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Background. Liver cancer (LC) is the most devastating disease affecting a large set of populations in the world. The mortality due
to LC is escalating, indicating the lack of effective therapeutic options. Immunotherapeutic agents may play an important role
against cancer cells. As immune cells, especially T lymphocytes, which are part of cancer immunology, the design of vaccine
candidates for cytotoxic T lymphocytes may be an effective strategy for curing liver cancer. Results. In our study, based on an
immunoinformatics approach, we predicted potential T cell epitopes of MHC class I molecules using integrated steps of data
retrieval, screening of antigenic proteins, functional analysis, peptide synthesis, and experimental in vivo investigations. We
predicted the binding affinity of epitopes LLECADDRADLAKY, VSEHRIQDKDGLFY, and EYILSLEELVNGMY of LC
membrane-bounded extracellular proteins including butyrophilin-like protein-2 (BTNL2), glypican-3 (GPC3), and serum
albumin (ALB), respectively, with MHC class I molecules (allele: HLA-A∗01:01). These T cell epitopes rely on the level of their
binding energy and antigenic properties. We designed and constructed a trivalent immunogenic model by conjugating these
epitopes with linkers to activate cytotoxic T cells. For validation, the nonspecific hematological assays showed a significant rise
in the count of white blood cells (5 × 109/l), lymphocytes (13 × 109/l), and granulocytes (5 × 109/l) compared to the control
after administration of trivalent peptides. Specific immunoassays including granzyme B and IgG ELISA exhibited the
significant concentration of these effector molecules in blood serum, indicating the activity of cytotoxic T cells. Granzyme
concentration increased to 1050 pg/ml at the second booster dose compared to the control (95 pg/ml), while the concentration
of IgG raised to 6 g/l compared to the control (2 g/l). Conclusion. We concluded that a potential therapeutic trivalent vaccine
can activate and modulate the immune system to cure liver cancer on the basis of significant outcomes of specific and
nonspecific assays.
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1. Introduction

Liver cancer is the sixth most prevalent type of cancer
around the world [1]. Countries where people ages 20 years
or less are suffering from this disease are considered high
risk, while countries are at lower risk where LC is less prev-
alent in people of age 50. The available treatment for LC
includes chemotherapy, radiotherapy, liver resection, and
laparoscopic hepatectomy [2]. These treatments may show
negative effects on normal cells and may cause reoccurrence
of cancer, toxicity issues, and expensive procedures [3].
Medical specialists and oncologists have some concerns over
conventional procedures [4]. Although these treatments are
available options, still there is a need for safe and alternative
therapeutic strategies.

Immunotherapy can be the best frontier for the treat-
ment of cancer, and it is considered valuable and effective
in curing liver and other cancers. Although a number of
recent developments have been made in this area, however,
still we need further investigations to design therapeutic vac-
cines for liver cancer [5, 6]. Immunotherapeutic peptides
boost up the body’s natural immune system to fight against
cancer cells. The efficacy of immunotherapy can be recog-
nized by the fact that for the destruction of tumor cells, they
use immune components. Therefore, immunotherapy is
considered an important alternative for LC treatment [7].
To understand the pattern of liver cancer proliferation, some
important regulatory immune components like CD8+ and
CD4+ T cells, NK cells, myeloid-derived suppressor cells
(MDSCs), and regulatory T cells are some types of cells that
are studied in detail. On activation, these lymphocytes pro-
voke other immune system components and activate either
cell-mediated or humoral immunity or both [8]. Immuno-
logical facts of an immune response are now explored and
understood by a basic scientific approach with computa-
tional tools [9]. Whole-genome analysis contributes to the
development of vaccine candidates that will fight against
specific targets. Currently, a newly emerging technique,
reverse vaccinology, instead of using the culture, only
requires the genomic sequence of the target protein, which
is further utilized for vaccine preparation [10, 11]. The com-
plete genomic sequence helps in the prediction of potential
target epitopes, and vaccines can be designed against the
respective organism [10, 12].

New computational tools, software, and genomic and
proteomic databases are an important part of immunoinfor-
matics and reverse vaccinology approaches for the predic-
tion of specific epitopes. Hence, immunoinformatics is a
computational study related to biological compounds, their
modeling, and complications of the immune response. These
integrated techniques provide the basis of vaccine develop-
ment [13] involving analysis of genomic to proteomic
sequences, identification of B and T cell antigenic sites, and
cellular responses [14] until there is no approved prophylac-
tic and therapeutic vaccine for liver cancer [5, 15]. However,
it has been reported that immunotherapeutic vaccines for
liver cancer are under preclinical or clinical trials but not
yet approved [16]. In this investigation, our main objective
is to seek out the LC-specific epitopes to provoke an adaptive

immune response. With the help of software, online servers,
and databases, we designed specific T cell immunogenic
peptides. The efficacy of these immunogenic peptides was
evaluated by hematological assay, antibody-specific (IgG)
assay, and granzyme ELISA. For this purpose, in vivo exper-
imental trials were carried out on the Sprague Dawley rat
model. This study describes the significance of immunoin-
formatics for the prediction of liver cancer epitopes and
the efficiency of predicted potential immunogenic candi-
dates by in vivo trials.

2. Methodology

2.1. Ethical Approval and Study Design. All animals were
kept under standard conditions as per ARRIVE guidelines
reported for animal handling. These experimental proce-
dures were approved by the Bioethics Committee for
Animals of the Institute of Molecular Biology and Biotech-
nology, Bahauddin Zakariya University, Multan, Pakistan,
with Approval No. IMBB/02/2019. In this study, we pre-
dicted the T cell epitopes of cytotoxic T lymphocytes (CTLs)
(CD8+ cells) based on an immunoinformatics approach [17].
These epitopes were docked to MHC class I molecules to
analyze the binding affinity. Based on the binding energy,
three epitopes were linked to construct a potential trivalent
vaccine candidate. Our hypothesis involves the activation
of CD8+ cytotoxic T lymphocytes (CTLs) as they have
MHC class I receptors to boost up the natural immune sys-
tem to target cancerous cells. Granzymes and other chemical
mediators are released upon activation of CTLs [18]. These
granzymes and chemical molecules have a significant role
in the apoptosis of cancer cells. Granzyme B is secreted from
CTLs and NK cells; according to our hypothesis, secretion of
granzyme B in immune cells may help in killing the cancer-
ous cells. IL-4 and IL-10 released by a subpopulation of
CTLs activate B lymphocytes resulting in antibody produc-
tion [19–21]. The hypothesis of our study reflects this mech-
anism, and animal investigation indicated that our trivalent
molecule is antigenic in nature, which is potentially able to
activate the B and T lymphocytes (Figure 1). In this study,
we focused on tumor-specific and tumor-associated antigens
to report newly designed potential epitopes as immunother-
apeutic agents for liver cancer. For screening of liver cancer
antigens, we used the TRON Cell Line Portal [22] and
Tumor-Specific Neoantigen Database (TSNAdb) [23] to give
a specific category to each protein. Moreover, these proteins
also have high expression in the liver. With the help of the
GenomicScape server, these proteins were further tested for
their expression levels in the liver [24]. The system-level
analysis of these peptides showed the significant level of pro-
duction of antibodies, interferons, granzymes, and other
mediators. The study framework was designed based on
integrated steps (Figure 2) using different bioinformatics
tools, databases, and software, in vivo (Table 1).

2.2. Screening of Liver Cancer-Associated Proteomic Data.
The Human Protein Atlas database was used for the retrieval
of liver cancer-associated proteins [25, 26] (Supplementary
Table 1 and 2). We used the compared two-list procedure
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of the Whitehead BaRC public tool to screen liver cancer
proteins from all cancer data. The FASTA sequences of
screened proteins were accessed from the UniProt
Knowledgebase (UniProtKB) database [27]. The
extracellular and membrane-bound proteins were predicted
by the CELLO subcellular localization predictor tool [28].

2.3. MHC Class I T Cell Epitopes and Immunogenicity
Prediction. The T cell epitopes of liver cancer-associated
antigenic proteins were predicted using the Immune Epitope
Database (IEDB) and selected based on the lower percentile
rank (0.1%) cutoff parameters [29]. The predicted T cell epi-
topes showed the connotation of the HLA-A∗01:01 allele of
MHC class I molecules expressed in the maximum number
of populations. The conservation of these epitopes was
determined by IEDB [30] indicating the optimal allelic bind-
ing affinity [17, 31].

The ability of an epitope used as a vaccine candidate
depends on the features of antigenicity and immunogenicity,
and these were studied by the VaxiJen server and IEDB [32].
The ExPASy Compute pI/Mw tool was applied for molecu-
lar weight prediction [33].

2.4. Physicochemical Properties. The physicochemical prop-
erties of the peptides were predicted using online servers
[34]. Tools PEPlife, ToxinPred, ExPASy, Peptide 2.0, and
PredSTP were used to predict physicochemical properties
[35–37]. Half-life is the time taken by half the amount of
protein to remove from the body after entering the cell.
Stability of a peptide in the test tube or in the synthesized
drug form is indicated by the value of the instability index.
For a protein to be soluble in water, it must have a charge
on it. Detailed knowledge of the hydropathicity of an
individual amino acid enables us to predict the overall
three-dimensional structure of a protein from its amino acid
sequence. Toxicity profiles of peptides must be predicted
unless we cannot use them in clinical trials. The SVM (Sup-
port Vector Machine) model of amino acid composition was
used to predict the toxicity.

2.5. Construction and Modeling of Trivalent Molecules. The
HADDOCK server was used to predict the ranking and best
binding combinations of epitopes based on an algorithmic
score [38]. The refinement interface of this server was used
to get the refined C port modules of epitopes and their active
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Figure 1: Schematic representation of our hypothesis.
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and passive residues [39]. Suitable linkers were applied
between epitopes to avoid unwanted joining and denatur-
ation of the trivalent constructs. The functionality of the
trivalent construct and the arrangement of epitopes also
depend on these linkers [40]. AAY is the most commonly
used linker for HLA-I epitopes [41, 42]. The trivalent con-
struct was modeled using the I-TASSER server [43], and
the quality of configuration of the trivalent model was
defined by a 3Drefine tool [44]. Molecular Operating Envi-
ronment (MOE) software was used for the estimation of
the binding energy of a trivalent multiallelic molecule to
MHC class I receptors based on the Root-Mean-Square
Deviation (RMSD) and binding energy (E score). For verifi-
cation, the potential epitopes were analyzed and assessed
using various software and tools.

2.6. HLA Epitope Binding Analysis. The 3D model of HLA-I
(MHC class I) was accessed from the Protein Data Bank
(PDB). The binding affinity between predicted T cell epi-
topes (trivalent model) and HLA molecules was carried out
by molecular docking analysis using MOE software.

2.7. Synthesis of Trivalent Peptides. The trivalent construct
(LCPV09) with >95% purity was synthesized commercially by
Shanghai Research Institute of Chemical Industry (Shanghai
TECH. Chemical Industry Testing Co., Ltd., China).

2.8. Animal Immunization. Animals were obtained from the
breeding unit of the Department of Pharmacology, Faculty
of Pharmacy, Bahauddin Zakariya University, Multan,
Pakistan. Preclinical trials are performed on animal models
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for the validation and optimization of peptide doses [42] and
experimental trials. After screening and optimization of
vaccine candidates, human tissues/hepatic cell lines and
disease animal models are used in the next step. Efficacy
analyses are performed on animal models for the validation
and optimization of peptide doses. Sprague Dawley rats of
weight 150 grams, 5-6 weeks old, were used. Rats were
divided into four groups (n = 6/group). One group of rats
was immunized with a 150μl solution of 160μg of trivalent
molecules alone. The second group was given 150μl of an
adjuvant which is aluminum hydroxide solution (G-Alum™
Adjuvant Kit, Cat. # 786-1216), and the third group was
immunized with a combined solution of trivalent molecules
plus 2 times of aluminum hydroxide solution. The fourth
group was taken as the control group, and nothing was
given to those rats. The doses were injected into the lower
abdomen subcutaneously. A first booster dose of 240μg
and a second booster dose of 320μg were given with the
same pattern to each of the four groups to get the opti-
mized results. After immunization of rats with different
doses, they were kept under observation for 2-3 weeks.

Three weeks postimmunization, blood samples were taken
from rats for immunoassay. Blood samples were collected
by rupturing the vein in the eyes of rats using capillaries
of 75mm length and 1.1-1.2mm inner diameter.

2.9. Hematological Assays. Serum was separated from blood
by centrifugation in a gel clot vial. 150μl sample serum was
added to the detection buffer and mixed by inverting the tube
10 times. Two drops (75μl) of the sample mixture were dis-
pensed in the sample cartridge. The cartridge was loaded into
the reader immediately. After scanning, the CRP reading was
displayed on the screen of the reader. The results were
expressed inmg/l. Similarly, the levels of total white blood cells
(WBC), lymphocytes (LYM), and granulocytes (GRA) in the
blood of immunized rats were analyzed by Beckman Coulter,
USA. The Coulter principle was used for the counting of
WBC, LYM, and GRA in the blood. The results were observed
in either percentage (%) or 109 cells/liter [45].

2.10. Liver Function Tests. Liver function tests (LFTs)
including serum alkaline phosphatase (ALP), alanine

Table 1: List of databases/servers used in the research work for the screening of liver cancer proteins and prediction of epitopes.

Sr. # Tools/servers/databases Purpose Web links References

1 Human Protein Atlas Human cancer database http://www.proteinatlas.org [26]

2
Bioinformatics and Research

Computing
For protein comparisons http://jura.wi.mit.edu/bioc/tools/compare.php [66]

3
UniProtKB (UniProt
Knowledgebase)

Protein database https://www.uniprot.org/ [67]

4 CELLO
Subcellular localization

prediction
http://cello.life.nctu.edu.tw/ [28]

5 VaxiJen 2.0 Antigenicity prediction
http://www.ddghttp://pharmfac.net/vaxijen/VaxiJen/

VaxiJen.html
[32]

6 ANTIGENpro — http://scratch.proteomics.ics.uci.edu/explanation.html [68]

7 Immunomedicine Group — http://imed.med.ucm.es/Tools/antigenic.html —

8 CamSol Solubility prediction
http://www-vendruscolo.ch.cam.ac.uk/

camsolmethod.html
[69]

9 SOLpro —
http://scratch.proteomics.ics.uci.edu/explanation

.html#SOLpro
[70]

10 PROSO —
http://mbiljj45.bio.med.uni-muenchen.de:8888/

proso/proso.seam
[69]

11
Immune Epitope Database

(IEDB)
Epitope prediction http://tools.iedb.org/main/ [71]

12 HLAPred http://crdd.osdd.net/raghava/hlapred/ref.html [72]

13 ProPred http://crdd.osdd.net/raghava/propred1/ [73]

14 ToxinPred Physicochemical properties https://webs.iiitd.edu.in/raghava/toxinpred/design.php [36]

15 ProtParam — https://web.expasy.org/protparam/ [74]

16 PlifePred — https://webs.iiitd.edu.in/raghava/plifepred/index.php [75]

17 AllergenFP Allergenecity prediction http://www.ddg-pharmfac.net/AllergenFP/

18 AlgPred — http://crdd.osdd.net/raghava/algpred/submission.html [76]

19 PDB (Protein Data Bank) Protein database http://www.rcsb.org/pdb/home/home [77]

20 PEP-FOLD server Epitope modeling http://bioserv.rpbs.univ-paris-diderot.fr/PEP-FOLD/ [78]

21 I-TASSER Protein modeling https://zhanglab.ccmb.med.umich.edu/I-TASSER/ [79]

22
Molecular Operating

Environment
HLA epitope binding

prediction
— —
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transaminase (ALT), aspartate transaminase (AST), and
alpha-fetoprotein (AFP) were performed to detect the
integrity of the liver of immunized rats and to observe
the liver toxicity.

2.11. IgG ELISA. Serum samples of each group were ana-
lyzed for IgG after three weeks of immunization using the
ELISA kit as per the manufacturer’s guidelines (Roche:
Mouse IgG ELISA) and the microplate reader (BioTek
800TS). Specific ELISA was performed using the Antigen-
Down ELISA Development kit in which the LCPV09 antigen
was coated in the wells to quantify the IgG. Its ELISA-based
technique is in which a specific antigen of animals is coated
on wells to record the IgG. The coating reagents (Na2CO3
buffer 0.95 w/v of 0.5M sodium azide at a pH of 9) with
50μl of the capturing antibody in the final concentration
of 25μl/ml were dispensed in wells with appropriate dilu-
tion. The microwell plate was incubated for 90 minutes,
and after incubation, the solutions were discarded and dried
on cellulose paper. 200μl of the washing solution which con-
tains 0.9% w/v NaCl and 0.1% v/v Tween-20 was used to
wash the wells. 200μl of the 1x blocking reagent (1 : 10) con-
taining gelatin powder, NaCl, and Tris-HCl buffer was
added and incubated for 90 minutes. Then, the solutions
were removed and a 200μl solution of antibodies extracted
from serum at a concentration of 25 ng/ml was added to a
microtiter plate. Steps of removing the solution and washing
were repeated after incubation. The anti-mouse (POD) con-
jugate solution of 50μl along with 1ml of the blocking
reagent was poured into the wells. The wells were incubated
and washed. Finally, 50μl of the substrate (2,2′-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid)) was added and the
fluorescence was recorded at 492 nm to analyze the
enzyme-substrate interaction indicating the concentration
of IgG in samples (g/l). The mean value ± SD of IgG of con-
trol rats was taken as the standard [46].

2.12. Granzyme B Assay. The blood of immunized rats was
analyzed for granzyme B concentration. Serum was sepa-
rated from whole blood by using a gel clot vial. ELISA was
performed by using the Granzyme B Platinum ELISA kit
(Thermo Fisher Scientific, Catalog # BMS2027) according
to the manufacturer’s guidelines. The first step was washing
the microwell plate twice by using the 400μl washing buffer
(PBS with 1% Tween-20). Wells were dried after 10-15 sec-
onds of washing by tapping a paper towel. The microwell
plate was used immediately after washing and drying. 75μl
of the dilution buffer was added in duplicate to sample wells
(A1/A2) and 100μl to standard wells (B1/2, G1/2) in dupli-
cate. Wells A1/2 were then filled with 75μl of the prepared
standard solution of granzyme B. Solutions of the wells were
mixed carefully so that the base of the wells must not get
scratched. 50μl solution was transferred into wells B1/2.
This process was continued until two rows of wells were
covered with a standard solution of granzyme B ranging
from 480 to 0.7 pg/ml. 50μl of the solution from each well
was disposed of. 100μl of the dilution buffer was added to
blank wells and 50μl to sample wells in duplicate. Each
sample solution of 50μl was dispensed into sample wells.

Adhesive film was used to cover the wells and incubated
for 60 minutes at 15-25°C. The plate was placed on a shaker
at 400 rpm. Adhesive film was removed after incubation
time, and all wells were washed with 100μl of the biotin con-
jugate. After incubation, 100μl of the streptavidin-HRP
dilution was added to all wells. Adhesive film was used to
cover the plate, and an incubation time of 30 minutes was
given at 18-25°C with shaking at 400 rpm. After that, the
wells were washed carefully and 100μl of TMB as the sub-
strate was added to all wells. After incubation of 15 minutes,
color was observed in each well. Upon dark blue appearance,
100μl of the stop solution was added to stop the enzyme
reaction. Stop solutions must be distributed equally through-
out the well. The microplate reader (BioTek 800TS) was
used to examine the absorbance of each well at a primary
wavelength of 450nm and a reference wavelength of
620 nm. The concentration of granzyme B was calculated
and recorded in pg/ml. The standard was determined by
the mean estimation of granzyme B of control rats’ serum
± SD [47].

2.13. Statistical Analysis. Statistical analysis was performed
on the mean values of the results of all replicates with stan-
dard error of the mean (SEM) and standard deviation (SD).
Mean values of immunized groups were compared with the
control group to check the level of significance using Mini-
tab software. To carry out data interpretation, one-way anal-
ysis of variance (ANOVA) was calculated by using SPSS
software. p value less than 1:0 × 102 (>0.01) is statistically
significant ± SEM [17, 48].

3. Results

3.1. Screening of Liver Cancer Proteins. We screened 60 LC-
associated proteins from a total of 1700 cancer proteins and
435 liver proteins. The proteins with high molecular weight
were antigenic, having the antigenicity threshold score of
0.5 [32]. Based on the antigenicity score and molecular
weight (>50 kDa), three proteins including ALB, GPC3,
and BTNL2 were selected (Figure 3). Subcellular localization
showed that ALB protein is present in the extracellular
matrix, while GPC3 and BTNL2 proteins are membrane
bounded. These proteins are tumor-specific proteins, and
they are expressed only in the case of liver tumors (http://
biopharm.zju.edu.cn/tsnadb/). All genes and proteins of the
body are interlinked with each other in other organs of the
body directly or indirectly. We screened the proteins on
the basis of their optimal expression in the liver. These three
proteins have the maximum expression levels in the liver or
fetal liver (http://genomicscape.com/microarray/expression
.php). ALB is a liver tissue enriched gene expressed in the
right lobe of the liver (UniProtKB). There are many reported
liver diseases associated with this protein. Serum albumin is
mainly plasma protein and produced by the liver. Levels of
this protein were checked in blood analysis for diagnosis of
liver diseases. There are many therapeutic uses of albumin
in liver diseases [49]. Clinical trials have evaluated that
glypican-3 (GPC3), a tumor-specific antigen, is expressed
in all hepatocellular cancers. It is usually found anchored
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to a protein expressed on the cell surface known as glycosyl-
phosphatidylinositol (GPI). Glypican-3 (GPC3) is a promis-
ing target for anticancer immunotherapy against HCC even
in its early stages because its expression is specifically
observed in >80% of HCCs [50]. A peptide vaccine prepared
from GPC3 was efficacious and safe in promoting tumor
infiltration by cytotoxic T cells [5]. BTNL2, a butyrophilin-
like protein, has been found to regulate the immune
response. The expression of BTNL2 has been linked to
sarcoidosis in the liver [51, 52]. It has been shown in several
in vitro studies that B cells have surface receptors for
BTNL2, while CD8+ and CD4+ cells express such receptors
upon activation. Thus, it can be employed as a therapeutic
agent to reestablish immune tolerance in such inflammatory
conditions. Furthermore, BTNL2 can be modulated to arbi-
trate the immune response for developing innovative thera-
peutics if the relationship between its structure and function
can be fully illustrated at the molecular level [51].

3.2. T Cell Epitope Prediction. T cell epitopes complexed with
MHC class I are strongly immunogenic and induce the
immune system robustly. The predicted T cell epitopes of
BTNL2, GPC3, and ALB were EYILSLEELVNGMY, LLE-
CADDRADLAKY, and VSEHRIQDKDGLFY, respectively.
These potential T cell epitopes have the potential to target

the maximum number of alleles indicating conservation in
the entire population. Such multiallelic epitope-based vac-
cine candidates have more spectral features compared to
those candidates that target one type of allele.

3.3. Physicochemical Properties. Half-lives of epitopes are
linked to their stability as well as toxicity. The half-life of a
good epitope must be less than hours to make it stable and
to activate the immune components. Half-lives of our pre-
dicted epitopes were less than 10 hours presenting stability
and less toxicity. The instability index also measures the
stability of the peptide [52]. These epitopes have a less insta-
bility index presenting the stable drug form. Our epitopes
showed water solubility, and amino acids are either hydro-
phobic or hydrophilic. The lesser value of hydropathicity
means a more hydrophilic character of epitopes. Almost all
predicted epitopes have a less value of hydropathicity [53].
The algorithmic SVM score of the software was used to clas-
sify the epitope as being either toxic or nontoxic (nontoxicity
threshold value < 5) [37, 54]. The predicted epitopes are
nontoxic, having an SVM score of less than 5 (Table 2).

3.4. Trivalent Construct against Liver Cancer. The triva-
lent construct was formulated by integrating three epi-
topes VSEHRIQDKDGLFY, LLECADDRADLAKY, and

Antigenic proteins

Mapped liver
cancer proteins 60

25

435

1700

7

15

Proteins with molecular
Weight > 50 kDa

Human liver
proteins

Total human cancer proteins

Extracellular and
membrane bounded
proteins

on

on

on

on

on

on

Human
cancer

proteins

Figure 3: Screening of liver cancer-associated proteins for the prediction of antigenic peptides.
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EYILSLEELVNGMY of BTNL2, ALB, and GPC3 proteins. A
total of 48 amino acid residues in the trivalent molecule includ-
ing AAY linkers VSEHRIQDKDGLFYAAYLLECADDRA-
DLAKYAAYEYILSLEELVNGMY were constructed. The
trivalent was modeled with a confidence score (Cscore) of
-2.34, TM score of0:44 ± 0:14, and RMSD of7:3 ± 4:2 Å. The
antigenicity score of the trivalent model was 0.69 (Figure 4).

3.5. Molecular Docking. The quality and reliability of the pre-
dicted epitopes and trivalent construct were estimated by
their 3D models. 3D models were used to reveal their bind-
ing affinities with MHC class I molecules. MOE software was
used to predict the binding affinities between the trivalent
construct and the MHC class I molecules (allele: HLA-A∗
01:01). A significant binding affinity of -17.004 kcal/mol
was observed between the trivalent construct and the target
protein (Table 3) involving the residues SER54, HIS151,
ASN53, ASP27, GLN155, GLU154, LEU28, VAL158,
TYR34, ALA33, THR95, LYS64, ALA49, ASP95, PHE13,
TYR14, LYS9, GLU20, CYS21, ASP10, GLY11, and LEU12
of MHC class I target molecules (Figure 5).

3.6. Verification and Assessments of Potential Epitopes. The
epitopic sequence and physicochemical properties of poten-
tial peptides verified by different tools and software indi-
cated the uniformity and consistency in the sequence and
properties (Tables 4 and 5).

3.7. Immunoassays and Serological Assays. The activity of
potential epitopes was investigated by in vivo animal studies
with and without an adjuvant. Immune response to syn-
thetic peptides was analyzed 3 weeks postimmunization of
rats. The rats were monitored for 3 weeks daily to observe
the side effects of the administrated doses. Negative pheno-
typic signs indicated that there were no side effects of the
trivalent peptides (Table 6).

3.8. Hematological Assays. We examined the blood compo-
nent analysis after immunization. The efficacy of the triva-
lent (LCPV09) was tested with or without the adjuvant
using the rat model. Hematological assays show the pri-
mary response to peptides. To compare with the sampled
animals, control rats were used and kept under the same
conditions. Substantial increases in the count of blood
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Figure 4: Schematic representation of the trivalent construct. (a) Trivalent contains 48 amino acid residues. MHC class I-predicted epitopes
of three proteins (blue, yellow, and purple) linked with linkers AAY (green). (b) Physical properties of the trivalent. (c) 3D model of the
trivalent modeled by the I-TASSER online server.
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components were recorded. The second booster dose of
320μg indicated significant results with the adjuvant
(p < 1:0 × 10−4). Significance was found in samples immu-
nized with peptide alone compared to peptides in combi-
nation with aluminum hydroxide as an adjuvant. Higher
numbers of lymphocytes, white blood cells, and granulo-
cytes (10, 13, and5 × 109/l, respectively) were observed
compared to the control (Figure 6).

3.9. Liver Function Tests. At given doses of trivalent peptides,
liver toxicity and function were not disturbed and the level
of enzymes was comparable to the controls indicating the
safety of these peptides (Figure 7).

3.10. IgG ELISA. The level of IgG was tested after 3 weeks in
the blood serum of the immunized rats. We observed the
significant IgG production at the second booster dose of

Peptide: Trivalent Vaccine
Target: HLA-A∗01:01(MHCI)

polar
acidic
basic
greasy
proximity
contour

sidechain acceptor
sidechain donor
backbone acceptor
backbone donor

ligand
exposure

solvent residue
metal complex
solvent contact
metal/ion contact

receptor
exposure

arene-arene
arene-H
arene-cation

interaction analysis
of Trivalent vaccine
with amino acid
residues of MHC
class1

mol rseq S rmsd_refine E_conf E_place E_score1 E_refine E_score2mseq

trivalent.pdb1 1 1 –17.0048 4.6157 –1320.3651 226.6145 21.6568 -72.9284 -17.0048

Figure 5: Molecular docking analysis of the trivalent construct with the target HLA-A∗01:01 allele of MHC class 1.

Table 4: Verification of the peptide/epitopic sequence and antigenicity using different databases.

UniProt ID Peptide sequence
Software

IEDB [70] HLAPred [71] ProPred [72]

ALBU_HUMAN LLECADDRADLAKY Antigenic peptide Antigenic peptide Antigenic peptide

BTNL2_HUMAN VSEHRIQDKDGLFY Antigenic peptide Antigenic peptide Antigenic peptide

GPC3_HUMAN EYILSLEELVNGMY Antigenic peptide Antigenic peptide Antigenic peptide

Table 5: Verification of physicochemical properties of predicted peptides using different software.

Properties Software

Toxicity ToxinPred [54] ProtParam [73] —

Hydropathicity ToxinPred ProtParam PlifePred [74]

SVM ToxinPred ProtParam —

Charge ToxinPred ProtParam PlifePred

Molecular weight ToxinPred ExPASy PlifePred

Allergenecity AlgPred [75] AllergenFP —

Antigenecity VaxiJen [32] Immunomedicine Group ANTIGENpro [67]

Subcellular localization CELLO [79] UniProtKB [66] —

Solubility CamSol [68] SOLPro [69] PROSO [68]
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320μg. The concentration of IgG increased to 6 g/l after tak-
ing the peptide without the adjuvant compared to the con-
trol (2 g/l) (p < 1:0 × 10−4), while initial doses of the
trivalent showed lower antibody production (Figure 8).

3.11. Granzyme B ELISA. Due to the immune response,
cytotoxic T lymphocytes become activated and secreted
granzymes and perforins to destroy cancerous cells through
apoptosis [48]. The concentration of granzyme B (GrB) in

Table 6: Phenotypic signs/symptoms observed after immunization of rats with synthetic peptides.

Sr. # Signs/symptoms observed Presence (yes)/absence (no)

1 Inflammation No

2 Swelling around eyes No

3 Bleeding No

4 Diarrhea No

5 Vomiting No

6 Dizziness No

7 Redness/swelling or pain at the site of injection No

8 Temperature No

9 Shivery No

10 Any casualty Nil
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Figure 6: Hematological results were recorded after three weeks of immunization of rats with LCPV09. Blood components were
counted using Beckman Coulter, USA. The significance has been shown by ∗p < 0:01 ± SEM. (a) Granulocytes. (b) Lymphocytes. (c)
White blood cells.
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blood serum was analyzed by measuring the absorbance at
450nm. Granzyme concentration significantly increased to
1050 pg/ml at the second booster dose of peptides compared
to the control (95 pg/ml). Statistical studies revealed that in
the serum of trivalent-treated rats, a significant level of
GrB was found at ðp < 1:0 × 10−4Þ ± SEM (Figure 9).

4. Discussion

Liver cancer is becoming a great risk to human health due to
its increased rate of recurrence, mortality, and metastatic
nature [55]. To overcome conventional treatment issues,
peptide vaccines have been in consideration for many years
despite a few clinical trials. Considering all these aspects,
vaccines related to reverse vaccinology have gained attention
in cancer treatment [56]. We reported monovalent peptides
in our previous studies [17] indicating substantial immune
response; however, the present analysis showed the efficacy

of trivalent peptides designed from liver-specific antigenic
proteins. We observed that these trivalent peptides are anti-
genic and increased the titer rate of IgG antibodies, gran-
zyme B, interferons, and other chemical mediators. These
results indicate that different epitopes of various liver-
specific proteins are effective for liver cancer disease. Reverse
vaccinology is a cost- and time-effective approach [57], and
it has been reported that the GVAX vaccine is the only
FDA-approved therapeutic vaccine for prostate cancer
designed by this approach. The therapeutic vaccines for pan-
creatic, lung, breast, and renal cancers are clinical trials [58].
Cancer peptide vaccines composed of small amino acids
linked by peptide bonds are an initiative towards anticancer
drug development [59]. A vaccine is a noteworthy defining
factor in clinical trials. Previous experimental trials were
focused on the treatment of predictable cancers. However,
in massive tumor disease, the potential immune response is
depressed due to progressive tumors, which ultimately leads
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Figure 7: Liver function tests (LFTs) were performed after immunization of rats with each dose. (a) Alpha-fetoprotein (AFP). (b) Serum
alkaline phosphatase (ALP). (c) Aspartate transaminase (AST). (d) Alanine transaminase (ALT).
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to immunosuppression. Emerging technology has been
focused on low or no symptomatic diseases as a result of
immunization response. A distinct way of vaccine immuni-
zation is peptide-based vaccines. T cells provoke immunity
against cancer cells, which may be direct or indirect by
inducing adaptive or innate immunity. Antibody response
in immunity can be ducked by antigenic drift over time,
while cell-mediated immunity is long-term immunity with
memory [60].

In our study, we used tissue-specific antigenic proteins
that are highly expressive in liver cancer compared to the
BORIS cancer-testis antigen and hydatid cyst wall antigens
that are not expressive in liver cells and may not have a role
in the treatment and designing of liver cancer vaccines [61,
62]. Although these parasite antigens showed substantial
immunogenicity and high epitope homology with cancer
antigens, however, these proteins are not expressed in the
liver [62]. We used protein data related to specific liver
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cancer to find potential vaccine candidates that can improve
existing vaccine specificity. There may be a risk of occur-
rence of any side effect in the body by using hydatid cyst wall
antigens and nonspecificity of the recognition pattern of
liver cancer cells. The antitumor effects of protein cancer
vaccines were assessed in metastatic nonimmunogenic 4T1
mammary carcinoma in BALB/c mice compared to this
study that was carried out in Sprague Dawley rat models
presenting increased serum levels of IgG and interferon-γ.
Our method of prediction is generalized and can be applied
to infectious diseases and genetic disorders [63].

Many cancer vaccines have recently been designed to
prevent the spread of cancer. To produce multiepitope
DNA and peptide cancer vaccines, different bioinformatics
techniques were used to determine the most immunodomi-
nant epitopes of acrosin-binding protein (ACRBP) and
synaptonemal complex protein 1 (SYCP1) antigens. The
peptide vaccination resulted in a considerable rise in serum
IgG antibodies and interferon levels. In the murine mela-
noma model, the results show that the proposed multiepi-
tope peptide vaccination has high effectiveness for immune
system activation and antitumor preventive effects [64]. In
the following study, the potential of antigenic epitopes to
stimulate the immune system against liver cancer was
studied. Liver cancer proteins were screened, and their anti-
genicities were predicted. The extracellular matrix and
membrane-bounded antigenic proteins of higher molecular
weight > 23 kDa were selected for the activation of immune
components. Through the different steps of bioinformatics
approaches, the three best antigenic proteins ALB, GPC3,
and BTNL2 were screened. These proteins have high expres-
sion in the liver, and GPC3 has already gone under clinical
trials [50]. Epitopes of length 14 amino acid residues were
predicted indicating a maximum binding affinity for MHC
class I molecules. The potential trivalent vaccine candidate
is designed from these three proteins and synthesized for
the generation of an effective immune response. To prevent
any alteration in epitope arrangement and functionality,
AAY linkers were added to a trivalent containing 48 amino
acid residues. In in vivo analysis, the predicted trivalent vac-
cine stimulates cytotoxic T lymphocytes because of their
affinity to receptors of MHC class I. Analysis of the interac-
tion and function associations between predicted epitopes
and other proteins also describes their significance in liver
cancer immunotherapy. Rat models were used to study the
immune responses. Hematological immune system compo-
nents such as granulocytes, lymphocytes, and white blood
cells showed substantial results as an immunotherapeutic
response at the second booster dose of the trivalent adjuvant.
The raised count of lymphocytes, white blood cells, and
granulocytes was compared with controls indicating a signif-
icant immune response. Similarly, the production of IgG
antibodies is secreted as a humoral immune response. The
increased concentration of IgG compared to the controls
presented substantial outcomes (p < 1:0 × 10−4).

The in vitro cytotoxicity test revealed the granzyme pres-
ence in the supernatants. Granzyme concentration signifi-
cantly increased (1050 pg/ml) at the second booster dose
compared to the control. Cytotoxic cells become activated,

and granzymes are released when target cells activate them
as a usual immune response [63]. NK cells and cytotoxic cells
also release granules on stimulation through foreign mole-
cules, and these granules contain granzymes within them [65].

Antigens associated with these tumors open up new
opportunities for cancer immunotherapy. This approach
helps us to classify possible natural candidates for unique
vaccines for customized cancer [63].

5. Conclusion

Immunoinformatics is helpful in enhancing the potential of
computational practices through which vaccines designed to
fight against cancer become more important. Different
cancerous antigenic peptides were identified by means of
computational methods that offer an advantage for effective
vaccine development against liver cancer. The trivalent con-
struct may be a potential vaccine candidate to bind MHC
class I molecules. The animal models’ different experiments
were applied for the confirmation of the effectiveness of
these epitopes that are involved in the designing of a vaccine
against liver cancer. It is concluded that the design of T cell
epitope-based vaccines for liver cancer through the immu-
noinformatics approach is efficient, practical, cost-effective,
and time-effective. The revolutionary changes in the field
of reverse vaccinology can be used in disease treatment of
both humans and animals as the basic protocol for the
design of vaccines using bioinformatics tools.

Data Availability

Data is available in supplementary information files.

Ethical Approval

These experimental procedures were approved by the Bio-
ethics Committee for Animals of the Institute of Molecular
Biology and Biotechnology, Bahauddin Zakariya University,
Multan, Pakistan, with Approval No. IMBB/02/2019.

Conflicts of Interest

The authors declare that they have no competing interests.

Authors’ Contributions

SM and AA supervised the study. SZ, JG, and SN collected
the data. SM, II, and AA analyzed the data. MS and II pro-
vided guidance for study design and data analysis. All
authors contributed to manuscript writing and editions. All
authors read and approved the final manuscript. Sidra Zafar
and Baogang Bai contributed equally to this work.

Acknowledgments

This study is funded and supported by the Higher Education
Commission, Pakistan, under Award Project No. 8445/Pun-
jab/NRPU/R&D/HEC/2017.

15BioMed Research International



Supplementary Materials

Supplementary Table 1: cancer genomic data. Supplementary
Table 2: liver proteomic data. (Supplementary Materials)

References

[1] I. M. Ariel and G. T. Pack, “Treatment of inoperable cancer of
the liver by intra-arterial radioactive isotopes and chemother-
apy,” Cancer, vol. 20, no. 5, pp. 793–804, 1967.

[2] W. Wang, Z. Huang, B. Guo, S. Liu, W. Xiao, and J. Liang,
“Short- and long-term outcomes of laparoscopic hepatectomy
in elderly patients with hepatocellular carcinoma,” Journal of
BUON, vol. 23, no. 4, pp. 971–978, 2018.

[3] S. Jin, Q. Fu, G. Wuyun, and T.Wuyun, “Management of post-
hepatectomy complications,” World Journal of Gastroenterol-
ogy: WJG, vol. 19, no. 44, pp. 7983–7991, 2013.

[4] C. A. Damyanov, I. K. Maslev, V. S. Pavlov, and L. Avramov,
“Conventional treatment of cancer realities and problems,”
Annals of Complementary and Alternative Medicine, vol. 1,
no. 1, 2018.

[5] C. S. Floudas, G. Brar, and T. F. Greten, “Immunotherapy: cur-
rent status and future perspectives,”Digestive Diseases and Sci-
ences, vol. 64, no. 4, pp. 1030–1040, 2019.

[6] J. W. Ogony, D. C. Radisky, K. J. Ruddy et al., “Immune
responses and risk of triple-negative breast cancer: implica-
tions for higher rates among African American women,” Can-
cer Prevention Research, vol. 13, no. 11, pp. 901–910, 2020.

[7] V. Mitra and J. Metcalf, “Metabolic functions of the liver,”
Anaesthesia & Intensive Care Medicine, vol. 10, no. 7,
pp. 334-335, 2009.

[8] E. Vivier, D. H. Raulet, A. Moretta et al., “Innate or adaptive
immunity? The example of natural killer cells,” Science,
vol. 331, no. 6013, pp. 44–49, 2011.

[9] S. Gandini, E. Botteri, S. Iodice et al., “Tobacco smoking and
cancer: a meta-analysis,” International Journal of Cancer,
vol. 122, no. 1, pp. 155–164, 2008.

[10] H. H. Lara, E. N. Garza-Treviño, L. Ixtepan-Turrent, and D. K.
Singh, “Silver nanoparticles are broad-spectrum bactericidal
and virucidal compounds,” Journal of Nanobiotechnology,
vol. 9, no. 1, p. 30, 2011.

[11] C. Donati and R. Rappuoli, “Reverse vaccinology in the 21st
century: improvements over the original design,” Annals of
the New York Academy of Sciences, vol. 1285, no. 1, pp. 115–
132, 2013.

[12] M. Enayatkhani, M. Salimi, K. Azadmanesh, and L. Teimoori-
Toolabi, “In-silico identification of new inhibitors for low-
density lipoprotein receptor-related protein6 (LRP6),” Journal
of Biomolecular Structure and Dynamics, vol. 18, pp. 1–11, 2020.

[13] S. Kaliamurthi, G. Selvaraj, M. Junaid, A. Khan, K. Gu, and
D. Q. Wei, “Cancer immunoinformatics: a promising era in
the development of peptide vaccines for human
papillomavirus-induced cervical cancer,” Current Pharmaceu-
tical Design, vol. 24, no. 32, pp. 3791–3817, 2018.

[14] N. Tomar and R. K. De, “Immunoinformatics: an integrated
scenario,” Immunology, vol. 131, no. 2, pp. 153–168, 2010.

[15] M. P. Johnston and S. I. Khakoo, “Immunotherapy for hepato-
cellular carcinoma: current and future,”World Journal of Gas-
troenterology, vol. 25, no. 24, pp. 2977–2989, 2019.

[16] L. H. Butterfield, A. Ribas, V. B. Dissette et al., “A phase I/II
trial testing immunization of hepatocellular carcinoma

patients with dendritic cells pulsed with four α-fetoprotein
peptides,” Clinical Cancer Research, vol. 12, no. 9, pp. 2817–
2825, 2006.

[17] S. A. Muhammad, S. Zafar, S. Z. Rizvi et al., “Experimental
analysis of T-cell epitopes for designing liver cancer vaccine
predicted by system level immunoinformatics approach,”
American Journal of Physiology. Gastrointestinal and Liver
Physiology, vol. 318, no. 6, pp. G1055–G1069, 2020.

[18] S. Paul and G. Lal, “The molecular mechanism of natural killer
cells function and its importance in cancer immunotherapy,”
Frontiers in Immunology, vol. 8, pp. 1124–1124, 2017.

[19] D. K. Flaherty, Immunology for pharmacy, Elsevier, 2012.

[20] M. I. Vazquez, J. Catalan-Dibene, and A. Zlotnik, “B cells
responses and cytokine production are regulated by their
immune microenvironment,” Cytokine, vol. 74, no. 2,
pp. 318–326, 2015.

[21] J. Bonner, Biology, J. W. Kimball, Ed., Nature publishing group
Macmillan building, crinan ST, London N1 9XW, England,
1984.

[22] J. Scholtalbers, S. Boegel, T. Bukur et al., “TCLP: an online can-
cer cell line catalogue integrating HLA type, predicted neo-epi-
topes, virus and gene expression,” Genome Medicine, vol. 7,
no. 1, pp. 1–7, 2015.

[23] J. Wu, W. Zhao, B. Zhou et al., “TSNAdb: a database for
tumor-specific neoantigens from immunogenomics data anal-
ysis,” Genom Proteom Bioinform, vol. 16, no. 4, pp. 276–282,
2018.

[24] A. Kassambara, T. Rème, M. Jourdan et al., “GenomicScape: an
easy-to-use web tool for gene expression data analysis. Appli-
cation to investigate the molecular events in the differentiation
of B cells into plasma cells,” PLoS Computational Biology,
vol. 11, no. 1, article e1004077, 2015.

[25] M. Uhlén, L. Fagerberg, B. M. Hallström et al., “Proteomics.
Tissue-based map of the human proteome,” Science, vol. 347,
no. 6220, article 1260419, 2015.

[26] M. Uhlén, L. Fagerberg, B. M. Hallström et al., “Tissue-based
map of the human proteome,” Science, vol. 347, no. 6220,
p. 1260419, 2015.

[27] Y. Chen, W. Liang, S. Yang et al., “Human infections with the
emerging avian influenza A H7N9 virus from wet market
poultry: clinical analysis and characterisation of viral genome,”
Lancet, vol. 381, no. 9881, pp. 1916–1925, 2013.

[28] C. S. Yu, Y. C. Chen, C. H. Lu, and J. K. Hwang, “Prediction of
protein subcellular localization,” Proteins, vol. 64, no. 3,
pp. 643–651, 2006.

[29] G. Dhiman, N. Lohia, S. Jain, and M. Baranwal, “Metadherin
peptides containing CD4+ and CD8+ T cell epitopes as a ther-
apeutic vaccine candidate against cancer,” Journal of Microbi-
ology, Immunology and Infection, vol. 60, no. 9, pp. 646–652,
2016.

[30] S. Tenzer, B. Peters, S. Bulik et al., “Modeling the MHC class-I
pathway by combining predictions of proteasomal cleavage,
TAP-transport and MHC binding,” Cellular and Molecular
Life Sciences CMLS, vol. 62, no. 9, 2004.

[31] H.-H. Bui, J. Sidney, W. Li, N. Fusseder, and A. Sette, “Devel-
opment of an epitope conservancy analysis tool to facilitate the
design of epitope-based diagnostics and vaccines,” BMC Bioin-
formatics, vol. 8, no. 1, 2007.

[32] I. A. Doytchinova and D. R. Flower, “VaxiJen: a server for pre-
diction of protective antigens, tumour antigens and subunit
vaccines,” BMC Bioinformatics, vol. 8, no. 1, 2007.

16 BioMed Research International

https://downloads.hindawi.com/journals/bmri/2022/4792374.f1.zip


[33] P. Stothard, “The sequence manipulation suite: JavaScript pro-
grams for analyzing and formatting protein and DNA
sequences,” Biotechniques, vol. 28, no. 6, pp. 1102–1104, 2000.

[34] E. Gasteiger, C. Hoogland, A. Gattiker et al., “Protein identifi-
cation and analysis tools on the ExPASy server,” in The Prote-
omics Protocols Handbook, pp. 571–607, Springer, 2005.

[35] A. Tharwat, Y. S. Moemen, and A. E. Hassanien, “Classifica-
tion of toxicity effects of biotransformed hepatic drugs using
whale optimized support vector machines,” Journal of Biomed-
ical Informatics, vol. 68, pp. 132–149, 2017.

[36] S. Gupta, P. Kapoor, K. Chaudhary et al., “In silico approach
for predicting toxicity of peptides and proteins,” PloS One,
vol. 8, no. 9, article e73957, 2013.

[37] S. A. Islam, T. Sajed, C. M. Kearney, and E. J. Baker, “PredSTP:
a highly accurate SVM based model to predict sequential cys-
tine stabilized peptides,” BMC Bioinformatics, vol. 16, no. 1,
p. 210, 2015.

[38] C. Dominguez, R. Boelens, and A. M. Bonvin, “HADDOCK: a
protein− protein docking approach based on biochemical or
biophysical information,” Journal of the American Chemical
Society, vol. 125, no. 7, pp. 1731–1737, 2003.

[39] G. C. P. van Zundert, J. P. G. L. M. Rodrigues, M. Trellet et al.,
“The HADDOCK2.2 web server: user-friendly integrative
modeling of biomolecular complexes,” Journal of Molecular
Biology, vol. 428, no. 4, pp. 720–725, 2016.

[40] N. Nezafat, Y. Ghasemi, G. Javadi, M. J. Khoshnoud, and
E. Omidinia, “A novel multi-epitope peptide vaccine against
cancer: an in silico approach,” Journal of Theoretical Biology,
vol. 349, pp. 121–134, 2014.

[41] M. Ali, R. K. Pandey, N. Khatoon, A. Narula, A. Mishra, and
V. K. Prajapati, “Exploring dengue genome to construct a
multi-epitope based subunit vaccine by utilizing immunoin-
formatics approach to battle against dengue infection,” Scien-
tific Reports, vol. 7, no. 1, p. 9232, 2017.

[42] P. Thevenet, Y. Shen, J. Maupetit, F. Guyon, P. Derreumaux,
and P. Tuffery, “PEP-FOLD: an updated de novo structure
prediction server for both linear and disulfide bonded cyclic
peptides,” Nucleic Acids Research, vol. 40, no. W1,
pp. W288–W293, 2012.

[43] Y. Zhang, “I-TASSER server for protein 3D structure predic-
tion,” BMC Bioinformatics, vol. 9, no. 1, 2008.

[44] D. Bhattacharya and J. Cheng, “i3Drefine software for protein
3D structure refinement and its assessment in CASP10,” PLoS
One, vol. 8, no. 7, article e69648, 2013.

[45] N. M. Said and O. Abiola, “Haematological profile shows that
inbred Sprague Dawley rats have exceptional promise for use
in biomedical and pharmacological studies,” Asian Journal of
Biomedical and Pharmaceutical, vol. 4, no. 37, pp. 33–37, 2014.

[46] M. Agallou, E. Athanasiou, O. Koutsoni, E. Dotsika, and
E. Karagouni, “Experimental validation of multi-epitope pep-
tides including promising MHC class I-and II-restricted epi-
topes of four known Leishmania infantum proteins,”
Frontiers in Immunology, vol. 5, p. 268, 2014.

[47] S. F. Cai, T. A. Fehniger, X. Cao et al., “Differential expression
of granzyme B and C in murine cytotoxic lymphocytes,” Jour-
nal of Immunology, vol. 182, no. 10, pp. 6287–6297, 2009.

[48] X. Li, L. Guo, M. Kong et al., “Design and evaluation of a
multi-epitope peptide of human metapneumovirus,” Intervir-
ology, vol. 58, no. 6, pp. 403–412, 2016.

[49] R. Spinella, R. Sawhney, and R. Jalan, “Albumin in chronic
liver disease: structure, functions and therapeutic implica-

tions,” Hepatology International, vol. 10, no. 1, pp. 124–132,
2016.

[50] D. Nobuoka, T. Yoshikawa, Y. Sawada, T. Fujiwara, and
T. Nakatsura, “Peptide vaccines for hepatocellular carcinoma,”
Human Vaccines & Immunotherapeutics, vol. 9, no. 1,
pp. 210–212, 2013.

[51] A. J. Basak, S. Maiti, A. Hansda et al., “Structural insights into
N-terminal IgV domain of BTNL2, a T cell inhibitory mole-
cule, suggests a non-canonical binding interface for its putative
receptors,” Journal of Molecular Biology, vol. 432, no. 22,
pp. 5938–5950, 2020.

[52] C. H. Elisabeth Gasteiger, “Protein identification and analysis
tools on the ExPASy server,” in The proteomics protocols hand-
bookpp. 571–607, Humana Press.

[53] J. Kyte and R. F. Doolittle, “A simple method for displaying the
hydropathic character of a protein,” Journal of Molecular Biol-
ogy, vol. 157, no. 1, pp. 105–132, 1982.

[54] S. Gupta, P. Kapoor, K. Chaudhary, A. Gautam, R. Kumar, and
G. P. S. Raghava, “Peptide toxicity prediction,” Methods in
Molecular Biology, vol. 1268, pp. 143–157, 2015.

[55] D. Amit, S. Tamir, T. Birman, O. N. Gofrit, and A. Hochberg,
“Development of targeted therapy for bladder cancer mediated
by a double promoter plasmid expressing diphtheria toxin
under the control of IGF2-P3 and IGF2-P4 regulatory
sequences,” International Journal of Clinical and Experimental
Medicine, vol. 4, no. 2, pp. 91–102, 2011.

[56] Y. F. Xiao, M. M. Jie, B. S. Li et al., “Peptide-based treatment: a
promising cancer therapy,” Journal of Immunology Research,
vol. 2015, Article ID 761820, 13 pages, 2015.

[57] R. Moxon, P. A. Reche, and R. Rappuoli, “Reverse vaccinol-
ogy,” Frontiers in Immunology, vol. 10, 2019.

[58] I. Melero, G. Gaudernack, W. Gerritsen et al., “Therapeutic
vaccines for cancer: an overview of clinical trials,” Nature
reviews Clinical oncology, vol. 11, no. 9, pp. 509–524, 2014.

[59] G. Parmiani, V. Russo, C. Maccalli, D. Parolini, N. Rizzo, and
M. Maio, “Peptide-based vaccines for cancer therapy,”Human
Vaccines & Immunotherapeutics, vol. 10, no. 11, pp. 3175–
3178, 2014.

[60] A. P. Galvani, M. L. Ndeffo-Mbah, N. Wenzel, and J. E. Childs,
“Ebola vaccination: if not now, when?,” Annals of Internal
Medicine, vol. 161, no. 10, pp. 749-750, 2014.

[61] E. Mahdevar, A. Safavi, A. Abiri et al., “Exploring the cancer-
testis antigen BORIS to design a novel multi-epitope vaccine
against breast cancer based on immunoinformatics
approaches,” Journal of Biomolecular Structure and Dynamics,
pp. 1–18, 2021.

[62] M. Shakibapour, A. Kefayat, M. R. Mofid et al., “Anti-cancer
immunoprotective effects of immunization with hydatid cyst
wall antigens in a non-immunogenic and metastatic triple-
negative murine mammary carcinoma model,” International
Immunopharmacology, vol. 99, article 107955, 2021.

[63] P. Loetscher, M. Seitz, I. Clark-Lewis, M. Baggiolini, and
B. Moser, “Activation of NK cells by CC chemokines. Chemo-
taxis, Ca2+ mobilization, and enzyme release,” Journal of
Immunology, vol. 156, no. 1, pp. 322–327, 1996.

[64] A. Safavi, A. Kefayat, F. Sotoodehnejadnematalahi, M. Salehi,
and M. H. Modarressi, “Production, purification, and in vivo
evaluation of a novel multiepitope peptide vaccine consisted
of immunodominant epitopes of SYCP1 and ACRBP antigens
as a prophylactic melanoma vaccine,” International Immuno-
pharmacology, vol. 76, article 105872, 2019.

17BioMed Research International



[65] S. Isaaz, K. Baetz, K. Olsen, E. Podack, and G. M. Griffiths,
“Serial killing by cytotoxic T lymphocytes: T cell receptor trig-
gers degranulation, re-filling of the lytic granules and secretion
of lytic proteins via a non-granule pathway,” European Journal
of Immunology, vol. 25, no. 4, pp. 1071–1079, 1995.

[66] Q. Liu, B. Yuan, K. A. Lo, H. C. Patterson, Y. Sun, and H. F.
Lodish, “Adiponectin regulates expression of hepatic genes
critical for glucose and lipid metabolism,” PNAS, vol. 109,
no. 36, pp. 14568–14573, 2012.

[67] S. Pundir, M. J. Martin, C. O'Donovan, and The UniProt Con-
sortium, “UniProt tools,” Current Protocols in Bioinformatics,
vol. 53, no. 1, 2016.

[68] M. A. Naeem, M. M. Adeel, A. Kanwal et al., “Reconnoitering
Mycobacterium tuberculosis lipoproteins to design subunit
vaccine by immunoinformatics approach,” Advancements in
Life Sciences, vol. 8, no. 3, pp. 300–306, 2021.

[69] P. Sormanni and M. Vendruscolo, “Protein solubility predic-
tions using the CamSol method in the study of protein homeo-
stasis,” Cold Spring Harbor Perspectives in Biology, vol. 11,
no. 12, article a033845, 2019.

[70] C. N. Magnan, A. Randall, and P. Baldi, “SOLpro: accurate
sequence-based prediction of protein solubility,” Bioinformat-
ics, vol. 25, no. 17, pp. 2200–2207, 2009.

[71] M. Nielsen, C. Lundegaard, P. Worning et al., “Reliable predic-
tion of T-cell epitopes using neural networks with novel
sequence representations,” Protein Science, vol. 12, no. 5,
pp. 1007–1017, 2003.

[72] E. Keitel, A. Santos, M. Alves et al., “Immunosuppression pro-
tocols for HLA identical renal transplant recipients,” in Trans-
plantation proceedings, vol. 35, no. 3pp. 1074-1075, Elsevier,
2003.

[73] H. Singh and G. Raghava, “ProPred: prediction of HLA-DR
binding sites,” Bioinformatics, vol. 17, no. 12, pp. 1236-1237,
2001.

[74] A. Joshi, B. C. Joshi, M. A. Mannan, and V. Kaushik, “Epitope
based vaccine prediction for SARS-CoV-2 by deploying
immuno-informatics approach,” Informatics in Medicine
Unlocked, vol. 19, article 100338, 2020.

[75] D. Mathur, S. Singh, A. Mehta, P. Agrawal, and G. P. S.
Raghava, “In silico approaches for predicting the half-life of
natural and modified peptides in blood,” PLoS One, vol. 13,
no. 6, article e0196829, 2018.

[76] S. Saha and G. P. S. Raghava, “AlgPred: prediction of allergenic
proteins andmapping of IgE epitopes,”Nucleic Acids Research,
vol. 34, no. Web Server, pp. W202–W209, 2006.

[77] P. W. Rose, A. Prlić, A. Altunkaya et al., “The RCSB Protein
Data Bank: integrative view of protein, gene and 3D structural
information,” Nucleic Acids Research, vol. 45, no. D1,
pp. D271–D281, 2017.

[78] J. Maupetit, P. Derreumaux, and P. Tufféry, “A fast method for
large-scale de novo peptide and miniprotein structure predic-
tion,” Journal of Computational Chemistry, vol. 31, no. 4,
pp. 726–738, 2010.

[79] J. Yang and Y. Zhang, “Protein structure and function predic-
tion using I-TASSER,” Current Protocols in Bioinformatics,
vol. 52, no. 1, 2015.

18 BioMed Research International


	Experimental Study of Potential CD8+ Trivalent Synthetic Peptides for Liver Cancer Vaccine Development Using Sprague Dawley Rat Models
	1. Introduction
	2. Methodology
	2.1. Ethical Approval and Study Design
	2.2. Screening of Liver Cancer-Associated Proteomic Data
	2.3. MHC Class I T Cell Epitopes and Immunogenicity Prediction
	2.4. Physicochemical Properties
	2.5. Construction and Modeling of Trivalent Molecules
	2.6. HLA Epitope Binding Analysis
	2.7. Synthesis of Trivalent Peptides
	2.8. Animal Immunization
	2.9. Hematological Assays
	2.10. Liver Function Tests
	2.11. IgG ELISA
	2.12. Granzyme B Assay
	2.13. Statistical Analysis

	3. Results
	3.1. Screening of Liver Cancer Proteins
	3.2. T Cell Epitope Prediction
	3.3. Physicochemical Properties
	3.4. Trivalent Construct against Liver Cancer
	3.5. Molecular Docking
	3.6. Verification and Assessments of Potential Epitopes
	3.7. Immunoassays and Serological Assays
	3.8. Hematological Assays
	3.9. Liver Function Tests
	3.10. IgG ELISA
	3.11. Granzyme B ELISA

	4. Discussion
	5. Conclusion
	Data Availability
	Ethical Approval
	Conflicts of Interest
	Authors’ Contributions
	Acknowledgments
	Supplementary Materials

