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ABSTRACT: In the current situation, the importance of vaccines
for viral diseases has become the need of the hour. The scientific
community in the field of virology has taken it upon themselves to
develop vaccines for viral infections before an epidemic or
pandemic situation arises. Human herpes virus-5 is an emerging
situation that has alarming cases with major health concerns,
including congenital impairments and infections leading to cancer
states. Vaccination is the route most likely to succeed in the
battleground with viral infections and consequences. Hence in the
present manuscript, we have formulated the multiepitope subunit
vaccine and optimized it with the advanced computational
immunological framework. As a result, we report the subunit
vaccine for HHV-5, comprised of promiscuous cytotoxic T-lymphocytes epitopes, helper T-lymphocytes, and B-cell epitopes
engineered with putative adjuvants to ensure the strong immune response. The formulated subunit vaccine depicted high
antigenicity and immunogenicity along with sustainable physicochemical characteristics. Molecular dynamics simulation analyses
revealed the strong binding of the vaccine with MHC receptors (MHC-1 and MHC-2) and the virus progression specific membrane
receptor TLR2 for a 100 ns MD simulation run. The interacting trajectory analysis of the vaccine showed stable binding with
minimal deviations through RMSD, RMSF, and secondary structure confinement plot analyses for a long span of 100 ns.
Interestingly, the vaccine showed robust immune response statistics for a prolonged time with evoking T-cell and B-cell populations
with other vital players of the immune system, through the machine learning-based immune simulation approach. This study paved
the way to a multiepitope vaccine for HHV-5 employing the immunoinformatics networks.
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The world is currently battling one of the most severe
health concerns, and it has emerged that preparedness is

a key defense against viruses. The scientific community in the
field of virology should take it upon themselves to develop
vaccines for viral infections before an epidemic or pandemic
situation arises. Human herpes virus-5 (HHV-5), also known
as cytomegalovirus, is an infectious virus that transmits to a
developing fetus. HHV-5 infections are reported to have
spread to all geographic locations and infected 60%−70%
adults in developed countries.1 Herpes virus mostly harbors
the regulation of innate immunity and adaptive immunity,
which may affect the immune system and prolonged T-cell
surveillance.2 HHV-5 infections cause congenital disabilities
that lead to deafness, learning disabilities, and encephalitis and
in various cases are reported to develop tumors.3,4 The
traditional and conventional therapies have continued to prove
inefficient in combating viruses targeting humans, and evoking
the body’s immune system is the most effective and faster
arsenal against such infections. Though there are many
antiviral therapies that have been reported, they are said to
be associated with issues like target in-specificity, laborious
experimentation with random experimentation, high cost,

etc.5,6 Overcoming the problems, the scientists have used the
combinatorial methods by adjoining immunological methods
with computational analysis to identify the potential vaccine
candidates for many viral diseases like acute encephalitis,
human immunodeficiency virus, dengue virus, etc.7−10 Hence
in the present study, advanced immunoinformatics approaches
were employed to design the multiepitope subunit vaccine
against HHV-5.
HHV-5 virus consists of double-stranded DNA and is

surrounded by a tegument layer and lipoprotein complex
envelope studded by glycoproteins.11 HHV-5 is reported to
infect mainly with glycoprotein-B (gB), which is responsible
for viral entry into the host, and directly involved in tethering
and stable attachment to the host cells.12 The virus infection,
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fusion, and processing to the host are reported to be caused by
envelope protein glycoprotein-B. The glycoproteins are
mechanistically known to interact with MHC alleles and
membrane toll-like receptors (TLR2) and suggested to be
involved in therapeutics design and developments.13 TLR2
interacts specifically with gB and plays the central role in
identifying the cytomegalovirus infection with a cluster of
differentiations and virus infection by activation of tran-
scription factors.14 The glycoprotein-B, along with integrin
proteins, increases the progression and entry of viruses and
leads to the illness regulatory networks in the host. In many
reports, it has also been shown the virion with a lack of gB was
not able to attach to the host cell.15 Hence in the present
study, HHV-5 envelope glycoprotein-B was employed to
design the multiepitope subunit vaccine using the immuno-
logical frameworks. The multiepitope subunit vaccine con-
sisted of putative cytotoxic T-lymphocytes (CTL), helper T-
lymphocytes (HTL), and B-cell epitopes, which are adjoined
with adjuvants to enhance the immune responses.16 Multiple
epitopes make the approach highly specific and have the
potential to evoke strong humoral and adaptive immune
response against the virus.17,18

Moreover, advancements of immunological methods along
with molecular docking and molecular dynamics simulations
have been widely employed to design the vaccine candidates
and other therapeutics agents.19−21 Molecular docking and
molecular dynamics simulation assays have been immensely
used to assess the molecular binding specificity and further to
illustrate the binding mechanism of ligand molecules with the
target.22−25 By employing these significant combinatorial
computational approaches, we have designed the multiepitope
vaccine and optimized it with molecular dynamics simulation
for their prolonged interaction with herpes virus receptors
MHCs and TLR2. Top-scored CTLs, HTLs, and B-cell
epitopes were engineered with robust adjuvants. In addition,
we have also demonstrated the antigenicity, immunogenicity,
and physicochemical profiles of the vaccine, along with vaccine
capability to elicit the immune responses.

■ RESULTS AND DISCUSSION
Infectious Virus Sequence Retrieval and Alignment

Assessment. The herpes virus infection, fusion, and
progression in the host are reported to be caused by the
envelope protein. Hence in this study, the envelope
glycoprotein of HHV-5 was employed to design the multi-
epitope subunit vaccine. The envelope glycoprotein-B of
human herpes virus-5 with accession number GenBank:
ADE88063.1 was retrieved from the NCBI-Protein database.
To assess its homology and conservancy, it was analyzed
through the BLAST. Protein−protein BLAST stated the
envelope protein is highly conserved with more than 90%
sequence similarity to more than 100 viral proteins hits. The
length of the envelope protein was of size 907 amino acids
present in the herpes virus. Proteomic analysis of HHV-5
suggested envelope glycoprotein as a potential target for
vaccine designing.
Putative Cytotoxic T-Lymphocytes Epitope Predic-

tion. Potential cytotoxic T-lymphocytes (CTLs) were
predicted for envelope glycoprotein of human herpes virus.
CTLs are present on the antigen-presenting cell surface and
bind with MHC to evoke the immune system. High binder
CTLs (MHC-1 restricted) were identified by using the
CTLpred program. The CTLpred application employed two

algorithms, artificial neural network and support vector
machine-based approach, to identify the high binder epitopes.
To identify high binders, the threshold was set to 0.51 for
ANN and 0.36 for SVM with high scores, sensitivity, and
specificity. The obtained results were shown to cover more
than 20 MHC class-1 supertypes that included more than 90%
of the world’s population. High scored CTL epitopes for
HHV-5 envelope protein are shown in Table 1.

Helper T-Lymphocytes Epitopes Prediction. Helper T-
lymphocyte (MHC-2 restricted) epitopes play a potential role
in the generation of adaptive immunity. HTLs activate the
antibodies and macrophages to destroy the foreign antigens
and simultaneously induce the B-cells to produce a high
number of antibodies. Potential HTL epitopes were exploited
by the MHCpred program. The MHCpred server performed
the additive approaches to determine the MHC-2 confined
binder and movement specialized transporter associated with
antigen processing (TAP) epitopes. For HTL epitope
prediction, a large class of MHC-2 alleles was employed:
DRB0101, DRB0701, DRB0401, HLA-DRB1101, and
HLA0301 using the partial least-squares approach. Resulting
promiscuous HTLs with high binder IC50 score and rank
position were short-listed in Table 2.
Moreover, to evoke a strong immune response and smooth

transportation of the designed vaccine, HTLs for tetanus toxin
fragment-C (TTFrC) were created. Tetanus toxin fragment-C
regulates retrograde transport, internalization, and binding of

Table 1. List of Cytotoxic T-Lymphocytes Epitopes for
Human Herpes Virus-5

CTL
rank

start
position epitope sequence

ANN
score SVM score

prediction
types

1 643 STVDSMIAL 0.77 1.3160073 epitope
2 132 KRNIVAHTF 0.91 0.92765306 epitope
3 524 NPSAILSAI 1.00 0.70374509 epitope
4 840 YTNEQAYQM 0.87 0.79583574 epitope
5 689 SYKQRVKYV 0.52 1.1372672 epitope
6 489 DTLRNYINR 0.46 1.1909782 epitope
7 439 KSLLELERL 0.90 0.6890118 epitope
8 756 TIILVAIAV 0.82 0.76847868 epitope
9 844 QAYQMLLAL 0.70 0.87768109 epitope
10 701 VVDPLPPYL 0.84 0.72834914 epitope

Table 2. Helper T-Lymphocyte (MHC-2 Restricted)
Epitopes and Putative Transporter Associated with Antigen
Processing (TAP) Epitopes

rank
antigenic
sequence

calcd
log
IC50
(M)

calcd
IC50
value
(nM)

confidence of
prediction
(max = 1)

HTLs
epitopes

1 NLFPYLVSA 7.914 12.19 1.00
2 YIYSTYLLG 7.913 12.22 0.89
3 YEYVDYLFK 7.738 18.28 0.78
4 YEKYGNVSV 7.693 20.28 0.89
5 YLKGLDDLM 7.691 20.37 1.00

TAP
epitopes

1 RVYQKVLTF 10.815 0.02 1.00

2 KVVDPLPPY 10.383 0.04 1.00
3 RLRHRKNGY 10.32 0.05 1.00
4 ARSKYPYHF 10.241 0.06 1.00
5 NSYKQRVKY 10.167 0.07 1.00

ACS Pharmacology & Translational Science pubs.acs.org/ptsci Article

https://dx.doi.org/10.1021/acsptsci.0c00139
ACS Pharmacol. Transl. Sci. 2020, 3, 1318−1329

1319

pubs.acs.org/ptsci?ref=pdf
https://dx.doi.org/10.1021/acsptsci.0c00139?ref=pdf


target molecules and also helps in activation and proliferation
of CD4 associated immune cells. High binder TTFrC epitopes
were predicted by employing the position-specific scoring
matrices using the Rankpep tool (Table 3).
Putative Transporter Associated with Antigen Pro-

cessing Epitopes Prediction. Putative transporter associ-
ated with antigen processing (TAP) epitopes were predicted
by the MHCpred tool. TAP peptides are known to be
responsible for transportation and regulatory networks,
internalization, and interaction with MHC receptors. TAP
epitopes were predicted, and high binder epitopes were short-
listed by high binding values, percentile ranks, and IC50 scores.
Nanomer size TAP epitopes were identified for efficient
translocation to the different locations (Table 2).
Flexible B-Cell Epitope Determination Employing the

Karplus and Kolaskar Method. B-cell epitopes were
predicted by using the Bepred tool through the stringent
data sets of physicochemical parameters. As a result, the top
three potential flexible B-cell epitopes were VGVAIGAVGG-
AV, RKGPGPPSSDAS, and KRSTNNTTTLSL, among the list
of predicted epitopes. Notably, the Bcepred tool is reported to
possess experimental conversion accuracy of 52.97% to 57.53%
on the basis of physicochemical parameters including the
flexibility, antigenic propensity, exposed surface, hydrophilicity,
polarity, and accessibility with threshold values of 1.9, 1.8, 2.4,
2, 2.3, and 2, respectively, as per algorithm. Resulting B-cell
epitopes were found to be in an optimal range for the above-
mentioned physicochemical properties lying in the range of −3
to +3 (Table 4).

Multiepitope Subunit Vaccine Formulation. The
multiepitope vaccine was formulated by promiscuous CTL,
HTL, TAP, tetanus toxin fragment-C, and B-cell epitopes with
a total size of 411 amino acids (Figure 1). The vaccine
construct was engineered by adjoining epitopes with adjuvants
using the linkers. Adjuvants were adjoined for their vital
properties to elicit a robust immune response. Cholera toxin
subunit-B (CTB), a well-known adjuvant, was also an
ingredient in the vaccine construct. CTB belongs to the strain
of cholera toxin with no toxic effects and importantly also has
been used in many vaccines to enhance the immune responses.
Top scored CTL, HTL, TAP, tetanus toxin fragment-C, and B-
cell epitopes were employed using the linkers. CTL epitopes
were joined together using the AAY linker, HTLs and TTFrC
epitopes were joined through the GPGPG linker, B-cell
epitopes were united by the KK linker, and CTB adjuvant
was linked by EAAAK linkers. These linkers also played an
essential role in providing stability, flexibility, and extended
conformation of the formulated vaccine. The overall
formulated multiepitope vaccine was comprised of adjuvant
CTB at the N terminal position: the first domain consisted of
top-scored three TTFrC epitopes, the second domain
consisted of high binder three CTLs (9mers) and top three
HTLs, and the third domain consisted of three top-scored B-
cell epitopes and three TAP epitopes at the C terminal.
Further, the designed subunit vaccine was optimized.

Secondary and Tertiary Structural Analyses of a
Formulated Vaccine. The formulated vaccine construct was
assessed for secondary structural and tertiary structural
conformations. The secondary fundamental analysis of the
vaccine construct depicted the composition of alpha-helices
40.88%, extended beta strands 16.79%, and random coils
42.34% by using the GOR4 server and Psipred server.26,27 The
strong constitution with high flexibility stated the globular
structure of the vaccine construct (Figure 2). Moreover, the
3D structure of the construct was designed by the de novo
method using the I-Tasser module. The basic local sequence
alignment (BLAST) tool was used to identify the templates.
Five templates (1LTR, 5FYP, 4I6T, 3FFZ, 5ZZM, and 5ELB)
were used for the threading approach to predict the 3D
structure of the vaccine. Among the designed top five models,
the top-scored energy minimized structure was considered for
the study. The top structural model-3 of the vaccine construct
showed the Tm score of 0.54 ± 0.14 and RMSD of 9.1 ± 4.6
Å, which showed the stability of the structure with high

Table 3. High Binder HTLs for Tetanus Toxin Fragment-C (TTFrC)

rank epitope sequence percentile score starting residue position end residue position

1 NDIISDISGFNSSVITYPDAQLVPGINGKAIHLVNNE 22 40 66
2 IEYNDMFNNFTVSFWLRVPKVSASHLEQYGT 28.12 78 108
3 LRVGYNAPGIPLYKKMEAVKLRDLK 17.4 362 386

Table 4. Top Scored B-Cell Epitopes

rank position epitope score

1. 726 VGVAIGAVGGAV 1
2. 823 RKGPGPPSSDAS 1
3. 460 KRSTNNTTTLSL 0.997
4. 896 RHLKDSDEEENV 0.976
5. 280 PFYNGTNRNTSY 0.96
6. 747 FLKNPFGAFTII 0.937
7. 258 AARSKYPYHFFA 0.924
8. 165 GSNTEYVAPPMW 0.92
9. 379 SKKQEVNMSDPV 0.912
10. 75 NTTLKYGDVVGV 0.91

Figure 1. Formulation scheme of a multiepitope subunit vaccine.
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sequence alignment. Also, the C-score was computed to −2.43,
which showed the optimal structural quality of residues with a
threshold value of (−5 to 2) by structure simulations. The 3D
structure of the vaccine construct was also optimized and
energy minimized using the Gromacs-minimizer. The opti-
mized structure was further assessed through the stereo-
chemical and physicochemical properties. The Ramachandran
plot assessment showed that 92.0% of residues lay in the
favored region, 4.3% residues lay in the generously allowed
region, and only 3.7% residues lay in the outlier region for the
vaccine construct. Moreover, we also performed the intrinsi-
cally disordered protein sequence using IUPred2A. IUPred2A,
a combined web interface, identified no disordered protein
regions and binding regions in the vaccine construct and
showed the stable structure of designed vaccine constructs
based on the redox state of its environment.28

Molecular Binding Analyses of the Vaccine with MHC
Receptors and Optimization with the TLR2 Receptor.
The molecular binding analyses of the vaccine were performed
with MHC-1 and MHC-2 by employing the Cluspro server.
Before delivering the docking, the MHC-1 (PDB ID 1I1Y) and
MHC-2 (1KG0) receptors were retrieved from the Protein
Data Bank and evaluated through the Ramachandran plot
(Figure S1). The Cluspro module used the piper rigid body
algorithm with a grid point in X, Y, and Z coordinates with
70000 rotations with a receptor spacing of 1 Å. From the
molecular docking analyses, we obtained the ten different

ligand binding conformation models with a target receptor.
Through the molecular docking, ten models with ligand
binding conformations were obtained. Among these models,
the top-scored model showed the most durable binding of the
vaccine to MHC-1 with an energy score of −1275.1 kcal/mol
(lowest energy) and center interaction score of −1283.8 kcal/
mol. Similarly, the vaccine also showed the optimal binding
with the MHC-2 receptor with the lowest energy score of
−897.8 kcal/mol and center energy score of −1094.2 kcal/
mol.
Moreover to validate our results, we performed the binding

analysis of the vaccine construct with membrane specific
receptor TLR-2. The 3D structure of TLR-2 (PDB ID 2Z7X)
was availed from the Protein Data Bank and evaluated with the
Ramachandran plot. Thereafter, molecular docking was
performed and showed the proximal close binding of the
vaccine construct with TLR-2 with the lowest energy score of
−940.2 kcal/mol and score −1014.6 kcal/mol from the center
of the receptor (Figure 3). These results signified a potent
binding of the vaccine construct with MHC receptors and a
membrane specific TLR-2 receptor.

Molecular Dynamics Simulation Binding Analyses of
the Vaccine Construct with TLR2. Lead vaccine candidate
binding analysis was studied through molecular dynamics
simulation. It was performed to determine the stable binding
and conformational change during interaction within the
epitope-TLR2 complex. Importantly, to get insight into the

Figure 2. (A) Three-dimensional crystal structure of formulated vaccine. (B) Ramachandran plot for the formulated vaccine. (C) The secondary
structure analysis and depiction of globularity and stability.
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binding mechanism of the vaccine construct with TLR2,
comparative analysis of their complex with TLR2 and the
vaccine, individually in globular states, was performed.
Molecular dynamics simulation studies were performed for a
long time (100 ns run) in order to assess the prolonged stable
binding of the vaccine construct, which can be expected to
elicit a robust immune response for a long time. The Desmond
suite was used to perform the simulation employing the OPLS-
2005 force field, CHARMM energy, to get the most confined
trajectories. The trajectory systems were immersed in an
orthorhombic box of a water association system, that functions
as a buffering solvent with charged particles to process and
equilibrate the solvation molecular entities. Trajectories were
taken with the energy minimization step with the iteration of
5000 steepest descent steps and followed by equilibration steps
of NVT (restrained Brownian dynamics) and the NPT phase
(1 atmospheric pressure). Obtained trajectories were subjected
to run for 100 ns, and atomic coordinates were optimized with
recording the simulation calculations for every two ps frames.
The resulting estimates were processed to determine the
RMSD, RMSF, and secondary structure elements plots. The
vaccine construct was found to bind strongly in the binding
groove of the target TLR2 receptor with stabilized ranges of
RMSD and RMSF.
Obtained results showed the stable binding of the vaccine

and made the conformational changes to the TLR2 receptor.
The analyses revealed that the subunit vaccine binds to TLR2
in close vicinity with minimal deviations of RMSD in the range
of 3 Å−5.2 Å, which signified the stable binding and globular
binding complex. The membrane receptor (TLR2) in the
singlet state depicted the stabilized structural properties with
minimal RMSD fluctuations in the range of 1.4 Å−4.6 Å, and
the vaccine construct (singlet state) showed the RMSD

deviations in the range from 4.8 to 8.4 Å, which were stabilized
by binding to the TLR2 in the comparative simulation analysis
(Figure 4).
Thereafter, structural fluctuations of trajectories were

performed by analyzing the RMSF plots. RMSF plots also
demonstrated the stabilized binding of the vaccine construct
with TLR2, for C-alpha atoms mobility with deviations in the
range of 0.9 Å−6.4 Å for 100 ns. Though TLR2 in globular
form has reduced fluctuations in the range of 0.8−4.2 Å and
after binding with the vaccine, the insertion of conformational
changes to receptor TLR2 is depicted (Figure 5).
Also, throughout the simulation to depth insight into the

residue stability and globularity of the interacting complex of
the vaccine with the receptor, the secondary structure elements
(SSE) of three systems were monitored (Figure S2). The SSE
plot analysis showed stable confinement and compactness in
the composition of the trajectory frame of the binding complex
(vaccine-TLR2) with total SSE content of 25.34% that
included the alpha-helices 12.28% and beta strands 13.07%
(Figure 6) and lower than with the individual TLR2 receptor
and vaccine construct (Figures S3, S4, and S5). The SSE
results demonstrated the compactness of the binding complex
with fewer fluctuations to alpha helices, beta helices, and
residues at N-terminal and C-terminal tails. These results
showed the significant binding of the vaccine to the target
membrane receptor TLR-2 (Figure 7). Importantly, the stable
prolonged interaction of the vaccine candidate with the TLR2
receptor is expected to elicit a robust immune response against
the herpes virus.

Immune Response Elicitation Studies of Vaccine. The
immune response generation capability of the designed vaccine
against the target virus was performed by an in silico
immunization experiment using the C-ImmSimm server. It

Figure 3. Molecular interaction of the vaccine construct depicted in ribbon view in gray color, with (A) MHC class-1 (surface view in blue color),
(B) MHC class-2 (surface view in blue color), and (C) the TLR-2 receptor (surface view in blue color) in dark blue color.
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employed the combining mesoscopic simulation with the
machine learning method and was allowed to run for 100
simulation steps and 480 time steps for the immune response.
As a result, we found the designed vaccine evokes the strong
primary and secondary immune response by the high level of
key players of the immune system (helper T-cells, cytotoxic T-
cells, and B-cells). The vaccine administration showed the
elevated level of IgM, IgG1, and IgG2 immunoglobulins and
other immune cells for a long span. The high concentration of
IgM and IgG antibodies suggested the robust primary immune
response by a vaccine candidate. Moreover, the immunization
experiment result also showed a high level of cytotoxic T-cells
with the highest level of 1157 cells per mm3 on day 14 and
gradually decreased with an optimal level of 1125 cells per
mm3. T-cell population (helper T-cells) elevated to the level of
4300 cells per mm3 on days 7−8 of the vaccine induction and

maintained until 35 days. Both immune T-cell types remained
in high concentration during both active and resting states and
evoked the memory cells which would help in boosting strong
adaptive immunity against an encounter from the pathogenic
virus (Figure 8). As an innate immunity player, B-cell immune
cells were reported to increase 6.5 cells per mm3 for IgG and
IgM immunoglobulins. Also, the elevated level of other
potential players of the immune system, cytokines, interferons,
interleukin, and natural killer cells, was found (Figure S6). The
obtained results suggested the significant role of the designed
vaccine construct elicits a robust immune response against the
herpes virus. Moreover, this work further needs to be validated
through the in vitro and in vivo experiments.

Antigenicity, Physicochemical, and Allergenicity
Characterization of Formulated Vaccine. The antigenicity
profile of the designed vaccine construct was assessed by using

Figure 4. Root mean square deviation (RMSD) plots through molecular dynamics simulation analysis of (A) the TLR2 receptor, (B) vaccine
construct, and (C) vaccine construct-TLR2 complex.
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the Vaxijen and AntigenPro servers. Obtained results depicted
the high antigenicity character of the vaccine construct with a
score of 0.840463 and 0.530 with threshold 0.4, respectively.
Moreover, the allergenicity analysis showed the nonallergenic
nature of the vaccine by the Allertop server. We have also
assessed the sequence similarity analysis of epitopes sequence
leading to the vaccine with the human genome. As a result, we
did not find any hits (sequence similarity) against the human
genome and were not associated with any risk for autoimmune
disease. We have predicted the cellular localization of the lead
epitope using the Cello Predictor software, which worked with
a multiclass SVM system. Results showed the lead vaccine
construct is majorly localized in the nucleus with a score of
0.717 and in the mitochondrial region with a score of 1.95, and
fewer ratios localize in cytoplasm with a score of 0.874,
extracellular plasma membrane, and other regions of the cell.29

These results signified the high potency of the vaccine. The

physicochemical studies showed the stabilizing characteristics
of the vaccine. The formulated vaccine of size 411 amino acids
and molecular weight 44677.95 Da consisted of theoretical
isoelectric point (pI) 9.28. The instability index depicted the
stability confinements of the vaccine construct with a score of
25.99 (a score < 40 was considered to be stable by the
protparam algorithm). The aliphatic profile was computed to
be 81.31, which implied the enhanced thermostability of the
globular vaccine. Half-life was defined through the three
experimentation models, which showed the half-life values for
1 h in mammalian reticulocytes in in vitro analyses: >10 h in E.
coli and >30 min in yeast. Also, the grand average of the
hydropathy index showed a score of −0.281 that indicated the
optimally hydrophilic nature. The computed physicochemical
properties of the vaccine showed the stability and suitability of
the vaccine for further in vitro and in vivo analyses.

Figure 5. Root mean square fluctuation (RMSF) structural analysis by molecular dynamics simulation analysis of (A) the TLR2 receptor, (B)
vaccine construct, and (C) vaccine construct-TLR2 complex.
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In Silico Cloning Expression Analysis of the Vaccine
Construct. The vaccine construct was accessed to identify the
optimized DNA sequence using the JCAT server. Obtained
results showed the high sequence expression of a chimeric
chain of the vaccine construct in E. coli (k12 strain) with 0.8,
elevated more than the codon adaption index (CAI). The CAI
for the sequence was calculated to be 1.0, with a high GC
content of 50.12% of the improved DNA sequence of the
vaccine construct and 50.73% for E. coli. The results indicated
the optimal expression of the vaccine construct for restriction
enzyme BamHI and XhoI in the pET28a vector (Figure 9).

■ CONCLUSION

Human herpes virus-5 infection is associated with multiple
diseases leading to cancer and other severe conditions. This
breakthrough study provides a new treatment modality for
human herpes virus-5 viral infection prevention. We report the
multiepitope subunit vaccine against HHV-5 employing the
combinatorial methods using the immunological and bio-
informatics approaches. The reported vaccine construct was
formulated with putative top-scored T-cell and B-cell epitopes
and as ingredients with the adjuvants to strengthen the
capability of the vaccine to elicit a strong immune response.
The vaccine was well optimized, and the obtained results

Figure 6. (A) Secondary structure element analysis of the vaccine construct and TLR2 complex and (B) the residue content fluctuation plot of
secondary structural elements of the vaccine-TLR2 complex system.

Figure 7. Residue content fluctuation of the secondary structure element analysis of the vaccine construct and TLR2 complex for a 100 ns
molecular dynamics simulation run.
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Figure 8. Designed vaccine immune response: (A) elevation of immunoglobulins at different concentrations of antigen, (B) cytotoxic T-cell count,
(C) T-cytotoxic cell populations at different states; resting and active state (D) helper T-cell population, (E) helper T-cell count at resting and
active state, and (F) B-cell population (IgM, IgG1, and IgG2) in response to the designed vaccine.

Figure 9. In silico cloning expression analysis of vaccine in the plasmid vector.
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depicted the high antigenicity and immunogenicity along with
optimal physicochemical characteristics. The vaccine was also
found to bind strongly in the binding groove of MHC-1,
MHC-2, and the membrane specific TLR-2 receptor with high
molecular docking scores. Molecular dynamics simulation
studies confirmed the stable binding of the vaccine with
specific receptors with RMSD, RMSF, and secondary structure
analysis throughout the MD simulation run (100 ns).
Moreover, the vaccine also showed an ability to elicit the
strong immune response by generation of a high population of
the key players’ immune system by an in silico simulation
approach. The present study reports the formulation of the
subunit vaccine candidate against HHV-5 and successful
optimization with advanced immunoinformatics approaches,
which further needs to be validated with in vitro and in vivo
studies.

■ MATERIALS AND METHODS
HHV-5 Infections Sequence Retrieval and Assess-

ment. The infectious glycoprotein-B sequence of HHV-5 is
reported to the primary causative vehicle for viral attachment,
infection, and replication. The complete glycoprotein-B
sequence was retrieved from the NCBI protein database.
The retrieved sequence was evaluated for its conservancy and
homology to relative infectious sequences using the protein−
protein BLAST (blastp).30 Hits with >90% homology were
considered for the study. The physicochemical analysis of the
sequence was conducted using the Protparam server.31

Putative Cytotoxic T-Lymphocytes Epitopes Predic-
tion. Cytotoxic T-lymphocytes (CTLs) are present on
antigen-presenting cells which bind with a major histocompat-
ibility complex to evoke the immune response. CTL epitopes
were predicted by artificial neural networks and the support
vector machine-based CTLpred tool. CTLpred used the direct
algorithm to identify the promiscuous high binder MHC-1
epitopes.32 Since the optimal size of epitopes is nanomer and
also the MHC-1 receptor binds to a ligand of size 8−10 amino
acids, hence epitopes of 9 mer size were studied.33

Helper T-Lymphocytes Epitopes Prediction and
Transporter Associated with Antigen Processing Epit-
ope Identification. The putative helper T-lymphocyte
(HTL) epitopes are known to play a vital role in the
generation of adaptive immunity. HTL epitopes were
determined by the MHCpred server. MHCpred worked
based on an additive approach to define the potential MHC-
2 binders.34 Moreover, transporter associated with antigen
processing (TAP) epitopes were also identified using the
MHCpred server. TAP epitopes are directly involved in
signaling regulation of cytosolic antigens to the endoplasmic
reticulum and transportation to the surface membrane to
activate the cascade of immune response.35 In addition, to
derive the enhanced immune responses along with these
epitopes, promiscuous HTLs for adjuvant tetanus toxin
fragment-C (TTFrC) were designed and adjoined with the
vaccine construct. Tetanus toxin fragment-C is known to
enhance the MHC-2 assisted robust immune response in the
host.36 TTFrC epitopes were predicted by the position-specific
scoring matrices using the Rankpep server.37

Flexible B-Cell Epitope Determination Employing the
Karplus and Kolaskar Method. Flexible B-cell epitopes
were predicted through the Karplus and Kolaskar method by
using the Bcepred tool. This algorithm used the large scale
flexibility of epitopes based on the movement of peptidic

residues by temperature, atomics fluctuations, and alpha
carbons of well-known protein structures.38

Formulation of Multiepitope Subunit Vaccine and 3D
Structural Assessment. The multiepitope subunit vaccine
for HHV-5 was constructed by linking the putative top-scored
CTL, HTL, and TAP epitopes, which were ingredients with
the potential adjuvants to design the robust and complete
vaccine. Various linkers and a motif were used to adjoin the
multiple epitopes. To boost the immune response by the
vaccine candidate, the adjuvants choler toxin subunit-B and
tetanus toxin fragment-C were added to the whole vaccine
using the suitable linkers.39 Besides the formulation of the
vaccine construct, the 3D structure of the vaccine construct
was designed by employing the de novo threading approach
using the I-Tasser server.40 Relevant templates for structure
prediction were identified using the protein BLAST. Moreover,
the created 3D structure of the vaccine was optimized and
energy minimized through the Gromacs minimizer and further
analyzed for its stereochemical and physicochemical properties
through the Ramachandran plot.41−43

Molecular Binding Analysis of Vaccine with MHC-1
and MHC-2 and Membrane Specific TLR2. The binding
analysis of the vaccine construct was performed with the
MHC-1 and MHC-2 receptors using the molecular docking
assays. Notably, to optimize the specificity of the vaccine
construct, it was docked with virus-specific membrane receptor
TLR2 using the Cluspro docking server.44 TLR2 is the
important membrane receptor for virus signaling molecules
and plays a significant role as the host sensor in the derivation
of innate and adaptive immune responses. TLR2 activation by
ligand triggers the initiation and generation of antiviral
responses including the interferons with an increased level of
IL-6 and TNF- α, which strengthen the immune system to
fight against the virus.45 After that, resulting trajectories were
energy minimized and analyzed using the PyMOL and
Chimera modeling suites.46

Molecular Dynamics Simulation Analysis of Vaccine
Binding. Molecular dynamics simulation for 100 ns was
performed for detailed analysis of molecular binding of the
vaccine construct with the TLR2 receptor. The MD simulation
was performed for the docked complex using the Desmond
server by Deshaw. A long MD simulation run was conducted
to evaluate the binding of the vaccine for a long span. The
resulting trajectories were energy minimized and analyzed for
root-mean-square deviation (RMSD), root-mean-square fluc-
tuation (RMSF), a radius of gyration, and secondary structure
assessment for the whole MD run to determine the stable
conformational binding of the vaccine.47

Immune Response Elicitation Studies of the Vaccine
Construct. An in silico immunization experiment was
performed to assess the immune response derivation capability
of a designed vaccine against the target. The C-ImmSimm
server was used to perform the immune response study of the
vaccine. It used the position-specific scoring matrix and
machine learning methods to demonstrate the antigen
responsible for the evoking of the immune cell. The C-
ImmSimm server employed the Miyazawa and Jernigan
protein−protein analyzing method to define the molecular
interaction of immune regulators T-cells, B-cells, and linked
regulators.48

Antigenicity, Physicochemical, Allergenicity, and in
Silico Cloning Expression Analysis of the Formulated
Vaccine. The antigenicity characteristic of the vaccine was
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determined using the Vaxijen server and Antiegpro server.49

The allergenicity of the vaccine was assessed to determine its
nature using the Allertop server.50 Also, physicochemical
parameters were analyzed to determine the feasibility and
confined nature of the vaccine construct. Moreover, the
designed vaccine was investigated for the in silico chimerical
cloning expression in E. coli strain through the JCAT server.51
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