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Abstract
Chlamydia trachomatis, a gram-negative bacterium known to infect the genital sites mainly columnar epithelial cells of the 
cervix, urethra and rectum in women and causes acute epididymitis, urinary tract inflammation and DNA damage to the 
sperms in men, hence considered to be one of the major sexually transmitted infections. The infection is asymptomatic in 
many people and remains untreated leading to serious health complications, including pelvic inflammatory disease, ectopic 
pregnancy and infertility. The current treatment options include antibiotics, but the pathogen has gained resistance against 
many antibiotics. The present work involves an in silico reverse vaccinology approach for identifying the immunogens as 
vaccine candidates that can be effective against reinfections and should be capable of inducing long-term protective immu-
nity against Chlamydial infections. This study identifies the putative vaccine candidates that are membrane bound with high 
antigenicity properties; antigenicity induces the immunogenicity which involves identification of T-cell and B-cell epitopes 
that induce both humoral and cell-mediated immunity. The epitopes ‘LSWEMELAY’, ‘LSNTEGYRY’, ‘TSDLGQMEY’, 
‘FIDLLQAIY’ and ‘FSNNFSDIY’ were predicted as core sequences for class I MHC molecules. The identified epitopes 
showed promising ability to interact with the human leukocyte antigens (HLA). These epitopes showed maximum popula-
tion coverage with epitope conservancy above 80%. Molecular docking was performed to test the binding affinities of the 
identified epitopes with the HLA molecule to study the binding cleft interactions. The vaccine candidate thus identified from 
this study showed to possess the potential to activate the B- and T-cell immune responses which are more specific and make 
the body stronger against infections and effective for reinfections.
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1  Introduction

Chlamydia trachomatis commonly known as chlamydia is a 
pathogenic gram-negative, ovoid-shaped non-motile bacte-
rium. The bacterium is widely recognized as the most com-
mon sexually transmitted pathogen with approximately 100 
to 150 million new cases occurring each year worldwide 
among 15- to 49-year-olds (CDC yearly Report 2011). The 
bacterium is usually transmitted through sexual activity, a 

man who is infected with the bacterium has a 25% chance of 
transmitting the infection to an uninfected female per sexual 
encounter (CDC yearly Report 2015). Chlamydia can also 
spread vertically, i.e. from a mother to child, the transmis-
sion rate from infected mother to new born is 50–60%, 
eventually causing conjunctivitis (Betha et al. 2016). Many 
times, patients with one STD are at high risk of coinfec-
tion with another STD (Paavonen and Eggert-Kruse 1999). 
Chlamydial infections are usually asymptomatic and pro-
duce less severe symptoms than other sexually transmitted 
infections. As there are no symptoms, the pathogen goes 
unnoticed until secondary or tertiary stages of disease 
develop (Malik et al. 2006).

The sequelae of undetected and untreated infections 
include acute salpingitis and cause adverse outcomes in 
women, like cervicitis, urethritis and pelvic inflamma-
tory disease (PID)––which is an ascending infection of the 
uterus, fallopian tubes or neighbouring pelvic structures 
(Luis et al. 2017). Chlamydial infections are associated with 
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HIV infection and also with cervical cancer (Gewirtzman 
et al. 2011). In addition, infection with C. trachomatis has 
also been linked with adverse pregnancy outcomes with high 
risks for miscarriage, stillbirth, preterm birth and ectopic 
pregnancy (Hafner and Timms 2015). In males, it causes 
epididymitis, most severe complication that can also lead 
to infertility (Braxton et al. 2017). Additionally, infections 
with C. trachomatis can cause severe ocular infections by 
invading conjunctival epithelial cells. If not treated, repeated 
infections can result in trichiasis, i.e. in-turning of the eye 
lashes, leading to corneal abrasions, corneal scarring, opaci-
fication and ultimately blindness (Finethy and Coers 2016).

The bacteria have developed multidrug resistance and het-
erotypic resistance. The intracellular pathogen was found to 
be resistant to potent antibiotics, such as tetracycline, doxy-
cycline, azithromycin, erythromycin and ofloxacin, and thus 
shows heterotypic resistance (Somani et al. 2000). Due to 
lack of symptoms and treatment compliance, the infections 
lead to severe reproductive complications. Although antibi-
otics are available, the chlamydia vaccine will dramatically 
reduce the rates of chlamydial infections (Elwell et al. 2016). 
In spite of many attempts made to develop one, there are 
no available vaccines yet. The protective immune response 
to C. trachomatis is generated by inducing CD4+ T cells. 
Also, Th-1 cytokines specifically INF-γ and interleukin 12 
are essential to induce protective immunity.

Initial efforts to develop the vaccines in 1950 was done to 
develop whole-organism vaccine in inactivated or live atten-
uated form. The first ever vaccine to treat the C. trachomatis 
infections was a live attenuated vaccine. The vaccine had a 
risk of immunopathology and also the production of large-
scale pure chlamydia is very difficult. The vaccine was lim-
ited to reducing early periods of C. trachomatis infections. 
As the live vaccines are not safe always, killed or inactivated 
vaccines were studied. Heating and chemical treatment was 
used for inactivation. The inactivated vaccines could not 
provide maximum protection because of their inability to 
replicate and induce the immunity altogether.

Subunit vaccines are parts of antigens and can be the 
choice to overcome previous vaccines designs. Several stud-
ies indicate the Major Outer Membrane Protein (MOMP) 
shows good results for treating the pathogen. Although 
many attempts made to develop the vaccine against infec-
tions, the failures for success are still unclear. The failure of 
several attempts may be due to the fact that the protective 
immune responses developed may result in harmful effects 
for host. The whole-cell vaccine components could induce 
either immunopathogenic or protective responses. Subunit 
vaccines are efficient to overcome the complications with 
scrupulous design (Banatvala et al. 2009).

The study uses reverse vaccinology approach to evalu-
ate the proteins of the pathogen. Whole proteome of the 
pathogen was taken from UniProt database and screened 

for antigenicity, surface accessibility and allergenicity. Fur-
ther, the proteins that are membranous and antigenic were 
screened for epitope-based vaccine design. Past studies 
have concentrated on the Polymorphic/Probable Membrane 
Proteins (Pmps), while the current study focuses on all the 
antigenic membrane bound proteins that are conserved and 
are immunologically important.

Vaccination could be more effective than any other 
biomedical interventions in controlling the epidemics of 
chlamydial infections. Unfortunately, yet there are no pro-
tective vaccines, either fully or partially available, though 
many attempts are made to develop a vaccine for chlamydial 
infections (Schautteet et al. 2011). An epitope is an antigenic 
determinant part that is important in bringing immunity of 
an organism. Reverse vaccinology is a computational analy-
sis of genome that predicts the surface epitopes which are 
important in the development of a candidate vaccine (Kan-
ampalliwar et al. 2013). B- and T-cell lymphocytes play 
a major role in the immune system which are responsible 
for the humoral and cell-mediated immunity (De Temmer-
man et al. 2011). T and B Cells in mammals originate from 
haematopoietic stem cells that are involved in adaptive or 
antigen-specific immune responses. The lymphocytes have 
receptors T-cell receptor (TCR) and B-cell receptor (BCR) 
on their surface that presents the antigen to the cells, which 
recognize and react to the antigenic epitopes specially. The 
antigen presenting cells (APC) carry the fragment antigen on 
special molecules called MHC proteins (Rees et al. 1999). 
CD4 cells or helper T cells recognize MHC class II proteins 
that coordinate the immune responses by stimulating the 
other immune cells, such as macrophages and monocytes. 
CD8 cells or cytotoxic T cells recognizes MHC class I pro-
teins. The cytotoxic T cell attacks cells directly and destroys 
the antigens.

The T-cell activation as well as differentiation will possi-
ble only if the following three signals are present: (a) interac-
tion of the peptide with the HLA molecule, (b) participation 
of cytokines that initiate clonal expansion and (c) signalling 
through co-stimulatory molecules (Rangarajan et al. 2018).

In the present study, an attempt is made to recognize 
major immunogenic epitopes on C. trachomatis proteins 
that can be vaccine candidates using various bioinformat-
ics tools. Thus, the results offer novel epitopes for vaccine 
development against C. trachomatis infections.

2 � Materials and methods

2.1 � Protein sequence retrieval and evaluation 
of evolutionary analysis

The study protein sequence set included 895 protein 
sequences of C. trachomatis which were downloaded in 
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FASTA format from UniProt proteome database www.unipr​
ot.org (The UniProt Consortium 2016). The phylogenetic 
tree was constructed for all the sequences of C. trachomatis 
for the analysis of evolutionary divergence in various pro-
teins using Clustal Omega tool (Sievers et al. 2011).

2.2 � Antigenic protein identification and prediction 
of sub‑cellular localization

Proteins were subjected to VaxiJen server v2.0 (Doytchi-
nova and Flower 2007) for effective antigen prediction. The 
antigenic and non-antigenic proteins were identified, and 
antigenic proteins with high antigenic scores were consid-
ered for further analysis. C. trachomatis is a gram-negative 
bacterium and the sub-cellular localization of the pathogen 
proteins was done using PSORTb 2.0 (Gardy et al. 2004).

2.3 � Allergy prediction

Allergenicity, i.e. whether the antigenic protein is allergen 
or non-allergen, was predicted using Allertop24 (Dimitrov 
et al. 2014). The prediction is based on the physicochemi-
cal properties of proteins along with allergen prediction uti-
lizing amino acid E-descriptors in the protein, auto-cross 
covariance transformation and together with several machine 
learning methods (Awad Elkareem et al. 2017).

2.4 � Protein physical–chemical and functional 
analysis

Different physicochemical properties for the proteins were 
estimated using ProtParam (Gasteiger et al. 2005) server. 
The parameters including molecular weight (MW), stability 
index, isoelectric point (IP), half-life in vitro and in vivo, ali-
phatic index and grand average of hydropathicity (GRAVY) 
were estimated, while InterPro (Finn et al. 2016) identifies 
the conserved domains or important sites in the proteins.

2.5 � Identification of T‑cell epitopes, conservancy 
analysis and population coverage

Epitopes based on conserved regions were identified from 
cytotoxic T lymphocytes (CTL) using NetCTL v1.2 (Larsen 
et al. 2007). Prior to the run, the peptide length was set to 
9.0 and the threshold was fixed at 0.5, while the sensitiv-
ity and specificity were set at 0.89 and 0.94. To initiate the 
immune response, the binding of the antigenic peptide to 
the MHC class I molecules is important. Hence, the binding 
of epitopes to the MHC I analysis was done using immune 
epitope database IEDB tools (Hoof et al. 2009). The tool 
calculates the half-maximal inhibitory concentration value 
(IC50) of the binding epitope to human leukocyte antigen 
(HLA) molecules. The tool predicts the binding of MHC 

class I peptides to 12 different HLA supertypes using the 
stabilized matrix base method (Peters and Sette 2005). The 
conservancy of each epitope was also calculated using the 
conservancy analysis tools at IEDB (Bui et al. 2007). The 
stabilized matrix base method (SMM) tool at IEDB was used 
to calculate the total score which includes parameters, like 
processing score, TAP score, proteasomal cleavage score 
and binding affinity for the MHC I (Tenzer et al. 2005). 
Population coverage generally plays a crucial role in vac-
cine design which was calculated using the IEDB population 
coverage tool in this study (Bui et al. 2006).

2.6 � Molecular docking studies

The 3D structures of epitopes were predicted by PEP-FOLD 
web-based server.2.0 (Thevenet et al. 2012). The server pre-
dicts the five most probable structures, and the best struc-
ture was taken for docking analysis, i.e. the lowest energy 
model. HLA-A*01:01 allele showed the highest binding 
scores among all the other alleles. To validate the binding 
of identified epitopes with HLA molecule, the X-ray struc-
ture of HLA-A*01:01 with 2.3 Å resolution was taken from 
PDB. Before performing the docking, the NP44 influenza 
epitope (Quiñones-Parra et al. 2014) was removed using 
UCSF Chimera (Pettersen et al. 2004). Further, the docking 
was performed with the DINC webserver, DINC is a meta-
docking algorithm, in the sense that it relies on a standard 
docking tool; currently, AutoDock Vina was used to perform 
the sampling and scoring at each docking round (Dhanik 
et al. 2013).

2.7 � Identification of the B‑cell epitope

B-cell epitopes were identified using various tools from 
IEDB. The Bepipred linear epitope prediction analysis and 
Emini surface accessibility prediction (Emini et al. 1985), 
Kolaskar and Tongaonkar antigenicity scale (Kolaskar and 
Tongaonkar 1990), Karplus and Schulz flexibility prediction 
(Karplus and Schulz 1985), Pa rker Hydrophilicity Predic-
tion (Parker et al. 1986) and Chou and Fasman (Chou and 
Fasman 2009) beta-turn prediction tools were used.

3 � Results

The present investigation was focused on predicting the 
vaccine candidates for Chlamydial infections by a compu-
tational reverse vaccinology approach for which a total of 
895 protein sequences of C. trachomatis were collected from 
the UniProt Proteome database in FASTA format. These pro-
tein sequences were analysed for their antigenic properties 
that potentially induce immunogenicity. Figure 1 shows a 
cladogram for the selected proteins.

http://www.uniprot.org
http://www.uniprot.org
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3.1 � Antigenic protein identification and prediction 
of sub‑cellular localization

Protein screening was done using the Vaxijen server which 
identifies the antigenic and non-antigenic proteins. 0.5 was 
kept as a threshold and the proteins with antigenic score 
>0.5 were considered for future analysis. Out of all 895 
proteins, 477 proteins were found to be probable antigens. 
Since outer membrane proteins are important in therapeutic 
interventions, the proteins were screened for their localiza-
tion using PSORTb 2.0 server. 15 proteins were found to be 
outer membrane proteins which were considered for further 
analysis.

3.2 � Allergy prediction

Final protein screening was done based on their probable 
allergenic properties. Allertop was used for the analysis 
out of 15 outer membrane antigenic proteins 12 were non-
allergenic. The proteins with negligible scores were selected 
to avoid the allergenic reactions of the vaccine. These 12 
proteins then were subjected to epitope-based analysis.

3.3 � Protein physical–chemical and functional 
analysis

The primary structure analysis of the proteins from Prot-
Param tools is given in Table 1. Amino acid composition, 

molecular weight, isoelectric point (pI), grand average 
hydropathicity (GRAVY), instability index, aliphatic index, 
estimated half-life and extinction coefficient of the proteins 
were predicted using default parameters through ProtParam. 
The results suggest lower GRAVY and higher aliphatic 
index with acceptable aliphatic index values. The conserved 
domain analysis was performed using InterPro. The proteins 
have domains ranging from two to five.

3.4 � Identification of T‑cell epitopes 
and conservancy analysis

Since the selected 12 proteins are immunologically impor-
tant, surface bound, conserved and non-allergenic, these pro-
teins were then subjected to epitope-based peptide vaccine 
design analysis. NetCTL server was utilized for prediction 
of T-cell epitopes in the proteins. The server gives the high-
est combinatorial score of the epitopes from the proteins 
based on the IEDB MHC class I binding prediction. IC50 
values less than 200 nM were considered this ensured selec-
tion of the MHC-I molecules for which the selected epitopes 
showed higher affinity. The list is given in Table 2.

Fig. 1   Phylogenetic analysis of the selected outer membrane proteins

Table 1   ProtParam analysis for the proteins

Protein No. of 
amino 
acids

Molecular weight Theoretical pI Extinction coefficients Estimated 
half-life 
(h)

Instability index Aliphatic index GRAVY

PmpD 1531 160,748.22 4.75 105,795, 104,170 30  33.6 83.75 − 0.056
PmpF 1034 112,392.82 8.88 118,900, 118,150 30  33.85 76.29 − 0.284
PknD 934 107,666.41 6.24 143,895, 143,020 30  48.63 97.98 − 0.113
Yop trans-

location 
protein

921 100,580.4 5.55 56,185, 55,810 30  48.97 96.22 − 0.186

Table 2   T-cell epitopes identified according to the overall score pre-
dicted by the NetCTL server

Sl. no Epitope Total score (nM)

TSDLGQMEY 3.5638
PTDKTVFWY 3.4502
CSDGEAVYY 3.3661
FSNNFSDIY 3.3349
ASDNANLLF 3.3127
FIDLLQAIY 3.0324
CSSTHPNKY 3.0243
PTSEEFTYY​ 2.9427
LSNTEGYRY​ 2.8921
LSWEMELAY 1.3958
LSDSANSGL 1.2867
NFDALRTLY 1.1811
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The NetCTL server-predicted peptides were further 
predicted for effective designing of the T-cell epitopes, 
in combination with methods, like Proteasomal cleavage, 
Transporter Associated with antigen Processing (TAP) 
score, MHC-I binding affinity and processing. Proteaso-
mal cleavage score gives the cleavage site in the peptide at 
C terminus. TAP score estimates the effective log values 
of the peptides binding to TAP. MHC-I processing predic-
tion was done for analysing the binding efficiencies of the 
predicted peptides. It provides access to the prediction of 
antigen processing through the MHC-I antigen presenting 
pathway and ability to bind to a specific MHC-I molecule. 
The peptides with a higher total score represent higher 
processing capabilities. Based on the overall scores, the 
12 epitopes were selected. The epitopes were subjected to 
MHC-I binding predictions using the stabilized matrix-
based method. The epitopes that showed higher affinity, 
i.e. IC50 < 200 nM, was considered for further analysis 
the epitopes were selected based on their IC50 values. 
The epitope conservancy was performed: the higher the 
conservancy the more the immunogenic are the proteins. 
Table 3 gives the scores for the interaction and conserv-
ancy analysis.

3.5 � Population coverage

Each epitope that was recognized as optimum for the 
MHC-I binders was then subjected to the population 
coverage analysis. The epitopes indicated 100% cov-
erage in India, East Asia, South Asia, Southeast Asia, 
North America, South America and 99.64% in Europe. 
The population coverage analysis in other areas is listed 
in Table 4.

3.6 � Molecular docking studies

To validate the epitopic potential of the identified peptides 
molecules, molecular docking studies were performed. As 
all the selected epitopes showed a good binding affinity with 
allele HLA-A*01:01, its structure was downloaded from 
PDB with ID 4nqv. The epitopes structure was predicted 
by PEPFold, and the molecular docking was performed for 

Table 3   Interaction and 
conservancy results of identified 
T-cell epitopes using tools 
for binding and conservancy 
analysis in IEDB

Epitope Interacting MHC-I allele (proteasome score, TAP score, 
MHC-I score and processing score)

Epitope 
conservancy 
(%)

TSDLGQMEY HLA-A*01:01(1.83) HLA-A*29:02(− 0.02)
HLA-B*35:01(0.19)

86.58

FIDLLQAIY HLA-A*01:01(1.26) HLA-A*29:02(0.88)
HLA-B*35:01(0.68) HLA-C*03:02(0.14)

86.24

FSNNFSDIY HLA-A*01:01(1.58) HLA-A*29:02(0.85)
HLA-B*15:01(0.46) HLA-B*35:01(1.12)
HLA-B*58:01(0.13) HLA-C*02:02(0.99)
HLA-C*03:02(1.27) HLA-C*12:02(0.83)
HLA-C*14:02(0.1) HLA-C*16:01(0.89)

84.45

LSNTEGYRY​ HLA-A*01:01(0.7) HLA-A*29:02(0.34)
HLA-B*58:01(0.28)

89.71

LSWEMELAY HLA-A*01:01(0.75) HLA-A*29:02(1.45)
HLA-B*15:01(0.7) HLA-B*35:01(1.58)
HLA-B*53:01(0.22) HLA-B*58:01(1.07)
HLA-C*03:02(1.21) HLA-C*16:01(0.69)

91.95

Table 4   Population coverage analysis for the proposed epitopes 
against Chlamydia trachomatis 

a Projected population coverage
b An average number of epitope hits/HLA combinations recognized by 
the population
c A minimum number of epitope hits/HLA combinations recognized 
by 90% of the population

Population Coverage (%)a Average hitb PC90c

India 100 6.38 1.31
East Asia 100 5.08 1.43
Europe 99.64 13.67 2.3
Northeast Asia 44.96 2.87 0.18
South Asia 100 6.41 1.31
Southeast Asia 100 3.99 1.33
Southwest Asia 58.14 6.8 0.24
Central Africa 49.95 5.0 0.2
East Africa 51.56 5.95 0.21
North Africa 57.84 7.04 0.24
North America 100 10.2 1.72
Oceania 56.01 3.93 0.23
South Africa 45.65 4.14 0.18
South America 100 6.09 1.35
West Africa 55.11 6.0 0.22
West Indies 66.66 7.87 0.3
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the HLA-A*01:01 against the predicted epitopes as ligands 
using DINC web server that relies on Autodock vina. The 
XYZ coordinates were set to x = 60.2, y = 2.2 and z = 40.4. 
The structures of the predicted epitopes and the PDB struc-
ture of HLA-A*01:01 is shown in Fig. 2. The interaction of 
the epitopes and HLA-A*01:01 is visualized using Chimera; 
the interactions are shown in Fig. 3. The HLA-A*01:01 
amino acids Ser, His, Val, Arg and Asp are involved in the 
interactions with LSWEMELAY as shown in Fig. 4. The 
binding energies and the RMSD values for the epitopes are 
given in Table 5.

3.7 � B‑cell epitope prediction

The protein epitopes were further evaluated to identify 
for B cell-specific epitopic nature by various online tools 
IEDB. To evaluate the physicochemical properties of the 
amino acids in the protein and their ability to identify the 
B-cell epitopes was performed by Kolaskar and Tongaonkar 
antigenicity prediction tool. The peptides FSNNFSDIY, 

FIDLLQAIY, LSNTEGYRY, LSWEMELAY and TSDL-
GQMEY showed the score ranging from 1.004, 1.608, 0.976, 
0.99 and 0.965, respectively. The Emini surface accessi-
bility prediction was carried out for checking the surface 
accessibility of the epitopes. The Emini surface accessibil-
ity prediction scores for the selected peptides were ranging 
from 0.796 to 2.542, indicating good surface accessibility. 
Parker hydrophilicity prediction tool was utilized to check 
the hydrophilic regions of the proteins. The identification of 
surface accessible hydrophilic regions is essential as these 
regions are likely to evoke the B-cell immune responses. 
Results indicated that the selected peptides are hydrophilic.

There is a correlation between the location of antigenic 
sites and the prediction of turns in proteins; hence, Beta-
turns prediction in proteins was performed as these regions 
are involved in initiating antigenic properties (Pellequer 
et  al. 1993). Chou–Fasman beta-turn prediction was 
performed to find the beta-turn regions in the proteins. 
Karplus Schulz’s flexibility prediction tool was used to 
know the flexible regions in the proteins. The regions of 

Fig. 2   Structures of 
epitopes a ‘FSNNFSDIY’, b 
‘FIDLLQAIY’, c ‘LSWEME-
LAY’, d ‘LSNTEGYRY’, e 
‘TSDLGQMEY’ predicted by 
PepFold and structure of f HLA-
A*01:01 retrieved from PDB
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the peptide locations were considered in the most favour-
able regions of the flexibility prediction analysis. The pep-
tides showed good flexibility scores ranging from 0.936 to 
1.064. Further, the linear B-cell epitopes were predicted 
using Bepipred, hidden Markov model-based machine 
learning process. Almost all the regions in the proteins 
showed the most favorable regions in BepiPred linear 
epitope predictions. By analysing overall data obtained 
from the B-cell epitope prediction tools, the peptides as 

selected as T-cell epitopes were found to satisfy the req-
uisites required for inducing B-cell response. The overall 
result of B-cell epitope analysis is represented in Fig. 5. 
Molecular dynamic simulations give a time-dependent 
evolution of the complex interaction networks which 
govern some of the fundamental aspects as molecular 
recognition, binding strength, and mechanical and struc-
tural stability. Figure 6 gives the distance between masses 
of amino acid residues through 1000  ns simulations 

Fig. 3   Visualization of docking 
results of epitopes a ‘TSDL-
GQMEY’, b ‘FIDLLQAIY’, 
c ‘FSNNFSDIY’, d ‘LSNT-
EGYRY’, e ‘LSWEMELAY’ 
with the HLA-A*01:01 using 
Chimera. The epitopes interact-
ing at the centre of the HLA-
A*01:01 protein
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performed using NAMD and VMD molecular dynamics 
simulator and visualizer programs. 

4 � Discussion

Although many attempts made, Chlamydia genital vaccines 
are still under discussion. The priority in developing a vac-
cine is safety. Therefore, the negative effects, delayed hyper-
sensitive reactions and susceptibility to the infections have to 
be avoided. Inactivated or live attenuated vaccine could treat 
trachoma but how effective the vaccine could be for genital 
infections is a question. A distinctive T-cell and B-cell vac-
cination initiates both humoral and cell-mediated immunity 
effective on controlling the reinfection, engender protection 
and minimizing the host pathology. Studies confirm the 
release of CD4+ T cells and IFN γ cells to protect from the 
infections. Thus, suggesting the importance of identification 
of T-cell epitopes epitope-based vaccine approach has been 

reported for Francisella tularensis (Whelan et al. 2018), 
Haemophilus influenzae (Zahroh et al. 2016), Dengue virus 
(Chakraborty et al. 2010), Human coronaviruses (Oany et al. 
2014), Chikungunya virus (Islam et al. 2012), and Ebola 
(Srivastava et al. 2016).

The proteome of C. trachomatis was retrieved from Uni-
Prot proteome database. The proteins were further analysed 
for antigenic properties using vaxijen; the antigenic proteins 
with antigenic score >0.5 were then subjected for localiza-
tion prediction using Psortb. The outer membrane proteins 
with higher antigenicity scores were then evaluated for aller-
gic properties using Allertop. The conserved domain analy-
sis was done using InterPro. The membrane-bound proteins 
with higher antigenic scores, non-allergens with maximum 
conserved domains, were selected for the further immuno-
informatic study. The peptidyl-prolyl cis–trans isomerase 
Mip, Major outer membrane porin, Polmorphic/Probable 
outer membrane protein C (PmpC), Polymorphic/Probable 
outer membrane protein G (PmpG), Polymorphic/Probable 
outer membrane protein D (PmpD), Polymorphic/Prob-
able outer membrane protein F (PmpF), Serine/threonine-
protein kinase (PknD), tRNA N6-adenosine threonylcarba-
moyltransferase, Yop proteins translocation protein, Omp85 
Analog protein, Peptidoglycan-associated protein and Gen. 
Secretion Protein D were the proteins finally considered for 
further analysis. The proteins were subjected to NetCTL 
T-cell epitope analysis; around 12 epitopes were selected 
from these proteins based on IC50 values. Peptides with 
the highest scores have the highest processing capabilities.

An effective peptide epitope should be conserved among 
the host proteins, good processing capabilities and binding 

Fig. 4   The green dotted line 
indicate the hydrogen bond 
interactions between epitope 
‘LSWEMELAY’ and HLA-
A*01:01 chains (colour figure 
online)

Table 5   Binding energy and RMSD values for the epitopes with the 
HLA-A*01:01

Epitope Binding energy 
(kcal/mol)

RMSD Å Vaxijen score

TSDLGQMEY − 8.20 0.00 0.5772
FIDLLQAIY − 8.40 0.00 0.501
FSNNFSDIY − 8.60 0.00 0.5727
LSNTEGYRY​ − 8.40 0.00 1.0623
LSWEMELAY − 8.60 0.00 1.6240
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Fig. 5   Bepipred linear epitope prediction of the most antigenic protein PmpF. The threshold is 0.5. The yellow color indicates flexible regions in 
polypeptide while green color indicates the region that could not satisfy the threshold margin (colour figure online)
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affinities with the MHC alleles with higher population 
coverage. Five peptides were selected from 12 epitopes 
based on the epitope conservancy, and binding with the 

MHC alleles. All the five epitopes showed good conserv-
ancy and interactions with the HLA alleles. However, the 
epitope LSWEMELAY showed maximum conservancy 

Fig. 5   (continued)
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with 91.95% and interacting with eight HLA variants. 
Further population coverage analysis showed maximum 
coverage in most regions. It calculates the percentage of 
people showing potential responses to the query epitopes 
among the people living in that region. The selected five 
epitopes were subjected for molecular docking analysis, 
and the results showed good binding interactions with the 
HLA-A allele. The epitope LSWEMELAY showed the 
lowest binding energy of − 8.60 and RMSD 0.00 Å with 
the highest antigenicity score of 1.6240. B-cell epitope 
identification was also performed using various tools 
of IEBD; these epitopes induce primary and secondary 
immunity. After analysing the results, it was found that 
the selected T-cell epitopes satisfied the potential to B-cell 
epitopes also. IEDB B-cell epitope prediction is a collec-
tion of methods to identify B-cell epitopes in the given 
antigenic sequence. The results of the analysis are given in 
Supplementary Table 1. The BepiPred method results indi-
cate the predicted T-cell epitopes fall above the threshold.

The nine mere epitopes TSDLGQMEY, FSNNFSDIY, 
LSWEMELAY, FIDLLQAIY and LSNTEGYRY were 
identified in proteins with positions 465 and 808 in proteins 
PmpD, 952 in PmpF, 787 in PknD and 874 in Yop transloca-
tion protein, respectively.

The predicted B- and T-cell epitopes were analysed for 
IFN-gamma reactivity using IFNepitope (Ghahremanifard 
et al. 2019). IFNepitope is a module designed for the pre-
diction of IFN-gamma-inducing regions in a protein or anti-
gen. The findings suggests that the predicted epitopes have 
good probability to release IFN-γ with positive scores except 
FIDLLQAIY. The epitope FSNNFSDIY showed the high-
est score of 0.774, epitope LSWEMELAY 0.5702, epitope 
TSDLGQMEY 0.4093 and epitope LSNTEGYRY showed 
positive score of 0.4072.

Many studies infer major outer membrane proteins impor-
tant in designing a subunit vaccine and can protect against 
infertility. In the present study, outer membrane proteins 
were screened for immunologically important proteins. The 
identified epitope sequences were evaluated for conservancy 

among the other chlamydia strains. The epitopes are con-
served among 27 Polmorphic/Probable outer membrane 
protein sequences in different chlamydia strains. The mul-
tiple sequence alignment of the epitopes with proteins from 
different strains is given in Supplementary Fig. 1. As the 
epitopes were conserved among the other chlamydia species, 
the vaccine developed may elicit cross-serovar protective 
responses.

A chimeric peptide was generated by joining the five pep-
tides, and the B-cell analysis was performed for the chimeric 
peptide. The results of the IEDB B-cell epitope prediction 
on physicochemical properties of the chimeric protein are 
shown in Supplementary Fig. 2. BepiPred server predicts the 
sequential epitopes based on Random Forest algorithm, and 
the results are shown in Supplementary Fig. 3. SYFPEITHI 
was used for the prediction of T-cell epitopes. The analyses 
show that the chimeric peptide has potent epitopes that can 
be detected by immune cells and molecules, and the results 
are shown in Supplementary Table 2. Further population 
coverage for the chimeric peptide was performed, and the 
results are given in Supplementary Table 3.

5 � Conclusion

The untreated chlamydial infections continue to have a 
negative impact on the reproductive health of humans 
due to a lack of adequate treatment options. In the present 
study, an attempt was made in designing a peptide-based 
vaccine for the pathogen C. trachomatis which causes 
infertility in both men and women. Through in silico 
approach using bioinformatics tools, novel therapeutic 
epitope vaccine candidates were identified. Both T-cell 
and B-cell epitopes are offered for stimulating long-term 
immunity. The identified peptides show both B- and T-cell 
selectivity, wide population coverage, good conservancy 
and significant binding interactions with the MHC-1 HLA 
allele. Studies not only of B- and T-cell epitopes but also 
of INF-γ induction were done. The predicted epitopes 

Fig. 6   Distance between masses 
of amino acid residues through 
1000 ns simulations performed 
using NAMD and VMD 
molecular dynamics simulator 
and visualizer programs
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supposed to offer protective immunity for the long term 
against C. trachomatis. The chimeric peptide with multi-
ple antigenic regions from different proteins is interact-
ing with different HLA molecules; hence, the combined 
epitope vaccine will be more efficacious. However, in vitro 
studies have to be performed in order to validate the pre-
dicted vaccine candidates. Further studies to experimen-
tally validate the obtained data from study are in progress. 
The predicted epitopes supposed to offer protective immu-
nity for the long term against C. trachomatis infections. 
However, in vitro studies have to be performed in order to 
validate the predicted vaccine candidates.
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