7
V‘y
\

N
e Original Article

Iran J Public Health, Vol. 54, No.9, Sep 2025, pp.1938-1953

Optimizing a Subunit Vaccine of Mycobacterium tuberculosis
Using In-Silico and In-Vitro Approaches

Zaigin Ling ', *Muhammad Ahsan Naeem >’

1. Department of Tuberculosis, Shandong Public Health Clinical Center, Shandong University, Jinan, 250013, China
2. College of Veterinary Medicine, Huazghong Agricultural University, Wuban 430070, China
3. Department of Basic Sciences (Pharmacology), University of 1 eterinary and Animal Sciences, Lahore, Pakistan (Narowal Cam-
pus- 51600)

*Corresponding Author: Email: muhammadahsannaeem(@ymail.com

(Received 18 Jan 2025; accepted 25 Apr 2025)

Abstract

Background: The present study addresses the development of a novel subunit vaccine (SV) to combat tuber-
culosis (TB).

Methods: The research used immunoinformatics to develop a subunit vaccine with 7 MHC-1, 3 MHC-11, and
7 B-cell epitopes joined by AAV, GPGPG, and KK linkers. It involved Mtb protein Rv0577 and PADRE se-
quence as an adjuvant. TLR2 binding affinity (IKd, nM) was determined through PRODIGY. In-silico evalua-
tions determined allergenicity, antigenicity, and physicochemical properties. The vaccine was presented in an
AAVDJ/8 system, intracellular expression was verified, and the copy number was identified using qPCR and
qRT-PCR.

Results: The web tools confirmed the stability, non-allergenicity, and high immunogenicity of the vaccine
(0.5673 < 0.4). PRODIGY tool depicted good SV-TLR2 binding (AG = -8.8 kcal/mol, Kd = 330 nM) with 59
intermolecular contacts, indicating possible TLR2 activation. Indirect immunofluorescence showed the expres-
sion of intracellular proteins. Viral titers, determined by 10-fold serial dilution up to 103, showed a detectable
titer, and copy numbers (10°/mI.~10'"/ml) proved productive viral replication and significant vaccine effec-
tiveness.

Conclusion: This comprehensive methodology, from epitope selection to in-vitro testing, establishes a robust
foundation for further exploring and advancing this SV.

Keywords: Tuberculosis; Bacillus Calmette-Guérin (BCG) vaccine; Immunoinformatics; Subunit vaccine; Adeno-
associated virus (AAV) vector

Introduction

Tuberculosis (TB) is still one of the 21st century's
top 10 killer diseases, as classified by the WHO
(1). Mycobacterium tuberculosis (Mtb) induces
pulmonary and extra-pulmonary TB via organ
lesions (2). The emergence of drug-resistant TB

highlights the importance of new vaccine ap-
proaches (3). Immunoinformatics-guided subunit
vaccines (SVs) hold potential by focusing on im-
munogenic  epitopes  (4), capitalizing on
knowledge of Mtb's secretory pathways for ra-
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tional vaccine design (5). Although BCG is pro-
tective, its inconsistent efficacy, particularly
against adult pulmonary TB, requires other strat-
egies (6, 7). Mtb has three primary secretory
pathways: the general secretory (Sec) pathway,
twin-arginine translocation (T'AT) pathway, and
Type VII secretory pathway (T7SS/Esx) (9).
These pathways secrete virulence factors and en-
able immune evasion (10). SecA2 of the Sec
pathway secretes evasive effectors, whereas the
TAT pathway secretes folded proteins (11). The
Esx pathway secretes extremely antigenic pro-
teins such as ESAT-6 and CFP-10, which help in
virulence (12).

Though there has been progress in the under-
standing of these pathways, current SVs target
restricted antigens and do not fully involve secre-
tion mechanisms (8). Although certain significant
contributions to knowledge about M7/ secretory
systems, and more significantly the Sec, TAT,
and Type VII, have been established, the void at
the core is around efficient SV that would inte-
grate these systems best (13). An effective SV
should support multiple secretory pathways to
maximize immunogenicity. Peptide vaccines en-
sure specificity, safety, and long-term immune
responses (14). Antigenic targets are SecA2 (Sec
system), Rv2525¢ (TAT system), and Esx-1 to
Esx-5 (Esx system) (12, 15, 10).

We aimed to develop an immunoinformatics-
guided SV for TB, analyzing its in-silico proper-
ties as well as its in-vitro characterization, with
the aim of creating an effective vaccine against
TB.
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Materials and Methods

Collection of protein sequences for vaccine design
Protein sequences of 23 Esx, 10 Sec system, and
5 TAT system proteins of M were retrieved
from Mycobrowser
http://www.mycobrowser.epfl.ch/ in FASTA
format. Rv0577, TLR2 agonist protein (TB27.3,
PDB ID: 30XH), the amino acid sequence was
recovered from the Mycobrowser database to be
used as an adjuvant for the SV.

MHC-1/-11 binding and B cell epitopes predic-
tion

MHC-I binding epitopes (9-mer length) of Mz
were predicted using an online ‘immune epitope
database (IEDB)Y analysis resource
(http:/ /tools.immuneepitope.org/mhci/)  (17).
Linear B-cell epitopes were predicted using the
ABCPREDS server
(http://ctdd.osdd.net/raghava/abcpred/ABC_su
bmission.html) for the vaccine construct.
Epitopes were selected by keeping a threshold >
0.9 and a length of 20 amino acids (18).

Multi-epitope subunit vaccine construct

The last vaccine construct combined 7 MHC-I, 3
MHC-II, and 7 B-cell epitopes with AAY,
GPGPG, and KK linkers for immune presenta-
tion and epitope integrity (19-22). EAAAK pre-
served domains, GPGPG and GPSL induced
immunity (23), GGGS provided flexibility, and
KK facilitated antigen processing (24). AAY sta-
bilized protein (25). Rv0577 (PDB: 227X) acted
as an adjuvant (20), with a PADRE sequence that
increased the immune response (27, 28) (Fig. 1).
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Fig. 1: Schematic diagram of final subunit vaccine construct

The 576-amino-acid multi-epitope vaccine con-
sists of a 261-residue adjuvant, MHC-I (284—
346), MHC-II (347-405), and B cell epitopes
(406-559). PADRE was incorporated at 262—284
and 560-576. Linkers: EAAAK (adjuvant-MHC-
D), AAY MHC-I-MHC-1I), GPGPG (MHC-II-
B cell), and KK (B cell epitopes).

Prediction of physciochemical parameters, aller-
genicity, antigenicity analysis

For physico-chemical parameters determination,
the ProtParam web server (29), a part of the Ex-
pert Protein Analysis System (EXPASY), was
used. Allergenicity prediction was done by em-
ploying the AlgPred web tool
(http:/ /www.imtech.res.in/raghava/algpred/)
(30). ANTIGENpro
(http:/ /scratch.proteomics.ics.uci.edu/) was ap-
plied for the prediction of the antigenicity of the
vaccine protein.

Docking of SV with mouse TLR2 receptor

To dock SV into the mouse TLR2 receptor, plots
of secondary and tertiary structures were needed.
PSIPRED server
(http:/ /bioinf.cs.ucl.ac.uk/psipred/) was applied
to predict the secondary structure, and RaptorX
(http:/ /raptorx.uchicago.edu/) was applied to
model the 3D structure. 3D modeling was visual-
ized using Discovery Studio (Disco 2.1). TLR2
(PDB ID: 2Z7X) of RCSB was docked with SV
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using PatchDock
(http:/ /bioinfo3d.cs.tau.ac.il/PatchDock/) (31,
32),

Reverse translation, codon optimilation, and in
stlico cloning

The vaccine protein was reverse-translated to a
nucleotide sequence with SMS2
(http:/ /www.bioinformatics.org/sms2/rev_trans
html) and codon-optimized through JCAT
(http:/ /www.jcat.de) for Mus musculus. The opti-
mized sequence was cloned into pAAV through
SnapGene, inserting it with Xhol digestion (33).

In-vitro cloning

The codon-optimized nucleotide sequence of the
vaccine construct was sent to the Genecreate®
Company for synthesis by removing the Rv0577
(TLR2 agonist) sequence and inserting the Flag
tag at the N- terminal of the remaining nucleotide
sequence. Rv0577 was removed because the
AAV-Dj virus penetrates the cells and binds to
the intracellular receptor TLRY (34, 35, 36) rather
than the cell surface receptor, TLR2. After re-
ceiving the desired synthesized sequence from
the company, the sequence was amplified by de-
signing primers (sequence given in Table 1) and
then cloned (homologous recombination) in
pAAV-CMV-eGFP vector by digesting it at the
Xhol restriction site.

Available at:  http://ijph.tums.ac.ir




Ling & Naeem: Optimizing a Subunit Vaccine of Mycobacterium tuberculosis ...

Table 1: Primer sequences

Remarks

Reverse Primer se-

Plasmid Forward Primer se-
quence 5'-3°
PAAV- Temp-1 gagoctgoctgccaagoctaagt
CMV- ttg
eGFP
Temp-2 atggattacaaagacgatgac-
gataaggagocty
Temp-3 ccgatccagecteccatggat-
taca
ITR ggaacccctagtgatggagtt
eGFP acagggaattccac-
catggtoagcaag

Intracellular SV expression

HEK293T cells (1 X 10° cells/well) were plated
in a 24-well plate and grew in DMEM (10% FBS,
1% penicillin-streptomycin) and incubated (37°C,
5% CO2) for 24 h. Transfection of pAAV-CMV-
eGFP or pAAV-CMV-SVeGFP (1 pg) was
achieved with Lipofectamine 2000 or PEI in
Opti-MEM. Cells were fixed (4% paraformalde-
hyde), permeabilized (0.1% Triton X-100),
blocked (5% BSA), and stained with Flag-tag an-
tibody and Alexa Fluor 555 after 36 h. Red (vac-
cine protein-eGFP) and green (eGFP) were ob-
served using fluorescence microscopy, verifying
transfection and localization.

AAYV virus generation

HEK293T cells were seeded on twenty 15 cm
plates (Corning®), ten experimental virus packag-
ing, and ten control virus packaging. Cells be-
came 90% confluent one day before transfection.
Cells were transfected with pepper vectors,
pAAV-DJ/8, and pAAV in a 1:1:1 ratio by
Lipofectamine™ (Invitrogen®). Cells were left at
room temperature for 20 min after 48-72 hours,
agitated after 5 min, and left at 37 °C with 5%
COz2. 2% DMEM was changed after 24 hours
and incubated for 48 hours. The presence of
floating cells was a sign of viral production. Cells
were centrifuged (1000 rpm, 5 minutes), washed,
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quence 5°-3°

cttgaggotccaa- All three are used con-
gcageccacgaac secutively for SV ampli-
fication and insertion of
gCtgCCgCCgecgeceecey pAAV-CMV-eGFP
ccttgaggotccaa plasmid.
caccatacgcgtgac-
gctgeegeeg
cggcctecagtgagega DNA and RNA copy
number detection in
AAV-eGFP and AAV-
SVeGFP viruses
ttgaagaagatgetecgctce | eGEFP gene amplifica-
tion

and frozen-thawed four times. Cleaned debtis out
(10,000 g, 10 minutes) and harvested AAV crude
lysate. Frozen supernatant at -80°C in aliquots.
Green fluorescence was seen in the control and
experiment cells.

DNA and RNA copy number determination

For the determination of AAV copy number,
qPCR was employed for convenience and expe-
diency. A virus DNA (for DNA copy number) or
cDNA template was made by combining 2 uL
virus sample with 196 u. DMEM or ddH20 and
adding 2 pl. DNasel, incubating at 37 °C for 1
hour, and then inactivating DNasel by boiling
(not needed for RNA copy number). pAAV-
CMV-SVeGFP plasmid standards were made
with a mass of plasmid 1.096 X 107" g and 1 X
10" copies. Ten-fold serial dilutions were per-
formed. qPCR was conducted with I'TR primers,
and Ct values were used in a linear equation (y =
ax + b) to calculate viral copy numbers. For
cDNA analysis, RNA was isolated with RNAiso
Plus, reverse-transcribed with the ReverTra Ace
qPCR RT Master Mix kit, and quantified by
qPCR with SYBR Green Mix.
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Results The short-listed MHC-I/-II binding and B cell
epitopes for TAT, Esx, and Sec systems are pre-
Construction of multi-epitope vaccine sequence sented in Table 2-4, respectively.

Table 2: Selected MHC-I binding epitopes for mice

Protein Peptide seq Start End Allele Percentile Method
Name Rank
Ag85B WGPSSDPAW 220 228 H-2-Dd 0.1 Consensus
(ann/smm)
Ag85C GGPHAVYLL 57 65 H-2-Dd 0.1 -do-
Ag85A WGPKEDPAW | 223 231 H-2-Dd 0.1 -do-
EsxH, IMYNYPAML 4 12 H-2-Kb 0.06 Consensus
(ann/smm)
EsxT ASALNEILI 66 74 H-2-Db 0.3 -do-
EsxU STRLYHVL 66 73 H-2-Kb 0.26 -do-
SecD VYLASKSSL 537 545 H-2-Kd 0.1 Consensus
(ann/smm)

(Percentile rank threshold =< 0.3)

Table 3: Selected MHC-II binding epitopes for mice

Protein Peptide seq Start End  Allele Percentile Method

name Rank

EsxG, QAEQAAMSAQAFHQG | 31 45 H2I-Ad 0.05 Consensus

EsxS (Smm/nn)

Ag85C IPVAFLAGGPHAVYL 50 64 | H2I-Ab 0.07 Consensus
(Smm/nn)

SecA2 EFHRMAVDAFASLAA | 736 750 | H2-IAd 0.01 Consensus
(Smm/nn)

(Percentile rank threshold < 0.3)

Table 4: Selected B cell epitopes for mice

Protein Name Epitope seq Score Start

TAT System

TATC | PRNRRSRVNPDATMSLVDHL 092 | 12

Esx system

Esx], EsxK, EsxP, EsxW | LVRDANNYEQQEQASQQILS 094 78

Sec system

SecE2 DIRVARVIEQDMAVDSAGKI 0.92 34

SecF TLTSDQTAKLRDALFEAFGP 0.92 143

SecD YRVLGLLTALSLVASGSMVF 0.92 405

SecAl EPAELAEFAAAAAAAAQQRS 0.92 848
GGVTVATNMAGRGTDIVLGG 0.92 479

(Threshold score >0.90)
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Physiochemical properties, Allergenicity, and
antigenicity analysis

Physicochemical analysis yielded a molecular
weight of 60.2 kDa (576 amino acids) and a theo-
retical pI of 6.34, showing neutrality at physiolog-
ical pH. The protein contains 53 negative (Asp,
Glu) and 50 positive (Arg, Lys) residues, with a
formula of C2701H4186N7300793S19. It is sta-
ble (instability index: 33.88), hydrophobic (ali-
phatic index: 78.14), and hydrophilic (GRAVY: -
0.061). It is non-allergenic (-0.59) and antigenic
(0.5763). ANTIGENpro predicted three domains
(1-336, 337-476, 477-576), with no disulfide
bonds.

Molecular docking

The secondary structure of SV protein consists of
30.21% alpha-helices for stability, 27.95% beta-
strands for strength, and 41.84% coils for flexibil-
ity (Fig. 2). RaptorX-predicted tertiary structure
(Fig. 3A) and verified by ProSA (Fig. 3B) and
Ramachandran plot (Fig. 3C) showed 409 resi-
dues (86.7%) in favorable regions. The high-
quality model (90%) has 472 residues with 59 gly-
cine and 42 proline. Mouse TLR2 docking is rep-
resented in Fig. 4 (37).

Fig. 2: Graphical illustration of secondary structure acquired for the SV construct elaborating beta-strands (27.95%),
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Fig. 3: Final SV model structure and validation. (A) Refinement of 3D multi-epitope vaccine model. (B) PROSA
validation (Z-score: -1.52). (C) Ramachandran plot: 86.7% favored, 10% additional allowed, 2.5% generously al-
lowed, and 0.8% disallowed

R
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Fig. 4: A docked complex of TLR2 (PDB ID: 5D3I) with SV construct. (A & B) Receptor (TLR2) has been shown
in green color, whereas cyan color represents the adjuvant and vaccine as a ligand (pink) in the docked complex ob-
tained from the PatchDock server
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Reverse translation, codon optimilation, and in
stlico cloning

The SV protein sequence was reverse-translated
to the nucleotide sequence. The total length of
the reverse translated sequence was 1731 bp, and
the codon-optimized sequence for expression in

mice was shown in (The supplementary file). The
codon adapted index (CAI) value was 0.72, and
the GC content of Mus musculus was 41.8%. A
graphical representation of the optimized se-
quence is shown in Fig. 5.
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Fig. 5: Graphical presentation of codon-optimized sequence. Red peaks indicate the relative adaptiveness of each

codon

The adapted sequence of vaccine protein was
cloned in a mammalian expression vector pAAV-
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CMV-eGFP using the SnapGene tool to ensure
the vaccine expression (Fig. 6 A & B).
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Fig. 6: A&B; Plasmid map showing control vector (pAAV-CMV-eGFP) and pAAV-CMV-SVeGFP

Removal of adjuvant and docking of vaccine
protein with mouse TLR9

The tertiary structure of the N-terminal Flag-
tagged amino acid sequence of SV was designed
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by applying RaptorX (Fig. 7A). SV fused with
eGFP (SVeGFP) docked with mouse TLRY re-
ceptor (PDB ID: 3WPG) is shown in Fig. 7B.
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Flag-tag subunit vaccine without

adjuvant \Q

Fig. 7: A) SV structure without adjuvant and with N-terminal flag-tag. B) SV structure without adjuvant, with N-
terminal flag-tag and C-terminal fused eGFP was docked with mouse TLR9 receptor (PDB: ID= 3WPG)

Cloning confirmation shown in Fig. 6B. Primer sequences are given in
Snapgene tool employed nucleotide sequences Table 2. The product of 988 bp was run on 1%
cloned into pAAV-CMV-eGFP vectors are agarose gel for further work (Fig. 8).

Fig. 8: Amplified subunit vaccine product
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Successful cloning was confirmed by colony PCR
and digesting the pAAVCMV-SVeGFP plasmid
at the right (Bg/I restriction site) and left ITR

(857) BseRX
(791 .. 834) re-CMV-Rv
(813) PaeR7I - PspXI - XhoI
{727) Sacdl
(725) Eco53kl oy
(520) Btgl - Ncol - Styl (1927) Ka
{500) SnaBL (1753) Spht
(394) (R (1547)
(128..171) re—CM‘v-FwL (1536) BsrGI
| ! =1\
R = 10000 ” 7001

Lef ITR

regions (Ndel restriction site). Products were run
on 1% agarose gel (Fig. 9).

(791... 834) re-CMV-Rv
(813) PaeR7I - PspXI - Xhol
U27) Sack 1929) Sfol
(725) EcoS3kI (1520) )Narl
(520) Btgl - Nool - Styl (1927) Ka
(500) SnaBI
(1753) Sphr
(394) (I (1547) I
(126 .. 171) re-CMV-Fw (1536) BSTGI
see L ! i il
| 10007 200(
BOHPA |
Right IR

L 1262bp —T— 836bp —
Bglll

3kb

1.5kb
1262bo
836bp

Fig. 9: Digestion of pAAV-CMV-SVeGFP plasmid to confirm the success of cloning both 2k (left) and 5k (right)
markers were run on both sides of control plasmid (C) pAAV-CMV-eGFP and pAAV-CMV-SVeGFP plasmid

Subunit vaccine protein expression

Indirect Immunofluorescence Assay (IIFA) guar-
anteed the expression of the vaccine protein suc-
cessfully as an eGFP fusion in HEK293T cells.
Mouse monoclonal Flag tag antibody recognized
the vaccine protein (SV), visualized by Alexa Flu-
or 555 goat anti-mouse secondary antibody. The
red fluorescence prevailed in wells that were
pAAV-CMV-SVeGFP-transfected, while control

1948

wells did not fluoresce, hence showing specificity.
Red-green co-localization and co-expression in
the majority of cells indicated successful fusion
and localization. Approximately 75% of the cells
were positive for eGFP and Flag fluorescence,
confirming successful transfection and expres-
sion. The findings illustrate the potential of such
constructs in the manufacture of vaccines and
proteins (Fig. 10).
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/\chaﬂqor 555 Merge
goat anti-mouse

PAAV-
CMV-eGFP

pAAV- x:
CMV-SVeGFP ,

Fig. 10: Indirect Immunofluorescent Assay (IFA) to confirm the expression of SV fused Wlth eGFP (red). pAAV-
CVM-eGFP (control) and pAAV-CMV-SVeGFP (vaccine protein) plasmid were used

Calculated DNA and RNA copy number curve was y = -0.262x + 10.341 (R* = 0.9963),
A standard curve was obtained using standard with RNA copy numbers of 5.96 X 10° (control)
dilutions (y-axis) and Ct values (x-axis), with the and 1.18 X 10" (subunit vaccine). An intramus-
equation y = -0.3271x + 14.548 (R* = 0.9975). cular dose of 200 uL in mice was suggested,
Copy number/mL of control and subunit vaccine which had 1.19 X 10° (control) and 2.36 X 10'°
viruses were 1.19 X 10" and 1.05 X 10", respec- (subunit vaccine) copies (Fig. 11).

tively. For RNA copy number, another standard

DNA copy number by qPCR RNA Copy Number Detection by RT-qPCR

Virus (1 value py ¢ - ” " Virus Ctvalue | Copy#
RATSGP L | 016N 1 1% T] ITR region primers . ——
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AAV-SV-eGFP | 1896 LIBE-11
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= =
= 2 - 19978
o R - 03975 i g.o
e -
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~0262% - 1054

v S 10 15 Fal p-) »
Ct Values
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Fig. 11: DNA (left) and RNA (right) copy number detections
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Titer limits of the two viruses were established
through 10-fold serial dilution in 96-well plates to
determine the lowest level of dilution that eGEFP
expression is still detectable. In this research,
eGFP expression was detectable up to the 10°

1010 10°

dilution level (Fig. 12). For comprehensive vac-
cine analysis, functional characterization of its
proteins is also important, especially interactions
with the host genome, regulation of immunity,
and survivability of Mtb.

Fig. 12: AAV-eGFP and AAV-SV-eGFP viruses’ 10-fold serial dilution

Discussion

Vaccination is a cost-effective way of preventing
disease (38). An effort is made to develop a sub-
unit vaccine against Mtb by incorporating three
secretory systems' epitopes: TAT, Sec, and Esx.
Unlike whole-organism vaccines, in this ap-
proach, highly immunogenic epitopes are used
alone. The immunoinformatics-designed vaccine
was validated using in silico analysis for in vitro
and in vivo studies (8). Mtb pathogenesis is main-
ly controlled by secretory proteins that influence
host immune processes (39). Epitopes were se-
lected according to MHC-I/11I binding and B-cell
recognition. MHC-I is similar to CD8+ T cells,
whereas MHC-II presents proteins to CD4+ T
cells (40, 41).

Immunoinformatics analysis was confirmed with
good vaccine binding to MHC-I, MHC-11, and B-
cell epitopes. Homology modeling and Rama-
chandran plot analysis proved a stable 3D struc-
ture. TLR2 docking confirmed good binding af-
finity and stability. Efficient transcription and
translation were accomplished using codon opti-

1950

mization (42). The ultimate construct contained
18 epitopes on a 576-amino acid sequence that
has outstanding stability, high immunogenicity,
and TLR2 binding. Reverse translation of the
protein sequence and subcloning into an AAV
Dj/8 helper-free bicistronic vector were catried
out for expression in eukaryotic hosts. This 4.7
kb single-stranded DNA construct contains two
terminal repeats (ITR), and successful cloning of
the gene was established by qPCR (43, 44). High
protein expression, copy number, and viral titer
were proven by in vitro experiments. So are thus
a possible candidate to be added to BCG for in
vivo trials.

The COVID-19 pandemic severely affected TB
diagnosis and treatment worldwide. Reduced ac-
cess to health and resource redistribution caused
a 15-20% reduction in TB case notifications in
Iran during 2020, increasing community trans-
mission and DR-TB incidence (45, 46). TB diag-
nosis went down by 30% due to prioritization of
COVID-19 PCR tests (47). Limitations on
movements and health overload delayed drug
provision, raising the risk of MDR-TB (49). Iran's

Available at:  http://ijph.tums.ac.ir




Ling & Naeem: Optimizing a Subunit Vaccine of Mycobacterium tuberculosis ...

completion rate was reduced by 10%, and DOTS
program disruption increased nonadherence to
15% from 5-7% (46). TB death rose by 5-8%,
with TB-COVID-19 patients having 20-25%
higher mortality (50). Amplified surveillance, am-
plified diagnostics, and digital health solutions are
the way forward to overcome these reversals (45,

48).
Conclusion

This study describes a comprehensive approach
to the development of a novel subunit vaccine,
characterized by a composite of highly immuno-
genic and non-allergic peptide epitopes that un-
derwent in-depth in silico analysis, confirming its
stability and strong binding affinity with the host
cell surface receptor TLR2. The AAV virus and
terminal repeat regions (I'TR) exhibited optimal
expression in host cells during in vitro analysis,
displaying promising titers and copy numbers.
The success of gene cloning was confirmed using
qPCR, setting the stage for in vivo trials.
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