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A B S T R A C T

Globally, ~20% of cancer malignancies are associated with virus infections. Lung cancer is the most preva-
lent cancer and has a 10% 5-year survival rate when diagnosed at stage IV. Cancer vaccines and oncolytic im-
munotherapy are promising treatment strategies for better clinical outcomes in advanced-stage cancer patients.
Here, we used a reverse vaccinology approach to devise subunit vaccine candidates against lung cancer-causing
oncogenic viruses. Protein components (945) from nine oncogenic virus species were systematically analyzed to
identify epitope-based subunit vaccine candidates. Best vaccine candidates were identified based on their pre-
dicted ability to stimulate humoral and cell-mediated immunity and avoid self-tolerance. Using a rigorous in-
tegrative approach, we identified 125 best antigenic epitopes with predicted B-cell, T-cell, and/or MHC-bind-
ing capability and vaccine adjuvant potential. Thirty-two of these antigenic epitopes were predicted to have
IL-4/IFN-gamma inducing potential and IL-10 non-inducing potential and were predicted to bind 15 MHC-type I
and 49 MHC-type II alleles. All 32 epitopes were non-allergenic and 31 were non-toxic. The identified epitopes
showed good conservancy and likely bind a broad class of human HLA alleles, indicating promiscuous poten-
tial. The majority of best antigenic epitopes were derived from Human papillomavirus and Epstein-Barr virus pro-
teins. Of the 32 epitopes, 25 promiscuous epitopes were related to E1 and E6 envelope genes and were present
in multiple viral strains/species, potentially providing heterologous immunity. Further validating our results, 38
antigenic epitopes were also present in the largest experimentally-validated epitope resource, Immune Epitope
Database and Analysis Resource. We further narrowed the selection to 29 antigenic epitopes with the highest
immunogenic/immune-boosting potential. These epitopes possess tremendous therapeutic potential as vaccines
against lung cancer-causing viruses and should be validated in future experiments. All findings are available at
https://webs.iiitd.edu.in/raghava/vlcvirus/.

1. Introduction

According to the World Health Organization (WHO), cancer is the
second leading cause of death globally. Among all cancer types, lung
cancer remains the leading cause of mortality in both men and women.
Lung cancer is highly invasive and metastasizing in nature, causing
more deaths than the other four leading cancers (pancreatic, colon, rec-
tal, and breast) combined [1]. More than half of patients diagnosed
with lung cancer die within a year and have a 5-year survival rate of
17.8% [2]. Risk factors contributing to lung cancer development in-
clude smoking, tobacco use, air pollutants, and oncogenic viruses [3].
Oncogenic viruses and other pathogenic agents cause nearly 20% of hu-
man cancers [4]. There is strong molecular evidence that oncogenic
viruses such as Human papillomavirus (HPV), Hepatitis B virus (HBV),
Human T-lymphotropic virus (HTLV), and Rous sarcoma virus (RSV) are
the chief players involved in lung cancer pathogenesis [5]. These

viruses are also involved in regulating gene expression and modulating
drug responses [6]. Oncogenic viruses also benefit from the immunosup-
pressed tumor microenvironment, where they hijack the host replication
machinery to synthesize oncoproteins and induce tumorigenesis [7,8].

Standard strategies such as radiotherapy, chemotherapy, targeted
therapies, and resectable surgery are widely used to treat lung can-
cer. Commonly administered drugs include Axitinib, Carboplatin, Cedi-
ranib, CI-994, Cisplatin, Paclitaxel, Docetaxel, etc. The standard treat-
ment strategies suffer from several limitations: toxicity, adverse side ef-
fects from radio/chemotherapy, and limited scope of resectable surgery
for patients in advanced stages of lung cancer [1]. In this regard, im-
munotherapy is a widely employed advanced strategy for the treat-
ment of cancer. It involves the administration of anti-CTLA 4 antibod-
ies, anti-PD1 antibodies [9], and oncolytic viruses [10] to manage can-
cer. Immunotherapy employing vaccination is also the most widely used
therapeutic strategy for the management of tumors. Several preventive
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vaccines, such as Cervarix, Gardasil, Heplisav-B, are in clinical trials for
HPV related cancer types. Also, therapeutic vaccines such as Bacillus
Calmette-Guerin (BCG) and Sipuleucel-T are approved for bladder and
prostate cancer, respectively [11]. The advantage of vaccination is that
it helps prepare the immune system for the selective eradication of tu-
mor cells.

The past decade witnessed the evolution of an information-driven
“reverse vaccinology'' approach to identify vaccine candidates from the
genomes and proteomes of pathogenic organisms. Several studies have
used the reverse vaccinology approach to design subunit vaccine can-
didates against different diseases. Some specific examples include pep-
tide-based subunit vaccines against Chagas disease [12], breast cancer
[13], and prostate cancer [14]. In other studies, the reverse vaccinology
approach has been utilized for identifying vaccine candidates for sev-
eral emerging and pathogenic diseases. Successful examples include a
proteome-based subunit vaccine candidates against emerging strains of
mycobacterium [15], vaccines based on virulence factors and essential
genes used against bacterial diseases [16], subunit vaccine candidates
against the Zika virus [17], and many others against coronaviruses [18].
The advantages of using in-silico methods for identifying and predicting
antigenic regions in the genome or proteome of pathogenic organisms
are endless. Firstly, it not only brings down the cost of the experiment
but also saves time and effort. Secondly, in-silico analysis can help find
conserved regions of genomes or proteomes of pathogenic organism that
aids in designing better and broad-acting therapies. Moreover, in-silico
analysis can also help determine the minimum number of epitopes that
need to be tested in the clinical laboratory. For example, predicted epi-
topes of SARS-Cov-2 viruses were recently used to design vaccine candi-
dates [19].

Since oncogenic viruses are foreign to the body, an immune response
can be generated against them. In the present study, we designed a com-
putational pipeline that systematically identified subunit vaccine can-
didates against major lung cancer-causing viruses. We studied all the
essential proteins of the viruses known to be involved in lung cancer
pathogenesis in order to identify promising vaccine candidates. Onco-
genic viruses evade the host immune response by producing ligands and
proteins that resemble host molecules [20,21]. Thus, viral epitopes that
matched peptides found in the human proteome were filtered out to
avoid a self-immune reaction. Due to the technical limitations of clinical
settings, most previous studies have considered either one or two viral
proteins for epitope analysis [22]. To the best of our knowledge, no pre-
vious study has focused on identifying proteome-based epitope vaccine
candidates for use against lung cancer-causing viruses. All the vaccine
candidate epitopes identified in this study were stored and are available
to the scientific community in the form of a freely accessible web re-
source at https://webs.iiitd.edu.in/raghava/vlcvirus/. Following assess-
ment of patient genomic profiles for presence of oncogenic viruses, sub-
unit vaccine candidates can be recommended to cancer patients in or-
der to achieve more reliable, precise, and targeted treatments and better
outcomes. We hope that the potential subunit vaccine candidates iden-
tified in this study will find their way into clinics and lead to improved
lung cancer therapeutics.

2. Material and methods

2.1. Data source and extraction

The present study focused on identifying epitope-based subunit vac-
cine candidates against major oncogenic lung cancer-causing virus
species. Table 1 summarizes the complete data statistics in the context
of viruses used in the present study.

The overall study only assessed viral species known to cause lung
cancer by integrating their genome into the human genome. The Uniprot
database was utilized to extract proteomic data by using the

Table 1
Brief description of oncogenic virus species, reference proteomes, and number of proteins
utilized in the study.

Oncogenic virus
species

Reference
proteome Proteins Lung cancer type

References
[PMIDs]

Human Papillomavirus
(HPV)

89 621 Squamous cell
carcinoma,
Adenocarcinoma

27415011

Hepatitis B virus
(HBV)

01 05 Squamous cell
carcinoma,
Adenocarcinoma

27415011

Rous Sarcoma virus
(RSV)

01 04 Adenocarcinoma, 10885982

Adenocarcinoma
with lepidic
spread, Stage IV
adenocarcinoma,
Squamous cell
carcinoma

Simian T-cell
Lymphotropic virus
(STLV)

01 06 Squamous cell
carcinoma,
Adenocarcinoma

27415011

Bovine Leukemia virus
(BLV)

01 06 Squamous cell
carcinoma

27415011

Human T-cell
Lymphotropic virus
(HTLV)

01 06 Squamous cell
carcinoma

27415011

Epstein-Barr virus
(EBV)

02 171 Lung
adenocarcinoma

31159203

Measles virus 03 22 Lung
adenocarcinoma

19895323

JC virus 01 97 Squamous cell
carcinoma,
Adenocarcinoma

17534844

virus name as the search keyword. Similar to several previous studies
that utilized proteomic data for vaccine design [13,23,24], the present
study included only standard quality reference viral proteomic data.

2.2. Target selection of vaccine candidate

One of the most critical aspects of designing subunit vaccines is iden-
tifying candidate epitopes that may elicit immune responses. Since vi-
ral proteins are integral for pathogenesis, targeting such proteins is an
exciting research area for proteome-based virus vaccine research [25].
Table 2 briefly summarizes the major viral components utilized in our
study.

Many ongoing clinical trials against various viral species suggest the
importance of protein epitope-based subunit vaccine candidates (https:
//clinicaltrials.gov/ct2/results?cond=subunit+vaccine&term=virus).
These studies mainly target only essential virus protein components such
as non-structural proteins, glycoproteins, and receptor binding proteins
for designing epitope-based subunit vaccine candidates, as these pro-
teins are integral components for virus pathogenesis [26]. But compo-
nents other than non-structural proteins can also potentially act as im-
munogens [27,28]. Thus, this study included essential protein compo-
nents and all other virus components to identify epitope-based subunit
vaccine candidates against lung cancer-causing viruses.

3. Epitope prediction methodology

3.1. Generation of ninemers

Literature evidence suggests that proteome-based subunit epitopes
are attractive candidates for vaccination. It also suggests that peptides
8–10 residues long are enough to bind to MHC class I and II molecules.
We generated all possible ninemer peptides (peptides containing nine
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Table 2
Distribution of proteins among the oncogenic lung cancer virus species.

Oncogenic
virus species Protein descriptions

Human
Papillomavirus
(HPV)

NS1, VP1, 11 K, Replication protein E1, E7, E6, E4, E2, E8, Minor
capsid protein L2, L1, E5A & E5B

Hepatitis B
virus (HBV)

Large envelope protein, Capsid protein, Antigenic protein, Protein
P & Protein X

Rous Sarcoma
virus (RSV)

Gag-Pol polyprotein, Gag polyprotein, Envelope glycoprotein &
Src tyrosine kinase

Simian T-cell
Lymphotropic
virus (STLV)

Tax protein, Gag polyprotein, Pro protein, Rex protein, Pol
protein & Envelope glycoprotein

Bovine
Leukemia virus
(BLV)

RT-IN, Pr66, Gp60 SU, Gag polyprotein, p18 & p34

Human T-cell
Lymphotropic
virus (HTLV)

Gag-pro-pol, Protein Rex, Gag polyprotein, Envelope gp63
glycoprotein & Protein tax-2

Epstein-Barr
virus (EBV)

BRRF2, BKRF4, BTRF1, BRRF1, BNLF2b, BZLF1, BLRF2, Capsid
vertex 2, N protein, EBNA4, M protein, EBNA6, GP350, & BPLF1
protein

Measles virus Phosphoprotein, L, N, M, H, protein C, Fusion glycoprotein F0 &
Non-structural protein V

JC virus DnaB-like helicase, Portal protein, Minor tail protein, Beta-
lactamase protein, Capsid maturation, Integrase protein, DNA
primase & Uncharacterized proteins

amino acid residues) from the given protein sequences of all nine onco-
genic viruses using an overlapping window of nine amino acid residues
length, which is a standard technique in the field of epitope-based vac-
cine candidates identification. An in-house python script was used for
the generation of ninemers. These were continuous nine residue-long
peptides derived from the proteins considered in the study. Further,
to avoid redundancy, all duplicate ninemers were removed for further
analysis.

3.2. Removal of self-epitopes

Self-tolerance must be considered in vaccine design, as a healthy im-
mune system rarely acts against self-epitopes. All nonapeptides/nine-
mers that are also present in the healthy human body had to be removed
to avoid self-tolerance [24]. All ninemers generated from the viral pro-
teins were mapped onto the 1000 normal human proteomes, and an
in-house python script was developed for the removal of self-epitopes.
Ninemers that shared 100% amino acid identity with sequences from
the 1000 normal human reference proteome were removed from further
analysis. This methodology is well adopted in literature and has served
as the basis for several critical findings related to immunotherapeutic
development.

3.3. Predicting epitope properties in virus proteome

Our next objective was to select peptides that could activate the hu-
man immune system and generate memory cells. The engagement of
an effective adaptive humoral immune system is necessary for the suc-
cess of any vaccination strategy. Thus, it is necessary to identify epi-
topes that can elicit and induce a B-cell response. Since an adaptive
T-cell response is also necessary for the defense against pathogenic or-
ganisms, it is also of utmost importance to identify epitopes that can
elicit a T-cell response. Once antigenic proteins are recognized by anti-
gen-presenting cells, they are broken down by digestive enzymes into
several short fragments. Not all antigenic fragments can bind to class I
and II MHC molecules. Only fragments that bind strongly to class I and
II MHC molecules may be displayed by an MHC molecule on their cell

surfaces and be subsequently recognized by T-lymphocytes. Thus, it is
necessary to identify the regions in the antigenic proteins that can bind
to class I or II MHC molecules and induce B and T-cell responses. Since
antigenic fragments can be easily degraded in the body by proteolytic
enzymes, it is also important that the vaccine molecules be delivered
via immune adjuvants. In this regard, a computational pipeline was de-
veloped to predict different kinds of immune epitopes from the gener-
ated nonapeptides. The pipeline predicted (i) Linear B-cell epitopes us-
ing LBtope [29], (ii) MHC class I & II binders using ProPred1 and Pro-
Pred, respectively [30,31], (iii) T-cell epitopes using CTLpred [32], (iv)
Vaccine adjuvant using VaxinPAD [33], and (v) Immune-boosting po-
tential using IL4pred and IFNepitope [34,35]. Sequence-based methods
for MHC I/II recognition were used rather than docking-based meth-
ods. It has been shown in previous studies that docking-based prediction
methods performed poorly than sequence-based methods [31]. A large
number of non-MHC binders can also fit into the groove of MHC mol-
ecules, so docking-based methods sometimes underperform compared
to sequence-based methods. Besides, it is not computationally feasible
to dock all peptides into a large number of MHC alleles. The complete
workflow of the reverse vaccinology approach used to identify potential
subunit vaccine candidates is shown in Fig. 1.

3.4. Identification of immune-boosting properties

Interleukin 4 (IL-4) and interferon-gamma (IFN-gamma) are cy-
tokines that boost the immune response. The best antigenic subunit
vaccine candidates that had all desired properties (i.e., MHC-binders,
cell-mediated and humoral immunity inducing potential, and vaccine
potential) were further investigated for the presence of IL-4 and
IFN-gamma inducing potential.

3.5. Structural annotation of epitopes

Epitope structure plays an important role in determining its biologi-
cal activity. With this in mind, the best antigenic epitope structures were
predicted and provided in the VLCvirus resource. The information can
be accessed by clicking the “Enquire - - Best Antigenic Epitope Proper-
ties” link under the Menu tab. The structure prediction algorithm PEP-
strMOD [36] was employed to predict the tertiary structure of the candi-
date antigenic epitopes. PEPstrMOD can predict the structure of a given
peptide or protein-containing natural and modified residues up to 25
amino acids in length.

3.6. Web resource interface development

All the results obtained from the analysis were stored and presented
in the form of the web resource VLCvirus which is freely available for
the scientific community at https://webs.iiitd.edu.in/raghava/vlcvirus/
. The web resource was deployed using Linux-based Apache Server
(LAMP). The website front-end was built using a bootstrap responsive
HTML template that adjusts the screen by sensing the user's device.
All the data-related queries were handled in the web resource by using
MySQL.

4. Results and discussion

4.1. Protein sequence retrieval

The protein sequences from nine oncogenic lung cancer-causing
virus species were retrieved from the Uniprot database. The Uniprot
identifier of each virus species was as follows: Hepatitis B virus (UP-
000008591), Bovine leukemia virus (UP000202838), Human-T cell lym-
photropic virus 2 (UP000009254), Simian T-cell lymphotropic virus (UP-
000115666), Rous sarcoma virus (UP000159275), Epstein-Barr virus (UP-
000007639,UP000153037), Measles virus (UP000008699,UP-
000116098,UP000138367), JC virus (UP000008407) and Human papil
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Fig. 1. Figure depicting the workflow of the reverse vaccinology approach used for identifying potential subunit vaccine candidates against lung cancer-causing virus species.

lomavirus (Supplementary S1 Table 1). Each viral species has a differ-
ent set of core proteins necessary for their virulence (e.g., E2, L2, and
capsid proteins). Each of the proteins (Table 2) present in each stan-
dard proteome was utilized to identify epitope-based subunit vaccine
candidates. The present study employed 945 proteins from 100 refer-
ence standard proteomes from nine oncogenic virus species.

4.2. Identification of subunit vaccine candidates

After excluding peptides with 100% sequence identity with any
protein from the reference human proteome, the list of viral protein
nonapeptides was assessed to identify epitopes that could potentially
exhibit different immune stimulation properties. Each nonapeptide of
all virus proteins were utilized in the prediction pipeline. We inte-
grated LBTope, CTLPred, VaxinPAD, ProPred, and ProPred-1 server in
our pipeline, which identified and predicted B-cell epitopes, T-cell epi-
topes, vaccine adjuvant potential of the epitopes, and MHC-II and MHC-I
binders. The integrated tools in the pipeline helped us find immuno-
genic regions of the candidate viral proteins. The high number of iden-
tified immunogenic nonapeptide epitopes was not practical for all to be
tested in a clinical setting. Therefore, we applied a heuristic approach

to arrive at a reasonable number that could be feasibly tested in clinical
studies. We shortlisted epitopes that exhibited more than one property,
including epitopes that were predicted to have MHC binder ability and
subsequently might also possess B-cell and vaccine adjuvant potential.
We termed these epitopes as multifunctional in our study. The results of
this analysis are provided in Table 3.

Similarly, we further narrowed the epitope list by selecting those
that were predicted to serve as T-cell epitopes with MHC binding abil-
ity, and vaccine adjuvant potential or to serve as B cell epitopes with
MHC binding ability and vaccine adjuvant potential. Furthermore, epi-
topes with both T-cell and B-cell epitope potential, vaccine adjuvant
potential, and MHC–I or II binding ability were also retrieved. These
epitopes were deemed as the best antigenic subunit vaccine candidates
since they were predicted to stimulate both arms of the immune system,
possess MHC binding capability, and act as vaccine adjuvants. The re-
sults of this analysis are provided in Table 3. Many of these epitopes
were considered promiscuous since they were predicted to have bind-
ing affinity towards more than one HLA class. Some of the best anti-
genic epitope candidates were predicted to bind to 45 different types
of HLA molecules, which may account for most of the HLA allele class

4
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Table 3
Table representing the number of epitopes predicted to exhibit different properties for each viral species after excluding epitopes that had 100% sequence identity with proteins from the
human proteome.

Properties BLV HBV HPV HTLV RSV STLV EBV JCV MV

T-Cell Epitope 717 427 48347 665 729 500 17559 3429 3396
B-cell Epitope 228 251 17985 445 297 229 7208 1102 1397
Vaccine Adjuvant 324 256 25723 293 401 234 7312 1466 1833
MHC_I 10943 6332 665437 11384 9769 8293 270008 48869 49913
MHC_II 4241 3043 272264 4835 3736 3297 117045 16236 24343
Multifunctional Epitopes Identified From Oncogenic Virus Proteomes
MHC_I_II 292 228 21472 289 282 298 5265 1615 776
B_MHC_I 113 137 9771 197 141 145 2203 767 369
B_MHC_II 19 19 1815 41 21 35 335 103 86
B_MHC_I_II 18 16 1443 34 18 30 272 82 66
T_MHC_I 509 357 38753 468 486 490 9057 3243 1311
T_MHC_II 97 71 6628 82 83 88 1554 466 236
T_MHC_I_II 97 69 6480 82 81 87 1535 455 228
BV_MHC_I 12 27 1130 15 13 8 191 70 52
BV_MHC_II 2 2 329 4 4 2 59 11 14
BV_MHC_I_II 2 2 272 4 4 2 50 8 11
TV_MHC_I 86 55 6743 60 75 51 1246 437 221
TV_MHC_II 17 9 1578 8 17 9 311 96 58
TV_MHC_I_II 17 9 1539 8 17 8 306 94 54
TBV (Tcell, Bcell & Vaccine) 5 11 494 4 5 2 75 34 26
Antigenic Epitopes Identified From Oncogenic Virus Proteomes
TBV_MHC_I 5 10 473 4 5 2 72 34 26
TBV_MHC_II 1 0 99 1 0 1 18 3 5
TBV_MHC_I_II 1 0 97 1 0 1 17 3 5

types present throughout humans. Thus, the predicted promiscuous epi-
topes could potentially be used towards developing prophylactic immu-
nity throughout the human population.

4.3. Residue preference of the best antigenic subunit vaccine candidates

After narrowing the selection of epitope vaccine candidates to epi-
topes predicted to bind MHC I or II and stimulate T-cells and/or B-cells,
the remaining epitopes were accessed for preferred residues. Fig. 2
demonstrates the probability of preferred residues of the ninemeric epi-
topes we identified against the best antigenic epitopes found in three
different classes. Basic amino acids were preferred in most positions of
the best antigenic epitopes. Since predicted epitope residues can signif-
icantly increase the success ratio of immunotherapy, this information
will help researchers design antibodies against them in in-vitro condi-
tions [37].

4.4. Identification of promiscuous nature of best antigenic subunit vaccine
candidates

Earlier studies have suggested that epitope-based immunization is
capable of eliciting a protective immune response. Yet, experimental ev-
idence suggests that promiscuous epitopes should be considered to fur-
ther improve epitope-based vaccine design efficacy [38]. Promiscuous
epitopes pose great therapeutic benefits by exhibiting binding affinities
with a large number of HLA molecules. In our study, we also identi-
fied several promiscuous epitopes that may be able to bind to a large
number of HLA molecules. These epitopes are required for T-cell stim-
ulation and priming and boosting the immune response. The results
of this analysis are available in the download section of the VLCvirus
web resource. The most frequently expressed alleles in human popula-
tions are HLA-A1, HLA-A2, DRB1, and DRB4 [39]. Out of the 125 best

Fig. 2. Sequence logo of preferred residue at each position for the best antigenic epitopes. The probability of preferred residues of ninemeric epitopes were compared against the best
antigenic epitopes in three different classes. Taller letters signify the higher number of the particular residues at the respective position of the peptide sequences. Residues were scaled
according to their frequency.
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antigenic epitopes, some were predicted to bind to nearly 15 MHC-type I
(“VMFVSRVPV”) and 49 MHC-type II (“LRRFMVALI”) alleles. Thus, the
identified epitopes likely exhibit broad coverage of the human popula-
tion and have the potential to be utilized in clinics for providing mass
scale immunogenicity.

4.5. Identification of immune-dominant conserved epitopes across strains

Infection dynamics can vary across different strains of pathogenic
species [40]. Therefore, it is important to strive for cross-strain immu-
nity and design epitopes that provide protective immunity across dif-
ferent viral strains. When designing epitope-based vaccines, it is likely
more prudent to explore conserved epitopes that may offer broader pro-
tection across multiple strains, or even species, than epitopes derived
from highly variable genome regions [41]. We identified the epitopes
present in multiple strains/species of oncogenic viruses that exhibit var-
ious immunogenic properties (Fig. 3). Supplementary information on
detailed parameters such as HLA binding frequencies and associated
genes/proteins of the promiscuous epitopes are available in the down-
load section of the VLCvirus resource. The identified conserved epi-
topes across the strains may be useful for providing heterologous immu-
nity and offer an alternative strategy to conventional approaches of epi-
tope-based vaccine design [42].

4.6. Identification of cytokine-inducing properties

The most promising subunit vaccine candidates were further ana-
lyzed for their IL-4 and IFN- gamma inducing potential. The founda-
tion behind this approach is that for successful anticancer therapy, im-
munostimulants should be present in high amounts near the tumor mi-
croenvironment. Keeping this idea in mind, we extended our method-
ology to predict the IL-4 and IFN-gamma inducing potential of the epi-
topes and further narrow our selection of antigenic peptides for testing
in clinical settings. The majority of the identified best antigenic epitopes
were also predicted to induce IL-4 and IFN-gamma cytokines; 103 epi-
topes were predicted to induce IL-4, 38 epitopes were predicted to in-
duce IFN-gamma, and 32 epitopes were predicted to induce both (re-
fer to downloads section of VLCvirus). We also assessed other proper-
ties such as IL-10 inducing potential, allergenicity, and toxicity of the
antigenic peptides, the results of which can be found in Supplemen-
tary S1 Table 4. These cytokine inducers are attractive agents for use

Fig. 3. Promiscuous epitopes across two or more viral strains/species against different
properties.

during cancer immunotherapies since the co-treatment of various cy-
tokines with chemotherapy has been successfully tested in many clinical
trials. We also analyzed the parent genes of the 32 promiscuous epitopes
that were predicted to induce both IL-4 and IFN-gamma. We found that
most of the epitopes belonged to E1 and E6 genes (Fig. 4). Several pre-
vious studies have also determined that envelope proteins are important
for designing effective epitope-based vaccines against pathogenic/virus
strains [43,44].

4.7. IEDB mapping of epitopes

In order to partly validate our list of 125 best antigenic epitopes
vaccine candidates, we mapped the epitopes to data available from the
Immune Epitope Database and Analysis Resource (IEDB) version 3 that
houses the largest number of experimentally validated immune epitopes
[45]. The scope of IEDB data can be categorized into four broad disease
categories, including allergenic diseases, autoimmune disorders, trans-
plantation, and infectious diseases. The epitopes present in the IEDB
data can be used to provide protective immunity against the disease cat-
egories mentioned above. We implemented continuous substring match-
ing criteria (ninemers as a continuous subsequence of IEDB epitope) us-
ing an R script while identifying matching epitopes since the peptides
in IEBD are varied in length. We found 38 matched records against our
list of 125 best antigenic epitopes and 29,193 records for the epitopes
(193,437) that had any of the following computed properties: T-cell epi-
topes, B-cell epitopes, vaccine adjuvant potential, MHC I binders, and
MHC II binders. Thus, we hypothesize that our predicted epitopes that
were validated by the IEDB data can also be used both for promoting
immunity against lung cancer-causing virus species and the different dis-
ease classes that were previously mentioned. In this regard, we can say
that these identified epitopes may be best suited for providing heterolo-
gous immunity among the same virus type and unrelated strains of dif-
ferent pathogenic organisms [45,46]. IEDB mapping results are avail-
able in Supplementary S1 Table 2 and 3. We also provided the IEDB
mapping results of the best antigenic epitopes on the web resource un-
der the Enquire section. This analysis further supports the reliability and
credibility of our identified epitopes.

4.8. Antigenic epitope conservancy analysis

Examining epitope conservancy is a crucial step in designing epi-
tope-based vaccines. Conservancy analysis signifies the degree of distri-
bution of epitopes in a homologous set of proteins. We analyzed pep-
tide conservancy using the IEDB conservancy analysis tool. The best
antigenic epitopes found in this study were analyzed against respective

Fig. 4. Gene-wide distribution of 32 promiscuous epitopes with IL-4 and IFN-gamma im-
munostimulatory properties.
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viral species from which they were derived, and some of them showed
roughly 50% conservancy (Supplementary S1 Table 4).

4.9. Toxicity and allergenicity epitope analysis

Toxicity assessment of peptide-based therapeutics is also incredibly
important in clinical settings. Peptide-based drugs should be free from
toxicity such as hemotoxicity and liver toxicity. In order to identify the
best antigenic epitopes for testing in clinical settings, we used the Tox-
inPred server [48] to identify the toxicity of the best antigenic epi-
topes (Supplementary S1 Table 4). The result suggests that out of
the 125 best antigenic epitopes, only five epitopes were predicted to
elicit toxic responses. These epitopes were YVRECITMV, IRCQECYAF,
VKMYKRYEM, VRGHWRNCC, and YNSDKTCCR. We also identified the
allergenicity the 125 best antigenic epitopes using the AllerCatPro server
[49]. We found that none of the identified epitopes exhibited allergic
properties. Further, various physicochemical properties of the epitopes
were evaluated (Supplementary S1 Table 4).

4.10. Epitope-host protein interaction and cluster analyses

Better understanding virus-host protein interactions may help ad-
vance vaccines and therapeutic regimen design and development. In this
regard, we retrieved all the virus-human protein interactions using the
Viruses. STRING [50] server for the viruses used in the current study.
However, we could find the data for only six viral species. Epstein-Barr
virus had the highest number of protein interactions with human pro-
teins among all the viruses. We then mapped the protein-coding genes
to identify their role in lung cancer pathogenesis using the DisGeNET re-
source (Supplementary S1 Table 5). The epitopes were generally sim-
ilar in sequence, which complicated the epitope-associated analysis. We
performed cluster analysis using the IEDB clustering tool [51] by select-
ing the “cluster-breaking algorithm” to find consensus sequence driven
sub-clusters (Supplementary S1 Table 6). The total identified clusters
were 97, of which 15 were consensus type and 82 were singletons.

4.11. Web resource implementation and utility

All the identified immunogenic ninemeric epitopes were compiled
and provided in the form of a web resource VLCvirus (https://webs.
iiitd.edu.in/raghava/vlcvirus/) for the advancement of peptide-based
subunit vaccine design against lung cancer-causing virus species. The
web resource is built on a LAMP server (version 2.4.7). The front-end
of VLCvirus was created using a bootstrap responsive HTML5.0 tem-
plate, which adjusts the screen ratio by sensing the user device. The
back-end data related queries were managed by MySQL server of version
5.5.55-0ubuntu0.14.04.1 - (Ubuntu). VLCvirus has various data brows-
ing categories, which helps users get responses against queries in a
time-efficient manner. In order to ease data visualization, a user-defined
query is displayed in a responsive tabular form. The data browsing fa-
cility of VLCvirus has three different categories: I) Multifunctional Epi-
topes, II) Best antigenic Epitopes, and III) Promiscuous Epitopes across
strains. Multifunctional browsing helps the user query the data against
all virus species that have multiple immune-stimulating properties such
as epitopes predicted to have B-cell inducing potential, vaccine adju-
vant potential, and/or MHC-binding ability. The best antigenic mod-
ule allows users to query against the epitopes with maximum identi-
fied multiple properties, HLA frequency, and their cytokine (i.e., IL-4
and IFN-gamma) inducing potentials. The promiscuous epitope module
facilitates the user to query the ninemers epitopes across the different
viral strains/species present in the study. This module may be of high
importance for researchers who wish to design a subunit vaccine can-
didate that can effectively vaccinate against the different strains of the
species. The Enquire module's multi-query provides the user with the

ability to get customized results based on four properties: virus name,
property, and MHC class I/II types. Moreover, the VLCvirus web re-
source is also equipped with several data analysis tools such as BLAST
and epitope identification via protein query. The epitope identification
tool allows users to map the epitopes against IEDB, MHCBN, and BCIPEP
databases. The implemented BLAST tool allows the user to find related
sequences to the user-defined query protein.

Application of the work: The development, application, and study of
epitope-focused immunogens are conceptually attractive for managing
diseases where conventional approaches to vaccination face obstacles.
One notable attribute of epitope-based vaccines is their ability to elicit
antibodies toward sequences that otherwise might not be immunogenic,
which may happen with some epitopes found in vaccines made with at-
tenuated or inactivated pathogens. Indeed, employing various filtration
steps, including the removal of peptides present in the healthy human
proteome, in order to avoid initiating the self-tolerance mechanism. In
order to select the best antigenic epitopes, we further screened for epi-
topes that were promiscuous. The selected epitopes may also facilitate
the generation of a preventive immune response against oncogenic lung
cancer viruses since they were predicted to elicit both B- and T-cell re-
sponses.

As previously mentioned, lung cancer is one of the leading causes
of morbidity among cancer patients. Several treatment options, such as
Paclitaxel, Carboplatin, and Cisplatin, have improved patient lives, but
even today, there is no definitive cure for lung cancer. Additionally,
chemotherapy has several side effects including toxicity, immune sup-
pression, and many others. In contrast to chemotherapy, vaccines can
initiate a host immune response against the pathogen and can offer mul-
tifaceted management of the infection. Lately, researchers around the
globe have identified several potential vaccine candidates against differ-
ent pathogenic and virus species and have even successfully developed
vaccines such as DPT, BCG, etc. As such peptide-based subunit vaccine
drug development is an exciting area of research[47].

Previous studies have typically identified several peptide-based vac-
cine candidates using computational and molecular docking analysis.
For example, one such study assessed peptide MHC binding conservation
score to identify vaccine candidates against eukaryotic pathogens [52].
In another study, the HBV polymerase protein was used as a target for
the identification of vaccine candidates [53]. Another study utilized gly-
coproteins as a target protein to identify a multisubunit vaccine against
the Kaposi sarcoma [54]. Similarly, another study utilized spike proteins
of MERS-CoV viruses to predict the effective epitopes in order to develop
prophylactic measures [18]. Lastly, nucleotide data of tumor antigens
was also used to identify the subunit vaccine for prostate cancer [14].
To the best of the our knowledge, no previous consensus study has an-
alyzed the viruses and their proteins known to be involved in lung can-
cer pathogenesis to identify epitope-based subunit vaccine candidates.
Moreover, no other previous study has provided comprehensive epitopes
information and results as a user-friendly resource. We integrated vari-
ous tools in our pipeline to identify protein-based subunit vaccine can-
didates against lung cancer-causing viruses. All the tools integrated into
our pipeline have been widely used in literature to identify and design
potential vaccine candidates. We implemented sequence-based meth-
ods in our pipeline and did not utilize structure/docking-based algo-
rithms because of their intrinsic limitations. The number of vaccine can-
didates identified by each method was in thousands, too large to be fea-
sibly tested in an experimental/clinically setting. Therefore, we further
screened the epitopes using a heuristic approach that extracted promis-
cuous epitopes via multiple properties. These epitopes may have the ca-
pability of evoking different arms of the immune system. Moreover, we
implemented several user-friendly analysis tools, such as identifying epi-
topes in the query sequence, in our web resource in order to facilitate
data analysis with a single platform.
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As we know by now, peptides are an attractive target for im-
munotherapy but are less immunogenic when used alone. Peptide thera-
peutics need a corresponding immunologic adjuvant in order to enhance
their therapeutic potential. With this in mind, we predicted the vaccine
adjuvant potential as well as the cytokine inducing potential of all the
epitopes from the different virus species in order to identity epitopes
that may improve immune stimulation of less immunogenic molecules.
In addition, the identified promiscuous epitopes could provide prophy-
lactic immunity. Since the identified promiscuous epitopes were con-
served across different strains/species of oncogenic viruses, they could
alternatively be utilized in diagnostic and disease monitoring settings
[41]. Moreover, the identified most promising epitopes did not have
glycosylation residues, indicating that these epitopes could be used to
elicit robust neutralizing antibody responses against viruses involved in
lung cancer pathogenesis. Previous studies have suggested that confor-
mational epitopes lead to better vaccine design, but designing such epi-
topes is very time-consuming and unreliable since conformational epi-
topes can change with time. As such, we only predicted the immuno-
genic potential of linear epitopes for easy synthesis and greater stability.
Our study identified 125 subunit vaccine candidates that can activate
the both arms of the immune system, including 32 candidates that were
predicted to have IL-4 and IFN-gamma inducing potential.

The vaccine candidates identified in this study could also lead to
the generation of preventive therapy against lung cancer. The best anti-
genic epitopes identified in this study were predicted to have IL-4 and
IFN-gamma inducing potential but were not predicted to induce anti-in-
flammatory cytokines such as IL-10. As a consequence of our analy-
sis, we selected 29 epitopes that outperformed the remaining epitopes
in terms of immunogenic potential and lacking allergenicity and toxic-
ity (Supplementary S1 Table 7). The target binding sites of these 29
epitopes are provided in Supplementary S2. While considering the pep-
tide-based therapeutics, the possibility of stimulating a cytokine storm
should be considered carefully. However, in order to avoid a cytokine
storm, immune system has to be manipulated (e.g., use of adjuvant, de-
pletion of regulatory T lymphocytes, inhibition of anti-inflammatory cy-
tokine, etc.) [55]. Further, immune-modulation and prevention of a cy-
tokine storm can be achieved by targeting the COX-2 and cholinergic
anti-inflammatory pathways.

5. Future directions

The area of immune-modulator research is still in its infancy; how-
ever, in the coming decade, more research will lead to advancements
in reliable immune modulators that aid in disease therapy management
like GTS-21 and PAF-AH. In addition to the above-mentioned strategies,
several computational tools such as PIP-EL [56] and ProIn-Fuse [57]
can also be used to assess the proinflammatory cytokine inducing poten-
tial of a given peptide sequence and be used to avoid initiating cytokine
storms. Cautionary steps should be adopted while suggesting therapeu-
tic options, in order to avoid triggering cytokine storms. Genomic analy-
sis of epitopes identified in this study would also impart greater accu-
racy and allow one to trace virus pathogenicity, but we did not do this
analysis since it was outside the scope of this study. Since each predic-
tion algorithm used in this study has its own limitations, we suggest that
the epitopes identified in this study be verified experimentally in a clin-
ical setup before it is used as a therapeutic agent. Despite such limita-
tions, we hope that the data stored in the VLCvirus will facilitate the
vaccine designing process against lung cancer. Moreover, the integrative
pipeline may pave new ways to design vaccine candidates against new
bacterial, viral, fungal, or other pathogenic organisms.
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