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Abstract 

Background Despite being in the  21st century, the world has still not been able to vanquish the global AIDS epi-
demic, and the only foreseeable solution seems to be a safe and effective vaccine. Unfortunately, vaccine trials so far 
have returned unfruitful results, possibly due to their inability to induce effective cellular, humoral and innate immune 
responses. The current study aims to tackle these limitations and propose the desired vaccine utilizing immunoin-
formatic approaches that have returned promising results in designing vaccines against various rapidly mutating 
organisms. For this, all polyprotein and protein sequences of HIV-1 were retrieved from the LANL (Los Alamos National 
Laboratory) database. The consensus sequence was generated after alignment and used to predict epitopes. Con-
served, antigenic, non-allergenic, T-cell inducing, B-cell inducing, IFN-ɣ inducing, non-human homologous epitopes 
were selected and combined to propose two vaccine constructs i.e., HIV-1a (without adjuvant) and HIV-1b (with 
adjuvant).

Results HIV-1a and HIV-1b were subjected to antigenicity, allergenicity, structural quality analysis, immune simula-
tions, and MD (molecular dynamics) simulations. Both proposed multi-epitope vaccines were found to be antigenic, 
non-allergenic, stable, and induce cellular, humoral, and innate immune responses. TLR-3 docking and in-silico cloning 
of both constructs were also performed.

Conclusion Our results indicate HIV-1b to be more promising than HIV-1a; experimental validations can confirm the 
efficacy and safety of both constructs and in-vivo efficacy in animal models.
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Graphical Abstract

Background
An estimated 1.7 million people were infected with the 
Human Immunodeficiency Virus (HIV) in 2019, and 
despite the availability of effective treatments, the death 
toll was 690,000 [1]. Although these figures were 23% 
less than those reported in 2010 [1], and besides the 
availability of many successful drugs such as dolutegra-
vir, efavirenz, and ritonavir [2], it is still believed that a 
successful vaccine will be required to eradicate Acquired 
Immunodeficiency Syndrome (AIDS) (caused by HIV 
infection) completely from the human population [3]. 
The importance of vaccination is highlighted by the pre-
sent COVID pandemic, where only an effective vaccine 
has helped significantly reduce the rate of infection rate 
and decrease COVID-19 related morbidity and mortality 
[4]. The inadequate management of HIV infections has 

been mainly attributed to the lack of accessibility, expen-
siveness, and the inability of drugs. Apart from these fac-
tors, drug resistance in patients receiving antiretroviral 
therapy (ART) has also played a major role in the global 
expansion of HIV infections [5]. Out of two types of HIV 
(HIV-1 and HIV-2), HIV-1 is the most prevalent, and 
potent, and is considered the main reason for AIDS pro-
gression around the globe [6].

A subset of HIV infected patients has the ability 
to remain asymptomatic and maintain high levels of 
CD4 + cell count for many years without administration of 
antiretroviral therapy, known as elite controllers [7]. Anal-
ysis of these elite controllers demonstrated an abundance 
of CD4 + and CD8 + cells secreting Th1 promoting inter-
feron-gamma (IFN-ɣ) in these patients [8]. Non-neutraliz-
ing antibodies are also seen to be effective against HIV-1 
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infection but so far no immunological correlates have been 
found, so the induction of broadly neutralizing antibod-
ies is an important aspect of protection against AIDS [9]. 
Moreover, induction of both CD4 + and CD8 + cells have 
proven to be effective against HIV infection [10].

Unfortunately, no effective vaccine is available so far 
against HIV-1 and the most successful vaccine RV144 pro-
vided only 31.2% protection against this deadly microbe 
[11]. This unavailability of any effective treatment is attrib-
uted to the rapid mutation rate of HIV [11], the inability of 
vaccines to induce both cellular and helper T-cell responses 
like in the EP HIV-1090 vaccine [10], and the failure to 
induce broadly neutralizing antibodies [9].

An ideal vaccine should target conserved regions of the 
virus, induce B-cell, CD4 + T-cell, CD8 + T-cell, and appro-
priate cytokine response such as IFN-ɣ response, contain 
an appropriate adjuvant to enhance immunity against 
HIV-1, and should be able to activate an appropriate 
innate response. The current study aims to design a multi-
epitope vaccine that targets conserved regions of HIV-
1, can activate B-cells, CD4 + T-cells, and CD8 + T-cells, 
can induce appropriate proinflammatory cytokines such 
as IFN-ɣ, include an appropriate adjuvant such as human 
β-defensin-3 (HBD-3) [12], and simulate innate response 
through appropriate TLR docking, such as TLR-3 [13].

In order to design the vaccine with the aforementioned 
characteristics, the retrieved HIV-1 sequences were 
aligned to generate a consensus sequence. CD4 + T-cell, 
CD8 + T-cell, and B-cell epitopes were predicted, and con-
served T- cell epitopes overlapping B-cell epitopes were 
selected. Selected epitopes were filtered for their ability 
to induce IFN-ɣ. Only antigenic and non-toxic epitopes 
were filtered for their homology with human sequences. 
After rigorous analysis of epitope-epitope interactions, 
non-human homolog epitopes were joined with an appro-
priate linker, and two constructs were generated, without 
adjuvant (HIV-1a) and with HBD-3 adjuvant (HIV-1b). The 
tertiary and secondary structures of both vaccines were 
designed using various computational tools. Moreover, 
protein quality analysis, allergenicity analysis, immune sim-
ulations, and Molecular Dynamics (MD) simulation were 
also performed. Molecular docking of both constructs was 
also performed with TLR-3. Finally, codon optimization 
and in-silico cloning of both constructs were performed.

Results
Retrieval of sequences and consensus sequence 
generation
HIV-1a proteins (VIF, VPR, TAT, REV, VPU, NEF) and 
polyproteins (GAG, POL, ENV) sequences were down-
loaded and then subjected to multiple sequence align-
ment. Consensus sequences were then generated for each 
protein and polyprotein, and, their conservancy with 

respective reference sequences (downloaded from NCBI) 
was analyzed. Details of this analysis are summarized in 
Supplementary Table S1. This analysis demonstrates that 
POL polyprotein is most conserved while VPU protein is 
least conserved.

Epitope mapping
A total of 11 antigenic, non-toxic, and non-human 
homologous epitopes were shortlisted that can induce 
T-cell and B-cell response, moreover, they were also 
able to induce IFN-ɣ. Details of selected epitopes such 
as their sequence, symbol that will be used throughout 
this paper, respective protein they are derived from, abil-
ity to induce either cytotoxic or helper T-cell response, 
conservancy, antigenicity, E-value, and toxicity are men-
tioned in Table 1. Furthermore, Supplementary Table S2 
depicts details of HLA class I and HLA class II molecules 
targeted by these selected epitopes. Population coverage 
analysis of the selected epitopes also depicts that they 
have 97.83% coverage in global population.

Multi‑epitope vaccine design
Structure of 11 epitopes finalized in Table  1 were then 
derived from their respective proteins and these epitopes 
were then analyzed in all possible combinations using 
HADDOCK 2.4. HADDOCK analysis revealed that 
NC2-RT4 has the lowest score among all combinations 
(Supplementary Table S3), hence the best combina-
tion. Further NC2-RT4 was joined using a flexible linker 
GGGS, its structure was predicted and its combination 
with remaining epitopes was analyzed which revealed 
that NC2-RT4-RT2 is the best possible combination of 
three epitopes. Subsequently, these steps were repeated 
until the final construct of the multi-epitope vaccine 
(HIV-1a) is achieved (NC2-RT4-RT2-Int1-Int2-RT3-
NC1-NC3-VPU1-RT1-RT5). Each possible combination 
selected for vaccine construct along with their respec-
tive HADDOCK score is mentioned in Table 2. Moreo-
ver, another multi-epitope vaccine construct (HIV-1b) 
was formulated with an adjuvant, HBD-3 with RR motif 
(GIINTLQKYYCRVRGG RCA VLSCLPKEEQIGKCSTR-
GRKCCRRKKRR), attached to N-terminus of HIV-1a 
multi-epitope vaccine through a rigid linker (EAAAK).

Prediction of vaccine construct physio‑chemical properties 
based on sequences
Physicochemical analysis of both vaccine constructs 
predicted that both constructs have < 50  kDa molecular 
weight and lower GRAVY index. Although the instabil-
ity index of both vaccines is rather high, their half-lives in 
mammalian reticulocytes, yeast, and E. coli indicate that 
both vaccines are relatively stable in-vitro and in-vivo. 
Moreover, the high aliphatic index of HIV-1b vaccine 
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qualifies it as thermostable. Physiochemical properties of 
both constructs are mentioned in Table 3.

Antigenicity and allergenicity of HIV‑1a and HIV‑1b
VaxiJen v2.0 predicted 0.8778 and 0.8028 antigenicity 
scores for HIV-1a and HIV-1b respectively, while ANTI-
GENpro predicted 0.810806 and 0.746564 scores for 
HIV-1a and HIV-1b, respectively. Both software demon-
strated that HIV-1a and HIV-1b constructs have retained 
their antigenic potential. Moreover, AlgPred and Aller-
genFP v.1.0 classified both constructs as non-allergen.

Immune simulation
The immunological response of HIV-1a and HIV-1b 
vaccine constructs was simulated using the C-IMMSIM 
interface. HIV-1b was predicted to have a stronger 
immune response as it depicts a diverse cytotoxic T-cell 
response. After the vaccines were injected, several 
immunological responses were identified, including TC 

(cytotoxic) concentrations, TH-cell (helper) and B-cell 
population levels, IgM and IgG production, and cytokine 
generation. HIV-1b has also shown to induce slightly 
more Ab titers (particularly IgG2), B isotype IgG2 cell 
population, active TH cell population, TH Mem (y2) 
cell population and IL-2 levels than HIV-1a vaccine. The 
results of the immunological simulation showed that 
both proposed vaccines elicited adequate innate and 
adaptive immune responses as shown in Figs. 1 and 2.

Tertiary structure prediction, refinement, and quality 
analysis
Tertiary structures of HIV-1a and HIV-1b were predicted 
using the 3Dpro tool and these structures were further 
refined to obtain most Rama-favored and energy mini-
mized structure. Statistics of before and after refinement 
for both structures are mentioned in Table 4.

Moreover, overall and local model quality (window 
size of 40 amino acids) showed that both HIV-1a and 

Table 1 Statistics of selected epitopes

Symbols adapted, parent proteins, reference protein positions, Targeted HLA type, antigenicity, BLASTp analysis with human proteome, toxicity, and conservancy 
analysis of selected epitopes

Sr. No Epitopes Symbol Protein Position HLA‑1/HLA‑2 Antigenicity BLASTp 
(E‑score)

Toxicity 
(SVM 
value)

Conservancy

1 APRKKGCWK NC1 Nucleocapsid 30–38 HLA-1 0.6832 28 -0.48 83.88

2 PRKKGCWKC NC2 Nucleocapsid 31–39 HLA-1 1.4065 55 -0.26 83.94

3 RKKGCWKCG NC3 Nucleocapsid 32–40 HLA-1 1.5171 55 -0.1 83.94

4 PLTEEKIKA RT1 Reverse Transcriptase 25–33 HLA-1 0.7833 13 -1.4 92.85

5 KRTQDFWEV RT2 Reverse Transcriptase 82–90 HLA-1 1.1553 1.6 -1.49 91.78

6 RTQDFWEVQ RT3 Reverse Transcriptase 83–91 HLA-1 1.421 1.6 -1.61 91.86

7 TQDFWEVQL RT4 Reverse Transcriptase 84–92 HLA-1 0.716 1.6 -1.79 95.45

8 AHKGIGGNE RT5 Reverse Transcriptase 538–546 HLA-1 0.6955 78 -1.05 98.21

9 FRVYYRDSR Int1 Integrase 223–231 Both 0.8423 6.7 -1.36 88.12

10 VYYRDSRDP Int2 Integrase 225–233 HLA-2 0.7874 1.2 -0.86 86.67

11 ERAEDSGNE VPU1 VPU 48–56 HLA-1 0.6154 4.7 -1.14 82.84

Table 2 Selected combinations of epitopes and their HADDOCK 
score

Epitope combination HADDOCK score

NC2–-RT4 -88.3 ± 1.1

NC2-RT4–-RT2 -84.0 ± 4.2

NC2-RT4-RT2–-Int1 -67.4 ± 2.7

NC2-RT4-RT2-Int1–-Int2 -84.0 ± 3.5

NC2-RT4-RT2-Int1-Int2–-RT3 -72.6 ± 4.6

NC2-RT4-RT2-Int1-Int2-RT3–-NC1 -61.7 ± 2.2

NC2-RT4-RT2-Int1-Int2-RT3-NC1–-NC3 -52.2 ± 4.2

NC2-RT4-RT2-Int1-Int2-RT3-NC1-NC3–-VPU1 -60.9 ± 9.0

NC2-RT4-RT2-Int1-Int2-RT3-NC1-NC3-VPU1–-RT1 -58.4 ± 7.7

NC2-RT4-RT2-Int1-Int2-RT3-NC1-NC3-VPU1-RT1–-RT5 -46.4 ± 1.7

Table 3 Physio-chemical properties of HIV-1a and HIV-1b multi-
epitope vaccines

Physicochemical properties HIV‑1a HIV‑1b

Number of amino acids 139 191

Molecular weight  ~ 14.6 kDa  ~ 20.5 kDa

Theoretical pI 9.41 9.82

Estimated half‑life in mammalian 
reticulocytes (in-vitro)

 > 20 h 30 h

Estimated half‑life in yeast (in-vivo)  > 20 h  > 20 h

Estimated half‑life in E. coli (in-vivo)  > 10 h

Instability index 49.5 53.27

Aliphatic index 24.53 35.24

GRAVY index -1.157 -1.064
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Fig. 1 Immune simulations results of HIV-1a as obtained from C-IMMSIM. A Production of various types of Igs and immunocomplexes formation 
induced by antigen. B B cell population. C T-helper cell population per state. D Total TH cell population. E Cytotoxic T cell population per state. F TC 
cell population. G Elevated levels of interleukins and cytokines. Inset plot shows high production of IL-2 along with danger signal
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Fig. 2 Immune simulations results of HIV-1b as obtained from C-IMMSIM. A Production of various types of Igs and immunocomplexes formation 
induced by antigen. B B cell population. C T-helper cell population per state. D Total TH cell population. E Cytotoxic T cell population per state. F TC 
cell population. G Elevated levels of interleukins and cytokines. Inset plot shows high production of IL-2 along with danger signal
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HIV-1b refined structures lie inside the range of accept-
able z-score i.e., -2.27 and -3.81 respectively and knowl-
edge-based energy. Refined structures, Ramachandran 
plots, along with Z-score and knowledge base energy 
graphs for both vaccines are shown in Figs. 3 and 4.

MD simulation
For HIV-1a and HIV-1b vaccine constructs, energy mini-
mization, pressure, temperature, density, radius of gyra-
tion (Rg), and potential energy calculation were also 
done or calculated. During the MD simulation, both con-
structs overall structure remained stable, as evidenced 
by the radius of the gyration graph (Figs.  5 and  6). For 
RMSD and RMSF, a study of the trajectory generated 
after a 100 ns simulation yielded a radius of gyration. The 
RMSD levels reach up to 0.95 nm for HIV-1a and 0.9 nm 
for HIV-1b and showed stability with an average RMSD 
value of 0.65 nm for HIV-1a and 0.8 nm for HIV-1b dur-
ing the simulation time, indicating that both structures 
are relatively stable (Figs. 5 and 6). The overall structure 
of the protein remained stable during the MD simulation, 
according to RMSF (Figs. 5 and 6).

Secondary structure prediction
Secondary structure of HIV-1a and HIV-1b predicted 
through PDBsum demonstrated the presence of 1 
β-sheet, 2 β-strands, 1 β-hairpin, 7 helices, 32 β-turns, 
and 4 ɣ-turns in HIV-1a, while 8 helices, 39 β-turns, and 
4 ɣ-turns in HIV-1b. Secondary structures of both vac-
cines are illustrated in Fig. 7.

TLR‑3 docking
TLR-3 docking with HIV-1a and HIV-1b was performed 
using HADDOCK 2.4. Both vaccines returned with a 
negative HADDOCK score which suggests strong bind-
ing with TLR-3. After HADDOCK refinement, these 
scores were significantly improved. Detailed parameters 
of HIV-1a and HIV-1b docking with TLR-3 before and 
after refinement are mentioned in Table 5. NMA of these 
complexes were performed to determine the eigen value 
(energy required to deform the structure). Refined struc-
ture of HIV-1a-TLR-3 and HIV-1b-TLR-3 complexes 

along with their residual interaction details, summary 
of interactions, and eigen value are illustrated in Figs. 8 
and  9. Eigen value or deformation energy of HIV-1b-
TLR-3 is higher than HIV-1a-TLR-3 which represents 
HIV-1b-TLR-3 stronger docking.

Codon optimization and in-silico cloning
GC content of both vaccine HIV-1a and HIV-1b were 
under the optimum limits i.e., 52.04 and 51.48, respec-
tively, after codon optimization. The Codon Adapta-
tion Index (CAI) value was also predicted to be 1.0 for 
both vaccines which estimates their high expression in 
E. Coli K12 strain. After addition of restriction sites at 
N- and C- termini of both vaccines, they were cloned in 
pET28(a) + plasmid as demonstrated in Fig. 10.

Discussion
Despite advancements in tackling AIDS through antiret-
roviral treatments, there is a dire need to formulate an 
effective vaccine against HIV-1 to control this deadly 
global epidemic [3]. However, most of the devised vac-
cines have failed so far partly due to their less efficacy 
against this rapidly mutating organism as previously 
designed vaccines tend to target a few genotypes of HIV 
[13]. This ineffectiveness of vaccines to target HIV-1 can 
also be attributed to their inability to induce both cel-
lular and helper T-cell responses as suggested in trials 
of an in-silico designed multi-epitope vaccine EP HIV-
1090 [10], or their incompetence to induce broadly neu-
tralizing antibodies as shown by BALB/c mice trials on 
three multi-epitope vaccines [9], appropriate cytokines, 
or inability to activate desired innate immune response. 
The methodology adopted in this study is similar to prior 
research used to design multiepitope vaccines against 
microbes such as HIV, Orthohantavirus, and T. whip-
plei [13–15]. However, other multiepitope vaccines are 
primarily limited by their ability to elicit an immune 
response against a few genotypes only. Particularly in the 
case of HIV, a vaccine designed by Pandey et al. only con-
fers immunity against subtypes B and C of the group M 
virus. The current research is distinctive in many aspects 
since it targeted all the genotypes of HIV, has included 

Table 4 Statistics of HIV-1a and HIV-1b structures before and after refinement

GALAXY energy, Rama-favored and poor rotamers, and Root Mean Square Deviation (RMSD) of HIV-1a and HIV-1b structures before and after refinement

Characteristics HIV‑1a HIV‑1b

Before refinement After refinement Before refinement After refinement

GALAXY energy 17,623.80 -1874.85 29,357.35 -2694.01

Rama‑favored rotamers (%) 86.9 95.8 84.7 97.2

Poor rotamers (%) 10.7 2.1 2.4 2.8

RMSD 0.0 2.096 0.0 1.158
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Fig. 3 Predicted tertiary structure, Ramachandran plot and model quality analysis of HIV-1a. A Refined structure. B Ramachandran plot of the 
refined structure. C Overall model quality showed that protein structure lies in the allowed region. D Local model quality through a window size of 
40 amino acids also showed that most part of the protein falls under the knowledge-based energy
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Fig. 4 Predicted tertiary structure, Ramachandran plot and model quality analysis of HIV-1b. A Refined structure. B Ramachandran plot of the 
refined structure. C Overall model quality showed that protein structure lies in the allowed region. D Local model quality through a window size of 
40 amino acids also showed that most part of the protein falls under the knowledge-based energy
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both humoral and cellular immune responses, and used 
multiple tools for the evaluation of vaccines’ stability, effi-
cacy, and toxicity.

The current study aimed to develop a multi-epitope 
vaccine against HIV-1 through an immuno-informatics 
approach similar to other studies [16, 17]. Multi epitope-
based vaccines have the ability to induce both cellular 
and helper T-cell responses. Moreover, methodology fol-
lowed in these studies helped to propose a multi-epitope 
vaccine that can efficiently induce broadly neutralizing 
antibodies and an appropriate cytokine such as IFN-ɣ 
[8] along with induction of appropriate innate response 
through docking with TLR-3 [13] and inclusion of an 
adjuvant (HBD-3 with RR motif at C-terminal) [12] at 
N-terminal of the vaccine.

Multi-epitope vaccines designed through in-silico 
approaches have gained tremendous importance fol-
lowing the promising results of various studies. An 
in-silico study was used to design a multi-epitope vac-
cine against Onchocerciasis caused by microflaria 
[18]. Another multi-epitope vaccine against MERS 
was designed using an immuno-informatics approach 
[19]. A multi-epitope vaccine against brucellosis dem-
onstrated promising T-cell response [20]. Moreover, 
pre-clinical trials of multi-epitope vaccine against 
Epstein-Barr virus in mice models have also shown 
promising results [21]. Similarly, studies on malaria and 
cancer [22] validate the methodology used in our study 
as multi-epitope vaccines have shown to be far more 
progressive than monovalent vaccines due to their 

Fig. 5 RMSD, Rg, RMSF, and partial density of HIV-1a. A The RMSD graph has the peak around 17,000 and 29,000 ps of almost 0.9 nm and 0.85 nm 
respectively, which is still much less and still in the required zone of 1.0 nm. The overall graph shows the stability, with an average RMSD value of 
almost 0.65 nm. B Radius of gyration shows a little peak at the start but has overall stable Rg value and shows that the protein is stably folded. C 
RMSF doesn’t show much deviation as per atom, which determines that the structure is stable. D Protein density graph is smooth and stable as per 
the graph for HIV-1a



Page 11 of 22Sher et al. BMC Genomics          (2023) 24:276  

ability to induce both cellular and humoral immune 
responses [23]. These approaches save a lot of financial 
and time investments, that pose a considerable burden 
for vaccine research.

In the current study, epitopes were predicted using the 
entire HIV-1 proteome (VIF, VPR, TAT, REV, VPU, NEF, 
GAG, POL, and ENV). These 9 constituents proteins and 
polyproteins play crucial roles in the HIV-1 life cycle and 
are necessary for the virus to reproduce and cause dis-
ease; hence, targeting these proteins can be an effective 
measure for preventing or treating HIV-1 infection [24–
26]. Several of these polyproteins, including GAG, POL, 
and ENV, are known to be immunogenic, or capable of 
eliciting a robust immune response [27]. In addition, 
HIV-1 is known for its high genetic diversity, and the 

protein sequences of various strains of the virus can dif-
fer significantly. Thus, targeting numerous proteins can 
aid in the development of vaccine that is effective against 
a wide variety of HIV-1 strains [28]. 11 epitopes were 
selected to generate two multi-epitope vaccines, one 
without adjuvant (HIV-1a) and one with adjuvant (HIV-
1b). First, B and T-cell epitopes were predicted as this is 
the fundamental step in vaccine designing. Then, T-cell 
epitopes overlapping with B-cell epitopes and inducing 
IFN-ɣ were filtered [29]. Thus, the selected epitopes have 
the ability to induce cellular T-cell, helper T-cell, B-cell, 
and IFN-ɣ responses. Subunit vaccines comprising of cel-
lular and helper T-cell epitopes are under clinical trials 
[30]. Safety profile of selected epitopes was also evaluated 
through toxicity and allergenicity analysis.

Fig. 6 RMSD, Rg, RMSF, and partial density of HIV-1b. A The RMSD graph is almost stable around 0.8 nm and has no recognizable peak. Although 
the value is a bit higher as compared to HIV1a but is still less than 1.0 nm. The overall graph shows the stability, with an average RMSD value of 
almost 0.8 nm. B Radius of gyration shows a little peak at the start but has overall stable Rg value and shows that the protein is stably folded. C 
RMSF shows some peaks, suggesting that the protein structure has flexibility in some areas but still is in quite acceptable range, which determines 
that the structure is almost stable. D Protein density graph is smooth and stable as per the graph for HIV-1b
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Selected epitopes were then docked in every possible 
combination to determine the final vaccine construct 
with lowest HADDOCK score. The HADDOCK scor-
ing method evaluates the binding affinity of the com-
plex based on the energy of the interaction between 
the molecules. The energy is calculated by consider-
ing several factors, including electrostatics, van der 
Waals forces, Desolvation energy, and the change in 
the surface area of the molecules upon binding [31]. 
Hence, the HADDOCK scoring method ranks the 
docking pose based on their energy score, with lower 
energy scores indicating stronger binding affinity [32]. 

HADDOCK scores can help identify the most stable 
and energetically favorable epitope combinations. Link-
ers are an important component of multi-epitope vac-
cines as they help to maintain the individuality of each 
epitope after their introduction to the human body 
[33]. GGGS was used as a linker to join epitopes as sug-
gested by Yang et al. [9]. A variant of antimicrobial pep-
tide (β-defensin), HBD-3, with RR motif at C-terminus 
was added to the N-terminus in HIV-1b vaccine. Previ-
ously, defensin peptides have shown a potential role as 
a mucosal adjuvant in mouse models. When combined 
with a vaccine prototype as a synthetic adjuvant, the 

Fig. 7 Secondary structure of (A) HIV-1a, and (B) HIV-1b

Table 5 Molecular docking parameters of HIV-1a-TLR-3 and HIV-1b-TLR-3 complexes

Parameter HIV‑1a HIV‑1b

Before refinement After refinement Before refinement After refinement

HADDOCK score -82.3 ± 26.8 -241.6 ± 7.2 -70.4 ± 26.8 -179.5 ± 2.7

Cluster size 6 20 5 20

RMSD from the overall lowest 
energy structure

1.0 ± 0.7 0.6 ± 0.3 0.9 ± 0.5 0.6 ± 0.3

Van der Waals energy -57.9 ± 15.8 80.2 ± 7.7 -86.7 ± 3.5 -95.2 ± 3.7

Electrostatic energy -643.0 ± 93.1 -788.5 ± 41.5 -358.3 ± 76.1 -320.2 ± 23.7

Desolvation energy -1.8 ± 3.8 3.6 ± 1.4 -17.9 ± 1.4 -20.3 ± 5.3

Restraints violation energy 1059.9 ± 181.2 0.0 ± 0.0 1058.0 ± 232.6 0.0 ± 0.0

Buried surface area 2812.3 ± 177.3 3119.2 ± 68.0 3320.6 ± 184.1 3329.5 ± 71.9

Z‑score -1.4 0.0 -1.1 0.0



Page 13 of 22Sher et al. BMC Genomics          (2023) 24:276  

Fig. 8 HIV-1a-TLR-3 complex structure and interaction details. A HIV-1a-TLR-3 complex refined structure. B Summary of HIV-1a-TLR-3 interactions. C 
Interacting residues of HIV-1a and TLR-3. HIV-1a forms 8 salt bridges, 21 hydrogen bonds, and 179 non-bonded contacts with TLR-3. D Eigen value 
of HIV-1a-TLR-3 complex
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Fig. 9 HIV-1b-TLR-3 complex structure and interaction details. A HIV-1b-TLR-3 complex refined structure. B Summary of HIV-1b-TLR-3 interactions. 
C Interacting residues of HIV-1b and TLR-3. HIV-1b forms 5 salt bridges, 11 hydrogen bonds, and 100 non-bonded contacts with TLR-3. D Eigen 
value of HIV-1b-TLR-3 complex
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Fig. 10 Cloned (A) HIV-1a, and (B) HIV-1b in pET28(a) + plasmid. CAI value of both multi-epitope vaccines suggest high expression levels in E. Coli 
system
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cellular immunogenicity of HIV peptide with defensin 
formulations revealed a substantially greater (p 0.001) 
proliferative response than HIV peptides administered 
alone in mouse models [34]. HBD-3 helps in antigen 
specific antibody production through Th1 and Th2 
dependent pathways [35]. Moreover, enhancing posi-
tive charge of the adjuvant has shown to enhance anti-
body production against HIV-1 [12], so the RR motif 
was attached to C-terminus of HBD-3. EAAAK linker 
was used to join adjuvant to multi-epitope vaccine as 
it reduces the chance of interaction among functional 
domains [36].

TLR-3 docking showed that both vaccines have strong 
binding capacities. However, NMA showed that HIV-1b-
TLR-3 has higher deformation energy than the HIV-1a-
TLR-3 complex. TLR-3 recognizes double stranded RNA, 
and it has shown to inhibit HIV-1 infection through 
the induction of type 1 interferon and inflammatory 
cytokine/chemokine [37]. Activation of TLR-3 can lead 
to a TRIF dependent signaling cascade, which can induce 
the transcription of inflammatory genes [38]. Its activa-
tion in dendritic cells (DCs) causes them to develop into 
powerful immunostimulatory cells that can effectively 
cross-prime T lymphocytes [39]. In the case of HIV-1 
infection, activation of dendritic cells is dependent on 
TLR-3 activation [40]. HBD-3 is specifically chemotactic 
for cells expressing CCR6, which is primarily expressed 
by immature dendritic cells [41]. Thus, the chemotactic 
activity of HBD-3 on immature dendritic cells and their 
TLR-3 dependent activation along with cross-priming of 
T-lymphocytes can lead to better induction of an innate 
immune response and hence a better adaptive immune 
response. While other TLRs like TLR-4 can lead to the 
induction of IL-6 which can reactivate the virus from 
its latency stage [42]. Similarly, TLR-10 is also known 
to enhance HIV-1 infection [43]. Physicochemical prop-
erties of both vaccines suggested that both vaccines are 
relatively stable considering their half-lives in-vitro and 
in-vivo, although instability index has shown that both 
vaccines maybe relatively unstable, aliphatic index has 
shown that HIV-1b is relatively more thermostable than 
HIV-1a. Moreover, Structural parameters like GALAXY 
energy, Rama-favored rotamers, and Z-score also sug-
gested that although both vaccines are fairly stable, HIV-
1b is more stable than HIV-1a. MD simulations has also 
suggested that both vaccines are fairly stable. Immune 
simulations suggested that both vaccines elicited suf-
ficient immune response, however, HIV-1b has elicited 
more promising results. The CAI values of both vaccine 
constructs also showed high compatibility and expression 
in their host system. Despite the numerous promising 
results of this study, experimental validation is required 
to verify the results.

Conclusion
In conclusion, immuno-informatics approaches were 
used to design two multi-epitope vaccines, HIV-1a (with 
adjuvant) and HIV-1b (without adjuvant). Both vaccines 
are predicted to be antigenic, non-allergenic, fairly stable, 
non-human homologue, and can induce cellular T-cell, 
helper T-cell, B-cell, and IFN-ɣ responses. However, 
HIV-1b has demonstrated better docking results and 
stability than HIV-1a. Thus, the proposed vaccine con-
structs merit further in vitro as well as in vivo testing.

Methods
The methodology followed in this study comprises the 
following parts (1) T-cell, B-cell, and IFN-ɣ epitopes 
prediction from the viral proteins; (2) screening of con-
served T-cell epitopes overlapping with B-cell and IFN-ɣ 
epitopes; (3) designing two vaccine constructs (with and 
without adjuvant) through epitope-epitope interaction 
analysis and structural modelling using appropriate link-
ers; (4) characteristic analysis of protein through molec-
ular dynamics evaluation; (5) molecular docking with 
TLR-3; and (6) Codon optimization and in-silico cloning. 
Figure  11 summarizes the methodology adapted in this 
study in the form of a flowchart.

Sequence retrieval and consensus sequence generation
All HIV-1 polyprotein and protein sequences were 
retrieved from the Los Alamos National Lab (LANL) 
HIV sequence database http:// www. hiv. lanl. gov/ on  4th 
December, 2020 using only one sequence/patient filter, 
accession numbers are listed in Supplementary Table 
S4. Downloaded sequences were aligned using the tree 
based progressive method of MAFFT version 7 https:// 
mafft. cbrc. jp/ align ment/ server/ index. html  [44], which is 
a multiple alignment tool for nucleotide or amino acid 
sequences, with normal mode memory usage and other 
default values. The consensus sequences of these poly-
proteins and proteins were then generated using Qiagen 
CLC Genomics Workbench 20.0.4 [45].

T‑ and B‑cell epitope mapping
Both cellular and helper T-cell epitopes were mapped 
using the HLAPred server http:// crdd. osdd. net/ 
ragha va/ hlapr ed/ index. html, which is designed 
for the identification and prediction of CD8 + and 
CD4 + T-cell epitopes by predicting binders, identifi-
cation of experimental binders, and by default values. 
HLA-A3, HLA-A11, HLA-B27, HLA-B*2702, HLA-
B*2705, HLA-B*3801, HLA-B*51, HLA-B*5801, HLA-
DRB1*1301, HLA-DRB1*1302, HLA-DRB1*1502 alleles 
were prioritized for T-cell epitope mapping, as they 
have shown to be effective in controlling HIV-1 infec-
tion [46–53]. Predicted T-cell epitopes were analyzed 

http://www.hiv.lanl.gov/
https://mafft.cbrc.jp/alignment/server/index.html
https://mafft.cbrc.jp/alignment/server/index.html
http://crdd.osdd.net/raghava/hlapred/index.html
http://crdd.osdd.net/raghava/hlapred/index.html
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for their conservancy using Unipro Ugene [54] and only 
80% conserved epitopes were selected.

B-cell epitopes were mapped using BepiPred-2.0: 
Sequential B-cell epitope predictor tool of the IEDB 
Analysis Resource http:// tools. iedb. org/ bcell/  [55]. This 
tool uses the Random Forest algorithm which is trained 
on crystal structure-determined epitopes and non-
epitope amino acids; afterward, it performs a sequen-
tial prediction smoothing for B-cell epitope prediction. 
After B-cell epitopes prediction, overlapping conserved 
T- and B-cell epitopes were selected for further analysis.

Interferon‑gamma epitope mapping
Overlapping T- and B-cell epitopes were predicted for 
their ability to induce IFN-ɣ using the IFNepitope server, 
a server for predicting and designing epitopes with the 
ability to induce IFN-ɣ http:// crdd. osdd. net/ ragha va/ 
ifnep itope/ conta ct. php.

Antigenicity
Selected epitopes were filtered for their antigenic capa-
bilities using VaxiJen v2.0 (online available at http:// 
www. ddg- pharm fac. net/ vaxij en/ VaxiJ en/ VaxiJ en. html) 
[56]. This online server relies on the physiochemical 
properties of proteins instead of length or alignment 
for antigenicity prediction. Virus was selected as the 
target organism and a threshold of 0.5 was used to pre-
dict antigens.

Non‑human homologous epitopes selection
An ideal vaccine candidate should not contain human 
homologous epitopes to avoid the chances of autoim-
munity. BLASTp (standard protein BLAST) https:// 
blast. ncbi. nlm. nih. gov/ Blast. cgi? PAGE= Prote ins  [57] 
was used to screen non-human homologous epitopes 
and only those epitopes were selected that had E-score 
values greater than 1.0.

Fig. 11 Flowchart of the methodology followed in this study

http://tools.iedb.org/bcell/
http://crdd.osdd.net/raghava/ifnepitope/contact.php
http://crdd.osdd.net/raghava/ifnepitope/contact.php
http://www.ddg-pharmfac.net/vaxijen/VaxiJen/VaxiJen.html
http://www.ddg-pharmfac.net/vaxijen/VaxiJen/VaxiJen.html
https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins
https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins
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Toxicity and population coverage analysis
Filtered epitopes were checked for their ability to 
induce toxicity using ToxinPred (available at http:// 
crdd. osdd. net/ ragha va/ toxin pred/). Toxicity of epitopes 
was analyzed using SVM (Swiss-Prot) + motif-based 
method of ToxinPred, where SVM threshold value was 
set to 0. Moreover, only those epitopes were selected 
that were present in the mature proteins of HIV-1. Pop-
ulation coverage analysis was then also performed on 
the selected epitopes using IEDB resource server [58].

Construction of multi‑epitope vaccine
Finalized epitopes were checked for their compatibility 
among themselves to determine the order of these epitopes 
in the final construct. For this purpose, HIV-1 mature pro-
teins (from which epitopes were derived) nucleocapsid 
(PDB ID 5I1R) [59], reverse transcriptase (PDB ID 1HMV) 
[60], integrase (PDB ID 6U8Q) [61], and VPU (PDB ID 
1VPU) [62] were downloaded from the RCSB PDB. Fur-
ther methodology for the construction of a multi-epitope 
vaccine can be categorized into three steps:

1. Epitopes and epitope combinations’ structure predic-
tion.

2. Determining active and passive residues of epitopes 
and epitope combinations.

3. Docking different epitope combinations.

Epitopes’ structures were clipped from their respec-
tive proteins using ChimeraX v1.1 [63]. CPORT https:// 
alcaz ar. scien ce. uu. nl/ servi ces/ CPORT/  [64] was then 
used to determine the active and passive residues of these 
epitopes. Afterwards, epitopes were docked among each 
other to determine the best possible combination using 
the HADDOCK 2.4 GURU level interface with default 
values https:// bianca. scien ce. uu. nl/ haddo ck2.4/ [65].

The best possible combination of epitopes was then 
joined using an appropriate flexible linker such as GGGS 
as devised by Yang et al. [9]. Following this, the structure 
of this combination of epitopes with a suitable linker 
was generated using Phyre2 http:// www. sbg. bio. ic. ac. uk/ 
~phyre2/ html/ page. cgi? id= index [66], and then its active 
and passive residues were determined, and it was docked 
with remaining epitopes to determine best possible com-
bination of three epitopes. Finally, these three steps were 
then repeated several times until the final construct of 
multi-epitope vaccine (HIV-1a) was generated.

Another multi-epitope vaccine construct (HIV-1b) was 
also generated by linking an adjuvant devised by Mohan 
et  al. [12], human β-defensin-3 (HBD-3), a soluble pep-
tide with an RR motif at the C-terminus, at the N-termi-
nus of HIV-1a with a suitable rigid linker, EAAAK [17].

Prediction of vaccine construct physio‑chemical properties 
based on sequences
ProtParam tool https:// web. expasy. org/ protp aram/ was 
used to analyze various physicochemical properties like 
number of amino acids, molecular weight, theoretical 
isoelectric point (pI), estimated half-life (in-vitro, and 
in-vivo) using N-end rule, aliphatic index, and Grand 
Average of Hydropathy (GRAVY) index of both vaccine 
constructs [67].

Allergenicity of multi‑epitope vaccine
AllergenFP v.1.0 https:// ddg- pharm fac. net/ Aller genFP/  [68] 
and AlgPred https:// webs. iiitd. edu. in/ ragha va/ algpr ed/ submi 
ssion. html  [69] were used for evaluation of the allergenic-
ity of both constructs (HIV-1a and HIV-1b). All 6 prediction 
approaches of Algpred were used to evaluate the allergenic-
ity of both constructs i.e., mapping of IgE epitopes and PID, 
MEME/MAST motif, SVM module based on amino acid 
composition, SVM module based on dipeptide composi-
tion, BLAST search on allergen representative peptides 
(ARPs), and hybrid approach. Moreover, by using a four-step 
approach and comparing the Tanimoto coefficient, Aller-
genFP predicts the allergenicity of peptides using an align-
ment-free method.

Antigenicity of multi‑epitope vaccine
VaxiJen v2.0 [56] and ANTIGENpro [70] were used to 
evaluate the antigenicity of final constructs of multi-
epitope vaccine. ANTIGENpro is available online at the 
Scratch Protein Predictor server http:// scrat ch. prote 
omics. ics. uci. edu/.

Immune simulation
Immune simulation analysis of HIV-1a and HIV-1b 
vaccines was performed using C-IMMSIM https:// 
kraken. iac. rm. cnr. it/C- IMMSIM/ (accessed on August 
1, 2022) [71]. Default settings of the tool were used, 
except HLA-A (HLA-A*0201, HLA-A*2402), HLA-B 
(HLA-B*0702, HLA-B*0801), and HLA-II (DRB1*0701, 
DRB1*1501) were selected in the host HLA selection 
as they have shown higher genotypic frequencies in the 
worldwide population according to the IEDB analysis 
resource server.

Tertiary structure prediction and refinement
HIV-1a and HIV-1b tertiary structures were predicted 
using the 3Dpro tool hosted at Scratch Protein Predictor 
[72]. Afterwards, the designed structure was refined using 
the GalaxyRefine2 tool of GalaxyWEB server https:// gal-
axy. seokl ab. org/ cgi- bin/ submit. cgi? type= REFIN E2  [73]. 
Structure with the most Rama-favored residues and mini-
mum energy was selected for further analysis.

http://crdd.osdd.net/raghava/toxinpred/
http://crdd.osdd.net/raghava/toxinpred/
https://alcazar.science.uu.nl/services/CPORT/
https://alcazar.science.uu.nl/services/CPORT/
https://bianca.science.uu.nl/haddock2.4/
http://www.sbg.bio.ic.ac.uk/~phyre2/html/page.cgi?id=index
http://www.sbg.bio.ic.ac.uk/~phyre2/html/page.cgi?id=index
https://web.expasy.org/protparam/
https://ddg-pharmfac.net/AllergenFP/
https://webs.iiitd.edu.in/raghava/algpred/submission.html
https://webs.iiitd.edu.in/raghava/algpred/submission.html
http://scratch.proteomics.ics.uci.edu/
http://scratch.proteomics.ics.uci.edu/
https://kraken.iac.rm.cnr.it/C-IMMSIM/
https://kraken.iac.rm.cnr.it/C-IMMSIM/
https://galaxy.seoklab.org/cgi-bin/submit.cgi?type=REFINE2
https://galaxy.seoklab.org/cgi-bin/submit.cgi?type=REFINE2
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Model quality analysis and Ramachandran plot analysis
ProSA-web https:// prosa. servi ces. came. sbg. ac. at/ prosa. 
php was used to analyze z-score and local model quality 
[74], while PDBsum http:// www. ebi. ac. uk/ thorn ton- srv/ 
datab ases/ pdbsum/ Gener ate. html was used to gener-
ate Ramachandran plots of HIV-1a and HIV-1b refined 
structures [75].

MD simulation
GROMACS was used as a tool to stabilize the vaccine 
structure through MD simulation. GROMACS is a tool 
that gives the real-life environmental conditions for dif-
ferent biological models [76]. OPLS (Optimized Potential 
for Liquid Simulation) was applied as a force-field, and 
the proteins were contained in the rhombic dodecahe-
dron cubic box to remain intact with the solvent mol-
ecules. With a distance of 2  nm from the boundaries, 
the proteins were put in the cube’s center. With the force 
constant (kpr) of 1,000,000  J/mol-1/nm-2, the solvent 
water spc216 was used for protein simulation. The ion 
balancing was performed with the help of built-in Gen-
ion tool, in which cutoff scheme Verlet was used, while 
the electrostatic forces being applied. Then, energy mini-
mization was carried out, and the final structure with 
Energy Minimization (EM) was obtained. The graphic 
visualization of the results was generated using qtgrace 
software. NVT isothermal-isochoric ensemble equilibra-
tion at 100  ps was used to stabilize the temperature of 
proteins up to a specified value. During NVT equilibra-
tion, velocity was created so that a range of simulations 
may run at different speeds. Temperature, pressure, and 
density of the stabilized vaccine constructs were exam-
ined using an NPT ensemble with 50,000 steps for the 
entire process. For the equilibrated construct, an MD 
simulation was run at 100 ns with 50,000,000 steps. The 
RMSD of the backbone of energy was minimized, and the 
findings were generated in the form of graphs. The radius 
of gyration and density plots were also determined along 
with the RMSF protocol performance for MD simulation.

Secondary structure prediction
PDBsum http:// www. ebi. ac. uk/ thorn ton- srv/ datab ases/ 
pdbsum/ Gener ate. html was used to generate the second-
ary structure and topology of both vaccine constructs [75].

Molecular interaction with TLR‑3
For docking of TLR-3 with HIV-1a and HIV-1b, extracel-
lular domain structure of TLR-3 was downloaded from the 
RCSB PDB (PDB ID: 1ZIW) [77]. CPORT [64] was used to 
determine active and passive residues of TLR-3, HIV-1a and 
HIV-1b. Afterwards, docking of HIV-1a and HIV-1b with 
TLR-3 was performed using the HADDOCK 2.4 GURU 
level interface with default values [65]. Then, HADDOCK 

refinement interface https:// wenmr. scien ce. uu. nl/ haddo 
ck2.4/ refin ement/1  [65] with default values was used to 
refine HIV-1a-TLR-3 and HIV-1b-TLR-3 complexes. Nor-
mal Mode Analysis (NMA) of complexes was also per-
formed using the iMODS server https:// imods. iqfr. csic. 
es/ [78] to determine the deformation potential of both con-
structs. Finally, PDBsum [75] was used to perform a detailed 
analysis of protein–protein interactions in complexes.

Codon optimization and in-silico cloning
JCat http:// www. jcat. de/ [79] was used to perform codon 
optimization of HIV-1a and HIV-1b. Codons were 
adapted according to the K12 strain of E. coli using default 
values. BamH1 and Xho1 restriction sites were added 
to the N and C terminal of optimized sequences of vac-
cines respectively. pET28(a) + plasmid was downloaded 
from the SnapGene database. Optimized sequences with 
restriction sites were reversed and then cloned to the 
plasmid by using SnapGene 5.2.4 [13].
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