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ARTICLE INFO ABSTRACT

Keywords: Carrion’s disease, caused by the bacterium Bartonella bacilliformis, is a serious public health problem in Peru,
M“h%'epimpe Ecuador and Colombia. Currently there is no available vaccine against B. bacilliformis. While antibiotics are the
Vaccine standard treatment, resistant strains have been reported, and there is a potential spread of the vector that
TLR4 . . . . . . . . . . .

. . transmits the bacteria. This study aimed to design a multi-epitope vaccine candidate against the causative agent
Immunoinformatics

of Carrion’s disease using immunoinformatics tools. Predictions of B-cell epitopes, as well as CD4" and CD8™T
cell epitopes, were performed from the entire proteome of B. bacilliformis KC583 using the most frequent alleles
from Peru, Ecuador, Colombia, and worldwide. B-cell epitopes and T-cell nested epitopes from outer membrane
and virulence-associated proteins were selected. Epitopes were filtered out based on promiscuity, non-
allergenicity, conservation, non-homology and non-toxicity. Two vaccine constructs were assembled using
linkers. The tertiary structure of the constructs was predicted, and their stability was evaluated through mo-
lecular dynamics simulations. The most stable construct was selected for molecular docking with the TLR4 re-
ceptor. This study proposes a vaccine construct evaluated in silico as a potential vaccine candidate against

Bartonella bacilliformis
Carrion’s disease

Bartonella bacilliformis.

1. Introduction

Bartonella bacilliformis is a gram-negative, mobile pleomorphic and
intraerythrocytic bacterium that causes the neglected Carrion’s disease,
also known as Oroya’s fever, in humans [1]. Transmitted by female
sand-flies of the genus Lutzomyia, primarily L. verrucarum and
L. peruensis [2], the disease is endemic in Peru, Ecuador and Colombia.
In Peru it represents a serious public health problem, particularly in
inter-Andean valleys and jungle areas [3]. Carrion’s disease is charac-
terized by two well-established clinical phases that can occur sequen-
tially or independently [4,5]. During acute phase, B. bacilliformis invades
human erythrocytes mainly enhanced by flagella, IalB and deformin and
hemolysin proteins [1,6,7]. The chronic phase, known as verruga
peruana (Peruvian warts) involves abnormal proliferation of endothelial
cells in the terminal vasculature of the dermis and subcutaneous tissue,
resulting in characteristic dermal eruptions [5]. Although Carrion’s
disease is currently restricted to certain areas, the expansion of the
vector’s distribution could lead to its spread to other regions in the
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future [8]. Moreover, B. bacilliformis has been reported to exhibit
constitutive resistance to quinolones [9]. Recent epidemiological re-
ports from Peru, indicate ongoing cases of both acute and chronic Car-
rion’s disease, underscoring the urgent need for strategies to control the
disease.

The development of a vaccine could be one of the most feasible and
effective strategies for disease control. To date, no vaccine is available,
although some vaccine candidates against B. bacilliformis have been
developed in recent years. One approach has been the design of a multi-
epitope protein as a vaccine candidate. In a previous study,
B. bacilliformis KC583 proteome was analyzed using bioinformatic tools,
leading to the development of a multi-epitope vaccine called M1.
Cloning, expression and purification of M1 were performed in E. coli,
followed by mice immunization. In vitro erythrocyte invasion tests
demonstrated the potential effectiveness of M1; however, further studies
are needed to fully characterize its immunogenic properties and its
viability as a vaccine [10]. An immunoinformatics and subtractive
proteomic approach was employed to select the best candidates for
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vaccine design, including the prediction of epitopes and in silico vaccine
construction. The final vaccine construct was modeled for docking with
Toll-like receptor 4 (TLR-4), and molecular dynamics analysis was
conducted. The final vaccine construct was also cloned in silico in E. coli.
However, future experimental validation is required [11].

In our study, we employed an immunoinformatics approach to
design a potential vaccine candidate. Utilizing the B. bacilliformis KC583
proteome, we predicted T and B-cell epitopes and applied several filters
were employed to select the most effective nested epitopes (linear CD4 "
T-cell epitopes containing linear CD8" T-cell epitopes within their
sequence) capable of stimulating both CD4* and CD8" T-cell responses.
This process led to the design of two vaccine constructs. We designed
two vaccine constructs based on these nested epitopes and, to assess the
potential innate immune response, we conducted Molecular dynamics
simulation and docking analysis with TLR-4, which is a key receptor that
activates the innate immune system by recognizing pathogens, trig-
gering cytokine production and antigen-presenting cell activation,
making it a vital target for enhancing multi-epitope vaccines immune
responses [12].

Based on our comprehensive analysis, we present a promising vac-
cine candidate against B. bacilliformis.

2. Materials and methods

The study framework used for designing multi-epitope vaccine con-
structs against B. bacilliformis is illustrated in Fig. 1.

2.1. Retrieval of proteome of Bartonella bacilliformis

The complete proteome of B. bacilliformis strain KC583
(UP000000643) was obtained from the UniProt database (https://www.
uniprot.org/proteomes/UP000000643) in FASTA format.

2.2. Evaluation of human non-homologous proteins

The B. bacilliformis proteome was evaluated to identify proteins that
are non-homologous to human proteins. BLASTp tool was used against
the Homo sapiens proteome obtained from the UniProt server following
the methodology described by Samavia [13]. Proteins that did not show
significance were selected for the subsequent analyses.
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2.3. T-cell epitope prediction

MHC I and MHC II binding epitopes were predicted using
NetMHCpan-4.0 and NetMHCIIpan-4.0, respectively [14,15]. These
tools analyze peptides ranging from 8 to 14 amino acids (8-mer peptides
were selected for this study) and 13 to 25 amino acids (15-mer peptides
were selected for this study), respectively. Both tools provide outputs in
the form of binding affinities (IC50 values) and percentile ranks. Pep-
tides with IC50 < 50 nM were categorized as strong binders and were
selected.

The most frequent HLA alleles were divided into two groups: group
A, representing the world population, (HLA-A*01:01, HLA-A*02:01,
HLA-A*03:01, HLA-A*24:02, HLA-A*26:01, HLA-B*07:02, HLA-
B*08:01, HLA-B*15:01, HLA-B*27:05, HLA-B*39:01, HLA-B*40:01 and
HLA-B*58:01) and group B, representing Peru, Ecuador and Colombia
population, (HLA-A*02:01, HLA-A*24:02, HLA-B*51:01, HLA-C*04:01
and HLA-C*07:02). MHC II binding epitopes were also predicted for the
most frequent alleles in the world population (group A), including HLA-
DRB1*03:01, HLA-DRB1*07:01, HLA-DRB1*15:01, HLA-DRB3*01:01,
HLA-DRB3*02:02, HLA-DRB4*01:01 and HLA-DRB5*01:01, as well as
for Peru, Ecuador and Colombia population (group B) (HLA-
DRB1*04:07, HLA-DRB1*08:02 and HLA-DRB1+%14:02)

2.4. Nested epitope identification

As previously described, nested epitopes, were obtained [16]. We
selected nested epitopes for outer membrane proteins predicted by
PSORT [17]. PSORT predicts subcellular localization analyzing the
amino acid sequence. To identify virulence-associated proteins, we
employed VFDB [18], as well as those already reported as possible
vaccine candidates [1,19].

2.5. B-cell epitope prediction

We used the online server BepiPred-2.0 (https://services.healthtech.
dtu.dk/services/BepiPred-2.0/) [20] to predict 15-aminoacids B-cell
epitopes corresponding to outer membrane and virulence-associated
proteins. This tool combines a hidden Markov model with propensity
scale methods to identify regions likely to be recognized by B-cell epi-
topes. Epitopes with scores greater than 0.5 and 0.55, respectively, were
selected.
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Fig. 1. Flowchart of the methodology that was used for designing multi-epitope vaccine constructs against B. bacilliformis.
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2.6. Epitope evaluation

All the epitopes identified in T and B-cells were evaluated for pro-
miscuity, human proteome non-homology, allergenicity, toxicity and
conservation using online bioinformatics tools.

2.6.1. Promiscuous epitope identification
Promiscuous epitopes are defined as T-cell epitopes that bind to
many alleles. To select them, we used a cutoff of number of alleles.

2.6.2. Identification of non-homologous epitopes

Epitopes that showed 100 % identity and sequence coverage with the
human proteome (UP000005640) and the mouse proteome (Mus mus-
culus) (UP000000589) were excluded to avoid potential autoimmune
responses in humans and future clinical trials in mice.

2.6.3. Allergenicity of the epitopes

All selected epitopes were evaluated for potential allergic reactions
using the AllerTOP online server (https://www.ddg-pharmfac.net/
AllerTOP/) [21]. This tool utilizes machine learning algorithm based
on auto-cross covariance (ACC) transformation to classify proteins as
either “allergen” or “non-allergen”. The input sequences are compared
against a curated database of known allergens and non-allergens. In this
study, only epitopes classified as non-allergenic were selected.

2.6.4. Toxicity of the epitopes

To determine the potential toxicity of all epitopes, the ToxinPred tool
(https://webs.iiitd.edu.in/raghava/toxinpred/multi_submit.php) was
used [22]. This tool utilizes machine learning models based on amino
acid composition and known toxic motifs to classify peptides as "toxic"
or "non-toxic." Only epitopes classified as non-toxic were selected.

2.6.5. Epitope conservation in B. bacilliformis genomes

The conservation of the epitopes selected by the previous filters was
analyzed across all reported genomes of B. bacilliformis in the NCBI
database. This analysis was performed using IEDB epitope conservancy
tool (http://tools.iedb.org/conservancy/) [23].

2.7. Multi-epitopes vaccine construction

The previously selected epitopes were overlapped and, any repeated
epitopes in group A and B, were manually eliminated. The final filtered
epitopes along with the adjuvant p-defensine were concatenated using
linkers to form two vaccine constructs (vaccine construct I and II).
Vaccine construct I was composed of nested epitopes from outer mem-
brane proteins, B-cell epitopes, and experimental epitopes. Vaccine
construct II was composed of nested epitopes from virulence-associated
proteins, B-cell epitopes and experimental epitopes. The "EAAAK" linker
was used to bind the adjuvant and the first nested T-cell epitope. Nested
T-cell, experimental and B-cell epitopes were linked via GPGPG, KK, and
AAY linkers, respectively (Fig. 2).
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Fig. 2. Schematic representation of the vaccine constructs.
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2.8. Allergenicity, toxicity, antigenicity and other physicochemical
properties assessment for vaccines constructs

The vaccine constructs were assessed using several bioinformatics
tools. AllerTOP [21], ToxDL [24] and VaxiJen v2.0 [25] were utilized.
VaxiJen predicts the antigenicity of the selected epitopes based on an
alignment-independent method, using physicochemical properties of
proteins to classify them as “antigenic” or “non-antigenic”. The
threshold value of the last server was 0.4. The amino acid composition,
molecular weight, half-life, instability index, aliphatic index, theoretical
PI and GRAVY (grand average of hydropathicity) were analyzed using
ProtParam (https://web.expasy.org/protparam/) [26]. Water solubility
predictions were performed with ProteinSol (https://protein-sol.manch
ester.ac.uk/) [27]. Additionally, the presence of signal peptides and
transmembrane helices was evaluated using SignalP 5.0 (https://service
s.healthtech.dtu.dk/services/SignalP-5.0/) [28] and THMMM v. 2.0
(https://services.healthtech.dtu.dk/services/TMHMM-2.0/) [29],
respectively.

2.9. Population coverage

The population coverage of the selected epitopes was analyzed using
the IEDB population coverage tool (http://tools.iedb.org/population/)
[30]. This analysis included both group A and group B alleles.

2.10. Secondary structures prediction

The secondary structures of the vaccine constructs were predicted
and analyzed PSIPRED 4.0 (http://bioinf.cs.ucl.ac.uk/psipred/) [31], to
determine their transmembrane topology. This tool employs a neural
network-based approach to predict alpha helices, beta strands and coils
from amino acid sequences.

2.11. Tertiary structure prediction and refinement

The tertiary structure of the vaccine constructs was predicted using
the Robetta server (https://robetta.bakerlab.org/) [32], which employs
the Rosetta de novo structure prediction methodology. The refinement
of these models was conducted with the ModRefiner server (https://zh
anglab.decmb.med.umich.edu/ModRefiner/) [33].

2.12. Tertiary structure validation

For structural validation of the models we employed ERRAT [34],
Prosa-web (.https://prosa.services.came.sbg.ac.at/prosa.php) [35] and
PROCHECK 3.6.2 [36]. ERRAT assesses the accuracy of protein models
by analyzing the statistics of non-bonded atomic interactions. The
overall quality factor generated by ERRAT was used to ensure that the
predicted structures were reliable. Prosa-web calculates a Z-score that
reflects overall quality of the protein model by comparing it with
experimentally validated structures. Models with a Z-score within the
range of native proteins were considered reliable and selected for further
analysis. PROCHECK evaluates the stereochemical quality of the pre-
dicted structures by analyzing Ramachandran plots. Models with a high
percentage of residues in favored regions were considered reliable.

The best model for each vaccine construct was then selected.

2.13. Energy optimization and simulation of molecular dynamics

Energy minimization of the best models for vaccine constructs I and
IT was carried out using the steepest descents algorithm of GROMACS
(Groningen Machine for Chemical Simulations) [37]. TIP3P was chosen
as the water model, and the AMBER99SB-ILDN force field was used to
generate the topology file required for energy minimization and equil-
ibration. AMBER99SB-ILDN force field has extensive validation and
acceptance in protein studies. The ILDN refinement corrects side chain
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interactions and enhances the accuracy of protein dynamics in
atomic-level simulations [38]. Following equilibration, a 40 ns molec-
ular dynamics simulation was performed to determine the RMSD (Root
Mean Square Deviation) of the vaccine constructs’ backbone.

2.14. Molecular docking with TLR4 protein

TLR4 crystal structure was obtained from the PDB (Protein Data
Bank) (ID: 3FXI), a single chain was selected and binding sites, covalent
linkages as well as metal coordination atoms, were removed. The mo-
lecular docking analysis was performed using the HADDOCK 2.4 pro-
gram [39]. The docking protocol involved rigid-body energy
minimization, semi-flexible refinement and solvent refinement. Active
residues for TLR4 were selected from a previous study [11]. All other
parameter settings were set as default. The docking results were filtered
to identify the lowest HADDOCK score, which is based on electrostatic,
van der Waals and desolvation energies. The HADDOCK Refinement
Interface was then used to refine the selected cluster, improving the
precision of the docking results. Finally, the interaction residues be-
tween the multi-epitope vaccine and the TLR4 protein were mapped
using PDBsum [40].

2.15. Immuno-simulation of constructed vaccine

The immune response to vaccine construct was examined using the
simulation server C-ImmSim (https://kraken.iac.rm.cnr.it/C-IMMSIM/)
[41]. This tool employs a position-specific matrix (PSSM) and models
both humoral and cell-mediated immune responses over time. The re-
sults provided insights into cytokine production, T-cell responses, and
antibody generation, helping to evaluate the potential immunogenicity
of the vaccine construct. Default settings were applied. The immune
simulation was conducted with homozygous host haplotypes
HLA-A*0201, HLA-A*2401, HLA-B*3901, HLA-B*5801,
HLA-DRB4*0101 and HLA-DRB5*0101.

2.16. In silico codon optimization and cloning of constructed vaccine

The amino acid sequence of vaccine construct II was translated into
DNA and optimized for expression in E.coli using the JCat (Java Codon
Adaptation Tool) [42] and Geneious Prime® 2023.2.1 program (https
://www.geneious.com). The optimized sequence was then cloned into
the pET28a + vector by adding EcoRI and HindIII restriction sites at the
C and N terminal, respectively. Parameters such as the codon adaptation
index (CAI) and percent GC content for the vaccine construct were
evaluated. Additionally, a His 6x tag sequence and a termination codon
(TGA) were added.

3. Results
3.1. Non-homologous human proteins

A total of 181 homologous proteins were excluded due to their
similarity to the human proteome. As a result, 1074 proteins were
selected for further analysis.
3.2. Predicted T-cell epitopes

For group A and B, 131,501 and 68,960 total epitopes were obtained,
respectively. After removing repeated epitopes, the nested epitopes were
selected (Table 1).
3.3. Identified novel nested epitopes

A total of 38,234 and 11,487 novel nested epitopes were obtained for

group A and B, respectively. Epitopes from outer membrane and
virulence-associated proteins were selected, as shown in Table 2.
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Table 1
Number of total T-cell epitopes obtained for group A and B.
Group  Epitopes Predicted Experimental Total
epitopes epitopes

CD8" CD4" CD8"  CD4"

A Total epitopes 88,805 42,686 10 - 131,501
Non-repeated 88,174 42,439 9 - 130,633
epitopes

B— Total epitopes 51,538 17,419 3— —_ 68,960
Non-repeated 51,130 17,309 2_ —_ 68,441

epitopes

Table 2
Number of total nested epitopes obtained for group A and B.

Group Total Nested epitopes Proteins Nested epitopes

A 38,234 Outer membrane 1826
Virulence-associated 1373

B— 11,487 Outer membrane 542
Virulence-associated 453

3.4. Predicted B-cell epitopes

We obtained 79 and 24 non-repeated B-cell epitopes from outer
membrane and  virulence-associated  proteins,  respectively
(Tables S1-S2).

3.5. Epitopes evaluation

3.5.1. Promiscuous epitopes

From group A, nested epitopes corresponding to outer membrane
proteins that interacted with 2-13 alleles were identified. We selected
those interacting with a total number of alleles (MHC I and II) > 7,
resulting in 63 epitopes. Additionally, epitopes from virulence-
associated proteins interacting with 2-11 alleles were identified, and
those that interacted with a total number of alleles (MHC I and II) > 9
were selected, resulting in 44 epitopes. From group B, nested epitopes
corresponding to outer membrane proteins interacting with 2-7 alleles
were identified. We selected those interacting with a total number of
alleles (MHC I and II) > 6, resulting in 31 epitopes. Furthermore, epi-
topes from virulence-associated proteins interacting with 2-8 alleles
were identified and those interacting with a total number of alleles
(MHC I and II) > 6 were selected, yielding 30 epitopes.

From the total numbers of experimental epitopes, those binding to a
total number of alleles (MHC I and II) > 3 were selected, resulting in 5
epitopes for group A and 2 epitopes for group B meeting this criterion.

3.5.2. Non-homologous epitopes to the human and mouse proteome

None of the previously selected nested epitopes corresponding to
outer membrane and virulence-associated proteins from groups A and B
showed 100 % identity or coverage with any region of the human or
murine proteome. For the experimental epitopes, a total of 4 from group
A and 1 from group B were obtained. Similarly, none of the B-cell epi-
topes corresponding to outer membrane and virulence-associated pro-
teins exhibited 100 % identity or coverage with any region of the human
or murine proteome.

3.5.3. Non-allergen epitopes

In group A, 34 nested epitopes from outer membrane epitopes and 22
nested from virulence-associated proteins were identified as non-
allergenic. In group B, 21 nested epitopes from outer membrane pro-
teins and 20 from virulence-associated proteins were also identified as
non-allergenic. Among the experimental epitopes, 3 from group A and 1
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from group B were determined to be non-allergenic. Regarding the B-cell
epitopes, 40 and 22 from outer membrane and virulence-associated
proteins, respectively, were found to be non-allergenic.

3.5.4. Non-toxic epitopes
None of the previously selected epitopes (nested, experimental and
B-cell epitopes) were predicted to be potentially toxic.

3.5.5. Conserved epitopes among all B. bacilliformis strains

In group A, 11 nested epitopes from outer membrane proteins and 14
from virulence-associated proteins were conserved among all the
strains. In group B, 18 nested epitopes from outer membrane proteins
and 6 from virulence-associated proteins, were similarly conserved.
Among the experimental epitopes, 3 from group A and 1 from group B
were conserved across all the strains. Regarding B-cell epitopes, 9 from
outer membrane proteins and 11 from virulence-associated proteins
were conserved among all strains.

3.6. Vaccine constructs

We finally identified 14 epitopes (11 from outer membrane proteins
and 3 experimental epitopes) that comprised vaccine construct I
(Table 3) (Table S3). Additionally, we obtained 15 epitopes (12 from
virulence-associated proteins and 3 experimental epitopes) that
comprised vaccine construct II (Table 4) (Table S4).

3.7. Allergenicity, toxicity, antigenicity and other physicochemical
properties

Neither of the vaccine constructs were predicted to be potentially
allergens or toxic. Vaccine construct I comprised 306 amino acids with a
molecular weight of 33.18 kDa, while vaccine construct II consisted of
327 amino acids with a molecular weight of 35.46 kDa. Both vaccine
constructs had antigenicity scores above the threshold value. The
theoretical PI was 9.37 for vaccine construct I and 9.82 for vaccine
construct I and I, indicating a slightly basic nature. The instability index
suggested the stable state of both vaccine constructs. The half-life was
30 h for construct I and over 10 h for construct II in both mammals and
E. coli. The GRAVY scores were —0.338 for vaccine construct I and

Table 3
Final epitopes of the vaccine construct I. The epitope and the corresponding
outer membrane protein are indicated.

Epitopes Protein
Protein ID Protein name
FAISLSSYGNKLTLSS A1UTUO Outer membrane autotransporter
KRAIAAMQLLIERYP A1UTB7 Outer membrane protein assembly
factor BamD
ARSNYREILSALYAD A1UUD8 Surface antigen/outer membrane
protein, OMP85 family
NTQNGFIIIPTLALRADT A1US68 LPS-assembly protein LptD
YAKYLVDASSYNVKA A1USKO/ Type I secretion outer membrane
A1USN1 protein, TolC family
EQNLFLDVIKAYANVY A1USKO/ Type I secretion outer membrane
A1USN1 protein, TolC family
EGIYNYVNTQHVEIE A1URQ3 Putative lipoprotein
FRGAVFADAATLYGNNY A1USE4 Outer membrane protein assembly
factor BamA
ISASLAYSYVQEEYN A1USE4 Outer membrane protein assembly
factor BamA
FLSAQVKMQAQRESFRNAE A1USKO/ Type I secretion outer membrane
A1USN1 protein, TolC family
QAQAARSFAVSEYSLARS A1USKO/ Type I secretion outer membrane
A1USN1 protein, TolC family
VLDEPSIGL A1USTO UvrABC system protein A
WTIGYDTIY A1URV9 4-hydroxybenzoate
octaprenyltransferase
KLYPNVDFY A1USF4 Citrate synthase
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Table 4
Final epitopes of the vaccine construct II. The epitope and the corresponding
virulence-associated protein are indicated.

Epitopes Protein
Protein Protein name
D
PRKVTFESSNSLPAG A1UTS9 Flagellar hook-associated protein
FlgK
KAARVHIVLPDKGSF A1UTT7 Flagellar M-ring protein
MTRLIEVSRAFERVEAM A1UTV2 Flagellar basal body protein
NARRIIAQTAIKLSEQ A1UTVS8 Putative flagellar motor switch
protein FliG
EYIRQKLVDLSLSFI A1UTV9 Flagellar biosynthetic protein FIhB
PLDFSAFPTVLLIAT A1UTW6 Flagellar biosynthesis protein FIhA
QRLLPQQVELANRVA A1UTW6 Flagellar biosynthesis protein FIhA
MAPQYQKQLDEMASA A1UTS9 Flagellar hook-associated protein
FlgK
QKPYQAMQNMADALP A1UTV4 Lateral flagellar motor protein
MotA
LMDEEIHTISSDSQK A1UTV4 Lateral flagellar motor protein
MotA
DEYKNLEGNPMVKSRMR A1UTV9 Flagellar biosynthetic protein FIhB
NPMVKSRMRSLARDRIRRKMIA  A1UTV9 Flagellar biosynthetic protein FIhB
VLDEPSIGL A1USTO UvrABC system protein A
WTIGYDTIY A1URV9 4-hydroxybenzoate
octaprenyltransferase
KLYPNVDFY A1USF4 Citrate synthase

—0.471 for vaccine construct II, indicating the hydrophilic nature of
both vaccine constructs. The aliphatic index was 75.39 for vaccine
construct I and 72.57 for vaccine construct II, further suggesting their
stability. The results are shown in Table 5. Additionally, the calculated
solubility was 0.647 for vaccine construct I and 0.638 for vaccine
construct II (Supplementary Fig. S1). No signal peptides or trans-
membrane helices were identified in either vaccine constructs.

3.8. Population coverage analysis

All epitopes from vaccine construct I had MHC I and MHC II coverage
score of almost 90 % (Table 6) (Supplementary Tables S5-S6). The same
value was obtained for all epitopes from vaccine construct II (Table 7)
(Supplementary Tables S7-S8).

3.9. Secondary structure prediction

Vaccine construct I consists of 43.79 % a-helices, 18.63 % p-sheets
and 37.58 % coils (Fig. 3A). The vaccine construct I has 47.09 %, 9.79 %
B-sheets and 43.12 % coils (Fig. 3B).

3.10. Tertiary structure, refinement, and validation

A total of five models were generated for each vaccine construct and
visually evaluated using PyMOL. Subsequent refinement was performed.
Ramachandran plot analysis was conducted on the structure of the five
models before and after refinement, and the best-refined model of each
construct was selected for further analysis. The PROCHECK server
revealed a Ramachandran plot of the best model of the vaccine construct
I with 97.6 % residues in the most favored regions, 2.4 % residues in the
additional allowed regions, and none in the generously allowed or dis-
allowed regions (Fig. 4A). For vaccine construct II, it the Ramachandran
plot showed 97.3 % residues in the most favored regions, 2.7 % residues
in the additional allowed regions, and no residues in the generously
allowed or disallowed regions (Fig. 4B).

According to ERRAT, the calculated score for the best model of
vaccine construct I was 89.9654 and for vaccine construct II, it was
92.0266. The z-score according to Prosa-web was —6.35 (Fig. 5A) and
—6.13 (Fig. 5B) for the best model of the vaccine construct I and II,
respectively.
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Table 5
Physicochemical analysis for vaccine constructs I and II.
Vaccine Allergenicity  Toxicity  Antigenicity = No. of Molecular Theoretical Half life in Half life Instability Aliphatic GRAVY
construct amino weight p! mammals in E. coli index index
acids
I No 0.001 0.7348 306 33.18 kDa 9.37 30h >10h 31.17 75.39 —0.338
II No 0.0009 0.6283 327 35.46 kDa 9.82 30h >10h 35.23 72.57 —0.471
ble 6 construct II interacted with 34 residues from TLR4 (Fig. 9A). The
Table

The calculated MHC I and MHC II population coverage of epitopes from vaccine
construct I.

Population/area Class combined
Coverage” Average hit” pco0”

Colombia 66.25 % 3.07 0.3
Ecuador 93.87 % 5.37 1.39
Peru 98.91 % 11.86 5.6
World 97.07 % 17.56 7.03
Average 89.02 9.46 3.58
Standard deviation 13.27 5.68 2.81

@ Projected population coverage.

> Average number of epitope hits/HLA combinations recognized by the
population.

¢ Minimum number of epitope hits/HLA combinations recognized by 90 % the
population.

Table 7
The calculated MHC I and MHC II population coverage of epitopes from vaccine
construct IL

Population/area Class combined
Coverage” Average hit” pc90”

Colombia 66.25 % 3.2 0.3
Ecuador 93.87 % 9.05 4.05
Peru 98.91 % 15.43 8.33
World 97.07 % 18.78 5.96
Average 89.02 11.62 4.66
Standard deviation 13.27 5.99 2.94

2 Projected population coverage.

b Average number of epitope hits/HLA combinations recognized by the
population.

¢ Minimum number of epitope hits/HLA combinations recognized by 90 % the
population.

The three-dimensional structure of vaccine constructs I and II is
shown in Fig. 6.

3.11. Molecular dynamics simulation

The energy minimization of vaccine constructs I and II was achieved
in 2291 and 1844 steps, respectively. During the equilibration of the
structure of the vaccine constructs I and II, the following values were
generated (Table 8):

The RMSD of vaccine constructs I and II is shown in Fig. 7. The
vaccine construct II was selected for a longer molecular dynamics
simulation of 100 ns and further analysis (Fig. 8).

3.12. Molecular docking with TLR4 protein

HADDOCK clustered 24 structures into 5 clusters, representing 12 %
of the water-refined models generated. The top-ranked cluster with the
lowest Z-score is the most significant for docking analysis. A represen-
tative model from this cluster was further refined using the HADDOCK
Refinement Interface, which grouped 20 structures into a single cluster,
representing 100 % of the water-refined models. The refined cluster
statistics are shown in Table 9. A total of 30 residues from vaccine

docking complex exhibited 20 hydrogen bonds, as detailed in Table 10.
The hydrogen bonds involved the following amino acids: [Chain A
(TLR4)- Chain B (vaccine construct II); 42-7, 58-60, 60-58, 60-60, 62-
60, 87-92, 87-96, 135-92, 135-92, 135-93, 135-93, 264-203, 264-203,
265-139, 266-139, 339-199, 529-284, 578-287, 603-286, 606-285]
(Fig. 9B).

3.13. Immune simulation of constructed vaccine

The predicted immune response profile of vaccine construct II is
shown in Fig. 10. The primary response was characterized by high levels
of IgM and IgG, along with a decrease in antigenic concentration, which
corresponds to an increase in the immunoglobulin expression (Fig. 10A).
Additionally, there was an elevated production of B-cells and Th-cells in
response to the vaccine construct II (Fig. 10B and C). Furthermore, a
high production of IFN-g was observed (Fig. 10D).

3.14. In silico codon optimization and cloning of constructed vaccine

The reverse translation and codon optimization for vaccine construct
IT were performed using the JCat server to facilitate the expression in
E. coli. The average GC content was predicted to be 54 %, and the Codon
Optimization Index (CAI) value was 0.98. The restriction sites were
identified, and vaccine construct II was successfully cloned as repre-
sented in Fig. 11.

4. Discussion

In this study, an immunoinformatics analysis of the B. bacilliformis
proteome was performed to select the best epitopes for designing a
vaccine candidate. This approach not only addresses problems of cost,
time and safety compared to traditional methods but also facilitates the
creation of multi-epitope vaccines [43]. Recently, numerous researchers
have designed novel multi-epitope vaccines using immunoinformatics
tools against bacterias [44,45], viruses [46] and parasites [47].

B.bacilliformis is a pathogenic intraerythrocytic bacterium respon-
sible for the neglected Carrion’s disease. The erythrocyte invasion pro-
cess first involved the adhesion to the erythrocyte surface mediated by
flagella. The importance of the role of flagella has been previously
demonstrated since blocking flagella using antibodies decreases the as-
sociation with erythrocytes [48]. After adhesion, B. bacilliformis enters
the erythrocyte through different bacterial factors such as the protein
ialB. It has been shown that E. coli acquires the ability to invade eryth-
rocytes when transformed with ialB from B. bacilliformis [49]. The entry
to the erythrocyte is followed by replication and persistence of Barto-
nella mediated by other virulence factors. Therefore, given the impor-
tance of virulence-associated proteins and outer membrane proteins for
pathogenesis, these have been used as targets for multi-epitope vaccine
development [50]. Our approach incorporated both T and B-cell epi-
topes predictions because humoral immune response is as important as
cellular immune response to improve the vaccine’s efficacy. For T-cell
epitope prediction, we considered both the most common alleles of the
world population (group A) and those prevalent in endemic countries
(group B) [51,52]. From the pool of predicted epitopes, experimental
and nested epitopes were selected. While many studies have focused
solely on overlapping CD4" and CD8" epitopes for multi-epitope
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Fig. 3. Secondary structure of the vaccine constructs. (A) Vaccine construct I and (B) vaccine construct II as projected by the PSIPRED webserver.
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Fig. 6. Three-dimensional structure of the vaccine constructs. Vaccine construct I (A) and (B) vaccine construct II.

Table 8
Values generated during equilibration phases. The average and drift values are
detailed.

Vaccine construct Vaccine construct I Vaccine construct II

System evaluation  Average Drift Average Drift

Potential energy —3.08522e+06 —280343 —1.96767e+06 —197577
(KJ/mol)

Temperature (K) 299.77 1.23254 299.834 1.2522

Pressure (bar) 0.612972 2.05587 1.47076 —6.84067

Density (kg/m?) 1006.35 0.277002 1012.03 0.275575

vaccine design [53], our approach incorporates linear CD4 " T-cell epi-
topes containing multiple linear CD8" T-cell epitopes within the same
sequence. This strategy has been previously used and offers the advan-
tage of dual specificity (binding to both MHC-I and MHC-II), while also
reducing the overall length of the vaccine construct, thereby enhancing
its immunogenic potential [16,54].

The primary selection criterion for nested T cell epitopes was high
promiscuity, as epitopes that bind to many alleles increase the popula-
tion coverage of the vaccine [55]. Additionally, T and B cell epitopes
that did not have homology with the human and murine proteomes were
chosen to avoid potential autoimmune responses in humans and in
future clinical trials in mice. The epitopes were also evaluated for
allergenicity and toxicity to reduce potential adverse effects. The final
criterion for selection was conservation among all strains of
B. bacilliformis. Ideally, only epitopes with 100 % conservation across all
strains were selected. However, for outer membrane protein epitopes,
those with at least 94.12 % conservation (100 % conservation among 15
out of 16 strains) were also considered because amino acid changes in
some peptides were observed with respect to the strain Ver097, which is
considered a possible subspecies of B. bacilliformis [56]. These criteria
have been applied previously to select the best epitopes for constructing
a multi-epitope vaccine against B. bacilliformis [10,11]. Nonetheless,
unlike previous studies, our approach considered non-homology with

VA
WMW\ e m
, v\kf ot

RMSD (A)

Time (ns)

Vaccine construct Il

L0

8
< 6
a
n
Z 4

2

0

0 20 40 60 80 100

Time (ns)

Fig. 8. RMSD plot of the alpha carbon atoms for the 100 ns molecular dynamics
simulation of vaccine construct II.

Table 9

Protein—protein docking results between vaccine construct II and the TLR4.
Parameters Values
HADDOCK score —224.8 £ 4.9

Cluster size 20

RMSD from the overall lowest-energy structure 0.6 + 0.4

Van der Waals energy —99.5 + 3.0
Electrostatic energy —486.3 + 21.3
Desolvation energy —28.1 £ 25
Restraint’s violation of energy 0.0 + 0.00
Buried Surface Area 3583.3 £ 55.7
Z-Score 0.0

Vaccine construct Il
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i
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Fig. 7. RMSD plot of the alpha carbon atoms for the 40 ns molecular dynamics simulation. (A) Vaccine construct I and (B) Vaccine construct II.
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Table 10

Interactions between vaccine construct II and the TLR4.

Hydrogen Bond

Salt Bridges

Non-bonded contacts

20

5

144

the murine proteome and high epitope promiscuity. While none of our
selected epitopes have yet been reported; most of the epitopes from
virulence-associated proteins are related to the flagellar apparatus,
aligning with studies proposing flagella proteins as potential vaccine

A

600000

500000

400000

300000

antigen count per mL.

200000

100000

Ag
IgM+1gG
gV

M ——
10G1+1gG2 ———

o

days

TH cell population (cells per mm?)

- 20000

18000

16000

14000

12000

10000

8000

6000

4000

2000

10 15 20 25
days

30

35

Ab titers (1gM, 1gGL, 19G2)
arbitrary scale

memoary cells

candidates [11,57]. Moreover, Dichter et al., reported an epitope cor-
responding to the outer membrane autotransporter protein (A1UTUO)
an experimentally validated immunodominant antigen [58].

Two vaccine constructs were designed from the final epitopes
concatenating them using linkers, and human p-defensin at the C-ter-
minal end as an adjuvant. This TLR agonist has previously demonstrated
antimicrobial and immunomodulatory activity [59]. Analysis of both
vaccine constructs revealed their safety (non-allergenicity and
non-toxicity) and potential effectiveness (antigenicity). Physicochem-
ical properties indicated that both constructs are stable, hydrophilic,
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D. Rivera-Asencios et al.

5,400 50 -
T7 5200 5,400 5600 >§00
5200 800 5o
pBRrevBam a@s\g 00,
N <
s N
b&;‘?’@ N ‘;“/“\
EcoRlI
Lacl—Rv@«_)@ / Ligation 6XHis—
\ RBS Ligation e
S \\ T7 promoter Hindlll % .
o lac operator T7 terminator /FWOFI-F
At lacl promoter .
X
23
33
25 b8
g8g K= ;
§3 pET28a+ Vaccine construct |l
ss
) 6,324 bp Lk
v ‘
g% &
< §»§
. 28
. £8
*\}Kan R
P

"
! 1& '
g N N BR3220ri-F
i 300 ori-
2doo 20N
pRS-marker

Fig. 11. Codon optimization and in-silico cloning of the vaccine construct II. In
silico restriction cloning of the vaccine construct II sequence into the pET28a
(+) expression vector. Vaccine construct II gene coding (red) and vector
backbone (black).

soluble, and basic. Particularly their stability and solubility in physio-
logical simulated conditions support its potential for effective expression
and immunogenicity. Similar results have been reported in a study of
multi-epitope vaccine against Klebsiella pneumoniae which demonstrated
robust solubility and thermostability characteristics [60]. Additionally,
they do not show transmembrane helices or signal peptides, which are
undesirable characteristics in a vaccine [61]. The generated 3D models
were further refined and evaluated using Ramachandran plots, showing
improved quality of the 3D structures post-refinement. Validation of the
best models for both constructs yielded high calculated scores, indi-
cating that both constructs fall within the range of structures resolved by
X-ray crystallography and nuclear magnetic resonance (NMR). The 40 ns
molecular dynamics simulation results (Fig. 7) indicated stable behavior
for vaccine construct II, and the 100 ns simulation further confirmed this
stability (Fig. 8), leading to its selection for molecular docking with
TLR4. Although these in silico results was promising, an extended
simulation length in futures studies may provide additional insights into
long-term stability of the vaccine construct II.

The docking analysis (Fig. 9) revealed salt bridges, non-bonded in-
teractions, and hydrogen bonds. The distance of the hydrogen bonds
between the vaccine and TLR4 ranged from 2 to 3 A, suggesting a strong
interaction between the designed vaccine construct and TLR4, which
plays a crucial role in innate immune activation [12]. These findings
imply that the vaccine construct II may effectively trigger downstream
signaling pathways essential for a strong immune response.

The immune simulation revealed that vaccine construct II has sig-
nificant potential to elicit robust immune responses. The results indi-
cated the induction of differentiation of various immune cells, including
antibody-producing and memory B-cells as well as various T-cell sub-
sets, alongside elevated cytokines production. In addition, to enhance
the precision of immune system simulations in multi-epitope vaccine
development, other advanced mathematical models can be used [62].
These findings align with the expected immune response a vaccine
would generate in the human immune system.

Cloning vaccine construct II using conventional techniques appeared
feasible. The calculated Codon Adaptation Index (CAI) was nearly 1.0,
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and the GC content was within the ideal range (30-70 %), suggesting
high expression levels in the E. coli K12 system [63]. In silico cloning
was performed using the pET28a(+) vector as a template for future
vaccine synthesis. This plasmid includes a His-tag as a fusion partner,
facilitating easier future purification.

Future research will focus on the experimental validation of the
designed multi-epitope vaccine, including cloning, expression, and in
vitro assays to assess its immunogenic potential. In vivo studies will be
crucial to evaluate the immune response, including the production of
specific antibodies. These efforts will help establish a solid foundation
for further preclinical development and testing of a potential vaccine
against B. bacilliformis.

5. Conclusions

Designing an effective and affordable vaccine against the neglected
Carrion’s disease is crucial to addressing a public health issue in Peru,
Ecuador and Colombia. This study applied an immunoinformatics
approach to identify the best nested epitopes from outer membrane and
virulence-associated proteins with the potential to induce both cellular
and humoral immune responses, leading to the design of two multi-
epitope vaccine constructs. Most of the selected epitopes are novel and
have not been previously predicted. Vaccine construct II demonstrated
greater stability during molecular dynamics simulations. A robust
interaction network with the immune receptor TLR4 ensured that vac-
cine construct II could elicit a variety of strong immunological re-
sponses, as shown by immune simulation. The in-silico characterization
of vaccine construct II strongly suggests that it could be an effective
potential vaccine candidate and lays the groundwork for future studies;
however, in vitro and in vivo evaluation is necessary.
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