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ARTICLE INFO ABSTRACT

Keywords: Rhodococcus equi (R. equi) is a zoonotic opportunistic pathogen that can cause life-threatening
Rhodococcus equi infections. The rapid evolution of multidrug-resistant R. equi and the fact that there is no
Pangenome

currently licensed effective vaccine against R. equi warrant the need for vaccine development.
Reverse vaccinology (RV), which involves screening a pathogen’s entire genome and proteome
using various web-based prediction tools, is considered one of the most effective approaches for
identifying vaccine candidates. Here, we performed a pangenome analysis to determine the core
proteins of R. equi. We then used the RV approach to examine the subcellular localization, host and
gut flora homology, antigenicity, transmembrane helices, physicochemical properties, and immu-
nogenicity of the core proteins to select potential vaccine candidates. The vaccine candidates were
then subjected to epitope mapping to predict the exposed antigenic epitopes that possess the ability
to bind with major histocompatibility complex I/II (MHC I/1I) molecules. These vaccine candidates
and epitopes will form alibrary of elements for the development of a polyvalent or universal vaccine
against R. equi. Sixteen R. equi complete proteomes were found to contain 6,238 protein families,
and the core proteins consisted of 3,969 protein families (~63.63% of the pangenome), reflecting a
low degree of intraspecies genomic variability. From the pool of core proteins, 483 nonhost ho-
mologous membrane and extracellular proteins were screened, and 12 vaccine candidates were
finally identified according to their antigenicity, physicochemical properties and other factors.
These included four cell wall/membrane/envelope biogenesis proteins; four amino acid transport
and metabolism proteins; one cell cycle control, cell division and chromosome partitioning protein;
one carbohydrate transport and metabolism protein; one secondary metabolite biosynthesis,
transport and catabolism protein; and one defense mechanism protein. All 12 vaccine candidates
have an experimentally validated 3D structure available in the protein data bank (PDB). Epitope
mapping of the candidates showed that 16 MHC I epitopes and 13 MHC Il epitopes with the strongest
immunogenicity were exposed on the protein surface, indicating that they could be used to develop a
polypeptide vaccine. Thus, we utilized an analytical strategy that combines pangenome analysis and
RV to generate a peptide antigen library that simplifies the development of multivalent or universal
vaccines against R. equi and can be applied to the development of other vaccines.
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1. Introduction

Rhodococcus equi (R. equi) is a gram-positive, aerobic, facultative intracellular actinobacterium that causes severe pulmonary and
extrapulmonary pyogranulomatous infections in different animal species and humans [1]. R. equi shows a worldwide distribution and
a high incidence, and long-term treatment and nursing costs and high mortality rates have led to considerable economic losses at farms
where R. equi is endemic. R. equi infection has particularly severe outcomes in young foals (1-6 months of age) and immunocom-
promised persons. In foals, it typically manifests as a life-threatening purulent broncho pneumonic disease, and the mortality rate for
R. equi-infected untreated foals ranges from 70% to 80% [2,3]. Even with treatment, ~30% mortality has been reported in
R. equi-infected foals [4]. In addition, this disease affects the development of the equine racing industry, as foals that have recovered
from pneumonia are less likely to race as adults. Notably, this infection also often occurs in immunosuppressed people. The mortality
rate has been reported to range from 50% to 55% in HIV-infected individuals [5,6], threatening global public health security.

Prevention and control of R. equi infection is problematic for several reasons. First, R. equi is ubiquitous in the environment, and
virulent isolates can be found at horse farms in the air, soil and feces, leading to environmental management challenges [7]. Second,
early screening for disease has limited accuracy. The insidious progression of R. equi pneumonia results in marked pathology by the
time clinical signs manifest. Consequently, treatment is generally prolonged, expensive and not always successful [3,8,9]. The standard
treatment for R. equi pneumonia in foals is dual antimicrobial therapy with a combination of macrolide (erythromycin, azithromycin,
or clarithromycin) and rifampin [10]. Over the past 20 years, the overuse of macrolides and rifampicin has led to the rapid evolution of
multidrug-resistant (MDR) strains of R. equi [11,12]. In 2022, the European Food Safety Authority identified R. equi as one of the most
relevant antimicrobial-resistant bacteria in the EU for horses [13]. These reports indicate that the prevention of R. equi infection rather
than treatment is becoming critical.

Vaccines are the most effective way to control infection with pathogenic microorganisms, but there is currently no safe and
effective vaccine against R. equi. Traditional types of vaccines, including live, killed and attenuated (physical and chemical) vaccines,
have proven to be ineffective [14,15]. In addition, second-generation molecular-based vaccines, including DNA, genetically attenuated
and subunit vaccines, have provided inadequate protection of foals [16,17]. The development of an effective universal vaccine de-
pends on identifying and selecting common protective antigens and epitopes [18]. However, the pathogenic mechanism of R. equi is
unclear; only virulence-associated proteins (Vaps) as immunodominant surface-expressed proteins have been widely investigated in
vaccine development to prevent R. equi infection. Therefore, more potential antigens must be identified to develop a safe and effective
protective vaccine against R. equi. With the ever-increasing volume of information on microbial genomes, the pangenome and reverse
vaccinology (RV) are now attractive options for tackling vaccine development. RV is a predictive bioinformatics analytical approach
that can be used to identify all potential protective antigens and epitopes in a pathogenic microbial genome or proteome [19]. This
approach significantly reduces the time needed to develop a vaccine and provides reasonable targets that are identified via selection
criteria. Since the development of a universal vaccine against serogroup B Neisseria meningitidis (MenB) in 2000 [20], RV has been
extensively used to develop therapies against infections with many other organisms, such as Acinetobacter baumannii [21], Shigella
dysenteriae [22], Brucella spp. [231], and Mycobacteroides abscessus [24]. Moreover, since R. equi strains demonstrate low intraspecies
genomic variability, pangenome analysis may be a suitable strategy for analyzing the available complete genome/proteome of R. equi
to explore potential protective antigens.

In this study, we performed pangenome analysis to identify conserved core proteins in R. equi strains of different host origins. We
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Fig. 1. Workflow of screening vaccine candidates for R. equi by pangenome analysis combined with reverse vaccinology.



L. Liu et al. Heliyon 9 (2023) 18623

used the RV approach to examine the subcellular localization, host homology, antigenicity, transmembrane helices, physicochemical
properties and immunogenicity of the core proteins to select all potential vaccine candidates. The vaccine candidates were then
subjected to epitope mapping to predict the exposed antigenic epitopes that possess the ability to bind with major histocompatibility
complex I/II (MHC I/1I) molecules. Based on these antigens and epitopes, the study will form a library of elements that can be utilized
in the development of a polyvalent or universal vaccine against R. equi, reducing the time for researchers to develop a protective
vaccine against R. equi.

2. Material and methods

The workflow diagram shown in Fig. 1 summarizes the protocol used for the identification of potential vaccine candidates via
pangenome analysis and an RV approach.

2.1. R. equi genome/proteome data source

FASTA format complete genome/proteome sequences of 16 R. equi strains sequenced by PacBio were downloaded from the NCBI
assembly database (https://www.ncbi.nlm.nih.gov/assembly/) (Accessed March 29, 2022). The accession numbers, strain names, host
and other parameters are listed in Table A.1.

2.2. Pangenome analysis

The 16 R. equi strains selected for analysis were isolated from human, horse and environmental samples from four countries. To
identify the core proteins, the 16 proteomes were analyzed using the Bacterial Pan-Genome Analysis tool (BPGA, v.1.3, Indian Institute
of Chemical Biology, Kolkata) with the default parameters. In the input preparation for the clustering step, option number 4 (use any
protein FASTA files) was chosen. To ensure fast and accurate clustering, USEARCH was used as the default protein clustering tool
(identity cutoff = 0.5) [25]. The CD-HIT web server (http://www.bioinformatics.org/cd-hit/index.php) was used for core proteins
sequence clustering, removing redundant (or highly similar) sequences (set threshold = 0.5), to obtain the nonredundant (nr) core
proteins database.

2.3. Subcellular localization

Proteins localized on the membrane and in the extracellular space are considered good vaccine targets, as they can have direct
contact with host cells and contain multiple antigenic determinants [26]. Core proteins with subcellular localization were analyzed
using the PSORTDb v3.0.2 (https://www.psort.org/psortb/index.html), CELLO v.2.5 (http://cello.life.nctu.edu.tw/) and Cell-PLoc 2.0
(http://www.csbio.sjtu.edu.cn/bioinf/Cell-PLoc-2/) servers. Proteins with the following predicted scores were excluded: PSORTb <9
and CELLO <2. Proteins that were predicted to have membrane and extracellular localization using at least two tools were selected for
further analysis.

2.4. Host homology analysis

Nonhost homologous proteins were selected to avoid host autoimmunity [27]. Membrane and extracellular proteins were subjected
to a host homology search using BLASTp (https://BLASTp.ncbi.nlm.nih.gov/BLASTp.cgi) with the following parameters: database =
reference proteins (refseq_protein); organisms = Homo sapiens (GCF_000001405.40), Equus caballus (GCF_002863925.1), Bos taurus
(GCF_002263795.2), Ovis aries (GCF_016772045.1) and Sus scrofa (GCF_000003025.6); and E-value cut off = 0.01. Antigens that
showed >30% identity to any host protein and a bit score >100 were excluded.

2.5. Transmembrane helices

Proteins with multiple transmembrane helices are difficult to purify and hence are not considered efficient vaccine candidates [28].
The number of transmembrane helices in the nonhost homologous proteins was predicted using the TMHMM-2.0 (https://services.
healthtech.dtu.dk/service.php? TMHMM-2.0) and HMMTOP v.2.0 (http://www.enzim.hu/hmmtop/html/submit.html) tools, and
proteins with <2 transmembrane helices were selected [29].

2.6. Protein antigenicity

Antigenicity was predicted using two tools: AntigenPro (http://scratch.proteomics.ics.uci.edu/index.html), which computes an-
tigenicity based on amino acid sequence features, and VaxiJen v.2.0 (http://www.ddg-pharmfac.net/vaxijen/VaxiJen/VaxiJen.html),
which computes antigenicity based on the physicochemical properties of amino acid sequences [30,31]. Antigens with a prediction
score of more than 0.5 for both tools are considered candidate antigens.
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2.7. Protein physicochemical properties

The physicochemical properties of the vaccine candidates were analyzed using the Expasy ProtParam server (https://web.expasy.
org/protparam/). The physicochemical properties analyzed were molecular weight (MW), theoretical pl, amino acid composition,
atomic composition, extinction coefficient, estimated half-life, instability index, aliphatic index and grand average of hydropathicity
(GRAVY). Proteins with an MW of less than 110 kDa are considered good vaccine targets; however, proteins with an MW of less than
10 kDa are weakly antigenic [32]. Therefore, proteins in the MW range of 10 kDa to approximately 110 kDa were selected. Proteins
with an aliphatic index >50 have good thermostability and were selected. Proteins with an instability index >40 are deemed unstable
and were not selected.

2.8. Essential protein analysis

Essential proteins are indispensable for the survival of an organism, which makes them an attractive target for the development of
effective vaccines and drugs [33]. The Database of Essential Genes (DEG, v.15, http://origin.tubic.org/deg/public/index.php/index)
is a database of essential genes and proteins. To determine the criticality of the proteins, the candidate antigens were subjected to
BLASTp with the DEGs (bit score >100, E-value cut off = 1e-10).

2.9. Similarity to gut flora proteins

Proteins significantly different from the host’s gut flora proteins were selected to prevent the induced immune response from
having any side effects on the host. Essential proteins were subjected to a gut flora homology search using SmartBLAST. Candidate
antigens that showed >70% identity to any gut flora protein were excluded.

2.10. Functional annotation

To further characterize the vaccine candidates, in addition to noting the one-line annotations provided by the NCBI, we performed
thorough manual annotations to determine the most likely biological functions of the selected vaccine candidates. For this, we used the
following annotation servers: the Cluster of Orthologous Groups (COG) (https://www.ncbi.nlm.nih.gov/research/cog/), the Kyoto
Encyclopedia of Genes and Genomes (KEGG) (http://weizhongli-lab.org/metagenomic-analysis/server), InterPro (https://www.ebi.
ac.uk/interpro/), Pannzer2 (http://ekhidna2.biocenter.helsinki.fi/sanspanz/) and eggNOG-mapper (http://eggnog-mapper.embl.
de/). Furthermore, conserved domains were analyzed using the NCBI CD-search (https://www.ncbi.nlm.nih.gov/Structure/
bwrpsb/bwrpsb.cgi) and Pfam 35.0 (http://pfam.xfam.org/) servers [34].

2.11. Virulence factor database BLASTp

Virulence factors support bacterial adhesion, colonization and invasion within the host to promote disease progression. The
Virulence Factor Database (VFDB) (http://www.mgc.ac.cn/cgi-bin/VFs/v5/main.cgi) is an extensive collection of known pathogenic
bacterial virulence factors [35]. Consequently, VFDB (accessed September 3, 2022) was used for the identification of virulence pro-
teins. Candidate antigens were subjected to a BLASTp (E-value cut off = 1e-10) with the VFDB to identify potential virulence proteins.

2.12. AntigenDB BLASTp

AntigenDB (https://webs.iiitd.edu.in/raghava/antigendb/antBLASTp.html) is a database of antigens that provides comprehensive
information about a wide range of experimentally validated antigens [36]. To further characterize the candidate antigens, they were
subjected to BLASTp with AntigenDB (E-value cut off = 1e-10).

2.13. Epitope mapping

B-cell and T-cell epitopes are highly immunodominant elements and can stimulate significant specific immune responses. The
ABCPred server (https://webs.iiitd.edu.in/raghava/abcpred/index.html) was used (threshold value > 0.8) to predict linear B-cell
epitopes in the potential vaccine candidates using artificial neural networks (65.93% accuracy) [37]. The resultant 20-mer B-cell
epitopes were subsequently analyzed for T-cell epitopes for binding with MHC I and MHC II alleles using the IEDB analysis resource
NetMHCpan EL 4.1 (http://tools.iedb.org/mhci/) and recommended 2.22 (http://tools.iedb.org/mhcii/) tools, respectively [38,39].
Epitopes with an MHC I pre-rank <0.2 and an MHC II pre-rank <10 were selected. The epitope density (ED) of each potential vaccine
candidate was calculated by dividing the number of predicted epitopes by the protein length, and the potential vaccine candidates
were further characterized by ED.

T-cell epitopes must have certain immunogenic features that enable them to stimulate either CD4 or CD8 T cells. Hence, MHC I
immunogenicity (http://tools.iedb.org/immunogenicity/) and CD4 T-cell immunogenicity (http://tools.iedb.org/CD4episcore/)
analysis tools from the IEDB analytical resources were further applied to predict the immunogenicity of the identified epitopes.
Epitopes with an MHC I immunogenicity score >0 and a CD4 T-cell comprehensive score <60 were selected. Toxicity and antigenicity
were also analyzed to shortlist MHC I and MHC II immunogenic epitopes. Vaxijen v2.0 was used to assess the antigenicity of the
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epitopes (threshold value > 0.5). ToxinPred (http://crdd.osdd.net/raghava/toxinpred/) was used to screen for nontoxic epitopes.

2.14. Protein structure and comparative modeling

Comparative homology modeling using Swiss-Model (https://swissmodel.expasy.org/) was applied to determine the availability of
the 3D structures of the potential vaccine candidates, and those with the highest sequence identity/similarity were selected. Exposure
of an epitope on the protein surface facilitates the generation of a strong immune response. PyMOL (v.2.5, DeLano Scientific LLC), a
user-sponsored molecular visualization system, was employed to reveal the topology of the epitopes in the protein structures.

The tools used in the computer analysis of the potential vaccine candidates are listed in Table A.2.

3. Results
3.1. Pangenome analysis of R. equi

The 16 R. equi proteomes were found to contain 6,238 protein families, and 3,992 core proteins were identified by BPGA (identity
cutoff = 0.5). Among these core proteins, 3,969 nonredundant protein sequences were retrieved using CD-HIT (threshold = 50%),
which is equivalent to 63.63% of the pangenome protein families and reflects a low degree of intraspecies genomic variability. Ac-
cording to the core- and pangenome fitting curve, the parameter ‘b’ = 0.123339, indicating that the pangenome is still open but may be
closed soon. This means that the acquisition of new genes by the species will no longer affect the pangenome after some time (Fig. 2A).
COG distribution analysis revealed that most of the core and accessory proteins are involved in metabolic regulation and that most of
the unique proteins are involved in information storage and processing (Fig. 2B). Furthermore, KEGG functional classification revealed
that most of the core, accessory and unique genes were involved in metabolic regulation (Figure A.1). The R. equi pangenome
phylogenetic tree shows that the analyzed R. equi isolates are located at short genetic distances from each other, indicating strong
intraspecies genetic relatedness (Fig. 2C).

3.2. Prioritization of potential vaccine candidates

3.2.1. Subcellular localization

Of the 3,969 core proteins identified, 2,410 proteins localize to the cytoplasm, 687 proteins localize to the membrane, 135 proteins
are extracellular and 737 proteins have unknown localization. Membrane and extracellular proteins are higher-priority vaccine
candidates due to their closer contact with host cells and hence their ability to initiate immune responses. Thus, 822 membrane and
extracellular proteins were selected for further analysis (Table A.3).

3.2.2. Nonhost homology analysis
Host-homologous proteins were discarded because they can generate host autoimmunity. From the group of 822 proteins, 339
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proteins with homology to H. sapiens, E. caballus, B. taurus, O. aries and S. scrofa were identified and removed. This left 483 nonhost
homologous proteins (Table A.4).

3.2.3. Prediction of transmembrane helices
Among the 483 nonhost homologous proteins selected, 407 proteins were predicted by TMHMM v.2.0 and HMMTOP 2.0 to
contain > 2 transmembrane helices. These were then removed from the candidate protein list, leaving 76 proteins for further analysis.

3.2.4. Antigenicity analysis
These 76 proteins were then subjected to antigenicity analysis using the VaxiJen v.2.0 and AntigenPro tools (cutoff = 0.5). The
results showed that 46 of the 76 proteins were more antigenic, and these were selected for further evaluation.

3.2.5. Physicochemical properties

The physicochemical properties of the 46 proteins were predicted using the Expasy ProtParam server. Selecting proteins with an
MW of 10 kDa—~110 kDa, an aliphatic index >50 and an instability index <40 resulted in 29 proteins being identified for the sub-
sequent analytical steps (Table A.5).

3.2.6. Essential protein analysis
From the 29 proteins obtained in the previous step, 12 essential proteins that aligned with DEG entries were retained (Fig. 3)
(Table A.6).

3.2.7. Similarity to gut flora proteins
These 12 essential proteins were then subjected to a sequence similarity analysis using SmartBLAST, and all 12 proteins were
determined to be potential vaccine candidates, as detailed in Table 1 (Table A.7).

3.3. Functional annotation of potential vaccine candidates

Functional analysis of proteins helps to understand their biological significance, including their physiological and biochemical
activities and their roles in biological processes. According to the definition of COG protein function, the 12 potential vaccine can-
didates identified here fall into six different functional groups: Four are in the cell wall/membrane/envelope biogenesis group; four are
in the amino acid transport and metabolism group; one is in the cell cycle control, cell division, chromosome partitioning group; one is
in the carbohydrate transport and metabolism group; one is in the secondary metabolite biosynthesis, transport and catabolism group;
and one is in the defense mechanisms group (Fig. 4). According to the definition of KEGG_ko protein function, these 12 proteins fall
into four different functional categories: Five are in the cellular processes group, five are in the metabolism group, one is in the glycan
biosynthesis and metabolism group and one is in the unclassified group (Fig. 4). Furthermore, when the 12 proteins were manually
annotated using a conservative domain search and various protein annotation tools, it was found that most of the 12 proteins were
associated with bacterial adhesion, invasion and evasion (Table 2).

Subcellular localization Homology c Transmembrane prediction

Membrane Nonidh .
Unknow 687 (17%) on p;r:\ecl)nosgous
o
e /ﬂ 483 (59%)
Extracellular

> 135 3%)

Transmembrane < 2
76 (16%)

Homologous
proteins
339 (41%)

Cytoplasmic2
410 (61%)

Transmembrane 2 2
407 (84%)

D Antigenicity E Protein characterization F Essential proteins Analysis

A""?‘ZT:,:%; 05 Essential
proteins
Unstable
17 (37%) 12 (41%)
Stable Non-essential
29 (63%) proteins
Antigenicity < 0.5 17 (59%)
30 (39%)

Fig. 3. Prioritization of the potential vaccine candidates for R. equi. (A) Subcellular localization analysis of core proteins. (B) Host homology
analysis of membrane proteins and extracellular proteins. (C) Prediction of transmembrane helix of nonhost homologous proteins. (D) Antigenicity
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Table 1
Information about the potential vaccine candidates for R. equi.
Accession Length MW Localization PredHel PredHel Antigenicity Antigenicity Instability In vivo half-life In vitro half-life (h)
Number (aa) (kDa) (TMH) (HMM) (VaxiJen) (AntigenPro) index (h)
WP_013414512.1 629 67.517 Extra 1 1 0.5518 0.886341 29.49 > 20 (yeast) 30 (mammalian
> 10 (E. coli) reticulocytes)
WP_013414996.1 537 57.327 Extra 0 1 0.5134 0.860102 29.16 > 20 (yeast) 30 (mammalian
> 10 (E. coli) reticulocytes)
WP_013417558.1 534 57.163 Extra 0 1 0.5714 0.601849 31.91 > 20 (yeast) 30 (mammalian
> 10 (E. coli) reticulocytes)
WP_013417385.1 525 55.187 Extra 1 1 0.6264 0.894264 28.54 > 20 (yeast) 30 (mammalian
> 10 (E. coli) reticulocytes)
WP_013415902.1 524 55.596 Extra 0 1 0.5516 0.610999 25.21 > 20 (yeast) 30 (mammalian
> 10 (E. coli) reticulocytes)
WP_013414386.1 495 51.090 Extra/ 1 1 0.6319 0.952852 31.42 > 20 (yeast) 30 (mammalian
Memb > 10 (E. coli) reticulocytes)
WP_013416802.1 384 38.111 Extra 0 0 0.5418 0.637049 33.54 > 20 (yeast) 30 (mammalian
> 10 (E. coli) reticulocytes)
WP_013415053.1 361 38.024 Extra 1 1 0.5315 0.906752 16.67 > 20 (yeast) 30 (mammalian
> 10 (E. coli) reticulocytes)
WP_013415127.1 277 28.188 Extra 0 0 0.6976 0.838859 37.50 > 20 (yeast) 30 (mammalian
> 10 (E. coli) reticulocytes)
WP_044990738.1 538 56.807 Extra 0 1 0.6378 0.740046 27.45 > 20 (yeast) 30 (mammalian
> 10 (E. coli) reticulocytes)
WP_080668398.1 421 44.154 Extra 0 0 0.5508 0.846806 29.42 > 20 (yeast) 30 (mammalian
> 10 (E. coli) reticulocytes)
WP_022596925.1 380 38.189 Extra/ 0 0 0.6907 0.819534 36.83 > 20 (yeast) 30 (mammalian
Memb > 10 (E. coli) reticulocytes)
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A COG
Q: Secondary metabolites biosynthesis,
transport and catabolism

E: Amino acid transrort

and metabolism o
D: Cell cycle control, cell division,

chromosome partitioning
V: Defense mechanisms

G: Carbohydrate transport
and metabolism

M: Cell wall/Membrane/Envelope biogenesis

B KEGG_ko

Unclassified
: Glycan biosynthesis
and metabolism

Metabolism

Cellular Processes

Fig. 4. Functional annotation of potential vaccine candidates. The categorisation of the 12 potential vaccine candidates according to the COG (A)
and KEGG _ko (B) protein function definitions.

AntigenDB provides comprehensive information about a wide range of experimentally validated antigens. The AntigenDB BLASTp
results showed that of the 12 candidates, six are homologous to experimentally validated antigens, including alpha/beta hydrolase-
fold protein (WP_013414512.1), penicillin-binding protein 2 (WP_013414386.1), NIpC/P60 family protein (WP_013416802.1),
esterase family protein (WP_013415053.1), M23 family metallopeptidase (WP_013415127.1) and serine hydrolase
(WP_080668398.1).

The VFDB contains comprehensive information about the virulence factors of bacterial pathogens. The VFDB BLASTp results
showed that of the 12 proteins, four are homologous to reported virulence factors: Alpha/beta hydrolase-fold protein
(WP_013414512.1) and esterase family protein (WP_013415053.1) are homologous to Antigen 85 (FbpA/B/C) of Mycobacterium
tuberculosis (M. tb), NIpC/P60 family protein (WP_013416802.1) is homologous to PPE family proteins of M. th, and M23 family
metallopeptidase (WP_013415127.1) is homologous to LasA of Pseudomonas aeruginosa. These four virulence-related proteins are also
experimentally validated antigens and thus may have greater potential as vaccine candidates than other proteins (Table 2).

3.4. Epitope mapping and structural analysis of potential vaccine candidates

Comparative homology modeling using Swiss-Model was applied to determine the availability of the 3D structure of each potential
vaccine candidate. All 12 proteins have an experimentally validated 3D structure available in the protein data bank (PDB) (sequence
identity >35%). A set of 20-mer B-cell epitopes was predicted for each protein, and the B-cell epitopes were screened for the presence
of T-cell epitopes that can bind to both MHC I and MHC II alleles. In total, 176 B-cell epitopes, 1,464 MHC I epitopes (9-mer) and 1,490
MHC II epitopes (15-mer) were found within the 12 potential vaccine candidates (Table A.8). The overall ED of each of the 12 can-
didates was calculated. The four candidates that aligned with entries in the VFDB and AntigenDB were also found to have the highest
ED values (Table 3).

Further filtering resulted in the selection of epitopes with an antigenicity score >0.5, an MHC I epitope immunogenicity score
>0 and an MHC II epitope immunogenicity score <60. Subsequently, the T-cell epitopes in each candidate that have the potential to



Table 2

Functional annotations of the potential vaccine candidates.

Accession One-line annotation ~ Conserved Description Description (Pannzer2) COG category KEGG_ko Function VFDB blast AntigenDB blast
number (NCBI) domain (CD- (Pfam) category annotation
search) (eggNOG,
Pannzer,
InterPro)
WP_013414512.1 Alpha/beta FrmB Esterase, LGFP Antigen 85-A M: Cell wall/ Metabolism G0:0050348 Antigen 85 Antigen 85-A/B/C
hydrolase-fold Membrane/ G0:0016787 (FbpA/B/C) [M. [M. tb]
protein Envelope biogenesis GO0:0004144 th]
WP_013414996.1 ABC transporter DdpA SBP_bac_5 Putative high affinity E: Amino acid Cellular GO0:0055085 - -
substrate-binding substrate-binding transport and processes G0:0043190
protein lipoprotein metabolism
WP_013417558.1 ABC transporter DdpA SBP_bac_ 5 Peptide/nickel transport ~ E: Amino acid Cellular GO0:0055085 - -
substrate-binding system substrate- transport and processes G0:0043190
protein binding protein metabolism
WP_013417385.1 ABC transporter DdpA SBP_bac_5 Putative oligopeptide/ E: Amino acid Cellular G0:0055085 - -
substrate-binding dipeptide ABC transport and processes G0:0043190
protein transporter substrate- metabolism
binding lipoprotein
WP_013415902.1  ABC transporter DdpA SBP_bac_5 Oligopeptide ABC E: Amino acid Cellular G0:0055085 - -
substrate-binding transporter, periplasmic transport and processes G0:0043190
protein oligopeptide-binding metabolism
protein OppA
WP_013414386.1  Penicillin-binding FtsI Transpeptidase Penicillin-binding M: Cell wall/ Glycan G0:0051301 - Penicillin-binding
protein 2 protein 2 Membrane/ biosynthesis G0:0008658 protein 2
Envelope biogenesis  and G0:0008955 [Staphylococcus
metabolism aureus]
WP_013416802.1  NIpC/P60 family Spr DUF4226, Glycoside hydrolase M: Cell wall/ Metabolism G0:0016787 p60 (iap/cwhA) Protein p60 [L.
protein NLPC_P60 Membrane/ [Listeria monocytogenes]
Envelope biogenesis monocytogenes] PPE family protein
[M. tb]
WP_013415053.1 Esterase family FrmB Esterase Antigen 85-A Q: Secondary Metabolism G0:0016787 Antigen 85 Antigen 85A/B/C
protein metabolites GO0:0016746 (FbpA/B/C) [M. tb]
biosynthesis, [M. tb]
transport and
catabolism
WP_013415127.1 M23 family NIpD Peptidase_M23 Putative D: Cell cycle Metabolism G0:0016787 LasA (lasA) Proline-rich 28 kDa
metallopeptidase metallopeptidase control, cell G0:0016021 [Pseudomonas antigen [M. tb]
division, aeruginosal]
chromosome
partitioning
WP_044990738.1  ABC transporter DdpA SBP_bac_5 Putative oligopeptide/ M: Cell wall/ Cellular G0:0055085 - -
substrate-binding dipeptide ABC Membrane/ processes GO0:0043190
protein transporter substrate- Envelope biogenesis
binding lipoprotein
WP_080668398.1 Serine hydrolase AmpC Beta-lactamase D-alanyl-D-alanine V: Defense Metabolism G0:0032259 - Lipoprotein lpqH/
carboxypeptidase mechanisms G0:0043412 IprG [M. tb]
GO0:0044260
G0:0044238
G0:0004180
G0:0070008
G0:0008168
WP_022596925.1  PQQ-dependent YIiI GSDH Glucose/sorbosone G: Carbohydrate Unclassified G0:0008876 - -
sugar superfamily dehydrogenase, transport and
dehydrogenase lipoprotein LppZ metabolism
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bind to the maximum number of MHC I and II class alleles were selected. Finally, 16 MHC I epitopes and 13 MHC II epitopes were
selected from 1,464 MHC I epitopes and 1,490 MHC II epitopes, respectively (Table A.7). PyMOL was employed to reveal the topology
of the epitopes within the protein structures. These epitopes satisfactorily display surface exposure and thus can be exploited as targets
for vaccines against R. equi (Fig. 5).

4. Discussion

In the absence of efficacious and safe antibiotics, vaccination represents the best strategy to combat MDR pathogens; however, no
licensed commercial vaccine has been made available against R. equi to date. In addition, all candidate R. equi vaccines under
development have been found to have limitations due to instability, a limited protection period or reactogenicity [21-26]. This ev-
idence strongly suggests that there is a need to search for additional vaccine targets in R. equi genomes that would achieve effective
long-lasting protection. In this study, a pangenome analysis and RV approach were adapted to identify potential vaccine candidates for
R. equi.

4.1. Methodology

The identification of antigens that are common to several strains can contribute to the development of effective universal or
polyvalent vaccines [17,18]. Additionally, analysis of a single genome does not consider the influence of genetic variability on a
bacterial species. For these reasons, pangenome analysis was used to identify core proteins shared by different R. equi strains that have
potential as vaccine candidate antigens. R. equi has a low degree of intraspecies genomic variability [25]. Therefore, pangenome
analysis of the R. equi genomes or proteomes available in the NCBI database can be used to accurately screen for universal candidate
antigens. The core proteins were filtered to screen for potential vaccine candidates. Since all vaccine candidates are antigens, but not
all antigens are effective vaccine candidates for various reasons, we applied an RV approach and used multiple physicochemical
properties and immunogenicity tools to identify high-priority vaccine candidates. For example, membrane and extracellular proteins
are appropriate vaccine targets due to their close proximity and contact with host cells and hence are more likely to stimulate an
immune response [26]. Proteins with homology to host proteins induce an autoimmune response, and thus, such proteins were
eliminated from the list of preselected proteins [27]. Antigenicity is another important feature of a potential vaccine candidate;
therefore, nonhost homology proteins with antigenic probability values > 0.5 were considered for the development of potential
vaccine candidates in this study [30,31]. Proteins with multiple transmembrane helices, with an MW > 110 kDa and that are unstable
were discarded because they are difficult to clone, express and purify [29]. Furthermore, essential genes are indispensable for the
survival of an organism, and are therefore considered effective therapeutic and vaccine targets [32-39]. Based on all of these criteria,
the selected proteins had <2 helices and an MW in the required range and were essential for the bacteria to survive. Our analytical
strategy integrated pangenome analysis of proteome sequences and an RV approach that utilized web-based prediction tools, which
resulted in rational computational predictions that allowed us to generate a manageable list of vaccine targets. This strategy signif-
icantly reduces the time needed to develop a vaccine and provides reasonable vaccine targets that are identified based on selection
criteria. Similar strategies have been implemented by Hassan et al., Shahid et al. and Jalal et al. [21,22]. Finally, we identified 12
vaccine candidates from 3,969 core proteins.

As we aimed to identify universal antigens among isolates obtained from various sources, it is possible that we could have missed
some strain-specific antigens. In fact, one important vaccine candidate is missing from our list that is recognized as the most promising
vaccine candidate for R. equi: Vaps. All virulent strains of R. equi contain a plasmid that encodes Vaps. Interestingly, plasmids derived
from equine isolates are of the pVAPA type, whereas those from swine strains are typically of the pVAPB type, and plasmids obtained
from bovine isolates are primarily of the pVAPN type. Human R. equi isolates carry either a pVAPA- or pVAPB-type plasmid or no
plasmid at all [40]. The Vaps sequence is not highly conserved among the different plasmid types [25], which this may explain why
Vaps was filtered out and not included in our pangenome or RV analysis. Bacterial protective antigens contain polysaccharides, which
are often not included in predictions. In addition, only targets that are expressed in the organism are of interest. However, the RV target

Table 3

The epitope density (ED) of the 12 potential vaccine candidates.
Accession number One-line Annotation (NCBI) PDB >35% Length (aa) B-cell ED MHC I ED MHC IIED Overall ED
WP_013414512.1 Alpha/beta hydrolase-fold protein 6SX4 629 0.035 0.184 0.245 0.464
WP_013414996.1 ABC transporter substrate-binding protein 5040 537 0.034 0.317 0.304 0.654
WP_013417558.1 ABC transporter substrate-binding protein 40ET 534 0.030 0.352 0.243 0.625
WP_013417385.1 ABC transporter substrate-binding protein 5040 525 0.027 0.248 0.310 0.585
WP_013415902.1 ABC transporter substrate-binding protein 3M8U 524 0.034 0.269 0.296 0.599
WP_013414386.1 Penicillin-binding protein 2 3UPP 495 0.034 0.364 0.313 0.711
WP_013416802.1 NIpC/P60 family protein 4HPE 384 0.023 0.151 0.141 0.315
WP_013415053.1 Esterase family protein 4H18 361 0.039 0.343 0.288 0.670
WP_013415127.1 M23 family metallopeptidase 5Jall 277 0.022 0.375 0.152 0.549
WP_044990738.1 ABC transporter substrate-binding protein 6HLX 538 0.028 0.214 0.290 0.532
WP_080668398.1 Serine hydrolase 4Y7P 421 0.033 0.166 0.295 0.494
WP_022596925.1 PQQ-dependent sugar dehydrogenase 3DAS 380 0.034 0.179 0.237 0.450
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A
Alphabeta hydrolasefold ABC transporter ABC transporter ABC transporter
protein substrate-binding protein substrate-binding protein substrate-binding protein
WP_013414512.1 WP_013414996.1 WP_013417558.1 WP_013417385.1

G T

|

ABC transporter Penicillin-binding protein 2 NIpC/P60 family protein Esterase family protein
substrate-binding protein WP_013414386.1 WP_013416802.1 WP_013415053.1
WP_013415902.1

M23 family metallopeptidase ABC transporter Serine hydrolase PQQ-dependent sugar dehydrogenase
WP_013415127.1 substrate-binding protein WP_080668398.1 WP_022596925.1
WP_044990738.1

Fig. 5. The 3D structures and epitope mapping of the potential vaccine candidates. The Swiss-Model was used to perform comparative homology
modeling of the 12 potential vaccine candidates (A-L). The 9-mer MHC I epitopes are shown as red spheres on the grey-coloured protein structure,
and the 15-mer MHC II epitopes are shown as blue spheres on the grey-coloured protein structure.

screening methodology is based on the identification of pathogen genomes and amino acid sequences translated from genomes and
cannot be used to determine whether potential targets are actually expressed. Therefore, further experimental validation is needed to
test the function and immunogenicity of these proteins identified using this approach.

4.2. Potential vaccine candidates
All the proteins in the selected group of 12 are membrane and extracellular proteins, are nonhost homologous, have stable
physicochemical properties, are essential for the survival of the microorganism and are immunogenic in nature. In this section, these

proteins are further described.
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The first group of proteins consists of five ATP-binding cassette (ABC) transporter substrate-binding family proteins
(WP_013414996.1, WP_013417558.1, WP_013417385.1, WP_013415902.1 and WP_044990738.1). ABC transporters are essential for
the uptake of nutrients and other molecules that cannot be produced by R. equi [41]. In addition, ABC transporters play key roles in the
pathogenesis of infection, facilitating pathogenic mechanisms such as biofilm formation, adherence and invasion of host cells,
intracellular survival and nasopharyngeal colonization [42]. It has been reported that ABC transporters can induce immunity; hence,
they are potential vaccine and drug targets [43].

The second group of proteins is M. tb virulence factor homologs. They include the Fbp (A/B/C)/antigen 85 (Ag85) homologs alpha/
beta hydrolase-fold protein (WP_013414512.1) and esterase family protein (WP_013415053.1) and the PE/PPE protein homolog
NIpC/P60 family protein (WP_013416802.1). In M. tb infections, high levels of Ag85 are secreted, eliciting strong humoral and cellular
immune responses, and PE/PPE proteins mediate the immune responses via cell-surface adhesion or receptor binding. These proteins
have been intensely investigated as vaccines against M. tb in animal models [44,45]. R. equi and M. tb are both actinomycetes, and the
Ag85 and PE/PPE homologs are also considered potential virulence-associated determinants of R. equi [46]. Targeting these proteins is
a promising strategy for developing effective R. equi vaccines.

Proteins in the third group are associated with antibiotic resistance and include penicillin-binding protein 2 (PBP2)
(WP_013414386.1) and serine hydrolase (WP_080668398.1). PBP2 plays a key role in building the cell wall in several bacteria by
catalyzing the biosynthesis of peptidoglycan, and it is also involved in bacterial resistance to p-lactams [47]. In addition, Morgan et al.
have shown that PBP2 displays immunogenic properties [48]. The AmpC conserved domain of serine hydrolase is also involved in
bacterial resistance to p-lactams, and AmpC expression levels affect cellular fitness and virulence [49]. Targeting this protein that
confers f-lactam resistance would have a severe effect on bacterial colonization and survival.

M23 family metallopeptidase (WP_013415127.1) is a peptidoglycan hydrolase that plays an important role in cell growth and
division and bacterial virulence [50]. The NlpD lipoprotein conserved domain has been shown to be required for cell division and is
also an essential virulence factor [51]. Furthermore, mutant NlpD has proven to be a superior vaccine candidate by providing effective
immunity, indicating that bacterial M23 peptidase family members may be used as vaccine targets to prevent infection [52].

PQQ-dependent sugar dehydrogenase (WP_022596925.1) is an oxidoreductase that belongs to the Ylil superfamily. Its main
functions are carbohydrate transport and metabolism [53]. It is an M. tb lipoprotein Z (LppZ) homolog. Chen et al. demonstrated that
LppZ exhibits strong immunogenicity during M. tb infection in both humans and mice and has the ability to trigger effective innate and
cellular immunity [54]. Therefore, it is worthwhile to explore LppZ as a potential vaccine candidate for R. equi.

Ideal vaccines induce both innate immunity and humoral and cell-mediated adaptive immunity. It has been proven that proteins
with high ED have stronger immunogenicity than those with low ED [55]. However, most of the currently available web-based
prediction tools used in RV are not adaptable to equine vaccinology. For example, ProPred-I/1I, NetMHC-4.0 and NetMHCII-2.3 are
used to predict epitopes, but they are not specifically trained to predict epitopes that bind to equine MHC alleles; rather, they are
trained to predict epitopes that bind to human and other animal MHC alleles, such as those of mice. In the absence of equine MHC
alleles to predict epitopes, epitope predictions were conducted using human alleles, which have a high identity with equine MHC
alleles [56,57]. In this study, 16 MHC I (9-mer) and 13 MHC II (15-mer) high-affinity epitopes were identified in the 12 potential
vaccine candidates, and these could be included in a polyvalent vaccine. Epitope mapping and protein 3D structure analysis showed
that all the predicted epitopes were exposed on the protein surface. This suggests that these epitopes have a high potential of being
recognized by equine MHC alleles and eliciting a humoral and cellular immunity response in equines. Among the 12 potential vaccine
candidates, four proteins (WP_013414386.1, WP_013415053.1, WP_013414996.1 and WP_013415127.1) are the most interesting
vaccine candidates because they are predicted to have high ED and strong immunogenicity. Further investigation is needed to un-
derstand the functions of these proteins and their potential as protective antigens.

5. Conclusions

Here, we provide an analytical strategy that combines pangenome analysis with an RV approach. This strategy significantly reduces
the time needed to develop a vaccine and provides reasonable vaccine targets that are identified based on selection criteria. Using this
strategy, we generated a manageable list of 12 potential vaccine candidates and 29 antigenic epitopes of R. equi. These proteins are
strongly associated with bacterial survival and virulence. Further experimental validation is needed to test the immunogenicity and
protection level of these proteins.
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