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ARTICLE INFO ABSTRACT

Keywords: Scrub typhus is a vector-borne infectious disease caused by Orientia tsutsugamushi and it is
Scrub typhus ) reportedly associated with up to 20 % of hospitalized cases of febrile illnesses. The major chal-
O. tsutsugarmuishi lenge of vaccine development is the lack of identified antigens that can induce both heterotypic
Immunoinformatics [ e . . . . .

TSAS6 and homotypic immunity including the production of antibodies, cytotoxic T lymphocyte, and
ScaA helper T lymphocytes. We employed a comprehensive immunoinformatic prediction algorithm to

identify immunogenic epitopes of the 56-kDa type-specific cell membrane surface antigen and
surface cell antigen A of O. tsutsugamushi to select potential candidates for developing vaccines
and diagnostic assays. We identified 35 linear and 29 continuous immunogenic B-cell epitopes
and 51 and 27 strong-binding T-cell epitopes of major histocompatibility complex class I and class
II molecules, respectively, in the conserved and variable regions of the 56-kDa type-specific
surface antigen. The predicted B- and T-cell epitopes were used to develop immunogenic multi-
epitope candidate vaccines and showed to elicit a broad-range of immune protection. A stable
interactions between the multi-epitope vaccines and the host fibronectin protein were observed
using docking and simulation methods. Molecular dynamics simulation studies demonstrated that
the multi-epitope vaccine constructs and fibronectin docked models were stable during simula-
tion time. Furthermore, the multi-epitope vaccine exhibited properties such as antigenicity, non-
allergenicity and ability to induce interferon gamma production and had strong associations with
their respective human leukocyte antigen alleles of world-wide population coverage. A correla-
tion of immune simulations and the in-silico predicted immunogenic potential of multi-epitope
vaccines implicate for further investigations to accelerate designing of epitope-based vaccine
candidates and chimeric antigens for development of serological diagnostic assays for scrub
typhus.
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1. Introduction

Scrub typhus is a re-emerging infectious febrile illness caused by the obligate intracellular bacterium Orientia tsutsugamushi, which
is transmitted to humans through the bite of larval trombiculid mites [1]. Though highly endemic in the Asia-Pacific region, scrub
typhus has recently re-emerged in unexpected geographical locations such as Chile and Kenya, posing significant public health risks
due to high rate of mortality and morbidity [2-4]. In the last few decades, several cases of scrub typhus infections across the different
states of India have been reported recently [5-10]. The increase in the number of cases can be attributed to multiple factors, including
increased anthropogenic activity resulting in changes in vector and rodent reservoirs and the widespread use of f-lactam antibiotics
resulting in development of resistance strains of O. tsutsugamushi [11,12]. Currently, diagnosing scrub typhus is challenging since
eschar formation is not observed in many patients, and clinical symptoms are non-specific and often overlaps with other common
febrile illnesses such as dengue, malaria, typhoid, and leptospirosis [13,14]. However, untreated patients may present with severe
complications, such as multi-organ failure, with mortality rates of 35-50 %, suggesting proper diagnosis is important for subsequent
management of scrub typhus afflicted individuals [15,16]. Diagnostic methods such as immunofluorescence assays, enzyme-linked
immunosorbent assay (ELISA), Weil-Felix test, and polymerase chain reaction have certain limitations due to precision accuracy
and the requirement of skilled laboratory technician [17]. Hence, a field deployable cost-effective point-of-care test (POCT) for rapid
detection of antibodies specific to antigens of O. tsutsugamushi in a limited resource settings and endemic regions is required to
ascertain the actual prevalence and disease burden of scrub typhus.

The accuracy of diagnostics and the efficiency of vaccine candidates are heavily influenced by antigenic diversity among circulating
strains of the causal agent. Of over 20 antigenically distinct O. tsutsugamushi strains reported, Karp, Kato, Gilliam, and TA716 are
considered prototype [18]. The O. tsutsugamushi genome encodes a 56-kDa type-specific antigen (TSA56) that is located on its outer
membrane and comprises approximately 20 % of the total bacterial proteome [13]. Interaction of TSA56 with host fibronectin re-
ceptors mediates host cell invasion [19,20]. The TSA56 protein has 500-540 amino acids, four variable domains ascribed to antigenic
diversity, and conserved domains [21]. TSA56 is considered a major target for diagnostic assay and vaccine development since it is
highly immunogenic and reacts to the convalescent serum of scrub typhus-positive patients [22,23]. The weak immune protection
against the homologous strains and short-lived heterologous immunity is the major challenge of vaccine development for O. tsutsu-
gamushi. Moreover, the O. tsutsugamushi genome encodes five distinct autotransporter genes: surface cell antigen A (ScaA), ScaB, ScaC,
ScaD, and ScaE. The passenger domain of ScaA, which is relatively conserved across strains, helps in attachment of bacterium to host
cells [24]. Further ScaA antibody blocking experiment showed inhibition of O. tsutsugamushi infection in HeLa cells and administration
of ScaA and TSA56 in mice provided immune protection against lethal challenges with homologous and heterologous strains.
Therefore, these findings suggest that TSA56 and ScaA are potential vaccine candidates for scrub typhus [25].

Recent advances in bioinformatics have facilitated in engineering epitope-based serological assay and vaccines for yellow fever,
malaria, leptospirosis, and dengue [26-29]. The outcome of immunoinformatic analyses is fast and cost-effective thereby supple-
menting the requirements of vaccine development using the biological experiments. Although there are earlier reports that have
identified TSA56 as vaccine and diagnostic candidates, a major limitation is the use of a mixture of full-length TSA56 antigens from
multiple strains of O. tsutsugamushi and a lack of long-term immune protection. This study aims to develop a single chimeric antigen
using the in-silico determined immunogenic B-cell epitopes of TSA56 and ScaA and a multi-epitope subunit vaccine candidate with the
predicted B-cell and T-cell epitopes of prototype O. tsutsugamushi strains. Additionally, our study has identified unique B- and T-cell
peptides providing a platform for further experimental validations and development of peptide-based serological assay for rapid
diagnosis of scrub typhus.

2. Materials and methods
2.1. Determination of antigenic and bio-chemical properties of TSA56 and ScaA proteins

The amino acid (aa) sequences of TSA56 protein of Gilliam (SPR11258.1), Kato (KJV54848.1), Karp (SPR16111.1), TA716
(KJV77538.1), TA763 (KJV75025.1), and ScaA (SPR03916.1) were retrieved from NCBI GenBank. The antigenic properties of TSA56
and ScaA antigens were determined using the VaxiJen v2.0 server and the biochemical attributes was predicted using the ProtParam
tool [30,31].

2.2. Prediction of B-cell epitopes

Bcepred determine linear B-cell epitopes based on hydrophilicity, flexibility, accessibility, polarity, exposed surface, and turns
[32]. BepiPred 2.0 employs a random forest algorithm to predict B-cell epitopes derived from antigen-antibody structure. ABCpred was
used to predict B-cell epitopes and the prediction method is based on artificial neural network [33]. A window length of 16-mer and
threshold of 0.8 were applied to select the predicted epitopes [34]. ElliPro and DiscoTope 2.0 predict discontinuous antibody epitopes
based on a protein three-dimensional structure [35,36]. EPSVR and CBTOPE servers were utilized to determine the B-cell epitopes and
the prediction is based on support vector regression method [37,38]. Agadir is a prediction algorithm based on the helix/coil transition
theory and the helical behaviour of B-cell epitopes can be determined [39].
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2.3. T-cell epitope mapping

The protein sequences of TSA56 and ScaA antigens were screened for MHC-I-restricted cytotoxic T lymphocyte (CD8™) epitopes of
9-mer length using TepiTool, NetMHCPan 4.1, and Immune Epitope Database (IEDB) Combined predictor. TepiTool predicts highly
immunogenic MHC-restricted T-cell epitopes of 9-mer and 15-mer length, respectively [40]. The NetMHCpan-4.1 server was utilized to
predict peptides binding to MHC molecules and the prediction algorithm is based on artificial neural networks. Default parameters for
peptides having a threshold of <0.5 % for high-affinity binding peptides and <2 % for low-affinity binding peptides was used during
the prediction [41]. MHC class I combined predictor tool is a combination of predictors of proteasomal processing, TAP transport, and
MHC binding to predict the properties of T-cell epitope [42]. Twenty-seven HLA-A, HLA-B, HLA-DR, HLA-DQ, and HLA-DP alleles that
are frequently observed in the general population were employed in predicting MHC-restricted T-cell epitopes [43]. NetMHCIIpan 4.0
predicts MHC-II-restricted peptides using artificial neural networks and represents nearly 1000 isotypes of human (HLA-DR, HLA-DQ,
and HLA-DP) and mouse (H-2) MHC alleles [41,44]. CD4" T-cell epitopes binding to MHC-class II alleles with an IC50 below 1000 nM
are previously reported as immunogenic and strong binders [45,46]. Hence, a threshold of IC50 = 1000 nM was applied to select the
strong binders of MHC-class II molecule [40,47]. The TepiTool and NetMHCIIpan 4.0 servers cover a combination of alpha- and
beta-protein chains for DP and DQ alleles [40,41,44]. IFNepitope determined the selected T-cell epitopes to stimulate IFN-y production
using motif, SVM, and hybrid approach algorithms [48]. IEDB tool was employed to determine the population coverage of the pre-
dicted MHC restricted epitopes based on allelic frequency of 115 nations and 27 distinct ethnic groups assembled into 16 geographical
regions [49].

2.4. Determination of antigenic, allergenic, and conservancy of predicted B- and T-cell epitopes

The antigenic and allergenic properties of the identified B- and T-cell epitopes were evaluated using the VaxiJen 2.0 server [30] and
AllerTOP v2.0, respectively [50]. The IEDB-based conservancy tool was utilized to compute the conservancy of B- and T-cell epitopes
using 160 of TSA56 sequences and 11 full-length amino acid sequences of ScaA [51].

2.5. Molecular docking of T-cell epitopes with MHC alleles

Molecular docking to establish an interaction between predicted T-cell epitopes and MHC alleles is an integral component of
reverse vaccinology [52]. Further to facilitate T-cell epitope and MHC allele interaction structures available in the repository of protein
data bank were retrieved and the ligand free 3D-structures of MHC molecules were utilized for docking (PDB; http://www.rcsb.org/
pdb/). In addition, the top-listed T-cell epitopes with the maximum score of antigenic properties were qualified and included for
docking. The 3-D structure of T-cell epitopes was prepared using the PEPFOLD 3 web tool and their interaction with MHC/HLA alleles
were analyzed [53]. Modelled structures were capped at their N- and C-terminals using BIOVIA Discovery Studio Visualizer (Dassault
Systemes®) [54]. We utilized a widely used ClusPro server (https://cluspro.bu.edu/login.php) for docking the predicted T-cell epi-
topes and MHC alleles, fibronectin receptor and vaccine construct [55]. ClusPro server provides a several flexibilities to enable
removal of unstructured regions of proteins, application of attraction or repulsion, accounting for pairwise distance restraints, and
construction of homo-multimers, and precise mapping of binding sites of interacting protein complexes. The three steps of ClusPro
server-based protein-protein docking: (i) PIPER based Fast Fourier transform (FFT) rigid-body docking using sample set of billions
protein structures; (ii) root-mean-square deviation (RMSD)-based clustering of the 1000 lowest-energy structures; and (iii) energy
minimization to remove steric clashes in docked complexes [55,56]. In general, the ClusPro server performs protein-ligand docking
through 70,000 rotations. Then the ligand is translated in x, y, z axis relative to the protein on a grid for each round of the rotation
analyzed to select the best scored docked complexes. Of the 70,000 ligand rotations, the 1000 translation combinations with the lowest
energy score are selected. The interaction energy of the MHC-peptide complex was analyzed using the PRODIGY web server [57].

2.6. Designing of multi-epitope vaccine constructs based on TSA56 and ScaA proteins

The vaccine constructs were prepared by adding the predicted CTL and HTL epitopes, and linear and conformational B-cell epitopes
of TSA56 and ScaA with appropriate linkers. The cleavable AAY and KK linkers were added between the CTL and HTL epitopes and the
B-cell epitopes were linked through the GGGGS flexible linker [58]. The T-cell epitopes are processed with the help of proteases and the
epitopes are subsequently loaded into the groove of MHC molecules for surface presentation to T-cells [43]. The flexible linkers help to
restore protein folding by allowing interaction between different domains [59]. The integrin-binding RGD motif was chosen as a
biological adjuvant and added at the N-terminal region of the vaccine constructs and the presence of EAAAK rigid linker provides
independent function of bi-functional domains [19]. It was previously shown that the RGD motif could stimulate antibody titers
production by more than 10 times upon administration of peptide or antigens conjugated with RGD adjuvant [60]. The 56-kDa
type-specific antigen of O. tsutsugamushi is known to interact with the RGD motif in the fibronectin to further facilitate the entry of
the bacterium into the host cells [19,61]. The antigenic and non-allergenic properties including the other bio-chemical properties of
chimeric vaccine constructs were determined as described previously [30,31,49].

2.7. Structural prediction of vaccine constructs

The PSIPRED online server (http://bioinf.cs.ucl.ac.uk/psipred/) was utilized to determine the secondary structure of vaccine
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constructs [62]. It is based on two feed-forward neural networks and uses a stringent cross-validation evaluation method to give out
simple and accurate secondary structures. The three-dimensional structures of vaccine constructs were determined through modelling.
I-TASSER modelling server was employed to simulate tertiary structures and the algorithm works by identifying the structural tem-
plates in the PDB repository by homology-independent multiple threading method [35]. Then the full-length three-dimensional atomic
models are constructed through several threading alignments and iterative template-based fragment assembly simulations [55]. A
template modeling (TM) score is generated to quantify the modelled protein structure similarity assessment and the TM score of more
than 0.5 indicates a model with accurate topology, and the scores below 0.17 shows a a randomly chosen unrelated proteins as re-
ported previously [58]. The structural validation of simulated structures of vaccine constructs were performed using the Alpha-
foldv2.0, ProCheck, and ProSA web servers [63,64]. The quality of modelled structures was evaluated based on the Ramachandran
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Fig. 1. Bio-physicochemical properties Physicochemical properties of the 56-kDa type-specific antigen (TSA56) and surface cell antigen
(ScaA) of Orientia tsutsugamushi. (a) The antigenic score of TA763, Gilliam, Karp, Kato, TA716, and ScaA was observed between 0.6604 and
0.8087. (b) The secondary structures such as helix, strand, turn and coil were determined for all five strains using SOPMA. (c) The instability index
and (d) GRAVY score for all five strains were determined. Similarly, the (e) pI value and (f) aliphatic index of Gilliam, Karp, Kato, TA716, TA763,
and ScaA have been determined. All five TSA56 strains and the ScaA protein had an antigenic score >0.6604 on the antigenicity scale.
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Fig. 1. (continued).

plots and Z-scores of ProCheck and ProSA and the model with the highest predicted local difference test (pLDDT) scores was selected as
described previously [63-65].

2.8. Fibronectin-epitope vaccine construct docking and simulation

Previously it was reported that the TSA56 antigen of O. tsutsugamushi binds to RGD motif in the fibronectin and helps the bacterium
to enter the host cell [19,61]. A total of eight vaccine constructs (1-8) were prepared using the rearrangement of predicted CD4™,
CD8" T-cell and B-cell epitopes of TSA56 and ScaA proteins with appropriate linkers. Constructs 1, 2, 5, and 6 comprised only linear
and a combination of linear and conformation B-cell epitopes, with the idea to develop chimeric antigens for rapid diagnostic assays of
scrub typhus. Vaccine constructs 3, 4, 7, and 8 comprised of both B- and T-cell predicted epitopes. Molecular docking of vaccine
constructs with fibronectin (PDB ID: 1FNF) was performed using Cluspro with default settings [55]. The best docked vaccine constructs
3,4, 7, and 8 with fibronectin (1FNF) were considered for molecular dynamics (MD) simulation using the AMBER18 software [66]. The
AMBER ff14SB force field was applied to optimize the backbone dihedral parameters that can potentially change the preference of
secondary structure of proteins [67]. The systems were first neutralized using counter ions (Na*/Cl™) ions and then solvation was
carried out through addition of TIP3P water molecules. The model was constructed using the ‘LEAP” module of AMBER. The systems
were minimized using the steepest descent method for 5000 steps, followed by a conjugate gradient method for another 5000 steps.
The systems were then heated gradually from 0 K to 300 K using a constraint of 100 kcal/mol. Equilibration was conducted for 1 ns by
gradually reducing the constraint. Simulations were carried out with periodic boundary conditions using the Particle Mesh Ewald
method to compensate for electrostatic interactions and long-range van dar Waals interactions. MD simulations were performed with a
2.0 fs timestep and a non-bonded cutoff of 10.0 A using the SHAKE algorithm was applied on all hydrogen atoms throughout the
simulation trajectories [68]. The Berendsen coupling algorithm was employed throughout the simulation process to maintain a
constant pressure of 1 atm and temperature of 300 K and after every 100 steps the list was updated. All MD simulations were performed
with a trajectory dataset for 100 ns time and the results of three independent simulations were used for further analysis. The structural
stability, compactness and flexibility of docked complexes were performed by calculating the root mean square deviation (RMSD), root
mean square fluctuation (RMSF), and radius of gyration (RoG) using the CPPTRAJ module of AMBER tool [69].

2.9. Immune simulation of multi-epitope vaccine constructs

C-IMMSIM server was used for in silico immune stimulation and immune response profile of vaccine constructs 3, 4, 7, and 8. This
server employs the Celada-Seiden model to produce the immune reactions in the vaccinated mammalian system [70]. Administration
of vaccine in the absence of lipopolysaccharide (LPS) was included and performed the simulations using the default parameters settings
(https://kraken.iac.rm.cnr.it/C-IMMSIM/index.php?page=1). The sigma-70 factor of RNA polymerase subunit was included as
negative control antigen in the study. The measurement of immune diversity was performed and interpreted from the plots using the
Simpson index D [58].

3. Results
3.1. Prediction of antigenicity and physicochemical properties of TSA56 and ScaA

All protein sequences of TSA56 and ScaA of O. tsutsugamushi were found antigenic with scores (>0.6604) above the threshold value
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(Fig. 1a). All sequences had pI > 5: TA763 and TA716 had the lowest (5.40) and highest (7.63) values, respectively (Fig. 1le). The
negatively charged amino acid residues were observed more than the positively charged residues in all strains, except for TA716. The
instability index ranged from 34.35 to 47.01 for TSA56 and 45.86 for ScaA (Fig. 1c). The grand average of hydropathicity score was
—0.255 to —0.418, suggesting the globularity and hydrophilicity properties of proteins (Fig. 1d). The results of secondary structure
revealed that TSA56 and ScaA antigens were rich in random coils (Fig. 1b). Furthermore, the aliphatic index ranged from 72 to 85,

indicating that the antigens were thermostable (Fig. 1f).

Table 1

Predicted linear B-cell epitopes of TSA56 and ScaA using Bcepred (1), BepiPred (2) and ABCpred (3). Antigenicity, allergenicity, Agadir score,
and conservancy is shown across antigens. Selected epitopes for chimeric construct design are highlighted in bold. The antigenicity of the epitopes
was evaluated using antigenic scores >0.4, the threshold value. A, Allergen; NA, Non-allergen. Eleven ScaA strains and 160 TSA56 strains were

considered for conservancy analysis by the IEDB tool.

Heliyon 10 (2024) e23616

TSA56 Name of Linear B-cell epitopes Length  Server  Allergeicity by Agadir
protein identified AllerTope v. 2.0 Score Conservancy
peptide (%)
Karp KP1 48-VESARLDPADAEGKKH-63 16 1,2 NA 2.02 2.50
KP2 95-LTNITAQVEEGKVKAD-110 16 3 NA 0.67 29.38
KP3 141-MPISIADRDFGIDIPN-156 16 3 NA 0.45 23.75
KP4 150-FGIDIPNIPQQQAQAAQPQLNDEQRAAA- 28 2 NA 0.65 11.25
177
KP5 277-PFADIAGIDVPDTSLPNSASVEQIQNKMOQE- 30 2 A 0.92 13.12
306
KP6 387-HAGIKKAMEKLAAQQE-402 16 3 A 4.11 33.12
KP7 398-AAQQEEDAKNQG-409 12 1,2 NA 2.73 47.50
KP8 402-EEDAKNQGEGDCKQQQ-417 16 2,3 A 0.65 39.38
KP9 414-KQQQGTSEKSKKGKDK-429 16 1,2,3 A 0.73 3.12
Kato KaP1 48-GVESTRLDPADAGGKK-63 16 1,2,3 NA 1.01 1.88
KaP2 134-TIMPISIADRDLGVDI-149 16 3 NA 0.53 5.62
KaP3 392-DGGCNGGGDNKKKRGAS-408 17 1,2,3 NA 0.83 3.75
KaP4 425-TKETEFDLSMIVGQVK-440 16 3 A 1.71 3.75
Gilliam GP1 20-ASAIELGEEGGLECGP-35 16 2,3 A 0.42 11.88
GP2 48-GAESTRLDSTDSEGKKHL-65 18 1,2,3 NA 0.34 6.88
GP3 96-LRNISAEVEVGKGKVD-111 16 1,2,3 A 0.71 16.25
GP4 121-GGGTDTPIRKRFKLTP-136 16 1,2,3 NA 2.59 1.25
GP5 140-TIMPISIADRDVGVDT-155 16 3 NA 0.35 5.62
GP6 269-PFADIAGIDVPDTGLPNSASVEQIQSKMQ- 29 2 NA 0.30 4.38
297
GP7 385-AMEKLAAQQEEDAKNQG-401 17 1,2,3 A 5.47 46.25
GP8 394-EEDAKNQGEGDCKQQQ-409 16 1,2,3 A 0.65 39.38
GP9 405-CKQQQGASEKSKEGKGKETE-424 20 1,2 NA 0.59 4.38
GP10 420-GKETEFDLSMIVGQVK-435 16 3 NA 1.81 10.00
TA763 TP1 20-ASAIELGDEGGLECGP-35 16 2,3 A 0.3 63.75
TP2 84-TPSIRAELGVMYLRNI-99 16 3 NA 0.89 0.62
TP3 96-LRNISAEVELGKVKAD-111 16 3 A 1.25 6.88
TP4 104-ELGKVKADSGSKTKADSG-121 17 1,2,3 NA 0.59 0.62
TP5 122-GETDAPIRKRFKLTPPQP-139 18 1,2,3 A 0.39 6.25
TP6 142-MPISIADRDFGVDVTN-157 16 2,3 NA 0.46 6.25
TP7 278-GIDVPDAGLPNSATVEQIQNKMQ-300 23 1,2,3 NA 1.75 1.25
TP8 393-AAQQEEDAKNQGEGDCKQQQGTSEK-417 25 1,2 A 2.85 11.88
TSA56 & Name of Linear B-cell epitopes Length  Server  Allergeicity by Agadir
ScaA identified AllerTope v. 2.0 Score Conservancy
protein peptide (%)
TA716 TaP1 104-ESGKTNSGTDTRADTDSPILQRPKFT-129 26 1,2,3 NA 0.30 2.50
TaP2 138-ISTADRNLGVDVTNVP-153 16 3 A 0.83 2.50
TaP3 274-DALPNSASVEQIQNKMQ-294 17 1,2 NA 1.38 2.50
TaP4 405-GASEDSDSGGGLKKEKAKRQ-424 20 1,2 NA 1.1 0.62
ScaA SP1 148-GEVTDGKKHKKSPLKKLKDLGSTL-171 24 1,2,3 NA 1.24 9.09
SP2 225-SDDTKKQVEVKQNEGYGV-242 18 1,2,3 NA 2.86 9.09
SP3 247-IKQDEVAFDKIEGRSASI-264 18 2,3 NA 0.48 9.09
SP4 355-FFSSTTHGGKTEGTDRSKFTGI-376 22 1,2,3 NA 0.43 54.55
SP5 822-QCSISDKLSAKSEMTL-837 16 3 NA 0.84 9.09
SP6 851-SGRIDAGNAKVNLGLN-866 16 3 NA 0.75 9.09
SP7 878-SGHKSNKGSSTNPEKFKKKPVTVEF-901 24 1,2,3 NA 0.36 9.09
SP8 1117- 26 1,2 NA 1.17 27.27
QQQQQQQRAQQAQQAQQRQAQQRQAQQQQQAQQ-
1142
SP9 1438-NSNSTFNPDVITSREQCLHK-1457 20 1,2 NA 0.44 27.27
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Table 2

Predicted conformational B-cell epitopes using one primary sequence-dependent server (CBTOPE [1]) and three different
structure-dependent tools (Ellipro [2], Discotope [3], and EPSVR [4]). Agadir scores and conservancy of the epitopes are seen across antigens;
Selected epitopes for chimeric construct are highlighted in bold.

TSA & Name of Conformational B-cell Epitope No. Of Servers  Agadir Conservancy
ScaA identified residues Score (%)
Protein peptide
I-TASSER Karp Y94,195,T96,N97,198,T99,A100,Q101,V102,E103, 17 1,2,3 0.69 29.38
Model E104,G105,K106,V107,K108,A109,D110
KC1 D280,1281,A282,G283,1284,D285,V286,P287,D288, 26 1,2,3,4 0.91 13.75

T289,5290,1.291,P292,N293,5294,A295,5296,V297,
E298,0299,1300,Q301,N302,K303,M304,Q305

KC2 D319,G320,Y321,1322,G323,G324,N325,A326,F327, 19 1,4 0.80 16.25
A328,N329,Q0330,1331,Q332,1333,N334,F335,V336,
M337
Q408,G409,E410,G411,D412,C413,K414,Q415,Q416, 34 2,3 1.52 3.12

Q417,G418,T419,5420,E421,K422,5423,K424,K425,
G426,K427,D428,K429,E430,A431,E432,F433,D434,
L435,5436,M437,1438,V439,G440,Q441
G418,T419,5420,E421,K422,5423,K424,K425,G426, 24 1,234 154 3.12
K427,D428,K429,E430,A431,E432,F433,D434,1435,
$436,M437,1438,V439,G440,Q441

Kato G44,M45,146,T47,G48,V49,E50,551,T52,R53,L54,D55, 32 1,234 070 0.00
P56,A57,D58,A59,G60,G61,K62,K63,064,L65,P66,L67,
T68,T69,570,M71,P72,F73,G74,G75,T75

KaCl N98,V99,K100,A101,E102,V103,E104,5105,G106, 30 3,4 2.07 3.12

K107,T108,G109,5110,D111,A112,D113,1114,R115,
$116,G117,A118,D119,5120,P121,M122,P123,0124,

R125,Y126,K127

KaC2 P131,Q132,P133,T134,1135,M136,P137,1138,5139, 20 2,3,4 0.47 3.12
1140,A141,D142,R143,D144,1.145,G146,V147,D148,
1149,P150

KaC3 $287,V288,E289,0290,1291,0292,N293,K294,M295, 13 1,2,3 0.77 25.00
Q296,E297,1.298,N299

KaC4 G314,G315,N316,A317,F318,A319,N320,Q321,1322, 14 1 0.90 4.38
Q323,1.324,N325,F326,R327
K421,G422,K423,E424,T425,K426,E427,T428,E429, 14 1 0.40 3.75
F430,D431,1432,5433,M434

Gilliam GC1 M45,146,T47,G48,A49,E50,S51,T52,R53,1.54,D55,556, 30 1,4 1.07 6.88

T57,D58,559,E60,G61,K62,K63,H64,1.65,566,1.67,T68,
T69,G70,L71,P72,F73,G74
D277,V278,P279,D280,T281,G282,1.283,P284,N285, 21 1,2,3,4 0.40 4.38
5286,A287,5288,V289,E290,0291,1292,0293,5294,
K295,M296,Q0297

GC2 E387,K388,1.389,A390,A391,0392,Q0393,E394,E395, 35 1,2,3 3.53 5.00
D396,A397,K398,N399,0400,G401,E402,G403,D404,
C405,K406,Q407,Q408,Q0409,G410,A411,5412,E413,
K414,5415,K416,E417,G418,K419,G420,K421

G401,E402,G403,D404,C405,K406,Q407,Q408,Q409, 13 1,2,3 0.66 28.75
G410,A411,S412,E413
E413,K414,5415,K416,E417,G418,K419,G420,K421, 17 1,2,3,4 0.50 5.00
E422,T423,E424,F425,D426,1.427,5428 M429

GC3 E417,G418,K419,G420,K421,E422,T423,E424,F425, 23 1,4 1.85 7.50

D426,1427,5428,M429,1430,V431,G432,Q433,V434,
K435,1.436,Y437,A438,D439

TA763 TC1 T57,D58,559,E60,G61,K62,K63,H64,1.65,566,1.67,T68, 18 2,3 1.43 1.88
T69,G70
TC2 P72,F73,G74,G75,T76,L.77,A78,A79,G80,M81,T82,183, 17 4 0.3 0.62
T84,P85,586,187,R88
TC3 N288,5289,A290,T291,V292,E293,0294,1295,0296, 17 1,2,3 2.76 0.62
N297,K298,M299,Q300,E301,L302,N303,D304
R310,E311,S312,F313,D314,G315,Y316,1.317,G318, 24 4 0.68 13.12

G319,N320,A321,F322,A323,N324,0Q325,1326,Q0327,
L328,N329,F330,V331,M332,P333

TC4 Q395,Q396,E397,E398,D399,A400,K401,N402,Q403, 13 2,4 1.57 39.38
G404,E405,G406,D407
G413,T414,5415,E416,K417,5418,K419,E420,G421, 21 4 0.35 0.62

S422,K423,K424,E425,P426,E427,F428,D429,1.430,
S431,M432,1433

TA716 M81,T82,183,A84,P85,G86,F87,R88,A89,E90,191,G92, 21 1,3 0.3 2.50
V93,196,T97,N98,V99,K100,A101,E102,V103

(continued on next page)
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Table 2 (continued)

TSA & Name of Conformational B-cell Epitope No. Of Servers  Agadir Conservancy
ScaA identified residues Score (%)
Protein peptide
TaCl L96,T97,N98,V99,K100,A101,E102,V103,E104,5105, 14 1,3 0.84 2.50
G106,K107,T108,N109
TaC2 P275,5276,D277,A278,1.279,P280,N281,5282,A283, 20 2,3 1.41 1.88
$284,V285,E286,0287,1288,0289,N290,K291,M292,
Q293,E294
A342,Q343,A344,T345,A346,Q0347,E348,R404,G405, 22 3 0.44 0.62
A406,5407,E408,D409,5410,D411,5412,G413,G414,
G415,L416,K417,K418
TaC3 R376, H377, A378, G379, 1380, K381, K382, A383, 21 3,4 0.56 2.50

M384, K386, 1387, Q390, D391, C394, D395, G396,
G398, D399, N400, K402, K403

TaC4 $407,E408,D409,5410,D411,5412,G413,G414,G415, 22 1,2,4 1.89 0.62
L416,K417,K418,E419,K420,A421,K422,R423,Q424,
S425,1.426,1427

ScaA sc1 1.224,5225,D226,D227,T228,K229,K230,0231,V232, 19 2 5.9 9.09

E233,V234,K235,0236,N237,E238,G239,Y240,G241,
V242

sc2 F289,N290,1.291,5292,D293,5294,E295,F296,1297, 21 2 0.62 9.09
V298,N299,N300,T301,P302,H303,5304,N305,5306,
D307,1.308,K309

sc3 V1026,51027,D1028,D1029,E1030,E1031,G1032, 20 2,4 0.45 18.18
G1033,K1034,G1035,E1036,D1037,11038,Q1039,
A1040,51041,T1042,A1043,51044,H1045
Q1109,P1110,11111,A1112,A1113,G1114,A1115, 21 2,4 1.24 18.18
G1116,Q1117,Q1118,Q1119,Q1120,Q1121,Q1122,
Q1123,01124,Q1125,01126,Q1127,01128,Q1129

SC4 11252,51253,G1254,11255,51256,11257,G1258,A1259, 17 1,4 0.4 100.00
D1260,K1261,H1262,1.1263,K1264,N1265,N1266,
A1267,11268

SC5 K1457,T1458,F1459,Y1460,Q01461,1.1462,G1463, 22 4 1.54 81.82

V1464,K1465,11466,A1467,11468,K1469,R1470,
N1471,11472,M1473,D1474,11475,G1476,11477,A1478

GL4

(A)

Fig. 2. Structural localization of predicted linear B-cell epitopes of TSA56 and ScaA on the native antigens of five strains of Orientia
tsutsugamushi. (A) Karp: KL1 (48-63), KL2 (95-110), KL3 (141-177), and KL4 (398-409); (B) Kato: KtL1 (48-63), KtL2 (134-149), and KtL3
(392-408); (C) Gilliam: GL1 (48-65), GL3 (140-155), GL4 (269-279), and GL5 (405-435); (D) TA763: TL1 (84-99), TL2 (104-121), TL3
(142-157), TL4 (278-300); (E) TA716: Tal (104-129), TaL (274-294), and TaL (405-424); (F) ScaA: SL1 (148-171), SL2 (225-242), SL3
(247-264), SL4 (355-376), SL5 (822-837), SL6 (851-866), SL7 (878-901), SL8 (1117-1142), and SL9 (1438-1457).
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3.2. Prediction of B-and T-cell epitopes of TSA56 and ScaA

The linear B-cell epitopes were predicted using three servers namely, Bcepred, BepiPred, and ABCpred and the predicted
continuous B-cell epitopes are presented in Fig. S1 and Table S1. The predicted epitopes ranged from 9 to 21 amino acid residues. Using
the parameters such as conservancy, helical content, non-allergenicity, and antigenicity the top 35 and 9 linear B-cell epitopes of
TSA56 and ScaA, respectively were selected (Table 1). The linear B-cell peptides, P1 was conserved in all five strains (Karp, Kato,
Gilliam, TA763, and TA716), P2 was conserved in Karp, Kato, and Gilliam strains, and P3 was conserved in Karp and Gilliam strains
(Table S2).

ElliPro, DiscoTope, EPSVR, and CBTOPE servers were used in prediction of discontinuous B-cell epitopes of TSA56 of Karp, Kato,
Gilliam, TA763, and TA716 strains (Fig. S1). The top 29 discontinuous B-cell epitopes of TSA56 (5 for Karp and 6 each for Gilliam,
Kato, TA763, and TA716) and 6 discontinuous B-cell epitopes of ScaA were selected as the best predicted epitopes (Table 2). The
TSAS56 peptides, P4 and P5 were conserved in Karp, Gilliam, and TA763; P6 was conserved in Karp, Kato, and TA763; P7 was common
in Gilliam and TA763; and P8 was conserved in TA763 and TA716 (Table S2). The proper folding of the in-silico determined
immunogenic B-cell epitopes is important in eliciting a long-term antibody response and immune protection. The predicted linear and
discontinuous B-cell epitopes are found on the accessible regions of the modelled structures of TSA56 and ScaA as observed using
BIOVIA Discovery Studio 2017 R2 (Fig. 2A-F, Table 1, Fig. 3A-F & Table 2). The majority of the computationally determined B-cell
epitopes were mapped to the antigenic domain as compared to the variable domain of TSA56. Thus, the findings of this study suggest
the immunogenic potential of TSA56 and ScaA antigens of O. tsutsugamushi. The peptides, GP2, GP6, GP7, GP9, GP10 of Gilliam, KaP2
and KaP4 of Kato, KP2 of Karp, TaP4 of TA716, and TP8 of TA763 had epitopes common for linear and discontinuous B-cells (Table 1).
Similarly, the presence of overlapping epitopes for linear and discontinuous B-cells were observed for the peptides, SP2 and SP8 of
ScaA (Table 1). However, future investigations are required to characterize the functionality of B-cell epitopes in designing peptide
vaccines and diagnostic assays.

The leveraging of more than one server to predict potential T-cell epitopes might contribute in reducing the false positive targets for
vaccine preparation. Three prediction algorithms were compared and employed in identifying HLA-class I epitope and two servers
were used in prediction of HLA-class II epitope (Fig. S2 and Table S1). The predicted peptides were found antigenic, non-allergenic,
and can induce IFN-y production. We found 51 (fifty-one) non-overlapping strong binders of MHC-I for TSA56 (13 CTL epitopes for
Karp, 11 for Kato, 12 for Gilliam, nine for TA763, and six for TA716), and 9 (nine) for ScaA protein (Table 3). Notably, we observed 14
CD8™ T-cell epitopes common to all five prototype strains (Table S3). CTL and HTL epitopes were found antigenic, non-allergenic, and
IFN-y-inducing, with binding-free energy > -6.3 kJ/mol. Molecular docking confirmed the interaction between the T-cell epitopes and
MHC alleles which could further increase the reliability of predicted T-cell epitopes for future laboratory investigations. The lack of
structures of MHC alleles limited the scope of docking analysis for predicted T-cell epitopes in the present study. We found 27 non-
overlapping strong binders of MHC-II for TSA56 (eight CD4" T-cell epitopes each for Karp and Kato, five for Gilliam, and three
each for TA763 and TA716), and three for ScaA (Table 4). Notably, we found nine CD4" T-cell epitopes that were conserved in all
prototype strains (Table S4).

(A) ©)

(W]

(F)

Fig. 3. Structural localization of predicted conformational B-cell epitopes of TSA56 and ScaA on the native antigens of five strains of
Orientia tsutsugamushi. (A) Karp: KC 1 and KC2. (B) Kato: KaC1, KaC2, KaC3, and KaC4. (C) Gilliam: GC1, GC2, and GC3. (D) TA763: TC1, TC2,
TC3, and TC4. (E) TA716: TaCl, TaC2, TaC3, and TaC4. (F) ScaA: SC1, SC2, SC3, SC4, and SC5. KC, KaC, GC, TC, and TaC refer to conformational B-
cell epitopes predicted in the 56-kDa type-specific antigen (TSA56) of Karp, Kato, Gilliam, TA763, and TA716 strains. SC refers to conformational B-
cell epitopes predicted in the surface cell antigen A (ScaA). The full-list of predicted conformational B-cell epitopes is provided in Table 2.
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Table 3

Binding energies for docked MHC-I-epitope complexes. The 27 HLA-I supertypes given below have a cumulative population coverage of >97
% for the five major ethnicities, namely African Americans, Caucasians, Hispanics, Asians, and North American Natives. The epitopes selected for
the chimeric construct had good antigenic values and were positive for IFN-y. Sixteen ScaA strains and 162 TSA56 strains were considered for
conservancy analysis using the IEDB tool.

[Binding enes
Protein MHC I Epitope (9 mer) Allele inAG (keal [ Server | Conservaney (%)
mol™)
81-MTIAPGFRA-89 HLA-A*6801 -10.2 123 45.00% (72/160)
HLA-B*07:02 -89
132-QPTIMPISI-140 HLA-B*51:01 9.6 23 80.62% (129/160)
Binding HLA-B*53:01 94
ey HLA-A*68:02, 938
Protein 'MHC I Epitope (9 mer) Allele AG (keal | Server C‘"‘“;"'"Y 316-NAFANQIQL-324 | HLA-B*35:01 103 12 53.75% (86/160)
mol) 3 HLA-B*51:01 75
HLA-B*44:02 -10.2
80-MTIAPGFRA-88 HLA-A*6801 | -10.2 123 45.00 348-QEAAAAAAV-356 HLA-B*44:03 -103 123 20.00% (32/160)
98-ITAQVEEGK-106 HLA-A*68:01 -19 LE3 37.50 HLA-B*40:01 -10.5
[“PDBID" 121.GGKDAPIRK-129 | HLA-A*30:01 | 108 | 2 375 374KLKRHAGIK352 | HLA-AT0301 -10.1 123 | 15.00% 4risn)
HLA-A®D1:01 anav HLAB*07:02 | 9.8 HLA-A*3001 -10.1
HLAN0z01 fau 137-QPTIMPISI-145 | HLA-B*51:01 | -10 | 123 80.62
- £ ! ’ ’ o g -
HLA-A*02:06 A — gt:—g:zig; 719\');35 - — Kato 385-MEELAAQDG-393 HLA-B*44:02 9.4 3 4.38% (7/160)
HLA-A*03:01 2xpg 157-IPQQQAQAA-165 g X 291 X
“U’A:“:oz 3i6l 446-FSIYAGVGA-454 HLA-A*68:02 -10.4 13 40.00% (64/160)
:m‘::g; ‘4'::: HLA-B*07:02 | -10.1 458- HTYGKIDDK-466 HLA-A*03:01 95
BT L HLA-A*30:01 | -103 HLA-A*11:01 84 123 16.25% (26/160)
: L HLA-B*58:01 -8.7 HLA-A*68:01 -10.2
HLA-B*35:01 4pm 174-RAAARIAWL-182 1 3750
HLA-A*02:03 | -11.1 496-YVDIEGSYM-504
HLAB'51:01 petd HLA-A*01:01 10 2 | 28.12%@s/160
HLAB*53:01 1atm H}%:-Q:g:tvf Z§ 6 (¢ )
HLA-B*57:01 3x12 -] 3 S HLA-A*32:01 9.6
516-ASVGVRYNF-524 HLA-B*58:01 -10.7 123 24.38% (39/160)
pooy HLA-B*57:01 -10.3
I HLA T allses (1sed FTASSER modl) | w7 WaBaso | o1
HLAA® 203-VINPILLNI-211 HLA:A‘SZ;OI _}6.3 12 33.75 HLA-A*0301 -10.8
HLAA Karp HLA-A*02:01 | 9.6 514-LMASVGVRY-522 ﬁiﬁ:ﬁ:gggf :182-33 123 | 23.75% (38/160)
:m 319-DGYLGGNAF-327 | HLA-B*35:01 | 78 | 12 1625 HLAB*1501 64
HLA-A*6802 | -104 - P .
HUAAS 325-NAFANQIQL-333 HLA-B*3501 94 12 5375 81-MTIAPGFRA-89 HLA-A*6801 10.2 123 45.00% (72/160)
HLA-A’ HLA-B*5101 -9.6 HLA-A*02:03 -10.4 : j
95-YLRNISAEV-103 HLA-A*02:01 -104 123 36.88% (59/160;
Ll 358-EAVAAAAVR-366 g'ixj::gg: 19049 123 | 5562 HLA-A*02:06 -10.1
HLAB*44:02 WOl T HLA-BR07:02 8.9
e 383KLQRHAGIK-39L | s awgior [ g [ 123 | 3500 138-QPTIMPISI-146 :iﬁ:gé;fg: :3‘2 123 | 80.62% (120/160)
HLA-B*15:01 -8.6 HLA-B*57:01 -10.3
458-AGVGAGLAY-466 | HLA-B*35:01 95 12 3125 ey
i eiec ol Gilliam | 219RPRONLDIL-227 | HLA-B*0702 97 123 | 5.62% @1160)
HLA-A*68:02, 9.8
HLA-A*30:02 [ -11 g _B*35:01 5 o
HLAB*35:01 | -114 316-NAFANQIQL-324 :E:_géfg: }7053 12 53.75% (86/160)
HLA-A*03:01 | -10.2 - .
S522-LMASVSVRY-530 | 1y asan01 | -102 | 123 1.88 349-QEAVAAAAV-357 |  HLA-B*4001 -10 123 | 55.00% (88/160)
HLA-A*11:01 9.5 HLA-A*0301 -83 o
HLA-A*0101 | -10.5 406 KQQQGASEK414 | 77z "Av3001 57 2 | 3125% (50160
448 TYAGVGAGL-456 gt:::gig; g; 123 | 38.12% (61/160)
No. of Bindi i Bl
. . 0. 0f inding energy in| 5
Protein MHC I Epitope (9 mer) alleles Allele AG (keal mol) Server| Conservancy (%) Protein MHC I Epitope (9 mer) Allele leér(gkyc:ln Server | Conservancy (%)
4
HLA-A*0301 EX] - )
458-HTYGKIDDK-466 3 HLA-A*1101 9.7 1,23 1625 HLA—A*OZOI -10
HLA-A*6801 -10.5 139-SIADRNLGV-147 Efi':»gigi 'ig'é 123 2.50
HLA-B*4402 93 3 S0
494-LEGSYMHSF-502 2 A Be4103 by 123 15.62 HLA-A*6802 11
p— HLA-A*0301 108 HLA-A*3301 9.4
HLA-A*3002 83 348-EAAAAAAVR-356 | HLA-A*6801 | -109 | 123 20.00
514-LMASVGVRY-522 5 ST G0 123 2375 I iea30t P
A* -
ﬁtﬁ_i@;g; {31 HLA-A*0301 | -10.1
316-NAFANQIQL-324 2 HLA-B*3501 94 123 5375 373-KLKRHAGIK-381 | HLA-AW3001 | -10.1 | 123 15.00
HLA-B*5101 75 HLA-A*3101 9.9
HLA-A*02:03 -10.4 ”
95-YLRNISAEV-103 4 ool =104 123 36.88 HAAnal | 51
HLA-A*02:06 -10.1 o 260-RSASIEMSI-268 b0l o 12 9.09
HLA-B05:01 £l HLA-B*s801 | -103
HLA-B*07:02 9.8
138-QPTIMPISI-146 3 HLA-B*51:01 -10 123 80.62 HLA-A*1101 82
HLA.B*53.01 105 44QSALTANIK342 | e o | N | 13 9.09
04
HLA-B*3501 A* R
320-NAFANQIQL-328 2 NG -10.4 123 5375 527.GTPDSVMEK-535 gi::‘éég} j:; 123 9.00
HLA-B*4001 -10.9 HLA-B*5101 6.3
352-QEAVAAAAV-360 3 HLA-B*4403 -10.1 123 55.00 528-TPDSVMEKI- HLA-B*s301 | -104 | 2 s
HLA-B*4402 -10.6
AF K
TA763 TLA-A®0301 T Sead | 1008-5sssGsssv-lo16 | HLA-A0203 8 1 3636
378-KLQRHAGIK-386 2 HLA-A®3101 s 1,23 35.00 HLA-A*6802 8.7
HLA-A*2301 89 HLA-B*0702 84
SLYAGVCACESD 2 HLA-A*2402 92 123 3812 1169-EPAPALQPI-1177 | HLA-B*5101 92 | 123 18.18
HLA-A*3002 82 HLA-B*5301 92
453-AGVGAGLAY-461 3 HLA-B*1501 47 123 3125 LAAT0206 0
HLA-B*3501 -85 ) -10.
HLAA%OTOL 01 1342-TAGHYFYPL-1350 | HLA-A*6802 | -11.7 | 13 63.64
- s HLA-B*0801 -11
493-YVDIEGSYM-501 3 HLA-A*0206 -10.6 2 28.12
HLA-B*3501 Y
HLA-A*0301 08 1360-PTVGIRHSY-1368 | HLA-A*2601 | -109 [ 12 18.18
516-LMASVGVRY-524 6 HLA-A*3002 83 123 2375
HLA-B*3501 2123 1480-DVYLAEKYI-1488 | HLA-A*6802 -10.8 123 100.00
HLA-A*0206 11
HLA-A*3001 -112
81-MTIAPGFRA-89 4 =R o 123 45.00
HLA-A*6802 -11.1
TAT16 123-LQRPKFTPP-131 i HLA-A*3001 -11.6 13 250
HLA-B*0702 9.8
HLA-B*5101 -10
132-QPTIMPISI-140 4 A be301 105 123 80.62
HLA-B*5701 -10.3

10
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Binding energies for docked MHC-II-epitope complexes. The 27 HLA-II supertypes given below are known to have cumulative population cov-
erages of >97 % for the five major ethnicities. The epitopes selected for the chimeric construct had good antigenic values and were positive for IFN-y.

Eleven strains of ScaA full length protein and 160 TSA strains were considered for conservancy analysis using the IEDB tool.

Protein MHC II Epitope (15 mer) Allele Binding energy in AG (kcal mol-1) Server Conservancy (%)
Karp 36-AKVGVVGGMITGVES-50 HLA-DQA1*05:01/DQB1*03:01 -7.9 1,2 46.88
84-PGFRAEIGVMYLTNI-98 HLA-DPA1*01:03/DPB1+%04:01 2 2.27
HLA-DPA1*02:01/DPB1+%14:01 —-10.2
HLA-DRB3*01:01 -7.9
HLA-DRB3*02:02 —-12.6
-9.7
169-LNDEQRAAARIAWLK-183 HLA-DPA1%02:01/DPB1+%14:01 -11.7 1 21.25
205-NPILLNIPQGNPNPV-219 HLA-DRB3*02:02 -7 1 11.25
346-QGQQQQAQATAQEAV-360 HLA-DQA1+%03:01/DQB1*03:02 —9.2 1,2 43.75
HLA-DQA1*01:02/DQB1*06:02 -9.2
HLA-DQA1%04:01/DQB1*04:02 -12.9
356-AQEAVAAAAVRLLNG-370 HLA-DPA1*02:01/DPB1%14:01 -9 1,2 45.62
HLA-DQA1*01:02/DQB1*06:02 -7.8
HLA-DQA1*04:01/DQB1*04:02 -9.5
HLA-DQA1*05:01/DQB1*03:01 —10.1
491-AINAAEGVYVDIEGS-505 HLA-DQA1*05:01/DQB1%02:01 —-9.5 1 26.88
HLA-DQA1*03:01/DQB1*03:02 -12.5
518-SINPLMASVSVRYNF-532 HLA-DPA1*02:01/DPB1%14:01 -8 2 2.27
HLA-DQA1*01:02/DQB1*06:02 —-10.5
HLA-DRB1*03:01 —-8.6
HLA-DRB1*07:01 —-6.7
HLA-DRB1*09:01 —9.7
HLA-DRB1*12:01 —-10.8
HLA-DRB1*13:02 -11.6
HLA-DRB3*02:02 -10
Kato 37-AKVGVVGGMITGVES-51 HLA-DQA1*05:01/DQB1*03:01 7.9 46.88
135-IMPISIADRDLGVDI-149 HLA-DRB4*01:01 -9.1 1,2 5.62
HLA-DRB1*03:01 -8.9
341-QQAQATAQEAAAAAA-355 HLA-DQA1*0102/DQB1*0602 -9.3 1,2 10.62
347-AQEAAAAAAVRVLNN-361 HLA-DQA1*05:01/DQB1*02:01 —-8.6 1,2 10.62
HLA-DQA1*05:01/DQB1*03:01 -9.6
HLA-DQA1%04:01/DQB1*04:02 —-10.2
HLA-DQA1*%01:02/DQB1*06:02 -9.2
HLA-DPA1*02:01/DPB1+%14:01 -11.4
SFSIYAGLGAGLAYT HLA-DQA1*05:01/DQB1*03:01 -11.9 2 27.27 % (24/88)
HLA-DRB1*01:01 —-12.7
HLA-DRB1%09:01 -14.9
HLA-DRB1*15:01 -13.8
SGALGVAINAAEGVY HLA-DRB1*13:02 -11.3 1 70.00 % (112/160)
HLA-DRB3*02:02 -9.5
HLA-DQA1*01:02/DQB1*06:02 -7.2
Kato 488-AINAAEGVYVDIEGS-502 HLA-DQA1%05:01/DQB1*02:01 —-9.5 1 26.88 % (43/160)
HLA-DQA1*03:01/DQB1*03:02 —12.5
HLA-DQA1*04:01/DQB1*04:02 -11.9
513-KYSINPLMASFGVRY-527 HLA-DPA1*02:01/DPB1%14:01 —13.2 2 13.64 % (12/88)
HLA-DRB1*09:01 —-13.5
HLA-DRB1*12:01 -9.9
HLA-DRB1*13:02 -8
HLA-DRB1*15:01 -11.4
HLA-DRB3*02:02 -9.5
Gilliam 152-GVDTDILAQAAAGQP-166 HLA-DQA10301DQB10302 -13.2 1 17.50 % (28/160)
HLA-DRB40101 —7.8
338-QGQQQQAQATAQEAV-352 HLA-DQA10102DQB10602 9.8 1 43.75 % (70/160)
HLA-DQA10301DQB10302 -13
348-AQEAVAAAAVRLLNG-362 HLA-DQA10501-DQB10301 —10.1 1,2 45.62 % (73/160)
DRB10901 —-10.6
HLA-DPA10201DPB11401 -9
HLA-DQA10102DQB10602 -85
HLA-DQA10401DQB10402 —-9.5
HLA-DR1 —-11.6
444-ESFSIYAGVGAGLAH-458 HLA-DRB10901 -15.1 1 9.38 % (15/160)
HLA-DRB11501 —-11.6
477-SGALGVAINAAEGVY-491 HLA-DRB1*13:02 —-11.3 1 70.00 % (112/160)
HLA-DRB3*02:02 -9.5
HLA-DQA1*01:02/DQB1*06:02 —-7.2
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Table 4 (continued)

Protein MHC II Epitope (15 mer) Allele Binding energy in AG (kcal mol-1) Server Conservancy (%)
TA763 323-ANQIQLNFVMPQQAQ-337 DQA10501-DQB10301 -10.4 1,2 26.88 % (43/160)
DRB1-0802 -10.9
DRB10901 -17.8
DRB11101 -10.4
DRB11201 -10.1
DRB11302 -11.3
DRB11501 —12.3
DRB30202 -12.3
DRB40101 —-10.2
DRB50101 -11.2
HLA-DPA10201DPB10101 -12.6
HLA-DPA10301DPB10402 -13.3
HLA-DQA10101DQB10501 -10.2
HLA-DQA10102DQB10602 -7.9
HLA-DQA10501DQB10201 -11.7
HLA-DRB10101 -10.9
HLA-DRB10401 -7.5
HLA-DRB10405 -10.9
HLA-DRB10701 -16
HLA-DPA10103DPB10201 —13.5
342-GQQQQAQATAQEAVA-356 HLA-DQA10102DQB10602 -10.7 1,2 44.38 % (71/160)
HLA-DQA10401DQB10402 -10.9
HLA-DQA10501DQB10301 -11.1
448-SVSIYAGVGAGLAYT-462 DQA10501-DQB10301 -11.8 1,2 5.62 % (9/160)
DRB10901 -15.9
DRB11501 -10.7
HLA-DRB10101 -9.6
TA716 113-DTRADTDSPILQRPK-127 HLA-DQA10501DQB10201 -9.1 1 2.50 % (4/160)
340-QQAQATAQEAAAAAA-354 HLA-DQA1*0102/DQB1*0602 -9.3 1 10.62 % (17/160)
176-LKDYAGIEYMVKDPN-200 HLA-DPA1*0201/DPB1*0501 —6.6 1 1.25 % (2/160)
ScaA 236-QNEGYGVQKVIIKQD-250 DQA10501-DQB10301 -12.8 1 9.09 % (1/11)
HLA-DQA10102DQB10602 -9.2
HLA-DQA10301DQB10302 -12.6
HLA-DQA10401DQB10402 -10.8
HLA-DQA10501DQB10201 -11.1
HLA-DR1 -10
255-DKIEGRSASIEMSIE-269 DQA10501-DQB10301 -12.8 2 9.09 % (1/11)
HLA-DQA10102DQB10602 -9.2
HLA-DQA10301DQB10302 -12.6
HLA-DQA10401DQB10402 —10.8
HLA-DQA10501DQB10201 -11.1
HLA-DR1 -10
1194-VAAISSIVQSRASNS-1208 DQA10501-DQB1030 —15.6 2 9.09 % (1/11)
DRB1-0802 —-11.4
DRB10901 —14.6
DRB11101 -10.3
DRB11201 —-12
DRB11302 -11.3
DRB11501 -9
DRB30202 —9.8
DRB40101 -10.4
DRB50101 -10
HLA-DQA10102DQB10602 -8.3
HLA-DR1 -10.8
HLA-DRB10401 -9.9
HLA-DRB10405 —9.8
HLA-DRB10701 -7.5

3.3. Designing multi-epitope chimeric vaccine constructs and molecular dynamics simulation

Using bioinformatically predicted epitopes of TSA56 and ScaA antigens, eight chimeric vaccine constructs were designed (Fig. S3).
Briefly, construct 1 has linear B-cell epitope and construct 2 has both linear and discontinuous B-cell epitope of TSA56. Construct 5 has
linear B-cell epitope of ScaA while construct 6 has both linear and discontinuous B-cell epitopes of ScaA (Fig. S3). These constructs
were prepared with an idea to develop chimeric antigens for rapid diagnostic assays of scrub typhus. The multi-epitope vaccine
construct 3 has linear B-cell epitope, CTL and HTL T-cell epitopes, while construct 4 has both linear, discontinuous B-cell epitope, MHC
predicted epitopes of TSA56. Similarly, construct 7 has linear B-cell epitope, MHC-I, and MHC-II predicted epitopes, while construct 8
has both linear, conformational B-cell epitope, MHC-I, and MHC-II predicted epitopes of ScaA. The B- and T-cell epitopes joined with
the appropriate linkers and adjuvants were included in the vaccine constructs to enhance immunogenicity. The modelled structure of
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vaccine constructs was validated through a Ramachandran plot as described previously [71,72]. For the vaccine construct 4, 60 % of
amino acid residues were observed in the favorable regions; the additional allowed regions comprised of 32 % residues, the generously
allowed regions has a distribution of 5.8 % residues and 2.4 % in the disallowed regions (Figs. S4A-D). Similarly, for the vaccine
construct 8, the favorable and additional allowed regions consisted of 67 % and 25 % amino acid residues, respectively, 4.7 % residues
were clustered in the generously allowed regions and 3.3 % in the disallowed regions (Fig. S4). The structural validation of modelled
structures of vaccine constructs were calculated using the Z-scores of ProSA web server [63-65].

The ClusPro server (https://cluspro.org) is widely used for studying the protein-protein interactions and this server was applied to
analyze the interaction of predicted T-cell epitopes with the MHC alleles. The T-cell epitopes included in the vaccine constructs were
selected based on the lowest binding energy scores. Similarly, we utilized the ClusPro server to perform the docking of fibronectin and
vaccine constructs and the structures of the best docked conformations of simulated fibronectin-vaccine recombinant constructs ob-
tained after 100 ns of MD simulation trajectory (Fig. 4A-D). MD trajectories were analyzed by observing the root mean square de-
viation (RMSD), root mean square fluctuation (RMSF) and radius of gyration (RoG) plots for three independent sets of simulation (Set-
I, Set-II & Set-III) each simulated for 100 ns simulation time. RMSD plots of unligated fibronectin (1FNF) and docked fibronectin
complexes 1FNF-Construct 3, 1FNF-Construct 4, 1FNF-Construct 7, 1FNF-Construct 8 are provided in Fig. 5. The average RMSD values
were also calculated for all the complexes (Table 5). The mobility of the residues was analyzed by calculating the residue-wise RMSFs
of unligated fibronectin (1FNF) and docked fibronectin complexes 1FNF-Construct 3, 1FNF-Construct 4, 1FNF-Construct 7, 1FNF-
Construct 8 plotted in Fig. 6 and RMSFs of the individual constructs are graphed in Fig. S5. For Set-I, analysing the RMSD plots it
was observed that fibronectin in presence of construct 3, 4, 7 exhibited lower deviations compared to construct 8. From the RMSF plots
it was observed that construct 8 exhibited higher fluctuations from residue 500 onwards which might have attributed to the higher
deviation of the complex 1FNF-Construct 8. Accordingly, fluctuations of construct-3, construct-4 and construct-7 were lower compared
to construct-8 hence RMSDs of 1FNF in complex with construct-3, construct-4 and construct-7 were lower compared to 1FNF in
complex with construct-8. However, for Set-II & Set-III, RMSDs of all the docked 1FNF complexes were fairly stable for both the sets of
simulations. Compared to the unligated fibronectin there is not much difference in the fluctuations of individual residues of the docked
fibronectins thereby indicating that the protein structure was intact throughout the simulation even after being bound to the constructs
which has also been observed from the RoG plots. RoG plots for the complexes are presented in Fig. 7 and averaged RoG values are
listed in Table 5. The average RoG values clearly depicted the overall stability of the complexes for both 1FNF as well as the constructs
throughout the simulation time for all the three sets of simulation.

e JANS ! (d) 1FNF-Construct 8
(¢) 1IFNF-Construct 7 -

Fig. 4. Structures of the fibronectin (1FNF)-chimeric vaccine constructs (a) Docked structure complexes of 1FNF-Construct 3, (b) 1FNF-
Construct 4, (¢) 1FNF-Construct 7, and (d) 1FNF-Construct 8 obtained at the end of 100 ns simulation trajectory. Construct 3 has linear B-cell
epitope, MHC-1, and MHC-II predicted epitopes of TSA56; Construct 4 has both linear, conformation B-cell epitope, MHC-I, and MHC-II predicted
epitopes of TSA56. Construct 7 has linear B-cell epitope, MHC-1, and MHC-II predicted epitopes of ScaA; construct 8 has both linear, conformation B-
cell epitope, MHC-I, and MHC-II predicted epitopes of ScaA. 1FNF: fibronectin (PDB ID:1FNF).
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Fig. 5. Root mean square deviation (RMSD) plots of fibronectin (FNF) and multi-epitope vaccine constructs. RMSD plots of 1FNF (black),

docked 1FNF complexes 1FNF-Construct 3 (blue), 1FNF-Construct 4 (yellow), 1FNF-Construct 7 (green) and 1FNF-Construct 8 (red). Simulations for
the complexes (FNF-construct 3-blue colour, FNF-construct 4-yellow, FNF-construct 7-green, FNF-construct 8-red) were performed for three in-
dependent replicates for 100 ns simulation trajectory (a) Set-I, (b) Set-II, and (c) Set-IIIL
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Table 5

The average root mean square deviation (RMSD) and radius of gyration (RoG) values of the unligated
fibronectin and multi-epitope vaccine constructs. 1FNF, 1FNF-Construct 3, 1FNF-Construct 4, 1FNF-
Construct 7, 1FNF-Construct 8 and the constructs 3, 4, 7, 8 for 3 sets of simulation each simulated for 100
ns simulation trajectory. 1FNF: fibronectin (PDB ID:1FNF).

- IFNF | 1IFNF-Construct3 | 1FNF-Construct 4 | IFNF-Construct 7 | 1FNF-Construct 8

RMSD 1FNF Construct 1FNF Construct 1FNF Construct 1FNF  Construct
(in A) 3 4 7 8
Set-1 5.40 427 4.43 7.68 3.90 5.30 7.71 5.89
Set-ll 003 387 521 437 707 617 531 468 3.41

Set-TII 5.48 5.4 475 8.2 425 44 4.89 4,01

- IFNF | 1FNF-Construct3 | 1FNF-Construct 4 | IFNF-Construct 7 | 1FNF-Construct 8
RoG 1FNF  Construct 1FNF Construct 1FNF Construct 1FNF  Construct

(in A) 3 4 7 8

Set-I 4394 2234 4387  33.69 4351 2087 4330  25.61
43.94
Set-I1

43.48 22.51 43.37 34.10 42.49 21.15 43.65 25.16

Set-II 4400 2325 4402 3655  43.08 2105 4398 2537

3.4. Immune simulation

The immune simulation of vaccine constructs was predicted to induce cytokine secretion including IFN-y upon administration of
antigens (Fig. S6). The antibody titer specific to the immunized antigen was much higher when compared to control antigen. Further
the antigen specific immune response was followed by peak appearance of memory and plasma B-cell (Fig. S6). In silico immune
simulation of the multi-epitope constructs of TSA56 and ScaA revealed high production of IgM antibodies thereby correlating with the
observed immunity. The secondary and tertiary immune responses was evident by the increased B-cell sub-populations, IgG1 + IgG2,
IgM, and IgG + IgM antibodies (Fig. S6).

4. Discussion

There is a need for developing a new and effective vaccine against scrub typhus due to its high incidence (over 1 million annual
cases), wide geographic distribution, diagnostic challenges, lack of affordable point-of-care diagnostic methods, high case fatality rate,
and resistance of some bacterium to commonly used antibiotics. Computational methods of identifying the immunogenic antigens can
help in accelerating the design and preparation of recombinant vaccines prior to biological experiments. Using in-silico method, this
study aimed to identify immunogenic antigens and epitopes of O. tsutsugamushi that can elicit humoral and T-cell immune reaction for
developing an effective vaccine and sero-diagnostic assay as reported previously [52,73]. The knowledge of B-cell and T-cell epitopes
binding regions in the antigen’s sequence or structure is important in rational designing of vaccine [26,27,29], diagnostic tests [74],
and immuno-therapy [75]. Therefore, identification of putative immunogenic epitopes with the help of in-silico methods can help in
minimizing the time, cost, and resources associated with the experimental mapping of epitopes. However, with the advancement of
machine learning (ML) has improved performance of in-silico prediction methods for mapping of B- and T-cell epitopes [32-38]. These
prediction methods are commonly used for identifying viral, bacterial, and tumor-specific B-cell epitopes [76,77]. Therefore, the
state-of-the-art B-cell epitope prediction methods with well-established acceptance and independent performance evaluations
implicating the reliability of in-silico methods in identifying potential epitopes in rational design of vaccine [32-38,77]. TepiTool and
NetMHCpan are commonly employed in predicting peptides that are specific in recognizing the MHC molecules required for T-cell
mediated immune protection [78]. These methods are found useful in determining T-cell epitopes with optimum accuracy [79]. The
integration of artificial intelligence in the MHC binding peptides prediction methods has overcome the challenges of T-cell epitope
prediction due to existence of MHC polymorphism in the populations [80]. The deep learning integrated epitope prediction methods
such as NetMHCpan-4.0 [81] and NetMHCIIpan-4.0 [44] have been successfully utilized in determining HLA-I and HLA-II epitopes of
SARS-CoV-2. The algorithm of NetMHCpan-4.0 and NetMHCIIpan-4.0 prediction methods are developed using the dataset of HLA
ligand elution assay coupled with mass spectrometry in isolating peptides pool that are processed and presented to MHC-restricted
T-cells. The TepiTool algorithm has integrated the hundreds of alleles of humans, chimpanzees, bovines, gorillas, macaques, mice,
and pigs in predicting high affinity MHC binding peptides [40]. The ClusPro server was utilized to select the top predicted T-cell

15



A. Dolley et al.

(a) RMSF Plots for Simulation Set-I

40 T T T | T | T | T | T ] T | T | IFNF
—— 1FNF-Construct 3
r 1FNF-Construct 4
—— 1FNF-Construct 7
30 —— 1FNF-Construct 8

0 30 60 90 120 150 180 210 240 270 300 330 360
1FNF Residue Index

(b) RMSF Plots for Simulation Set-IT

40 T T T I T | T | T I T | T | T I IENE
—— 1FNF-Construct 3
I 1FNF-Construct 4
—— 1FNF-Construct 7
30 —— 1FNF-Construct 8

0 30 60 90 120 150 180 210 240 270 300 330 360
1FNF Residue Index

(c) RMSF Plots for Simulation Set-IIT

40 T T T I T | T | T I T | T | T | IFNF
—— 1FNF-Construct 3
r 1FNF-Construct 4
—— 1FNF-Construct 7
30— —— 1FNF-Construct 8

0 30 60 90 120 150 180 210 240 270 300 330 360
1FNF Residue Index

Heliyon 10 (2024) e23616

Fig. 6. Root mean square fluctuation (RMSF) plots of fibronectin (FNF) and multi-epitope vaccine constructs. RMSF plots of 1FNF (black),
docked 1FNF complexes 1FNF-Construct 3 (blue), 1FNF-Construct 4 (yellow), 1IFNF-Construct 7 (green) and 1FNF-Construct 8 (red). Simulations for
the complexes (FNF-construct 3-blue, FNF-construct 4-yellow, FNF-construct 7-green, FNF-construct 8-red) were performed for three independent

replicates for 100 ns simulation trajectory (a) Set-1, (b) Set-II, and (c) Set-IIIL.
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(a) Radius of Gyration Plots for Simulation Set-I
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Fig. 7. Radius of gyration (RoG) plots of fibronectin (FNF) and multi-epitope vaccine constructs. Radius of Gyration plots of 1FNF (black),
docked 1FNF complexes 1FNF-Construct 3 (blue), 1FNF-Construct 4 (yellow), 1FNF-Construct 7 (green) and 1FNF-Construct 8 (red). Simulations for
the complexes (FNF-construct 3-blue colour, FNF-construct 4-yellow, FNF-construct 7-green, FNF-construct 8-red) were performed for three in-
dependent replicates for 100 ns simulation trajectory (a) Set-I, (b) Set-II, and (c) Set-IIL
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epitopes and the best docked conformations of simulated fibronectin-vaccine recombinant constructs in the MD simulation trajectory.
The user-friendly ClusPro server is commonly applied in identifying protein-protein or ligand complexes based on the structures of the
proteins and thermodynamic considerations to isolate reliable and specific protein-protein interactions to overcome the false positive
interacting proteins [55,56,82].

TSA56, an immunodominant antigen, is considered a target for vaccines and serological assays; however, its genetic heterogeneity
across O. tsutsugamushi strains limits cross-protective immunity [18]. Co-immunization of TSA56 and ScaA in mice has been reported
to confer cross-protection, an observation yet to be replicated in humans [20,25]. To overcome scientific obstacles associated with the
development of a vaccine and point-of-care test, a deep learning integrated B- and T-cell epitope mapping methods have been
implemented and identified immunogenic epitopes in TSA56 and ScaA proteins of O. tsutsugamushi. The linear B-cell epitope of the
Karp strain (112-VGETKADSVGGKDAPI-127) was previously shown to react with a Karp strain-specific monoclonal antibody [66].
Furthermore, Choi et al. [83] reported that VD I, ADs I, II, III, and IV were associated with homotypic and heterotypic antibody re-
sponses [67]. The VD within the antigenic region of TSA56 contributes to poor efficacy of vaccines and diagnostic tests [18]. Seong
et al. [84] reported the development of humoral immunity correlating to AD of TSA56. The authors have found that antigenic frag-
ments, ADs I and III, induced the production of IgG and IgM antibodies [83,84]. The immunogenicity of these epitopes may be
experimentally verified using the convalescent serum of patients with scrub typhus and may be used for designing peptide-based rapid
diagnostic tests. The re-emergence of scrub typhus in recent years has sparked global interest in identifying effective preventative and
treatment solutions. The development of an effective vaccine is limited by several factors, including the antigenic diversity of TSA56,
the short-lived heterologous strains immunity and the limited knowledge of immune protection against O. tsutsugamushi. The role of
T-cell mediated immune protection including IFN-y production in response to O. tsutsugamushi infection is reported previously [85,86].
The proliferation of CD4" and CD8" T-cells have been observed during the convalescent phase of O. tsutsugamushi infection [83,84].
Hence, we screened TSA56 and ScaA to find immunogenic HTL and CTL epitopes and found 51 and 27 high affinity binding peptides of
MHC-I and MHC-II for TSA56, respectively. A positive correlation was seen between MHC binding peptides and the coverage of HLA
alleles in the population. Antigenic, non-allergenic, IFN-y-inducing T-cell epitopes with binding-free energy > -6.3 kJ/mol were
selected. The reliability of predicted T-cell epitopes was further confirmed by studying the interaction between the selected epitopes
and MHC molecules. The lack of structures for all MHC alleles in the public repository of PDB limits the docking of predicted epitopes
and MHC molecules. In a previous study, TSA56 cloning revealed that convalescent sera from scrub typhus patients contained anti-
bodies against TSA56, and monoclonal antibodies were used to identify strain-specific epitopes [66,86]. The presence of unique and
common T-cell epitopes in TSA56 and ScaA suggests that T-cell-based immunity is important in O. tsutsugamushi infection [85-90].

The mapping of epitope can help to fasten the cost-effective process of vaccine designing thereby complementing the various steps
of biological experiments [91]. The mapping of epitopes is carried out based on the structure and amino acid sequence of vaccine
candidate proteins. Hence, immunoinformatic approaches are utilized and credible in predicting immunogenic antigens and peptides
that are subsequently validated in biological experiments. Despite all the advantages associated with in-silico methods, some of the
disadvantages but not limited to non-availability of information, sub-optimal accuracy of algorithms, and inappropriate tools must be
taken into consideration at the time of epitope mapping. The selection and application of methods appropriate for epitope mapping is
important in identifying potential immunogens. For example, the B-cell epitopes predicted have 60-70 % accuracy due to the fact that
the majority of the epitopes recognized by B-cells exist in the form of specific conformations [92,93].

Selecting an antigen that is conserved across strains is critical in designing an effective vaccine that can stimulate humoral and T-
cell mediated immune responses against different strains of O. tsutsugamushi. Inmunoinformatics tools have improvised the rational
design, development and the quality of empirical investigation of constructed vaccine including determination of the conserved se-
quences. The conserved sequences of immunogenic antigens are known to induce a broad-spectrum of immune protection against the
diverse strains of pathogens [94]. In-silico approaches were employed previously to identify immunogenic epitopes that are predicted
to possess less toxic, allergenic, and cross-reactive epitopes to host antigens [95]. We designed four multi-epitope vaccine constructs
comprising predicted B-cell and T-cell epitopes joined by appropriate linkers. The EAAAK rigid linker is reported to enhance the
immunogenicity of the antigen due to helix inducing function [96]. AAY, KK, and GGGGS linkers are included in engineering a re-
combinant vaccine to provide flexibility to antigen domain function [97]. The characterization of bio-chemical parameters revealed
immunogenicity, stability, and solubility of the vaccine constructs in an E. coli expression system. The RGD motif in the fibronectin and
integrin a5p1 subunits is involved in bacterial uptake and invasion [19]. The findings of molecular docking showed specific and high
affinity binding of designed vaccine to the human fibronectin receptor. MD simulation results suggested the stability of
fibronectin-bound vaccine constructs 3, 4, and 7 in the cellular environment. The chimeric antigens may be used to develop rapid
diagnostic tests for scrub typhus. Although the multi-epitope vaccine and predicted epitopes exhibited promising performance solely
based on computational simulations. Therefore, to develop an effective vaccine against O. tsutsugamushi, necessary experiments are
required to carry out using the predicted epitopes and vaccine constructs. We preferred and utilized the state-of-the-art pipeline
ClusPro web server to validate the protein-protein interactions thereby limiting the scope for validation of protein-receptor complexes
using other multiple modelling servers [55,56,82].

In conclusion, using in-silico approaches we identified several B- and T-cell epitopes of TSA56 and ScaA antigens of O. tsutsugamushi
prototype strains. Our computational analysis suggests that the designed vaccine components and predicted epitopes are highly
immunogenic, safe, non-allergenic, and stable. The experimental validation of epitopes reported in the present study may provide a
better understanding of the immune response to O. tsutsugamushi infection.
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