
Citation: Khalid, K.; Ahsan, O.;

Khaliq, T.; Muhammad, K.; Waheed,

Y. Immunoinformatics-Based

Proteome Mining to Develop a

Next-Generation Vaccine Design

against Borrelia burgdorferi: The Cause

of Lyme Borreliosis. Vaccines 2022, 10,

1239. https://doi.org/10.3390/

vaccines10081239

Academic Editors: Daniel Dory

and Ralph A. Tripp

Received: 18 June 2022

Accepted: 28 July 2022

Published: 2 August 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Article

Immunoinformatics-Based Proteome Mining to Develop a
Next-Generation Vaccine Design against Borrelia burgdorferi:
The Cause of Lyme Borreliosis
Kashaf Khalid 1, Omar Ahsan 2 , Tanwir Khaliq 3, Khalid Muhammad 4,* and Yasir Waheed 5,*

1 Clinical & Biomedical Research Center (CBRC), Foundation University Islamabad, Islamabad 44000, Pakistan;
kashaf.khalid1997@gmail.com

2 Department of Medicine, Foundation University Islamabad, Islamabad 44000, Pakistan;
omar.ahsan@fui.edu.pk

3 Department of Molecular Biology, Shaheed Zulfiqar Ali Bhutto Medical University (SZABMU),
Islamabad 44000, Pakistan; vc@szabmu.edu.pk

4 Department of Biology, College of Sciences,
United Arab Emirates University, Al Ain 15551, United Arab Emirates

5 Office of Research, Innovation & Commercialization, Shaheed Zulfiqar Ali Bhutto Medical University (SZABMU),
Islamabad 44000, Pakistan

* Correspondence: k.muhammad@uaeu.ac.ae (K.M.); director.oric@szabmu.edu.pk (Y.W.)

Abstract: The tick-borne bacterium, Borrelia burgdorferi has been implicated in Lyme disease—a
deadly infection, formerly confined to North America, but currently widespread across Europe and
Asia. Despite the severity of this disease, there is still no human Lyme disease vaccine available.
A reliable immunoinformatic approach is urgently needed for designing a therapeutic vaccine
against this Gram-negative pathogen. Through this research, we explored the immunodominant
proteins of B. burgdorferi and developed a novel and reliable vaccine design with great immunological
predictability as well as low contamination and autoimmunity risks. Our initial analysis involved
proteome-wide analysis to filter out proteins on the basis of their redundancy, homology to humans,
virulence, immunogenicity, and size. Following the selection of proteins, immunoinformatic tools
were employed to identify MHC class I & II epitopes and B-cell epitopes, which were subsequently
subjected to a rigorous screening procedure. In the final formulation, ten common MHC-I and II
epitopes were used together with a suitable adjuvant. We predicted that the final chimeric multi-
epitope vaccine could invoke B-cell responses and IFN-gamma-mediated immunity as well as being
stable and non-allergenic. The dynamics simulations predicted the stable folding of the designed
molecule, after which the molecular docking predicted the stability of the interaction between the
potential antigenic epitopes and human immune receptors. Our studies have shown that the designed
next-generation vaccine stimulates desirable immune responses, thus potentially providing a viable
way to prevent Lyme disease. Nevertheless, further experimental studies in a wet lab are needed in
order to validate the results.

Keywords: Borrelia burgdorferi; Lyme borreliosis; molecular dynamics simulations; molecular docking;
next-generation vaccine

1. Introduction

Lyme disease (or Lyme borreliosis), is triggered by Borrelia burgdorferi, a type of bacteria
most commonly found in the US and Europe, but spreading to several Asian countries
as well [1,2]. By infecting humans through tick bites, the bacterium is rapidly spreading.
A study conducted by the CDC says that ~0.5 million people in the US contract Lyme
borreliosis every year [3]. Generally, four of the twenty genospecies of B. burgdorferi are
involved in causing Lyme disease among humans: B. burgdorferi, B. afzelii, B. garinii, and
the newly discovered B. mayonii [4,5]. In clinical practice, Lyme disease manifests several
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symptoms, ranging from mild to severe, such as fatigue, cognitive difficulties, muscle pain,
and musculoskeletal disorders—sometimes persisting for years [6]. Additionally, Lyme
carditis, Arthritis, and Neuroborreliosis have been observed to be among the potentially
lethal consequences of untreated Lyme borreliosis (LB) [7,8].

An OspA-based vaccine was originally used to treat Lyme disease in 1998 and was
successful in creating a humoral response and in blocking transmission, however, it was
withdrawn in 2002 due to safety concerns and the requirement for booster doses to maintain
immunity [9,10]. Twenty years after that, there are still no human vaccines or FDA-approved
pharmaceutical therapies to thwart the infections caused by B. burgdorferi [6]. Despite the
widespread awareness of Lyme disease, no significant efforts have been made to predict a
successful vaccine design [11,12]. However, innovative immunogenic vaccine candidates
have been developed for various vector-borne diseases in the past few years [13,14]. A recent
study conducted by Doolan et al. has referred to Lyme disease as a “ticking time bomb” [15]. It
is therefore imperative to develop effective therapeutic/prophylactic treatments to counteract
the deadly menace.

Recent advances in computational immunology and vaccine informatics have made it
possible to engineer non-allergenic, non-toxic, and potent multiepitope vaccines against
viral, bacterial and infectious diseases mediated by pathogens [16,17]. As the incidence of
LB is rapidly climbing and the long-term health consequences of infection are serious [18],
computational studies are necessary to design a theoretical vaccine that could be verified
for its ability to provide protection, against Lyme disease. The present study is therefore
designed to identify the antigenic proteins that can be used to build a comprehensive con-
struct to combat Borrelia-associated diseases by investigating the epitopes of B. burgdorferi.
Bioinformatics tools were harnessed to project and assess the antigenic, cross-protective,
non-allergenic, and non-toxic epitopes in the numerous proteins of B. burgdorferi, which
were then adjoined with TLR-2 activating adjuvants to enhance lifelong immunity. Through
molecular dynamic simulations, the construct’s structural integrity and dynamics were
assessed. Furthermore, docking of the construct with the human receptors TLR-1 and TLR-2
was conducted to decipher the binding capacity of the designed construct. We decided to
dock TLR 1 and 2 since they are known to play an important role in the pathogenesis of
Lyme borreliosis by activating innate immune responses and recognizing proteins from B.
burgdorferi organisms [19,20]. Lastly, the designed complex was sent for in-silico cloning,
followed by immune simulations to evaluate the level of response generated when given
as primary, secondary, and tertiary doses of the immune complex. As a result, the current
study provides a unique opportunity for researchers to design an efficient vaccine for the
treatment of LB.

2. Materials and Methods

A wide range of computational tools was employed to develop a multiepitope vac-
cine (MEV) using multiple Borrelia proteins. A general schema adopted in this study is
illustrated in Figure 1.

2.1. Subtractive Proteomics

We used Uniport to fetch the complete proteome of B. burgdorferi (Strain: ATCC 35210)
using the Uniport ID UP000001807 [21]. A total of 1290 proteins were downloaded. By
utilizing the approach of subtractive proteomics, we shortlisted the target proteins and
designed a vaccine based on epitopes against B. burgdorferi. Initially, a threshold level
of 0.9 was applied to the CD-HIT suite to filter out repetitive or similar proteins [22].
The PSORTb 3.0 tool (Brinkman Laboratory, Simon Fraser University, British Columbia,
Canada), which has been identified as the most precise localization predictor tool [23],
allowed us to determine the subcellular localization of proteins, excluding those located
within the cytoplasm since proteins found within the cytoplasm are not identified by the
host immune system; therefore, proteins located outside or within periplasmic membranes
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are critical for pathogen attachment, invasion, and survival [23]. The residual proteins were
sent for consequent downstream analyses.

Figure 1. Workflow blueprint employed throughout the study. Study bacteria is depicted in yellow
boxes, while study procedures are depicted in gray boxes.

It is anticipated that virulent proteins might make good vaccine candidates due to their
pathogenicity, interactions with host pathways, and conservation through many strains.
Accordingly, proteins similar to those deposited in VirulentPred were chosen from proteins
selected in previous processes [24]. VirulentPred is a reliable SVM technique that is used to
identify proteins showing virulence with a precision of 81.8% [24].

The potential immunogenicity of shortlisted virulent proteins that were not similar
to humans and found externally in cytoplasm was determined using VaxiJen (The Jenner
Institute Laboratories, Oxford, UK) [25]. Our epitope search only took into account proteins
with an antigenicity >0.4 and a molecular mass >110 kDa [26].

2.2. Epitope Mining

By using NetCTL’s default threshold of 0.75 for identifying epitopes, we identified
proteins that can stimulate cell-mediated immunity [27]. NetCTL uses a method that
predicts CTL epitopes capable of interacting with Class I MHC proteins that trigger CTL
activation [27]. In order to prevent further infection, the proposed CTL epitopes would
induce cellular immunity, inhibiting the growth of pathogen and resulting in the stimulation
of memory T cells.

The B-cell receptors and the immunoglobulin generated by triggered B cells detect
peptides in antigens. It is important to stimulate the humoral immune response to help
clear pathogens through antibody-mediated immunity [28].

For the immune system to become fully activated, helper T lymphocytes (HTL) must
also be stimulated. The HTLs recognize epitopes that are loaded onto MHC II proteins on B
cells and other APCs. Employing a web tool provided by the IEDB, epitopes were predicted
for HTL [29]. This tool compares the results of three methods (SMMalign, Sturniolo, and
Combinatorial library) with five million 15-mer peptides found in the UniProt in order to
rank predicted epitopes according to their percentile scores [30].

2.3. Prediction of IFN-γ Epitopes

Using the IFNepitope web server [31], we predicted the MHC-II epitopes which
prompt the interferon-gamma with a precision of 82%. Using machine learning, the server
predicts epitope interferon-producing properties and assigns the score of each input epitope
based on the support vector machine-based model and motif-based model.
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2.4. Epitope Screening

Our shortlist of predicted epitopes (CTL and HTL) was further refined through mul-
tiple filters, including antigenicity, solubility, and toxicity. For each epitope, we used the
online Web servers VaxiJen [25], ToxinPred [32] and peptide solubility calculator [33]. For
vaccine design, it was decided to select epitopes predicted to be water-soluble, non-toxic,
non-antigenic, and positive binders.

A BLAST search of top-ranking T-cell and B-cell sequences for cross-protection and self-
antibody examination was conducted with Uniport-BLAST [34]. Uniport-BLAST searches
performed against the uniportkb_human databases revealed protein epitopes that matched
predicted self-antigens in human proteins.

2.5. Epitope Assemblage

AAY and GPGPG were utilized as linkers to connect the shortlisted epitopes [35].
Using AAY linkers, CTL epitopes were adjoined, whereas HTL epitopes were connected via
the GPGPG linkers. Epitopes are separated through these linkers to circumvent junctional
epitopes and to enhance the epitope display [36]. Moreover, since TLR-2 is mainly induced
by the Borrelia infection, a TLR-2 agonist: Pam3CSK4 (PDB ID: 2Z7X_3_C) was included as
an adjuvant to the MEV to increase the immune instigator properties [26]. A linker-EAAK
was employed to add adjuvant to the designed construct at its N-terminus.

2.6. Conformational B Cell Epitope Analysis

The arrangement of distant residues adjacent to each other as a result of protein
folding produces B cell epitopes with discontinuous structures. Approximately, ninety
percent of epitopes on B-cells are discontinuous [37]. A refined, validated 3D structure
with multiple epitopes was uploaded to the ElliPro server to investigate the existence of
the conformational B cell epitopes [37].

2.7. Antigenicity and Safety Profiling of the MEV

The antigenic potential was determined using the VaxiJen 2.0 (The Jenner Institute
Laboratories, Oxford, UK) [25]. Based on a non-alignment-based algorithm, the server
gives the score of antigenicity for the query sequence with 70–90% accuracy AllerTop and
AlgPred were employed to forecast the non-allergenic nature of the vaccine [38,39]. We
performed a BLAST search [40] on the designed chimera to ensure that its sequence shares
no match with the human proteome. Our vaccine construct was also submitted to PBIT
server [41] to ensure there was no similarity to commonly found gut microbiota, since
microbiota play a very important role in an organism’s homeostasis.

2.8. Physicochemical Profiling, Structure Projections, Model Refinement, and Quality-Check

ProtParam(SIB Swiss Institute of Bioinformatics, Geneva, Switzerland.) [42] was har-
nessed to examine the physicochemical aspects of the MEV, such as the stability index,
molecular weight, PI, amino acid conformation, half-life evaluation, and GRAVY index.
For the successful presentation of antigenic peptides on MHC, it is essential to know the
quality of the secondary and tertiary structure of the vaccine construct during vaccine
development [43]. PSIPRED server [44] was utilized for secondary structure extrapolation
of MEV sequence. I-TASSER server [45] helped in generating the 3D vaccine construct by
using comparative modeling. The C-score ranges between 2 and 5, with a greater score
signifying a better model [46].To validate the refined prediction model, Galaxyrefine [47],
Molprobity [48], ERRAT [49] and ProSA-web [50] servers were employed.

2.9. MD Analysis

Molecular dynamics (MD) analysis is performed to inspect the steadiness of a pro-
tein [51]. GROMACS 5.0.5 (the Royal Institute of Technology and Uppsala University,
Stockholm Sweden) [52] was used to study the correct folding ability and structural proper-
ties of the designed construct. Using OPLS/AA force field, MD analysis was conducted.
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Next, the steric clashes and geometry of the system were verified using an energy mini-
mization algorithm before simulation. During the equilibration phase, a temperature of
300 K and a pressure of 1 bar were achieved (100 ps). As a final step, the trajectory data
produced from the simulation (20 ns) was investigated in terms of RMSD, RMSF, and RMSF
of the backbone atom relative deviations generated from the simulation.

2.10. Molecular Docking with TLR-1 and TLR-2

Human TLR-1 and 2 are well-understood to play an integral part in Lyme borreliosis
and, because of their involvement in triggering innate immune responses by actively
recognizing proteins from the B. burgdorferi organisms, we selected them for docking
studies [19,20]. A docking study analyzes the dynamics of binding between ligands and
receptors by computing their affinities. The 3D models of TLR-1 and TLR-2 were saved
from the PDB database [53] using the ID 6NIH for TLR-1 and 3A7B for TLR-2.

2.11. In-Silico Cloning Experiment

Finally, JCat server [54] was utilized to construct a plasmid harboring the designed
vaccine. An organism is selected for providing codon-optimized DNA sequences of in-
terest [54]. We hereby selected E. coli (strain K12). Based on its rapid growth, capacity to
yield large volumes of protein, and ease of inserting DNA molecules into cells, E. coli is
deemed a suitable host for cloning [55]. Furthermore, two more parameters were included
in the output; the CAI and the percentage of GCs. For optimal performance, CAI should be
1.0 and GC should range between 30 and 70%. We used SnapGene software (Dotmatics,
Bishop’s Storford, UK) to conduct the cloning into pET28a (+) expression vector [56]. The
multi-epitope sequence was flanked by NdeI and XhoI restriction sites to ensure proper
insertion into the plasmid.

2.12. Immune Simulations

It is essential that a potent vaccine stimulates an immune response to elicit the same
type of long-lasting adaptive immunity induced by an antigen [43]. Therefore, further
characterization of the immunogenic potential of the MEV was performed using the C-
ImmSim server [57]. Based on PSSM, this agent-based model predicts immune epitopes
using machine learning techniques. Three distinct anatomical regions are simulated in this
model: (i) the bone marrow, which simulates hematopoietic stem cells, (ii) the thymus,
which selects naive T cells devoid of autoprotection, and (iii) a tertiary lymphatic organ,
a lymph node. With time steps of 1, 42, and 84, default values were set for all simulation
parameters. As a result, four weeks apart, three injections were administered [58].

3. Results
3.1. Data Assemblage and Proteome Subtraction

Using the Uniprot database, the complete proteome of B. burgdorferi (strain: ATCC
35210) comprising 1290 proteins was extracted [21]. Following this, the proteome as a
whole was put through a subtractive pipeline. To remove those pathogens that shared the
set cut-off sequence, the complete protein sequences were first compared to each other.
With a 90% identity threshold, CD-HIT was employed to identify 1131 non-paralogous and
non-redundant proteins [22]. In the process of developing vaccines and drugs, these unique
sequences serve as excellent starting materials. In order to predict the subcellular localiza-
tion of non-paralogous proteins, the PSORTb server [23] was utilized. In the server, proteins
were categorized based on their locations within the cell, as follows: 100 cytoplasmic mem-
branes, 26 outer-membranes, 12 periplasmic, 8 extracellular, and 893 cytoplasmic proteins
(Supplementary File). Since cytoplasmic proteins cannot be accessed by the host immune
system and thus might not serve as vaccines, they were eliminated [59]. Conversely, the
host immune system can readily identify secretome- or surface-exposed proteins, leading to
an efficient immune response [60]. Next, proteins homologous to humans were discarded
following which virulent proteins were extracted using VirulentPred web server [24] which
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uses a reliable SVM technique for the automated identification of virulent proteins. In
total, 58 cytoplasmic, 24 outer-membrane, 7 extracellular, and 10 periplasmic proteins were
classified as virulent (Supplementary Table S1).

3.2. Immunogenicity and Protein Size Analysis

VaxiJen server [25] was utilized to envisage the antigenic potential of the proteins.
Resultantly, 22 cytoplasmic membranes, 12 outer membranes, 6 periplasmic proteins, and
2 extracellular proteins were found to be immunogenic. Proteins with antigenic potential
were chosen and further subjected to AllerTop [38], AlgPred [39], and Protparam [42] to
find out the allergenicity and weight of the shortlisted proteins. We selected those with
non-allergenic properties and weights lower than 110 kDa. 110 kDa-sized proteins have
been suggested as effective targets [61]. There were six outer membrane proteins that were
antigenic, non-allergic, non-similar to human, and weighed <110 kDa. Table 1 shows the
selected proteins.

Table 1. Proteins shortlisted for multiple epitope prediction using proteome analysis of B. burgdorgeri.

Protein Name Protein ID Antigenicity (>0.4) Virulence Allergenicity Homology to
Humans Size (kDa)

TsaE WP_002556784.1 0.68 X 7 Not found 15.4
FliP WP_002556874.1 0.71 X 7 Not found 29.0
ABC transporter permease WP_002557338.1 0.53 X 7 Not found 27.6
MreD WP_002656052.1 0.71 X 7 Not found 20.9
YggT family protein WP_002656831.1 0.63 X 7 Not found 22.2
MurJ WP_002657239.1 0.64 X 7 Not found 58

3.3. Epitope Mining

The selected proteins contained 60 potential CTL epitopes that were all non-allergenic,
non-toxic as well as immunogenic. Using NetCTL 1.2 (DTU Health Tech, Lyngby, Denmark)
a combinatorial score for each of the epitopes selected was generated [27]. Using each outer
membrane protein, we selected the four most favorable CTL epitopes to construct an MEV.
Table 2 represents the short-listed CTL epitopes.

Table 2. A shortlist of CTL epitopes to be used in the final vaccine design.

CTL Epitope (9-mer) Protein ID Combined Score VaxiJen Toxin Conservancy
in B. burgdorfei sp. Solubility

KSEKKMINF WP_002556784 0.9186 0.5478 No 100% Good
TTNGLNFPF WP_002556874 0.8427 1.3018 No 100% Good
DLGIILLQY WP_002557338 0.8397 0.8354 No 100% Good
IIFAKPIMY WP_002657239 0.8012 0.5076 No 100% Good

In contrast, as many as 592 HTL epitopes within the specified range of proteins were
determined to be antigenic, non-allergenic, and non-toxic. We evaluated the cytokine-
inducing properties, the ability to stimulate IFN production, and their solubility, conserva-
tion, and cross-protective properties to shortlist the three most favorable epitopes from the
ABC transporter permease, MurJ protein, and YggT family protein for the final assembly of
an MEV. A list of the shortlisted HTL epitopes is shown in Table 3.

Table 3. A shortlist of HTL epitopes to be used in the final vaccine design.

Epitope (9-mer) Protein ID Percentile Rank Antigenicity Toxin IFN Epitope Conservancy Solubility

IILLQYLGI WP_002557338 0.01 0.6290 No Positive 100% Good
FQWDVGFSF WP_002657239 0.01 1.82 No positive 100% Good

ILILIRILL WP_002656831 0.01 1.2411 No positive 100% Good

The selected proteins also yielded 61 potential epitopes from LBL analysis, which were
then screened against antigenicity, toxicity, conservancy, and solubility. For the formulation



Vaccines 2022, 10, 1239 7 of 18

of a multiepitope vaccine, three favorable LBL epitopes from each of the TsaE, FliP, and
MreD proteins were chosen based on their safety profile, antigenicity, probability scores,
and non-allergenic nature. Table 4 shows the LBL epitopes that have been shortlisted for
vaccine construction.

Table 4. A list of LBL epitopes to be used in the final vaccine design.

Linear B Cell Epitope (15-mer) Protein Probability Score Antigenicity Toxin Conservancy (%) Solubility

IALSIVPKDRLFSLTF WP_002556784.1 0.85 0.7432 No 100 Good
MGMIMLPPVMISLPFK WP_002556874.1 0.92 1.2510 No 100 Good
YFTGLPLGFFVFGYTI WP_002656052.1 0.75 0.9086 No 100 Good

3.4. Designing of the MEV

This study used four CTL, three HTL epitopes, and three LBL epitopes to develop a
vaccine. An AAY and GPGPG linker were used to fuse MHC-I and II epitopes. During
infection with B. burgdorferi, TLR-2 expression is increased, therefore, EAAK linkers were
used to merge Pam3CSK4 chain C to the N-terminus of the vaccine construct to increase
TLR-2 expression. [26]. As a result of this, a vaccine construct consisting of 419 residues
that includes epitopes for both B-cells and T-cells was created (Figure 2).

Figure 2. 3D vaccine chimera. The vaccine adjuvant is represented by the blue part, the EAAAK
linker by red, CTL epitopes by pink, and AAY and GPGPG linkers are indicated by yellow. Whereas,
HTL epitopes are indicated by the green color and LBL by the orange. Black represents the 6-His tag.

3.5. Antigenicity, Allergenicity, and Safety Profiling of the MEV

We used the VaxiJen [25] and AllerTop [38] servers to decipher the antigenic and
allergenic profiles of the MEV, respectively. VaxiJen assessed an antigenic score of 1.114 for
the vaccine constructs attached with adjuvants, and the non-adjuvanted vaccine construct
showed a score of 1.08. These data serve as a measure of the potential of designed chimera
to trigger a protective immune response. AllerTop showed no sign of similarities with
allergens for either of the construct. In addition, the Homo sapiens and the gut microbiota
proteins exhibited no similarity to the multi-epitope vaccine.
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3.6. Physicochemical Analysis

An adjuvanted vaccine was computed physicochemically using the ProtParam tool
(SIB Swiss Institute of Bioinformatics, Geneva, Switzerland) [42]. The construct was char-
acterized by a molecular weight of 18.4 kDa and a theoretical PI of 10.0; additionally, its
instability index was 17.10. The half-life of the construct was determined to be more than
20 h and 10 h for yeast and E. coli respectively. The thermostability is calculated based
on the aliphatic index, which was calculated to be 70.09, whereas a GRAVY value was
calculated to be −1.345.

3.7. Projection of Secondary Structure

PSIPRED was used to generate the secondary structure [44]. There were 45.1% alpha
helices, 42.1% coils, and 12.8% beta strands in the vaccine structure (Figure 3).

Figure 3. Secondary folding of the proposed chimera as projected by the PSIPRED webserver.

3.8. Projection, Refinement, and Evaluation of 3D Structure

A chimeric protein tertiary structure model was constructed by the I-TASSER server.
Based on their Z-scores (ranging from 1.28 to 3.58), all 10 selected templates indicated
better alignment. There were five predicted models with C-scores ranging from 4.15 to
1.15. Typically, C-scores range between −5 and 2, where higher values indicate greater
confidence in the prediction. Further refinement was carried out on the model with the
highest C-score from homology modeling. TM-score was reported as 0.55 ± 0.15 with
RMSD estimated as 7.7 ± 4.3 Å. According to the TM-score, two structures are structurally
similar if their scores are similar [62]. TM-scores > 0.5 represent topologies of correct
structure, and TM-scores < 0.17 indicate random similarity. Moreover, protein length is not
a factor in determining these cut-off values.

The structure obtained by I-TASSER was refined using ModRefiner (University of
Michigan, Ann Arbor, Michigan, United States) and then sent to GalaxyRefine (ELIXIR
Node, Copenhagen, Denmank) for further refinement. The “crude” vaccine model was
refined using ModRefiner, and five models were further optimized using GalaxyRefine.
The GDT-HA quality score for model 5 was the highest among all refined models, along
with RMSD (0.512), MolProbity (2.094), and RMSD (0.572) (Figure 4A). Scores for conflict
were 14.2, poor rotamers was 0.70, and the Ramachandran plot was 93.3%. A vaccine model
based on this model was chosen for further analysis.

Based on Ramachandran plot analysis, the refined tertiary structures of vaccine con-
structs were validated using RAMPAGE. In the results, the favored region represented
92.25% of the residues, the allowed region represented 5.63%, and the disallowed region
represented 2.11% (Figure 4B). There were 92.25% residues found in the favored region,
5.63% in the allowed region, and 2.11% in the disallowed region. The refined model
uploaded to ERRAT revealed an overall quality factor of 84.21% (Figure 4C), whereas
ProSA-web generated a Z-score of −3.18. According to the results, the Z-score obtained
corresponded to a wide array of commonly found proteins of equivalent size, therefore
satisfying the validation goal (Figure 4D).
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Figure 4. The modeled assembly and the quality check investigation of the designed MEV against
Lyme borreliosis (A) refined model after GalaxyRefine and ModRefiner. The gray parts of the
structure represent the areas refined by the tools (B) Rama plot analysis exhibiting residues in the
favored, allowed, and disallowed region. Areas encircled by the light blue and dark blue colors are
the favoured and allowed regions respectively. (C) ERRAT score depicting a quality factor of 84.21
(D) Z-plot showing a Z-score of −3.18.

3.9. Discontinuous BCEs

An analysis of the 3D model of the MEV was performed to project discontinuous
B-cell epitopes. Ellipro (NIAID, Maryland, USA) predicted that 77 residues were located
in four discontinuous B-cell epitopes of adjuvanted vaccines, with scores ranging from
0.61 to 0.84. The size of conformational epitopes ranged between fifteen and 33 residues.
(Supplementary Table S2)

3.10. Analysis of MD Simulations Using GROMACS

We ran MD simulations using the GROMACS, a Linux-based software to determine
whether the vaccine construct is stable. The vaccine construct weighed 47,036.917 amu
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after the application of an OPLS-AA force field. GROMACS was used to add 28,569 water
molecules to the system by making use of the integrated Spectro tool. A charge of 3.000e
was calculated on the protein. The neutralization was achieved by replacing three water
molecules with three CL ions at atoms 39763, 72889, and 20449.

During an energy minimization exercise of 50,000 steps, the steepest descents con-
verged to form a force of <1000 kJ/Mol after 1576 steps. During energy minimization,
the average potential energy of the system was determined to be −1.57303 × 106 kJ/mol
with a total drift of −157,771 kJ/mol. The potential energy of the system was derived to
be −11.6187445× 106 kJ/mol. A 50,000 step NPT experiment revealed that the average
temperature was 299.73 K with a total drift of 1.2953 K (Figure 5A), the average pressure
was 0.97030862 bar with a total drift of −7.48762 bar (Figure 5B), and the average density
was 1018.94 kg/m3, with a drift of 1.93 kg/m3.

Figure 5. Illustration of the progress of dynamic simulations (A) Temperature fluctuations throughout
simulations. Within 100 ps, the system temperature reached 300 K with minimal fluctuations;
(B) Pressure fluctuations throughout simulations. On the pressure graph, the average pressure is
indicated as −1.01321 bar for 100 ps; (C) RoG. An investigation of the radius of gyration of the
vaccine construct shows that it has the potential to maintain its compact form during simulations;
(D) Backbone RMSD plot. According to the RMSD graph, the RMSD goes up to ~0.4 nm and is mostly
sustained afterward, thus indicating the minimum structural deviation of the vaccine construct
during the 20 ns simulation; (E) RMSF graph. Side chains plotted by RMSF show areas with high
flexibility in the form of peaks.

After 20 ns of simulations, trajectory analysis was performed. The protein structure
remained stable during MD simulations which was evident by its radius of gyration which
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did not fluctuate much over the course of time (Figure 5C). According to RMSD backbone
analysis, the RMSD values increased by up to 0.6 nm and remained constant during
the simulation period (Figure 5D). Meanwhile, RMSFs describe regions that exhibit high
flexibility (Figure 5E).

3.11. Molecular Docking Analysis

Docking studies were conducted between the multi-epitope vaccine construct and
the human Toll-like receptor. Since TLR-1 and 2 are particularly sensitive to bacterial
components on extracellular surfaces [19], they were chosen for docking. Docking with
HADDOCK is based on biochemical and biophysical interaction data [63]. For TLR-1,
HADDOCK clustered 383 structures in 11 clusters, representing 95.75% of the water-refined
models HADDOCK generated, whereas for TLR-2, HADDOCK clustered 393 structures
in 3 clusters, representing 98.25% of the water-refined models HADDOCK generated
(Figures 6 and 7). The results of the docking are presented in Table 5.

Figure 6. A schematic depicting the docked complex of TLR-1 and vaccine and residue interactions.
(A) The TLR-1 receptor is shown in orange and the vaccine (in hot pink) is attached to it. (B) Interface
residue interaction. There are 14 hydrogen bonds depicted in blue lines. Residues are shown in
multiple colors to show their properties e.g positive (blue); negative (red); neutral (orange); aliphatic
(gray); aromatic (purple).

The HADDOCK score depicts a substantial affinity between the receptor and the
vaccine, whereas a negative score indicates better docking. There were 27 hydrogen bonds,
7 salt bridges, and 353 non-bonded contacts analyzed (Table 5). Binding affinity or the
Gibbs free energy (∆G) of a complex is crucial to determining whether or not certain
conditions in a cell will allow interaction to occur. We analyzed the binding affinity of
the docked complex using PRODIGY web servers. The G-values of the vaccine construct
were calculated to be −12.1 for TLR-1 and −12.0 for TLR-2. Furthermore, the dissociation
constant (kD) among vaccine-TLR1 and vaccine-TLR2 complexes was 1.3 × 10−9 and
1.5 × 10−9, respectively. Due to the negative ∆G, our results show that the docked complex
is energetically viable.
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Figure 7. A schematic depicting the docked complex of TLR-2 with vaccine and their residue
interactions (A) The TLR-2 is illustrated in forest green color, and the vaccine (in hot pink) is displayed
bonded to it (B) Interface residue interaction. There are 13 hydrogen bonds between the docked
complex depicted in blue lines. Residues are shown in multiple colors to show their properties
e.g., positive (blue); negative (red); neutral (orange); aliphatic (gray); aromatic (purple).

Table 5. Docking analysis of TLR-1 and TLR-2 to the vaccine construct.

Docking Analysis TLR-1 TLR-2

HADDOCK Parameters
HADDOCK score −79.2 ± 14.1 −103.0 ± 2.5

Z-Score −1.3 −0.8
RMSD 1.2 ± 1.5 0.3 ± 0.1

Van der Waals energy −81.4 ± 2.4 −82.7 ± 4.1
Electrostatic energy −332.3 ± 50.7 −335.2 ± 49.5
Desolvation energy −14.0 ± 10.2 −51.2 ± 10.6
Buried Surface Area 2567.8 ± 210.5 1938.2 ± 63.0

Binding affinity and kD prediction
∆G (kcal mol−1) −12.1 −12.0

Kd (M) at 25.0 ◦C 1.3 × 10−9 1.5 × 10−9

Number of Interfacial Contacts (ICs) per property
Charged-charged 22 14

Charged-polar 42 15
Charged-apolar 23 36

Polar-polar 3 2
Polar-apolar 9 8

Apolar-apolar 3 5
Protein-protein interface interaction statistics

Salt bridges 3 4
Hydrogen bonds 14 13

No. of
non-bonded

contacts
149 204

3.12. Restriction Cloning In-Silico Experiment

A DNA sequence containing optimized parameters was generated using the JCAT
server. With a CAI of 1.0, increased expression was highly likely. GC content was found to
be 42.42%, falling within the ideal values (30–70%). An expression construct pET-28a (+)
containing the MEV insert was created using SnapGene (GSL Biotech LLC, Chicago, IL,
USA) [56].
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3.13. Immune Simulations Experiment

According to the outcomes of the immune system simulations generated by the C-
ImmSim, a noticeable increment in secondary immune responses was similar to the actual
immune responses. The initial response was characterized by a marked level of IgM.
It is observed that B-cell counts, IgG1 + IgG2 antibodies, and IgG + IgM antibodies in-
creased in secondary and tertiary immune responses, while levels of antigen reduced
(Figure 8A,B). These findings suggest the improvement of immunity, memory, and sub-
sequently, a stronger clearance of the antigen upon re-exposure (Figure 8C). The same
extraordinary immune response was also found in the helper and cytotoxic cell populations
(Figure 8C,D). Following repeated injections (given four weeks apart), IgG1 levels increased
while IgM levels declined, with IFN-γ levels and TH cell levels remaining elevated during
the exposure. In this analysis, the intrinsic antigenic properties of the designed construct
are thus confirmed.

Figure 8. C-ImmSim analysis of a chimeric peptide immune simulation (A) Antibody production
after antigen injections (black vertical lines); subclass immunoglobulins are displayed in the form
of colored peaks (B) The alterations to B-cell populations following three injections. (C) Changing
populations of T-helper cells, and (D) the number of T-cytotoxic cells per state following an injection.
T-cells in the resting state are not exposed to antigens, while those in the anergic state are tolerant to
antigens due to repeated exposures.

4. Discussion

As reported by the CDC, Lyme borreliosis cases have tripled in the US, becoming
the most prevalent vector-transmitted disease, causing about 476,000 cases per year [3,64].
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World Health Organization states that Lyme borreliosis is the most rampant and highly
infectious vector-associated disease across Europe [65]. With rapid spread and cases
reported across Australia, Europe, North America, Asia, and Africa, the threat is rapidly
becoming a global health issue with an epidemic potential [66,67]. A recent study conducted
by Doolan et al. has referred to Lyme disease as a “ticking time bomb” [15]. In spite
of the fact that antibiotic treatments are available for the disease, they are not viable
countermeasures on their own not only due to the fact that drug resistance is a risk and
that antibiotic treatment results are mainly unsatisfactory but also due to the fact that
the B. burgdorferi disease is initially hard to detect and only early diagnosis will allow for
antibiotic treatment [68,69]. Many studies have called upon scientists to urgently devise
effective treatment strategies against Lyme disease [70,71]. In spite of the widespread
prevalence, there is no vaccine that has been translated for human use against LB. Subunit
vaccines against several bacteria have gained much attention recently since they possess
better safety profiles and can be made logistically easier to provide [72]. The use of epitope-
based vaccines provides a novel way to produce an immune response with increased
safety, as well as a prospect to logically contrive epitopes for increased effectiveness and
protection [73].

A combination of immunoinformatics and subtractive proteomics techniques was
used in this study to identify proteins against B. burgdorferi infection and design multiple
epitope-based vaccines against it [74]. We started by analyzing the complete proteome of
B. burgdorferi from the Uniprot database. To remove pathogens whose sequences share the
set cut-off value, the complete protein sequences of the pathogens were first compared to
one another. In addition, PSORTb classified the proteins according to their subcellular loca-
tion. As a next step, virulent proteins were determined using the VirulentPred webserver.
Antigenicity of the short-listed protein was predicted by the Vaxijen server, following
which the small-sized proteins were filtered to obtain proteins that are not only antigenic
in nature but also smaller in size (>110 kDa). The proteins thus narrowed down were
subsequently used for epitope mapping. Using several web-based servers and databases,
the epitopes of CTL, HTL, and B-cells within vaccine candidate proteins were predicted.
In order for a vaccine design to be efficient, it should contain epitopes from CTLs, HTLs,
and B-cells [17]. Since B-cells are important for antibody production, we included B-cell
epitopes. A humoral response can be overcome by memory B-cells through the production
of antigens, whereas immunity mediated by cells (T-cell immunity) can last a lifetime [75].
By releasing specific anti-infective cytokines and identifying and killing pathogen-infected
cells, CTLs inhibit the dissemination of pathogens. As a final step, the CTL, HTL, and
B-cell epitopes were combined using AAY, GPGPG, and KK linkers, respectively. By us-
ing linkers, vaccines can be folded, stabilized, and expressed more effectively [76]. Next,
adjuvant coupling is required to boost the immunogenicity, stability, and durability of
multiepitope-based vaccines [77]. Adjuvant (TLR-2 agonist: Pam3CSK4) was attached to
the 5′ and 3′ prime sites through the EAAAK linkers. By linking the adjuvant with the
epitope and the EAAAK linker, the bi-functional fusion protein can be effectively sepa-
rated [78]. The overall length of the vaccine was found to be 18,473.02, and it appeared
to have nil similarity with any protein segments in Homo sapiens. In addition, there was
excellent solubility when overexpressed in E. coli, making it convenient for the protein to
bind to the host. The high stability index indicates that the protein will remain stable after
it is expressed, thereby increasing its potential for use. Having a hypothetical pI of 10.0,
the proposed model was found to be physiologically alkaline having a stable pH. Also,
the aliphatic index and GRAVY score reflected the thermal stability and hydrophilicity,
respectively. It was found that half-lives of >30 h in vitro, >20 h in vivo, and >10 h in yeast
are in agreement with previously published data. Further, the chimera developed proved
to be flexible, nonallergenic, nontoxic, highly antigenic, and immunogenic. Based on these
results, the proposed vaccine design was capable of eliciting an adequate immune response
free from side effects. A comprehensive understanding of the tertiary structure of proteins
can be gained by predicting the spatial features of the main protein components, which
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then allows for studying the functions of proteins, the interactions among ligands and other
components, and the dynamics of proteins. Therefore, modeling the vaccine’s 3D structure
enabled us to analyze its desirable properties. There were several computational methods
employed, generally, the estimated structure appeared to be reasonable.

For a candidate vaccine to be conveyed efficiently in the host, the immune receptors
(TLR-1 and 2) and the proposed ensemble need to be connected in a steady manner. In
addition to showing that the vaccine could remain folded in a very stable manner under lifelike
conditions, the molecular docking analysis also confirmed that the chimera and immune
receptor exhibit strong interactions. In MEV-TLR complexes, a large number of hydrogen
bonds were detected during the protein-protein docking. Considering these findings, it seems
likely that the proposed MEV has the ability to bind effectively to immune receptors.

After being bound to human immune receptors and delivered into the body, a vaccine
construct was assessed for its ability to simulate the host immune system. The vaccine should
theoretically provoke both arms of the immune system namely, cell and antibody-mediated
immune reactions. During the immune simulation validation of the designed MEV, IFN–γ
was produced at the highest level. Ultimately. Optimization of codons was achieved to
optimize protein expression in the E. coli system. After insertion of Xhol and Ndel sites, the
transcript of the design was expressed in E. coli. Research involving overexpressed proteins
requires that recombinant proteins be solubilized. As predicted by the design model, the
overexpressed solubility within the E. coli system was quite acceptable.

There have been no successful attempts at developing a potent vaccine against
B. burdogferi to date except for one that was retracted due to undesirable properties in
1998. To determine the putative vaccine candidates against bacterial infection, a number of
clinical trials are underway with the aim of conducting human trials shortly [1]. In contrast
to traditional vaccines and other reported vaccines, the MEV we hypothesized in this study,
has several advantages: (i) it possesses B-cell, T-cell, and HTL epitopes from antigenic pro-
teins, thus stimulating cellular and humoral immunity; (ii) the vaccine possesses different
epitopes meant to target different Histocompatibility Antigens and thus can be used to
identify T-cell receptors that are effective in different populations; (iii) a single vaccine may
contain multiple proteins that tend to aggregate into one fragment, hence increasing the
effectiveness of the vaccine; iv) Auto-immunity is reduced due to the non-human proteins
covering the epitope, while the other proteins are exempt; (v) The vaccine can also provide
lasting immunity because it is combined with an adjuvant. Since the proposed vaccine is
formulated with CTL, HTL, and B-cell epitopes as well as a suitable adjuvant, it may result
in an innate-adaptive immunity in the host. The vaccine is therefore an excellent candidate
for treating Lyme borreliosis.

5. Conclusions

Presently, in-silico techniques for identifying proteins and promiscuous antigens found
in pathogens, as well as peptides, are heavily used in the process of vaccine development.
Therefore, using immunoinformatic tools, we constructed a prospective vaccine ensemble
that encoded for multiple B-cell and T-cell epitopes (CTL and HTL). According to our
in-silico assessments, the vaccine initiated stable, strongly antigenic, non-allergenic, and
non-toxic humoral and cellular responses. Further evidence of steady interaction between
the designed construct and human TLRs was confirmed by the molecular docking analysis.
This chimeric vaccine peptide may offer a complementary way to eliminate borreliosis. Due
to the cross-protective effect of the engineered vaccine candidate, other borrelia species that
cause disease throughout the world might also be tackled. However, further investigational
wet lab experiments are necessary to verify the potential utility of the proposed construct
as an anti-borreliosis treatment option.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/vaccines10081239/s1, Table S1: Shortlisting of the putative vaccine
candidates from the borrelia burgdorferi proteome, Table S2. Conformational B cells; Supplementary
File S1. Subcellular localization of proteins.
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