing antitu-
mor immunity. Furthermore, it was known that lung cancer 
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patients express higher levels of TLR4 (Urban-Wojciuk 
et al. 2019), which further adds its role in eliminating lung 
cancer cells. As can be seen from Fig. 8, our constructed 
multi-peptide vaccine interacts with the TLR4, specifically 
the MD2 molecule. Therefore, the hydrogen bonds formed 
between the two molecules at different sites were expected 
to induce activation of human TLR4 and hence boost the 
antitumor immune response.

After the protein is translated into nucleotides, codon 
optimization on Escherichia coli is conducted to ensure 
and increase the protein expression (Mauro and Chappell 
2014). The plasmid pET28a(+) is utilized as a vector; the 
optimized codon is designed with XhoI and BamHI restric-
tion sites on the vaccine’s N and C terminals, respectively. 
pET28a(+) contains the T7 promoter that initiates the trans-
lation, mediated by a Shine-Dalgarno (SD) sequence. The 
sequence is cloned with a poly-histidine purification tag 
(His6) and a thrombin protease recognition site which will 
ease the protein purification. The plasmid also comes with 
the kanamycin resistance gene (KanR) that works as a selec-
tive marker. The constructed plasmid was created such that 
it can be realized in further experiments to turn this vaccine 
candidate into a vaccine.

Advances in bioinformatics have allowed the prediction 
of HLA binder epitopes, potential allergenicity, antigenicity 
and immunogenicity, physicochemical properties, 3D struc-
ture, and molecular docking. The bioinformatics approach 
greatly reduced the cost of the development of vaccines. In 
addition, it reduces the possibility of failure in the in vitro 
and in vivo experiments (Ranjbar et al. 2019). Therefore, 
our multi-peptide vaccine has great potential as a novel lung 
cancer vaccine. Nevertheless, further in vitro and in vivo is 
required to validate the efficacy of the multi-peptide vaccine 
against NSCLC.

Conclusion

In conclusion, the vaccine construct was developed using 
citrullinated antigens in order to induce a potent immune 
response and become an alternative treatment for NSCLC 
patients in Indonesia. The vaccine development is done in 
silico utilizing CEA, citrullinated vimentin, and citrulli-
nated enolase. The resulting vaccine construct consists of 
seven T-cell epitopes obtained from the three antigens. The 
construct has been analyzed and evaluated for its structure, 
properties, and population coverage. The analysis indicates 
that the construct is potentially viable as a treatment against 
lung cancer, and it can cover most of the Indonesian popula-
tion. Not to mention, the structural docking shows that the 
constructed vaccine is also capable of interacting with the 
TLR4, which was expected to induce its activation. How-
ever, further in vitro and in vivo experiments are suggested 
to verify the efficacy of the constructed vaccine towards 
NSCLC and could be expanded to world population.

Appendix

Appendix 1

The sequence of construct #1, where red indicates the sequence 
for β-defensin, green indicates the linkers, blue indicates the 
epitopes for MHC class I alleles, purple indicates the epitopes 
for MHC class II alleles, and yellow indicates the TAT peptide.

GIINTLQKYYCRVRGG​RCA​VLSCLPKEEQIGKC-
STRGRKCCRRKKEAAAKAAYQQATPGAA​YAA​
YSLQEEIAFLAAYTEDTFIADLGPGPGFYTLQVIKS-
DLVNEEGPGPGMEENFAVEAANYQDTGPGPGDDLTVT-
NPKXIAKAVGPGPGTGALLAAG​AAA​GPGPG

Fig. 8   Blastp result of the multi-epitope vaccine construct
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Appendix 2

The sequence of construct #2, where red indicates the 
sequence for β-defensin, green indicates the linkers, blue 
indicates the epitopes for MHC class I alleles, purple indi-
cates the epitopes for MHC class II alleles, and yellow indi-
cates the TAT peptide.

GIINTLQKYYCRVRGG​RCA​VLSCLPKEEQIG-
KCSTRGRKCCRRKKEAAAKQQATPGAA​YAA​
YHLFGYSWYKAAYSLQEEIAFLAAYLHEEEIQE-
LAAYTEDTFIADLAAYEAMXIGAEVGPGPGFYTLQVIKS-
DLVNEEGPGPGSTPFNVAEGKEVLLLGPGPGMEEN-
FAVEAANYQDTGPGPGSLGSALXPSTSXSLYGPGPGDD-
LTVTNPKXIAKAVGPGPGAGNSEVILPVPAFNVGPGPGT-
GALLAAG​AAA​GPGPG

Appendix 3

The sequence of construct #3, where red indicates the 
sequence for β-defensin, green indicates the linkers, blue 
indicates the epitopes for MHC class I alleles, purple indi-
cates the epitopes for MHC class II alleles, and yellow indi-
cates the TAT peptide.

GIINTLQKYYCRVRGG​RCA​VLSCLPKEEQIG-
KCSTRGRKCCRRKKEAAAKQQATPGAA​YAA​
YHLFGYSWYKAAYEATGQFHVYAAYSLQEEIAF-
LAAYLHEEEIQELAAYNYIDKVXFLAAYTEDTFIAD-
LAAYEAMXIGAEVAAYILPVGAANFGPGPGFYTLQVIKS-
DLVNEEGPGPGSTPFNVAEGKEVLLLGPGPGESTPFNVAE-
GKEVLLGPGPGMEENFAVEAANYQDTGPGPGSLG-
SALXPSTSXSLYGPGPGLGSALXPSTSXSLYAGPGPGDDLT-
VTNPKXIAKAVGPGPGAGNSEVILPVPAFNVGPGPGSKA-
VEHINKTIAPALGPGPGTGALLAAG​AAA​GPGPG

Appendix 4

The sequence of construct #4, where red indicates the 
sequence for β-defensin, green indicates the linkers, blue 
indicates the epitopes for MHC class I alleles, purple indi-
cates the epitopes for MHC class II alleles, and yellow indi-
cates the TAT peptide.

GIINTLQKYYCRVRGG​RCA​VLSCLPKEEQIG-
KCSTRGRKCCRRKKEAAAKQQATPGAA​YAA​
YHLFGYSWYKAAYEATGQFHVYAAYSLQEEIAF-
LAAYLHEEEIQELAAYNYIDKVXFLAAYTEDTFIAD-
LAAYEAMXIGAEVAAYILPVGAANFGPGPGFYTLQVIKS-
DLVNEEGPGPGSTPFNVAEGKEVLLLGPGPGESTPFNVAE-
GKEVLLGPGPGMEENFAVEAANYQDTGPGPGSLG-
SALXPSTSXSLYGPGPGLGSALXPSTSXSLYAGPGPGDDLT-
VTNPKXIAKAVGPGPGAGNSEVILPVPAFNVGPGPGSKA-
VEHINKTIAPALGPGPGTGALLAAG​AAA​GPGPG
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