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Abstract

Background: The synergism between Mycobacterium tuberculosis (Mtb) and human immunodeficiency
virus (HIV) represents a global health crisis, where co-infection significantly accelerates immune failure and
exacerbates mortality rates.
Objective: This study aimed to design in silico a novel multi-epitope vaccine predicted to stimulate robust,
long-lasting, and concurrent immune protection against Mtb and HIV.
Methods: This reverse vaccinology study followed a multi-level immunoinformatic approach. We predicted
cytotoxic T lymphocyte (CTL), helper T lymphocyte (HTL), and linear B-cell (LBL) epitopes. Each was tested
for its ability to induce an immune response without evoking allergic or toxic reactions. Select epitopes were
combined into a multi-epitope vaccine construct bearing adjuvants and linkers. It was analyzed for
physicochemical characteristics, solubility, structural modeling, molecular docking with toll-like receptor 4
(TLR 4), and stability. Immune simulations, codon optimization, and in silico cloning helped assess
immunogenicity and establish expression potential.
Results: Proteomics prioritized 23 epitopes—11 CTL, 5 HTL, and 7 LBL. Each demonstrated high antigenicity,
non-allergenicity, and non-toxicity. The final vaccine construct exhibited superior stability in normal mode
analysis and strong binding affinity for TLR4, as evidenced by low-energy docking scores. Immune simulations
predicted a robust secondary immune response, characterized by significant increases in antibody titers,
B-cell memory, and the release of Th1-polarized cytokines: IFN-gamma and interleukin-2. The global HLA
population coverage was estimated at 99.3%, indicating broad-spectrum protective potential.
Conclusion: The multi-epitope vaccine designed here exhibited high predicted stability, safety, and robust
in silico immunogenic potential. Overall, this construct is a promising candidate for a unified preventive
strategy against HIV−TB co-infection, warranting further experimental validation in pre-clinical settings.

Keywords: Co-infection, human immunodeficiency virus, immunoinformatics, multi-epitope vaccine,
tuberculosis.

Despite the widespread implementation of
antiretroviral therapy (ART) and the Bacillus
Calmette-Guérin (BCG) vaccine, the syndemic
convergence of tuberculosis (TB) and the human
immunodeficiency virus (HIV) remains one of the most

formidable challenges to global public health. (1, 2) In
individuals co-infected with HIV, the natural history
of TB is profoundly altered; HIV-induced depletion
of CD4+ T cells and an impairment of macrophage
function significantly increase susceptibility to both
primary Mycobacterium tuberculosis (Mtb) infection
and reactivation of latent TB. (3) Conversely, Mtb
triggers chronic immune system activation and
systemic inflammation. The latter creates a cellular
environment ideal for massive HIV replication. (4)
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The bidirectional interaction between TB and HIV
markedly worsens prognosis.

Addressing HIV–TB co-infection requires a
holistic strategy that integrates ART with robust
tuberculosis treatment. While current ART protocols
can achieve effective viral suppression, they fail to
fully reconstitute TB-specific immune defenses within
the respiratory mucosa, leaving patients extremely
vulnerable to TB-associated mortality. (4, 5)

Furthermore, the clinical management of HIV–TB co-
infection is continuously hindered by complex drug–
drug interactions, overlapping hepatotoxicity, and
increasing emergence of multidrug-resistant TB
(MDR-TB) strains. (6, 7) Such a dual burden
underscores a critical, unmet clinical need for integrated
preventive strategies. However, single-pathogen
candidate vaccines existing within the clinical pipeline
are not engineered to address the overlapping and
synergistic immune exhaustion mechanisms unique to
the HIV–TB syndemic. Therefore, developing a
chimeric, dual-antigen vaccine that can simultaneously
elicit robust and durable cell-level immunity against
both pathogens is urgent. (8–10)

Rational design of such complex multivalent
vaccines via conventional empirical methods is
extremely challenging due to extensive genome sizes
and high mutation rates of these pathogens, particularly
HIV-1. In this context, in silico immunoinformatics
and reverse vaccinology offer a transformative
approach. Utilizing computational algorithms and
structural modeling, these tools enable precise
identification of highly immunogenic, non-allergenic
T- and B-cell epitopes derived from essential virulence
factors based on large-scale proteomic data, allowing
rapid, accurate construction of multi-epitope
assemblies. (11, 12) While computational studies have
successfully proposed multi-epitope vaccines against
either Mtb or HIV individually, an integrated chimeric
vaccine targeting the specific immunological
intersections of the two pathogens remains largely
unexplored.

To bridge such a significant research gap, this
study aimed to computationally engineer a novel, dual-
antigen multi-epitope subunit vaccine against HIV–
TB co-infection. By targeting literature-validated
virulence factors essential for mycobacterial
intracellular survival and viral immune evasion and
computationally evaluating the structural dynamics of
vaccine–receptor interactions through normal mode
analysis (NMA), this study proposes a theoretically
stable and potentially immunogenic candidate for
subsequent pre-clinical evaluation.

Materials and methods

Protein sequence retrieval and immunogen
selection
The initial phase involved retrieving high-priority
protein sequences from both M. tuberculosis and
HIV-1. Virulence factors and essential proteins were
identified by accessing the Virulence Factor Database
(VFDB; https://www.mgc.ac.cn/VFs/) and the
Bacterial and Viral Bioinformatics Resource Center
(BV-BRC; https://www.bv-brc.org/), and corroborated
them with literature on synergistic pathogenesis. (13,14)

To ensure safety and prevent molecular mimicry,
sequences with high homology to the human proteome
were excluded. (15) For Mtb, Ag85, ESX-1/EccB,
plcA/B/C, EIS, SapM, eccCa1, and eccCb1 were
selected due to their pivotal roles in early host
cell invasion and intracellular survival within
macrophages. (16, 17) For HIV, Vif, Nef, Vpr, and gp120
were chosen as they actively downregulate host major
histocompatibility complex (MHC) molecules and
induce T-cell apoptosis, directly exacerbating
mycobacterial co-infection.

Human proteome cross-reactivity
We systematically searched each prioritized candidate
epitope and the final construct for homology to human
proteins to eliminate the risk of molecular mimicry
and vaccine-induced autoimmunity. Cross-reactivity
was examined utilizing the NCBI BLASTp (Basic
Local Alignment Search Tool) algorithm against the
non-redundant (nr) protein database, restricted to the
Homo sapiens reference proteome (TaxID: 9606).
Alignment criteria were established a priori to define
significant homology. Any epitope or region with i)
P< 0.05, ii) sequence identity of  ≥ 35.0%, and iii) query
coverage of > 70.0% with any human protein was
considered potentially cross-reactive and excluded.

CTL and HTL epitope prediction
Cytotoxic T lymphocyte (CTL) 10-mer epitopes were
predicted employing the NetMHCpan 4.1 EL algorithm
via the IEDB MHC-I tool (http://tools.iedb.org/mhci/)
to ensure robust binding profiles across diverse
populations. The two classes were cross-validated;
CTL epitopes were selected at a high-affinity
percentile rank cutoff of ≤ 0.2. Binding affinities were
assessed against a set of prevalent HLA class I alleles.
The reference panel of HLA alleles was selectively
curated to represent the greatest allelic frequencies
in regions with the heaviest HIV–TB syndemic burden
(e.g., East Asia and Sub-Saharan Africa), ensuring
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downstream clinical relevance. (18) Similarly, 15-mer
helper T lymphocyte (HTL) epitopes were identified
using the NetMHCIIpan 4.1 EL method (http://
tools.iedb.org/mhcii/). They were prioritized based on
a percentile rank cutoff of  ≤ 2.0. (19) CTL and HTL
epitopes were selected based on percentile ranks and
IC50 values to ensure robust CD8⁺  and CD4⁺  T-cell
activation.

Linear B-cell epitope prediction
Linear B-cell epitopes, ranging from 12 to 16 residues,
were predicted utilizing the Bepipred Linear Epitope
Prediction tool (http://tools.iedb.org/bcell/). (19)

Selection criteria focused on residue flexibility and
surface accessibility, crucial determinants of antibody-
mediated recognition of B-cell receptors.

Assessment of antigenicity, allergenicity, and
toxicity
The application potential of each predicted epitope as
a vaccine was screened rigorously. As a primary
filtering mechanism, sequence-based predictions were
applied to individual epitopes before full assembly.
Antigenicity was ascertained employing the VaxiJen
v2.0 server with a threshold of  ≥ 0.4. (20) Potential
allergenicity was evaluated utilizing the AllerTOP v2.0
server and auto-cross covariance transformation. (21)

Toxicity profiles of the shortlisted peptides were
assessed in ToxinPred, which employs machine
learning to evaluate sequence-based physicochemical
parameters, ensuring safety. (22) An antigenicity
threshold of ≥ 0.4 was strictly applied. However,
single HTL epitopes demonstrating exceptional MHC-
II binding affinity and critical multi-cytokine (e.g.,
interleukin (IL)-4/IL-10) induction capabilities were
methodologically excluded, as their primary role is T-
helper polarization rather than direct physicochemical
antigenicity.

Immunogenicity and cytokine-inducing potential
CTL epitopes were analyzed for their capacity to elicit
CD8z  T-cell responses employing the IEDB
immunogenicity tool. (19) For HTL epitopes, the
IFNepitope server was utilized to identify interferon
gamma (IFN-γ) inducers; IL4pred and IL10pred
screened IL-4 and IL-10 inducers, respectively,
to ensure a balanced pro-inflammatory and regulatory
immune profile. (23, 24)

Population coverage analysis
The IEDB Population Coverage tool was employed
to calculate the combined global and regional HLA
coverage for the selected CTL and HTL epitopes. (19)

This analysis ensured the vaccine’s applicability across
diverse ethnic groups, particularly in regions with an
elevated burden of HIV–TB co-infection.

Design of the multi-epitope vaccine construct
Rather than segregating antigens, the selected TB and
HIV epitopes were consecutively woven based on
their predicted proteasomal cleavage patterns to
prevent antigenic competition and facilitate
simultaneous multi-pathogen presentation. Their
structural integrity and functional presentation were
optimized using well-characterized, sequence-specific
linkers. (25) AAY linkers were inserted between CTL
epitopes to enhance proteasomal cleavage and MHC-
I presentation. “GPGPG” linkers were inserted
between HTL epitopes to induce rigid β-turns to
prevent junctional neo-epitope formation; KK spacers
were used to separate LBL. (26) To augment mucosal
immunogenicity, the Cholera Toxin B (CTB) subunit
was selected as a molecular adjuvant and fused to
the N-terminus. CTB is extremely effective at
breaking mucosal tolerance, making it an ideal choice
for combating respiratory (Mtb) and mucosal (HIV)
pathogens. A rigid “EAAAK” linker was inserted
between the CTB adjuvant and main antigenic
sequence to ensure structural separation and prevent
steric hindrance during receptor binding. (27)

Structural characterization and validation
Comprehensive three-dimensional (3D) structural
analyses rather than linear 1D metrics established the
viability of the fully assembled chimeric construct.
Physicochemical properties, including the instability
index and GRAVY score, were evaluated in
ProtParam. (28) Secondary and tertiary structures were
predicted in PSIPRED v4.0 and AlphaFold Server. (29,30)

 Structural  refinement  was  conducted  in
GalaxyRefine and validated through Ramachandran
plots in PROCHECK and Z-score assessment in
ProSA-web. (31–33)

Molecular docking and normal mode
Toll-like receptor 4 (TLR4) was strategically selected
as the target innate immune receptor due to its
established dual-sensor role in the HIV–TB syndemic,
recognizes mycobacterial virulence factors to initiate
macrophage phagocytosis, and co-interacts with the
HIV-1 envelope glycoprotein (gp120) to modulate
downstream inflammatory signaling. (29) Before
docking, the human TLR4 receptor crystal structure
(PDB ID: 4G8A) was prepared in PyMOL;
specifically, the functional monomer (chain A) was
isolated, while all water molecules, heteroatoms, and
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co-crystallized native ligands were strictly removed
to expose the reactive interface. The vaccine
construct and TLR4 receptor were molecularly
docked using the ClusPro 2.0 server in a balanced
mode to predict the relative binding conformation. To
map the binding footprint post-docking, interface-
associated residues and non-covalent interaction types
(e.g., hydrogen bonds and electrostatic interactions)
were visualized and extracted in PyMOL. (34) The
stability and deformability of the vaccine–TLR4
complex were further analyzed through NMA in the
iMODS server to evaluate collective functional
motions. (35)

In silico immune simulation and cloning
Immune response-related dynamics were simulated
via a three-dose immunization schedule in the C-
ImmSim server. (36) Finally, to ensure heterologous
expression, the vaccine sequence was codon-
optimized for Escherichia coli (K12) using the JCat
server. The optimized gene was then in silico cloned
into the pET-30a(+) vector utilizing SnapGene. (37)

Ethical considerations
Regarding the IRB number, this study does not require
IRB or ethical approval because it is an entirely in
silico and bioinformatics-based study. The research
does not involve human participants, animals, or the
collection of human/animal biological samples or
clinical data. Therefore, an IRB number is not
applicable to this study.

Results

Prediction of T-cell epitopes and prioritization
In this study, a systematic computational pipeline
identified high-affinity T-cell epitopes from Mtb
virulence factors (Ag85, ESX-1/EccB, plcA/B/C, EIS,
SapM, eccCa1, and eccCb1) and HIV-1 proteins (Vif,
Nef, Vpr, and Gp120). CTL epitopes were predicted
utilizing the IEDB MHC-I processing tool; HTL
epitopes were screened by accessing the IEDB MHC-
II binding prediction server. The initial CTL prediction
generated 95,391 raw peptides. MHC-I affinity
filtering excluded 95,142 non-binders, retaining 249
candidates. Subsequent screening for biosafety (non-
allergenic, non-toxic) and baseline immunogenicity
retained 34 safe epitopes. To optimize construct length
and prevent antigenic competition, 11 candidates with
maximum antigenicity scores were selected. The
initial pool of 34,807 HTL peptides was filtered for
MHC-II binding, yielding 664 binders. Subsequent

biosafety screening and strict cytokine profiling (IFN-
γ, IL-4, and IL-10 induction) narrowed this to 15
candidates, from which the top 5 were included to
maintain construct stability and prevent steric
hindrance. CTL and HTL epitope profiles are detailed
in Supplementary Tables S1-S2, respectively.

B-cell epitope prediction and prioritization
LBL epitopes were predicted utilizing the Bepipred
Linear Epitope Prediction 2.0 algorithm via the IEDB
server. Initially, 58 potential LBL epitopes were
predicted; all met the baseline structural thresholds—
flexibility and surface accessibility. Next, 42 candidates
were excluded following rigorous downstream
screening for biosafety and functional potency—
VaxiJen score ≥ 0.4,  non-allergenic via AllerTOP,
and non-toxic via ToxinPred. Of the remaining 16 high-
quality candidates, the top 7 with maximum
antigenicity scores were integrated into the multi-
epitope construct. Comprehensive characteristics of
the finalized LBL are presented in Supplementary
Table S3.

Cross-reactivity between the designed vaccine
candidate and human proteome
Safety profiles of the selected epitope sequences and
the assembled multi-epitope construct were
established against the Homo sapiens reference
proteome using NCBI BLASTp. The search engine
returned a strict “No significant similarity found”
output. Consequently, zero sequence alignments met
or exceeded our predefined exclusion thresholds.
These results confirm that, at the sequence level, the
selected epitopes were unique to the pathogen-derived
targets and were extremely unlikely to induce cross-
reactive autoimmune responses in host tissues. These
results suggest that, at the sequence similarity level,
the selected epitopes are unlikely to overlap with
known human protein sequences. However, this
analysis is limited to computational homology
assessment and does not account for potential
structural or conformational similarities. Within these
constraints, the findings provide initial support for the
specificity of selected epitopes toward pathogen-
derived targets.

Evaluation of the antigenicity, allergenicity, and
toxicity of the epitope vaccine candidate
Before assembling the final construct, individual CTL,
HTL, and LBL epitopes were predicted for
antigenicity, allergenicity, and toxicity to ensure immune
suitability. Antigenicity prediction indicated that most
selected epitopes met the applied VaxiJen threshold
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criteria (score ≥ 0.4), with one HTL epitope from
Ag85 (LLDGLRAQDDFSGWD) scoring 0.0277.
However, it was strategically retained in the final
construct, justified by its exceptionally robust MHC-
II binding profile and its critical capacity to induce
both IL-4 and IL-10, vital for establishing a balanced
Th1/Th2 immune response within the global multi-
epitope assembly. Furthermore, AllerTOP v.2.0
classified all prioritized epitopes as non-allergenic, and
ToxinPred did not identify any toxic peptide features
among the selected sequences.

Evaluation of CTL immunogenicity and HTL-induced
IFN-γ, IL-4, and IL-10
The construct’s potential to support cell-level immune
activation was assessed by predicting CTL
immunogenicity and cytokine induction by HTL
epitopes. Immunogenicity prediction suggested that

the included CTL epitopes can be recognized by CD8z
T cells, indicating their suitability for inclusion in a
cytotoxic T cell-oriented vaccine design. The selected
HTL epitopes were predicted to induce IFN-γ, IL-4,
and IL-10, suggesting their involvement in cellular,
humoral, and regulatory immune pathways.
Nevertheless, these findings are computational and
require experimental validation to confirm the
magnitude and balance of cytokine production.

Multi-epitope subunit vaccine construction
A multi-epitope subunit vaccine was obtained by
assembling 11 CTLs, 5 HTLs, and 7 LBLs,
concatenated with specific linkers: AAY, GPGPG, and
KK, respectively (Figure 1). A CTB subunit was
fused to the N-terminus via an EAAAK linker. The
final assembled construct comprised exactly 466 amino
acid residues.

Figure 1. Schematic representation of the designed HIV-TB chimeric multi-epitope vaccine construct. The final 466-amino-
acid construct consists of a Cholera Toxin B subunit as the N-terminal mucosal adjuvant, linked to the main antigenic
sequence via a rigid EAAAK linker. The sequence incorporates 11 CTL, 5 HTL, and 7 LBL epitopes. To ensure optimal
processing and prevent junctional neo-epitopes, the epitopes are interwoven using sequence-specific linkers: AAY for
CTL, GPGPG for HTL, and KK for LBL epitopes. CTL, cytotoxic T lymphocyte; HTL, helper T lymphocyte; LBL, linear B cell.
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Secondary structure prediction
Secondary structure prediction of the finalized MEV
construct evaluated its conformational characteristics
and structural stability. As shown in Figure 2, it was
predominantly composed of random coils: 48.7%
(227), α-helices: 33.3% (155), and β-strands: 18.0%
(84 residues). Physicochemical analysis quantified the
molecular weight to be 50.36 kDa and the theoretical
pI to be 9.34, indicating a basic protein. The instability
index was calculated as 33.44, classifying the protein
as stable. The estimated half-life was 30 h in
mammalian reticulocytes (in vitro), over 20 h in yeast
(in vivo), and over 10 h in E. coli (in vivo).
Additionally, the aliphatic index was 68.82, suggesting
moderate thermal stability, while the negative GRAVY
value (−0.498) indicated hydrophilicity (Table 1).

Tertiary structure modeling, refinement, and
validation
The vaccine tertiary structure was modeled in the
AlphaFold Server. The unrefined model generated
exhibited a predicted template modeling (pTM) score
of 0.30 and an overall average pLDDT score of 70.0.
The N-terminal mucosal adjuvant (CTB) domain
folded with high confidence, supported by a low
predicted aligned error, indicating enhanced positional
certainty. In contrast, the AlphaFold algorithm explicitly
computed a fraction disordered score of 0.79,
confirming that 79.0% of the construct (comprising
the downstream concatenated epitope region) lacked
a rigid tertiary structure. Such extensive structural
fluidity is an expected and extremely favorable
characteristic for multi-epitope chimeras. It correlates
perfectly with our secondary structure predictions

Figure 2. Predicted secondary structure of the HIV-TB multi-epitope vaccine construct. The structural distribution across
the 466-amino acid sequence was predicted using PSIPRED. The graphical output illustrates a composition dominated by
random coils (48.7%), followed by α-helices (33.26%), and β-strands (18.0%).

Parameter Value
Number of amino acids 466
Theoretical pI 9.34
Molecular weight 50360.96
Formula C2255H3484N640O655
Total number of atoms 7044
Instability index 33.44
Estimated half-life: 30 hours (mammalian reticulocytes, in vitro)

>20 hours (yeast, in vivo)
 >10 hours ( E. coli, in vivo)

Aliphatic index 68.82
Grand average of hydropathicity (GRAVY) -0.498

Table 1. Physichochemicalproperties analysis of our multi-epitope vaccine candidate.
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(dominated by random coils) and theoretically
facilitates downstream proteasomal degradation and
optimal MHC presentation by antigen-presenting cells
without severe steric hindrance. The structure was
refined  via GalaxyRefine (Figure 3). Structural
validation using the ERRAT program yielded an overall
quality factor of 98.29, indicating a high-quality model
within the acceptable range for proteins of comparable
size. Ramachandran plots with PROCHECK localized
94.9% (353) of amino acid residues within most

favored regions, 4.6% (17) in additionally allowed
regions, and only 0.5% (2) in disallowed regions.
Further validation using the ProSA-web server
produced a Z-score of −3.84, which falls within the
range for experimentally determined proteins of similar
length. In addition, side-chain stereochemistry
assessment through Chi1–Chi2 plots demonstrated that
most residues, including Asp, Glu, Ile, Leu, Lys, Met,
and Phe, were distributed within preferred torsional
regions, with only minor acceptable deviations.

Figure 3. Predicted 3D structure of the multi-epitope vaccine and its spatial validation. (A) The refined 3D tertiary structure
modeled using AlphaFold, illustrating the spatial arrangement of the CTB adjuvant (in blue) and the concatenated epitope
regions, (B) Ramachandran plot analysis (PROCHECK) of the refined model (94, 9.0%) and ERRAT Analysis (98, 2.0%),
demonstrating that the vast majority of residues  are located in the most favored regions, indicating high stereochemical
quality and high resolution, (C) ProSA-web overall model quality analysis, displaying a Z-score of -3.84, which falls within
the characteristic range of native proteins of similar size. CTB, Cholera toxin B.
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Conformational B-cell epitope identification of the
final vaccine
In total, ten discontinuous LBL epitopes were identified
using ElliPro, each exceeding the threshold protrusion
index (PI) score of 0.7. The epitopes varied in length,
from 5–23 residues. Figure 4 lists the start and end
positions of each epitope within the complete
sequence, which were A:K453, A:N454, A:A455,
A:D456, A:N457, A:D458, A:M459, A:H460 residues
with 0.97 of PI score (Figure 4A); A:D461, A:G462,
A:S463, A:I464, A:A465, A:Q466 residues with 0.97
of PI score (Figure 4B); A:E356, A:P357, A:L358,
A:G359, A:I360, A:A361, A:P362, A:T363 residues
with 0.89 of PI score (Figure 4C); A:L372, A:Q373,
A:V374, A:P375, A:S376, A:P377, A:S378, A:M379,
A:G380, A:R381 residues with 0.87 of PI score
(Figure 4D); A:A443, A:Y444, A:G445, A:A446,
A:G447, A:P448, A:C449, A:S450, A:G451, A:K452
residues with 0.86 of PI score (Figure 4E); A:R364,
A:A365, A:K366, A:R367, A:R368 residues with 0.86
of PI score (Figure 4F); A:D346, A:W347, A:H348,
A:L349, A:G350, A:P351, A:G352, A:P353, A:G354,
A:I355 residues with 0.79 of PI score (Figure 4G);
A:H385, A:Q386, A:T387, A:E388, A:T389, A:D390,
A:A391, A:A392, A:G393, A:K394, A:K395, A:L396,
A:D397, A:P398, A:N399, A:P400, A:P401, A:G402,
A:P403, A:E404, A:S405, A:D406, A:Y407 residues
with 0.79 of PI score (Figure 4H); A:E234, A:V235,
A:G236, A:F237, A:P238, A:V239, A:T240, A:P241,
A:Q242, A:V243, A:A244, A:A245 residues with 0.76
of PI score (Figure 4I); A:F9, A:F10, A:T11, A:V12,
A:L13, A:L14, A:S15, A:S16, A:A17, A:Y18, A:A19
residues with PI score of 0.74 (Figure 4J).

Molecular docking analysis and interaction studies
Vaccine–TLR4 receptor (chain A) binding affinity was
evaluated through molecular docking simulations using
the balanced mode of the ClusPro 2.0 server. Based
on the coefficient weight analysis E = 0.40Erep ±
0.40Eatt + 600Eelec + 1.00EDARS, Cluster 0 was
identified as the most representative. It comprised 73
members; the weighted score for the central pose was
–1478.5, while the lowest energy reached –1725.5
(Figure 5). These values represent the predictive
thermodynamic probability of a favorable interaction.
Detailed analysis of the docked complex interface
revealed specific intermolecular associations driving
this stability. The binding was stabilized by a network
of hydrogen bonds between the vaccine and critical
TLR4 binding pocket residues, notably Phe533,
His555, Met557, Asn486, and Asn531 (Figure 5).
These predictive mappings suggest that the chimeric
vaccine could structurally engage the TLR4 receptor,
fulfilling the prerequisite for potential downstream
innate immune responses.

Normal mode analysis
Structural stability, conformational flexibility, and
biophysical properties of the vaccine–receptor
complex were assessed through NMA in the iMODS
server. The deformability plot exhibited multiple
fluctuations, representing inherent vaccine flexibility
during interaction with TLR4 (Figure 6A). The NMA-
calculated B-factor remained relatively consistent
throughout the simulation, with only one minor
fluctuation (Figure 6B). The eigenvalue of 1.730773
x10-7 suggests that a low-frequency flexible force is
required for deformation, reflecting a favorable
conformational stability of the complex (Figure 6C).

Figure 4. A total of 10 discontinuous B cell epitopes were identified in Ellipro which are exceeding the threshold Protrusion
Index (PI) score of 0.7. The epitopes varied in length, ranging from 5 to 23 residues.

A B C D E
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Homogeneity was observed in the complex’s
conformational variance (Figure 6D). The covariance
matrix highlighted dominant coordinated rotational
motions (indicated in red), suggesting stable collective
residue movements during binding (Figure 6E).
Furthermore, the elastic network results confirmed a
direct proportionality with the binding elasticity
(Figure 6F).

Immune simulation
To evaluate the immunogenicity and long-term
protective potential of the vaccine construct, a 350-
day in silico immune simulation—involving a triple-
dose administration (days 1, 84, and 168)—was
conducted using the C-ImmSim platform. The
simulation indicated a theoretically robust primary
immune response followed by prominently amplified
secondary and tertiary responses, characterized by
rapid antigenic clearance and progressive
accumulation of high-titer antibodies (Figure 7A).
Notably, elevated IgM, IgG1 + IgG2, and total IgG +
IgM levels were observed, indicating successful class
switching and memory B-cell maturation. The vaccine
elicited a potent Th1-polarized cytokine profile, with
a marked surge in IFN-γ and IL-2, supplemented by
compensatory IL-10 and IL-12 responses (Figure
7B). This cytokine milieu is essential for orchestrating
the dual antibacterial and antiviral defense required
for HIV–TB control. B-cell population dynamics
revealed rapid clonal expansion that peaked and

plateaued, suggesting the establishment of durable
humoral immunity (Figure 7C). Concurrently, plasma
B-cell subsets exhibited consistent growth in IgM +
IgG and IgG1 production (Figure 7D).

Analysis of immune-related cellular compartments
demonstrated robust production of memory helper
(Th) and cytotoxic (Tc) T-cell subsets, critical for long-
term surveillance and elimination of intracellular
pathogens (Figure 7E–G). Furthermore, the
simulation underscored the synergistic activity of
innate effector cells, including natural killer cells and
macrophages, which reinforced the adaptive response
through enhanced phagocytic and cytotoxic functions
(Figure 7H–I).

Codon optimization and in silico gene cloning
The construct was cloned into an appropriate
expression vector to predict in silico expression
efficiency. The vaccine was reverse-translated using
the Java Codon Adaptation Tool and codon-optimized
to obtain a 1,398-base-long nucleotide sequence. It
had an average GC content of 54.0%, which was
within the recommended range of 30.0%–70.0% for
thermodynamic stability. A CAI value of 1 indicated
an enhanced probability of efficient prokaryotic
expression of the construct. The vaccine was cloned
via Gibson-PCR assembly (Figure 8), and the
optimized sequence was effectively integrated into the
pET-30a (+) vector, resulting in a 5,362-bp
recombinant construct (Figure 9).

Figure 5. Molecular docking interaction between the HIV-TB multi-epitope vaccine and the human TLR4 receptor. (A) The
lowest-energy docked complex predicted by the ClusPro 2.0 server. The TLR4 receptor (Chain A) is depicted in green, and
the vaccine construct is shown in grey and (B) A close-up, magnified view of the interaction interface, explicitly mapping
the network of non-covalent interactions. Key interacting residues within the TLR4 binding pocket (including Phe533,
His555, Met557, Asn486, and Asn531) and the corresponding hydrogen bonds (indicated by dashed lines) are highlighted,
suggesting a favorable structural conformation for receptor engagement. TLR4, toll-like receptor 4.
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Figure 6. NMA of the vaccine-TLR4 docked complex using the iMODS server. The biophysical stability and inherent
flexibility of the complex are illustrated through structural dynamics metrics. (A) The Deformability plot, indicating regions
of high flexibility (hinges) within the complex, (B) The B-factor plot, comparing the theoretical mobility of the complex atoms
against experimental normal mode data, (C) The Eigenvalue plot, with a computed value of 1.73 × 10-7, indicating the overall
stiffness and energy required to deform the structure, (D) The Variance plot, showing the cumulative variance associated
with individual normal modes, (E) The Covariance matrix, illustrating correlated (red), uncorrelated (white), and anti-correlated
(blue) atomic motions, and (F) The Elastic Network model, depicting pairs of atoms connected by springs, where darker gray
regions represent stiffer spring mechanics. TLR4, toll-like receptor 4.
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Figure 7. Simulated human immune responses over 350 days following vaccination with the multi-epitope construct.
(A) Persistent generation of memory antibodies, (B) increased expression of cytokines and interleukins, (C) enhanced
macrophage activity, (D, E) expansion of B-cell and plasma B-cell populations, (F, G) strengthened helper T-cell responses,
(H) elevated cytotoxic T-cell activity, and (I) augmented natural killer cell responses.
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Figure 8. Cloning workflow of the multi-epitope vaccine into the pET-30a (+) vector via Gibson-PCR assembly.

Figure 9. Schematic illustration of the optimized multi-epitope vaccine (red) cloned into the pET-30a (+) expression vector.
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Population coverage
HLA allelic distribution differed across geographical
regions and ethnic groups worldwide. Therefore,
population coverage must be considered while
developing an effective vaccine. HLA alleles

corresponding to selected CTL and HTL epitopes were
collated for population analysis against hotspots. The
results demonstrated that the proposed vaccine
construct covered 99.26% of HLA alleles presented
in the global population (Figure 10).

Figure 10. Population coverage of the multi-epitope vaccine in (A) Global, (B) East Africa, (C) East Asia, (D) West Africa,
(E) Northeast Asia, (F) Central Africa, (G) Southeast Asia, (H) North Africa, (I) Southwest Asia, and (J) South Africa
population.
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Discussion

The syndemic interaction between Mtb and HIV
represents one of the most significant challenges to
global public health, characterized by a lethal synergy
that accelerates disease progression and immune
exhaustion. (38) HIV-induced depletion of CD4+ T
lymphocytes and impaired macrophage activation
make individuals ~18 times more likely to progress
from latent to active TB. (39,40) In 2023, TB-associated
mortality represented nearly one-quarter of all AIDS-
related fatalities worldwide. (41) Despite the scale-up
of ART, immune reconstitution is often incomplete,
leaving HIV-positive patients extremely susceptible
to Mtb. Furthermore, the BCG vaccine is strictly
contraindicated in symptomatic HIV patients due to a
high risk of disseminated BCG disease. (42) In this
context, the development of a safe, non-replicating
integrated vaccine strategy is a clinical necessity.

Current clinical pipelines largely focus on single-
pathogen vaccines. (43) Recent progress in TB
vaccines, such as the M72/AS01E subunit vaccine,
has shown promise in Mtb-infected adults, (44,45) while
such efforts for an HIV vaccine have explored broadly
neutralizing antibodies and mRNA platforms (e.g.,
recent Phase I mRNA-1644 trials). (46) However, a
single-pathogen approach fails to address overlapping
immune exhaustion within the HIV–TB syndemic. (3)

HIV infection actively subverts the granulomatous
response required to contain Mtb, whereas Mtb-
induced chronic inflammation drives HIV replication.
(3,4) By integrating virulence factors from both
pathogens—such as Mtb Ag85/ESX-1 and HIV Nef/
Vif—we designed a dual-antigen chimeric vaccine to
simultaneously disrupt their synergistic immune-
evasion strategies, a critical gap in current vaccinology.

Epitopes were selected via a rational design
strategy to ensure varied and complementary
immunological outcomes. High-affinity CTL and
HTL epitopes were included to induce a dual-axis
immune response. Computational predictions suggest
that the selected HTL epitopes can drive a
Th1-polarized response, characterized by IFN-γ
secretion. Robust IFN-γ production is a key
stimulator of macrophage activation and
phagolysosome maturation, imperative for
intracellular Mtb clearance. (47) Furthermore,
the predicted induction of Th2 cytokines (IL-4
and IL-10) theoretically supports B-cell maturation
and antibody class switching, vital for neutralizing
extracellular HIV virions. (48,49) The balanced
activation of Th1/Th2 and regulatory immune
pathways can overcome the cell-level
immunosuppression observed in co-infected patients.

The CTB subunit was integrated as an N-terminal
adjuvant to augment mucosal immunogenicity. The
clinical applicability and safety of CTB are well
documented; unlike the intact Cholera Toxin, the
recombinant B subunit lacks toxicity and is a
major component of FDA-approved oral cholera
vaccines. (50) Mtb is a respiratory pathogen, and HIV
transmission predominantly occurs across mucosal
barriers. (51) CTB is extremely effective at
breaking mucosal tolerance and bridging innate
and adaptive immunity by binding to
monosialotetrahexosylganglioside on antigen-
presenting cells (APCs). (40,52) Therefore, CTB
inclusion theoretically optimizes this construct for
mucosal delivery routes (e.g., intranasal), which could
establish localized secretory IgA defenses and resident
memory T cells at primary sites of pathogen entry,
offering an advantage over conventional intramuscular
vaccines. (53–55)

Structural viability is a functional prerequisite for
this multi-epitope chimera. Secondary structure
predictions, indicating a composition dominated by
random coils and α-helices, suggest a certain degree
of flexibility. This biological feature is favorable, as it
facilitates optimal processing and presentation of the
embedded epitopes by APCs. (42,56) Furthermore,
tertiary structure modeling and validation metrics (such
as the ProSA-web Z-score of –3.84) support the
hypothesis that the chimeric protein could fold into a
stable, native-like conformation without egregious
steric clashes, confirming its fundamental biophysical
viability before in vitro synthesis. (57)

Molecular docking studies predicted a favorable
energetic landscape—low thermodynamic energy
values—between the vaccine construct and the human
TLR4 receptor. (58,59) Furthermore, NMA using
iMODS suggested large-scale molecular mobility and
inherent elasticity of the complex, indicating that the
predicted binding pose requires minimal
conformational entropy to remain stable. (60) However,
these computational outputs represent thermodynamic
probabilities, not definitive proof of bioefficacy or
in vivo receptor activation. While NMA provides
valuable insights into macromolecular rigidity
and induced-fit potential, it is a coarse-grained
simulation. (61)

Similarly, in silico immune simulations predicting
rapid antigen clearance and memory cell expansion
serve exclusively as hypothesis-generating data. While
these algorithms are built on validated empirical
immunological datasets, they cannot fully capture the
extreme complexity of HIV-associated immune
exhaustion, spatial dynamics of Mtb granulomas, or
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population-specific HLA polymorphisms. Therefore,
all findings regarding immune activation, structural
stability, and clinical suitability presented herein remain
strict theoretical constructs.

This study is limited by its in silico design;
therefore, predicted immunogenicity, safety, and
durability of immune responses require experimental
validation. Computational models may not fully capture
the complexity of HIV-associated immune dysfunction
and latent Mtb infection nor account for population-
specific HLA variability. The current pipeline did not
benchmark the immune simulation outputs against a
comparative control construct. Additionally, the
adjuvant performance of the CTB subunit in a dual-
pathogen vaccine context remains to be empirically
confirmed. Future studies should prioritize in vitro and
in vivo validation, including immunogenicity and
challenge models relevant to HIV–TB co-infection
to ensure vaccine safety, immunogenicity, and
effectiveness.

Conclusion

This study rationally designed a novel chimeric multi-
epitope vaccine targeting the synergistic pathogenesis
of HIV–TB co-infection. Using a comprehensive
immunoinformatics pipeline, we integrated literature-
validated essential virulence factors into a single
construct that suggests a favorable theoretical binding
affinity to the TLR4 receptor and structural stability
during NMA. Furthermore, it was predicted to induce
a balanced Th1/Th2 immune response. While the
projected global and regional population coverage was
notably high, these computational predictions are
inherently limited by HLA allelic diversity modeling
and the absence of complex biological parameters.
Therefore, this chimeric construct provides a robust
theoretical foundation that requires future in vitro and
in vivo experimental validation to establish its clinical
safety and immunogenic efficacy.
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