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Editorial of the Research Topic

Design and development of new therapeutics against infectious dis-
eases using computational and experimental approaches

Because of growing concerns about future outbreaks caused by pathogens, we launched
a Research Topic in 2022, namely “Design and Development of new Therapeutics Against
Infectious Diseases Using Computational and Experimental Approaches” hosted by the
journal Frontiers in Cellular and Infection Microbiology. In this scenario, the most
important consideration should be the enrichment of current armamentariums in terms
of antivirals (or broad-spectrum antivirals) and novel antibiotic agents considering that
future pandemic conditions should interest emerging and re-emerging viruses with
pandemic potential as well as increasing resistance to current antibacterial agents from
emerging resistance-bacteria strains around the world, with particular interest in
nosocomial infections and potentially untreatable disorders. Based on the World Health
Organization (WHO), these events are expected to be future outbreaks that could damage
public health (WHO-report-1, 2024; WHO-report-2, 2024). Due to this urgency, the
integration of computational and experimental approaches can accelerate the development
of novel strategies, thereby allowing the establishment of novel countermeasures against
infectious diseases, thereby limiting disease progression and the possibility of increasing the
number of potential events that could allow the expansion of these important threats.
Accordingly, the combination of the mentioned approaches can significantly reduce, for
example, the time required to identify promising compounds against infectious diseases,
optimize their use, and possibly translate these compounds into clinical settings. On the
other hand, there are different types of therapeutic agents that could be employed in the
treatment of several infectious diseases, nevertheless, the potential resistance to many
antibiotic agents and the insurgence of mutated viruses that can escape from vaccines;
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therefore, in these current cases, there is also a major need for the
development of novel therapeutics to effectively treat infectious
diseases. Moreover, relevance is assumed by the identification of
novel delivery systems that improve the targeting of crucial
pathogenic factors and the host immune response. Accordingly,
with this aim, we introduce this Research Topic that attracted
scientists in the field, and we were able to consider several
submissions with a final number of published articles of 12.
Among the articles of the Research Topic, 9 of them were
Original Research articles, including 1 Case Report and 3 were
Review articles, including 1 Mini-Review. These articles provided
novel insights into the mechanisms of different infectious diseases
and potential therapeutic approaches that could be useful for the
development of novel antibacterial and antiviral agents.

Starting from research articles in the antiviral field, Xiong et al.
applied a computational protocol based on network pharmacology,
molecular docking, and molecular dynamics (MD) to explore the
constituents of Xuanfei Baidu granule (XFBD) as anti-COVID-19
agents. Interestingly, the findings demonstrated that XFBD contains
two significant active chemical components: I-SPD and chypodol.
These components limit NLRP3 activation, which in turn reduces
inflammatory response and apoptosis. By blocking the activation
and chemotaxis of inflammatory cells via CSF2, I-SPD and vestitol
can stop the progression of an inflammatory storm (Xiong et al.).
Marriam et al. used different in silico procedures to identify a novel
epitope-based peptide vaccine against the C30 endopeptidase
regions of SARS-CoV-2. Furthermore, the proposed target was
used in a virtual screening procedure to identify small molecules
from the ZINC database that could interfere with endopeptidase
function (Marriam et al.). Regarding the antiviral topic, a review by
Sharma et al. was published under the Research Topic. In particular,
they analyzed emerging evidence related to the Monkeypox
infection. Among them, the global burden, resurgence, and
possible management were reviewed in the mentioned paper
(Sharma et al.).

Regarding the development of potential antimicrobial agents,
some research articles were published under the Research Topic.
Qasim et al. focused their work on the relevant topic of resistance
pathogens. They conducted computer-aided genomic data
analysis and bioinformatics techniques to identify potential
new drug and vaccine targets against Neisseria gonorrhoeae
infection. Interestingly, using a reverse vaccinology technique,
two outer membrane proteins (AKP15153.1, AKP15828.1) were
identified as potential vaccine candidates. Accordingly, a chimeric
vaccine construct was generated using the top lead B- and T-cell
overlapping epitopes. The molecular docking and MD simulation
analyses indicated that the top-ranked vaccine candidate (V7)
exhibited stable molecular interactions with human immune cell
receptors (Qasim et al.). Schuurs et al. investigated covalent warheads
and B-turn mimetic to identify LexA inhibitors coupling computational
and experimental data. Two computational protocols, one for
screening the B-turn mimetic and the other for considering a library
of compounds containing covalent warheads that may target catalytic
residue S119 to effectively inhibit the proteolytic function of LexA. Over
100 top-ranked molecules were tested using a RecA-mediated cleavage
experiment to determine whether the compounds could prevent LexA
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cleavage in E. coli. Notably, a previously undiscovered covalent scaffold
prevents RecA-mediated LexA cleavage was identified (Schuurs et al.).
Shafaghi et al. conducted a study combining in silico and in vitro
approaches to identify a novel candidate epitope-based vaccine
targeting PspA PhtD of Streptococcus pneumoniae. Using
immunoinformatics techniques, a fusion construct was created
(PAD), by combining the immunodominant sections of PhtD (PD)
with the immunodominant areas of PspA (PA) from families 1 and 2.
This experiment aimed to evaluate the immunogenicity of the PAD
fusion protein and assess its ability to protect against S. pneumoniae
infection, both alone and in combination with PA and PD. Using
computational techniques, the physicochemical properties,
antigenicity, allergenicity, toxicity, and three-dimensional structure of
the constructions were assessed. Molecular docking with the HLA
receptor and immunological simulation were also performed. After
immunizing mice, blood levels of antibodies and cytokines were
measured, and the ability of antibodies to operate in vitro was
assessed, as well as the survival rates of mice and the drop in
bacterial loads in their blood and spleen. According to these findings,
the fusion protein may be employed as a pneumococcal vaccine that is
not dependent on serotype or as a useful ally protein in conjunction
with a conjugate polysaccharide vaccine (Shafaghi et al.). Shen et al.
described in vitro and in vivo experiments to determine the function of
different Lactobacillus strains and their combinations in preventing
Helicobacter pylori colonization and stomach mucosa irritation. Of all
probiotics, L. acidophilus NCFM and L. plantarum, Lp-115 exerted a
noteworthy effect on H. pylori elimination, reducing its adhesion and
inhibiting the inflammatory response caused by H. pylori infection. The
results of the present study provide significant value for the
management of H. pylori infection, indicating the possibility of
further clinical interventions with the two probiotic strains or their
combination (Shen et al.). Wang et al. developed an in silico screening
platform to identify possible chemicals able to activate AKT1 for the
potential treatment of sepsis acute lung injury (SALI). Starting from the
3D structure of AKT1 (PDB ID 1UNR) and AKT activator molecules,
the authors screened the ChemDiv database. Results showed that one
of the top-ranked compounds (compound 7460-0250) selectively
enhanced AKT1 phosphorylation and downregulated LPS-induced
apoptosis in human umbilical vein endothelial cells (HUVECs) by
activating the AKT-mTOR pathway. It was found that upregulated
mTOR directly interacts with Bax to decrease apoptosis. In vivo studies
have confirmed that the substance may lower SALI by activating the
AKT-mTOR signaling pathway, reducing lung damage, and increasing
the survival rate in mice with sepsis caused by cecum ligation and
puncture (Wang et al.). An interesting meta-analysis of transcriptome
from healthy and infected individuals, conducted by Ponnusamy and
Arumugam, identified new potential therapeutic targets for drug
repurposing studies by examining host directed drug-target
interaction networks and protein interaction networks (human and
Mycobacterium tuberculosis). Comparative research between healthy
and tuberculosis cohorts provided insights into differentially expressed
genes (DEGs) and made it possible to track these DEGs during
vaccination or medication therapy. Furthermore, potential genes to
target multidrug-resistant M. tuberculosis were identified. Among
them, some kinases active in tuberculosis infection and ribosomal
proteins, as well as proteins that enhance host-immune responses, were
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suggested as promising targets to be exploit for developing innovative
anti-tubercular drug candidates (Ponnusamy and Arumugam). Again,
a case report presented by You et al. described a patient with
Corynebacterium bovis infection after fat breast augmentation. It is
still unknown what caused the infection. The patient denied having
been in an animal or tainted cow product, and she had no prior history
of breast damage. Accordingly, this case report highlights the possible
dangers of using fat-derived products that have been cryopreserved,
including the risk of infection and adipocyte necrosis. The findings also
emphasize the importance of comprehensive preoperative assessment
and postoperative monitoring for the early detection and management
of problems. Finally, high-throughput sequencing technology can be a
useful diagnostic and therapeutic guide for diseases that do not respond
to culture (You et al.). Finally, two review articles on the development
of antimicrobial agents were published under the Research Topic. In
the first article, Sahu et al. discussed the numerous coordinated efforts
that have been made to date to create anti-Candida vaccines, along
with a pan-fugal vaccine alternative. The authors have provided an
updated context regarding vaccines undergoing clinical trials, obstacles,
and potential future developments (Sahu et al.). Mayegowda et al.
discussed nanoparticles (NPs) that can be employed for a variety of
biological entities, including plants, bacteria, fungi, actinomycetes,
viruses, and algae, each of which has a unique set of capabilities.
Many pharmaceutical applications, including tissue engineering,
pathogen or protein detection, antimicrobial agents, anticancer
mediators, drug delivery vehicles, functional food formulations, and
pathogen identification, can benefit from the use of NPs. These
applications can also aid translational research into medical fields. In
this review, the potential of eco-friendly synthesis to develop NPs as
antimicrobial agents is described in detail (Mayegowda et al.).

In conclusion, we would like to express our gratitude to the
Frontiers editorial staff for their generous ongoing support, as well as
to all of the authors and co-authors for their significant contributions
to this Research Topic and the reviewers for their invaluable effort in
assessing the submitted manuscripts. We are also grateful to the guest
editors. When all these efforts were combined, the Research Topic
was successful. In addition to being a useful source of knowledge and
inspiration for researchers and students, we anticipate that this topic
will promote drug design and discovery for the treatment of
infectious diseases. You can gain free access to the Research Topic
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Exploring the mechanism of
action of Xuanfei Baidu granule
(XFBD) in the treatment

of COVID-19 based on
molecular docking and
molecular dynamics

Li Xiong", Junfeng Cao™, Xingyu Yang*, Shengyan Chen®,
Mei Wu?, Chaochao Wang*, Hengxiang Xu?, Yijun Chen,
Ruijiao Zhang?, Xiaosong Hu?, Tian Chen?, Jing Tang?,
Qin Deng®, Dong Li*, Zheng Yang®*, Guibao Xiao**

and Xiao Zhang**

Clinical Medicine, Chengdu Medical College, Chengdu, China, 2Chengdu Medical College of Basic
Medical Sciences, Chengdu, China, *Department of Infectious Diseases, First People’s Hospital of
Ziyang, Ziyang, China

Purpose: The Corona Virus Disease 2019 (COVID-19) pandemic has become a
challenge of world. The latest research has proved that Xuanfei Baidu granule
(XFBD) significantly improved patient’s clinical symptoms, the compound drug
improves immunity by increasing the number of white blood cells and
lymphocytes, and exerts anti-inflammatory effects. However, the analysis of
the effective monomer components of XFBD and its mechanism of action in
the treatment of COVID-19 is currently lacking. Therefore, this study used
computer simulation to study the effective monomer components of XFBD and
its therapeutic mechanism.

Methods: We screened out the key active ingredients in XFBD through TCMSP
database. Besides GeneCards database was used to search disease gene
targets and screen intersection gene targets. The intersection gene targets
were analyzed by GO and KEGG. The disease-core gene target-drug network
was analyzed and molecular docking was used for verification. Molecular
dynamics simulation verification was carried out to combine the active
ingredient and the target with a stable combination. The supercomputer
platform was used to measure and analyze the number of hydrogen bonds,
the binding free energy, the stability of protein target at the residue level, the
solvent accessible surface area, and the radius of gyration.

Results: XFBD had 1308 gene targets, COVID-19 had 4600 gene targets, the
intersection gene targets were 548. GO and KEGG analysis showed that XFBD
played a vital role by the signaling pathways of immune response and
inflammation. Molecular docking showed that I-SPD, Pachypodol and
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GRAPHICAL ABSTRACT

The mechanisms analysis of Xuanfei Baidu Granules (XFBD) in the treatment of COVID-19.

Monocytes

Eosinophils

10.3389/fcimb.2022.965273

Vestitol in XFBD played a role in treating COVID-19 by acting on NLRP3, CSF2,
and relieve the clinical symptoms of SARS-CoV-2 infection. Molecular
dynamics was used to prove the binding stability of active ingredients and
protein targets, CSF2/1-SPD combination has the strongest binding energy.

Conclusion: For the first time, it was found that the important active chemical
components in XFBD, such as [-SPD, Pachypodol and Vestitol, reduce
inflammatory response and apoptosis by inhibiting the activation of NLRP3,
and reduce the production of inflammatory factors and chemotaxis of
inflammatory cells by inhibiting the activation of CSF2. Therefore, XFBD can
effectively alleviate the clinical symptoms of COVID-19 through NLRP3 and
CSF2.

KEYWORDS

COVID-19, Xuanfei Baidu granule, bioinformatics analysis, molecular docking,
molecular dynamics

Xuanfei Baidu granule (XFBD)

Introduction

Coronavirus disease 2019 (COVID-19) is a highly infectious
disease caused by severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) (Lai et al., 2020). Since the outbreak of
COVID-19, it has been characterized by strong infectivity,
long treatment time after infection, and high mortality of
patients with severe illness (Fogarty H, et al., 2020; Rowan NJ,
et al, 2020; Goldman DT, et al, 2021). The latest clinical

Frontiers in Cellular and Infection Microbiology

research findings that the main physiological and pathological
feature of severe COVID-19 is “cytokine storm”, also known as
inflammatory storm (Oueédraogo et al,, 2020). It is an immune
response produced by a positive feedback loop between
cytokines and immune cells, and it is also the state which the
body’s immune system has evolved from “self-protection” to
“over-protection” (Bellanti and Settipane, 2020). Therefore, the
outbreak of inflammation is an important pathological factor
leading to the aggravation and even death of patients with
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respiratory damage caused by COVID-19 (Liu et al, 2021),
however, there is no clear antiviral therapy for COVID-19 in the
clinic (Panyod et al., 2020). The latest clinical trials show that
traditional Chinese medicine has a significant effect on viral
pneumonia. Clinical studies have shown that XFBD combined
with conventional drugs can significantly improve clinical
symptoms such as fever, cough, fatigue, loss of appetite, etc.
XFBD treatment can increase the number of white blood cells
and lymphocytes to improve immunity, while significantly
reducing C-reactive protein and erythrocyte sedimentation rate
to play an anti-inflammatory effect (Xiong et al., 2020; Zhao
et al,, 2021a). Meta-analysis demonstrated that XFBD alleviated
clinical symptoms in most patients with mild or moderate
COVID-19, and reduced the transition of mild patients to
severe disease (Runfeng et al, 2020; Wang et al, 2022).At
present, the symptomatic treatment of COVID-19 with
integrated traditional Chinese and Western medicine has been
clinically applied in China, and good therapeutic effects have
been achieved.

Currently, the National Health Commission of China
recommends the traditional Chinese medicine compound
Xuanfei Baidu Granule (XFBD) for the clinical treatment of
COVID-19 (Xie, 2020).

Xuanfei Baidu granule (XFBD) consists of 13 Chinese
materia herbs: bitter almond, atractylodes, artemisia annua,
patchouli, polygonum cuspidatum, verbena, reed root,
ephedra, coix seed, exocarpium, licorice, semen lepidii, and
gypsum (Zhao et al, 2021a). XFBD is a traditional Chinese
medicine compound for the treatment of anti-epidemic, which is
designed for the pathological characteristics of wet toxin (Xie,
2020). XFBD has the effects of inhibiting viral infections,
promoting the absorption of lung inflammation, and reducing
inflammatory factors.

A large number of clinical studies have shown that Xuanfei
Baidu granule (XFBD) can effectively relieve the clinical
symptoms of COVID-19 patients (Li et al., 2021a). The latest
clinical study found that XFBD combined with conventional
drugs significantly improved the clinical symptoms of COVID-
19 patients, increased the number of white blood cells and
lymphocytes, and decreased C-reactive protein and erythrocyte
sedimentation rate. This result suggested that XFBD had a
potential immunomodulatory role in the treatment of
COVID-19 (Xiong et al., 2020).

However, there is currently a lack of more in-depth and
systematic research on Xuanfei Baidu granule (XFBD) in the
treatment of COVID-19. And XFBD is a traditional Chinese
medicine compound, its complex components also hinder the
related research in the treatment of COVID-19. Molecular
dynamics can comprehensively and systematically simulate the
interaction and binding stability between small molecule
monomers and protein targets with the help of powerful
computing power.
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Molecular dynamics (MD) is an interdisciplinary subject
based on the knowledge of physics, chemistry, life science,
materials and other disciplines. It uses large computer clusters
(or even supercomputers) as the carrier, it aims to obtain data
such as microstructure, physical and chemical properties, and
performance characterization parameters of materials by
calculation (Santos et al., 2019). It is a supplement and in-
depth excavation of the traditional materials discipline mainly
based on experiments. Through the data obtained by calculation,
the mechanism behind the experiment is researched and
analyzed at multiple levels from the microscopic, mesoscopic
and macroscopic scales. So that it is not only limited to
“qualitative”, but can rise to the theoretical height of
“quantitative” (Anuar et al., 2021). It analyzes the behavioral
law of molecular motion by solving the potential function of
intermolecular interaction and the equation of motion, simulates
the dynamic evolution process of the system, and provides
microscopic quantities (such as: the coordinates and velocity
of molecules, etc.) and macroscopic observable quantities (such
as: the relationship between the temperature, pressure, heat
capacity of the system, etc.) (Sivakumar et al., 2020), so as to
study the equilibrium properties and mechanical properties of
the composite system, it is an effective research method to study
the properties of drugs and protein stability. Firstly, molecular
dynamics solves the equation of motion for a many body system
composed of atomic nuclei and electrons. Secondly, molecular
dynamics can not only directly simulate the macroscopic
evolution characteristics of matter, but also obtain calculation
results that are consistent with or similar to the experimental
results. Finally, molecular dynamics can give the microscopic
evolution process of the system from the atomic level, and
intuitively show the mechanism and law of the experimental
phenomenon. Therefore, molecular dynamics can provide a
clear picture of the microstructure, particle motion and their
relationship with macroscopic properties. Molecular dynamics
can also make our research more efficient, more economical, and
more predictable.

This study used bioinformatics to screen out potential
effective monomers from Xuanfei Baidu granule (XFBD). The
core intersection targets of XFBD and COVID-19 were screened
by GeneCards database. PPI, GO and KEGG were used to
analyze the potential associations between gene targets to
explore the mechanisms of action and potential pathways.
Molecular system movement was used to their simulate the
result of calculating interrelationships from the cellular level to
the chemical group level. Molecular docking was used to
determine the affinity of monomeric compounds and protein
targets, molecular dynamics was used to simulate the stability of
bound complexes. The research on the mechanism of XFBD in
the treatment of COVID-19 will promote its clinical application,
lay a solid foundation for related research and promote
further research.
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Material and methods

Identification and screening of
active compounds

Traditional Chinese Medicine Systems Pharmacology
Database (TCMSP, http://tcmspw.com/) was used to screen
and analyse all compounds of the thirteen Chinese medicinal
herbs in Xuanfei Baidu granule (XFBD) (Daina et al., 2019).
Compounds of XFBD are screened according to two key
parameters, namely oral bioavailability (OB) and drug
similarity (DL), in the assessment categories of absorption,
distribution, metabolism and excretion. OB was defined as the
degree to which active ingredients are used by the body (Ru et al.,
2014). OB largely determines the effect of the compound on the
disease, DL is used to screen and refine candidate compounds
early in drug development. In this study, the active compounds
in XFBD were selected according to the criterion of OB>30%
and DL>0.18 (Xu et al.,, 2012).

The intersection of disease and drug
gene targets

We used the GeneCards (https://genecards.weizmann.ac.il/
v3/), “COVID-19” and “SAR-Cov-2” were uesd to be the key
words to obtain the disease gene targets, and COVID-19-related
genes were screened from genecard with relevance score>5 as
the threshold, relevance score is a comprehensive evaluation of
the association between genes and research diseases. We also
imported the 13 Chinese materia herbs of Xuanfei Baidu granule
(XFBD) into genecards to obtain drug gene targets. The drug
gene targets and the disease gene targets were combined through
the venny website to obtain intersection gene targets.

Xuanfei Baidu granule treatment of
COVID-19 interaction protein targets
(Protein-Protein Interaction)
network building

The STRING database was used to analyze the protein-
protein interaction (PPI) of Xuanfei Baidu granule (XFBD) in
the treatment of COVID-19. STRING database covers the
majority of known human protein-protein interaction
information (Szklarczyk et al., 2019). In order to further clarify
the interaction between potential protein targets, all potential
therapeutic protein targets of XFBD on COVID-19 were
imported into Cytoscape 3.7.1 to analyze (Shannon et al,
2003), we defined the protein type as “Homo sapiens”, and
obtained relevant information on protein interactions by
STRING database. Finally, the network topology parameters
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were analyzed by Cytoscape 3.7.1, and the hub protein targets
were screened out according to the criterion that the node degree
value and the betweenness center value were greater than the
average value.

The gene target enrichment analysis

The interaction gene targets were used in DAVID database
for gene ontology (GO) functional annotation and Kyoto
Encyclopedia of Genes and Genomes (KEGG) enrichment
analysis. We obtained the molecular function (MF), cellular
component (CC) and related biological process (BP) of the
gene targets through GO enrichment. The disease-related
targets obtained from screening were input into the DAVID
database by entering the list of target gene names and selecting
the species as “homo sapiens” (Huang Da et al., 2009). In this
study, KEGG pathway enrichment analysis was performed on
the relevant signaling pathways involved in the target, and gene
target screening was performed under the condition of p<0.05.
The main biological processes and signaling pathways of Xuanfei
Baidu Granules (XFBD) on COVID-19 were analyzed. This
study visualized the results of GO enrichment and KEGG
enrichment by the Omicshare Tools platform (Cao et al., 2022).

Network diagram of “ Disease-core
target gene-drug “

Cytoscape 3. 7. 1 network map software was used to
construct a disease-core target gene-drug network and conduct
topological analysis. The core gene targets can be screened based
on the node degree value greater than two times the median
(Cao et al., 2022).

Component target molecular docking
and validation of the docking protocol

Molecular docking was used to study the molecular affinity
of Xuanfei Baidu granule (XFBD) small-molecule potent
antiviral compounds with COVID-19 protein targets. The
protein crystal structure used for docking was downloaded
from the PDB database, and the 3D structure of the small
molecule was downloaded from the PUBCHEM database, and
energy minimization was performed under the MMFF94 force
field. In this study, AutoDock Vina 1.1.2 software was used for
molecular docking work. Before docking, PyMol 2.5 was used to
process all receptor proteins, including removal of water
molecules, salt ions and small molecules (Kim et al., 2016).
Then set up the docking box, use the PyMol plugin center of
mass.py to define the center of the docking box based on the
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position of the crystal ligand, and set the box side length to 22.5
angstroms. In addition, ADFRsuite 1.0 was used to convert all
processed small molecules and receptor proteins into the
PDBQT format necessary for docking with AutoDock Vina
1.1.2. When docking, the exhaustiveness of the global search is
set to 32, and the rest of the parameters remain the default
settings. The output highest scoring docked conformation was
considered to be the binding conformation for subsequent
molecular dynamics simulations (Kim et al., 2016). The study
used the original crystal ligand of the protein target as a positive
reference, and we analyzed and compared the binding posture of
the original crystal ligand and protein, the chemical bond length
and the chemical bond angle by re-docking the original crystal
ligand and protein. Finally, the consistency of the binding mode
can indicate the correctness of the molecular docking protocol
(Cao et al., 2022).

Molecule dynamics

The highest scoring conformations determined by molecular
docking analysis were further validated by running 50ns
molecular dynamics simulations. Molecular dynamics (MD)
simulation is a comprehensive set of molecular simulation
methods combining physics, mathematics and chemistry. This
method mainly relies on Newtonian mechanics to simulate the
motion of molecular systems, we calculate macroscopic
properties such as thermodynamic quantities of a system by
taking samples from an ensemble of different states of a
molecular system.

In this study, all-atom molecular dynamics simulations were
performed based on the small molecule and protein complexes
obtained from the molecular docking results as the initial
structure, and the simulations were performed using AMBER
18 software (Maier et al., 2015). The charge of the small molecule
was calculated in advance by the antechamber module and the
Hartree-Fock (HF) SCF/6-31G* of the gaussian 09 software
before the simulation. Afterwards, small molecules and proteins
were described using the GAFF2 small molecule force field and
the ff14SB protein force field, respectively. Each system used the
LEaP module to add hydrogen atoms to the system, added a
truncated octahedral TIP3P solvent box at a distance of 10 A,
and added Na+/Cl- to the system to balance the system charge
(Harrach and Drossel, 2014). Finally, the simulated topology and
parameter files were exported.

Ligands were parameterized using a generic amber force
field (GAFF) using a combination of AmberTools18 and
ACPYPE 51 protocols (Wang et al, 2006). After the initial
addition of hydrogen atoms to each system, the system uses the
steepest descent algorithm for vacuum minimization. Solvent
was then added and the system ions were equilibrated using
counter ions (Na+/Cl-). The proteins were all energy minimized
using the steepest descent method and the conjugate gradient
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method. This was followed by an NVT and NPT ensemble (1000
ps, dt of 2 fs) and an MD run (100 ns, dt of 2 fs) at 298 K
temperature and 1 bar pressure using the skip integrator
algorithm. The coordinates and energy of the system are saved
every 10 ps. Finally, 50ns production simulations were carried
out for each system under periodic boundary conditions. For all
simulations, the van der Waals force (vdw) cutoff and short-
range electrostatic interactions were set to 10 A. The Particle-
Mesh-Ewald (PME) method is used to evaluate long-range
electrostatic interactions. Molecular dynamics simulation
trajectories include protein-ligand complex root mean square
deviation (RMSD), root mean square fluctuation (RMSF), radius
of gyration and solvent accessible surface area (SASA).

MMGBSA binding free energy calculation

The binding free energy was investigated using the MM-
PBSA method, and the conformational stability was studied in
detail. The binding free energies between proteins and ligands
for all systems were calculated by the MM/GBSA method (Hou
etal., 2011). The molecule dynamics trajectory of 50 ns was used
for calculation, and the specific formula is as follows:

AGbind = ACjcomplex - (AGreceptor+AGligand)
= AEintemal + AEVDW + AEelec + AC;GB'+'AGSA

In the formula, Einternal represents internal energy, EVDW
represents van der Waals interaction and Eelec represents
electrostatic interaction. The internal energy includes bond
energy (Ebond), angular energy (Eangle) and torsional energy
(Etorsion); GGB and GGA are collectively referred to as
solvation free energy, where GGB is the polar solvation free
energy and GGA is the non-polar solvation free energy. For this
paper, the GB model developed by Nguyen was used for
calculation (igb = 2). The non-polar solvation free energy
(GSA) was calculated based on the product of surface tension
(y) and solvent accessible surface area (SA), GSA = 0.0072 x
SASA15. The entropy change is ignored in this study due to high
computational resource consumption and low precision (Cao
et al., 2022).

Results

Identification of potentially active
compounds in Xuanfei Baidu granule

In total, 178 potential compounds in Xuanfei Baidu granule
(XFBD) were retrieved from the TCMSP database with the
criteria of DL>0.18 and OB230%, by further improving the
OB score (OB=74%), five core active compounds in XFBD were
screened out, shown in Table 1.
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TABLE 1 The core active compounds in Xuanfei Baidu Granules (XFBD) Binding free energies and energy components.

MOL_ID Molecule Name OB
MOL013287 Physovenine 106.219
MOL012922 I-SPD 87.34
MOL007207 Machiline 79.64
MOL005890 pachypodol 75.06
MOL000500 Vestitol 74.65

OB, oral bioavailability.
MW, molecular weight.
BBB, blood brain barrier.
DL, drug similarity.

Obtained common gene targets
by intersection

We obtained 1308 Xuanfei Baidu granule (XFBD) gene
targets and 4600 COVID-19 gene targets. A total of 548
intersection gene targets were processed by Venny, shown
in Figure 1.

Core intersection target screening and
PPI network diagram

We obtained intersection genes targets of relevance score
through GeneCards, relevance score>5 which were considered as
a core intersection gene target, through STRING database
analysis of 33 mapping of the core intersection gene targets of
COVID-19 and XFBD, the study constructed the PPI network
interaction map of the target protein of XFBD in the treatment
of COVID-19, shown in Figure 2A. 11 core genes (such as CSF2,
IFNG, NLRP3, etc.) were obtained by setting the interaction
score (confidence degree>0.95), and the study used the 11 core
gene targets to reconstruct the core PPI network, shown
in Figure 2B.

GO and KEGG enrichment analysis

The 33 intersection gene targets were imported into the
DAVID database for enrichment analysis. Under the condition
of p<0.05, the GO enrichment analysis yielded a total of 277 GO
entries, including 239 BP entries, 23 CC entries, and 15 MF
entries. According to the number of targets contained, the top 10
BP, CC and MF compressions were screened. The results showed
that in biological processes, biological processes were highly
correlated with inflammation and viral replication, mainly
involving the cytokine-mediated signaling pathway,
inflammatory response, and immune response. Among cell
components, extracellular space, extracellular region and cell
surface account for a relatively large amount. In molecular
functions, cytokine activity, protein binding and receptor

Frontiers in Cellular and Infection Microbiology

MW

262.34
327.41
285.37
356.40
27232

13

Alogp Caco2 BBB DL
2.08 0.50 020 0.18
3.09 0.75 020 0.54
2.82 0.78 0.08 023
2.99 0.83 0.11 039
314 0.85 029 020

binding are relatively high, shown in Figures 3A-F. KEGG
pathway analysis yielded 72 pathways with p<0.05. According
to the number of targets contained, the first 15 pathways were
screened. The results showed that the enriched pathways
involved multiple pathways related to inflammation and
immune response, mainly coronavirus disease COVID-19,
influenza A, cytokine-cytokine receptor interaction and other
signaling pathways, shown in Figures 3G, H.

Disease-core gene target-drug network

The disease-core gene target-drug network was constructed
to show the main signal pathway and biological process of
Xuanfei Baidu granule (XFBD) in the treatment of COVID-19,
shown in Figure 4.

Molecular docking

The 11 core intersection gene targets were selected for
molecular docking. The stability of receptor-ligand binding
depends on the binding energy. The lower the binding energy
of the complex, the more stable the receptor-ligand binding
conformation. The results show that the binding of CSF2/I-SPD
complex is mainly maintained by hydrogen bonding and
hydrophobic interaction. For example, I-SPD can form
hydrogen bonding with GLN-43 on CSF2 protein, and also
with TYR-71, LEU-42, ILE-104, PRO-105 forms a hydrophobic
interaction, shown in Figure 5A. The binding of CSF2/Vestitol
complex is mainly through hydrophobic interaction, for
example, the small molecule Vestitol and PRO-76, LEU-42,
TYR-71, ILE-104, PRO-105 on the protein form hydrophobic
interaction, shown in Figure 5B. In the NLRP3/I-SPD binding
complex, the small molecule I-SPD forms hydrogen bonds with
GLN-468, SER-470, ALA-72, and also with VAL-197, GLU-473,
LEU-472, TYR-476, PHE -419 forms a hydrophobic interaction.
In addition, we also observed that I-SPD and ARG-422 form
cationic pi conjugation, shown in Figure 5C. The binding of
NLRP3/Pachypodol suggested that the small molecule
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FIGURE 1

Intersection targets-active ingredient networks. Targets of the intersection of Xuanfei Baidu granule (XFBD) and COVID-19.

Pachypodol forms hydrogen bonds with VAL-197, GLU-200
and GLU-213, and also forms hydrophobic interactions with
LEU-199 and PRO-196 on the protein, shown in Figure 5D,
molecular docking result scores are shown in Figure 6.

Molecular dynamics results

The root mean square partiality of molecular dynamics
simulation is used to reflect the movement process of the
complex. The larger the RMSD value of the complex, the more
severe the fluctuation and the more intense the movement. On
the contrary, the movement is stable. The RMSD of the four
systems gradually converged in the first 5 ns of the simulation,
and kept stable fluctuations in the subsequent simulations. It is
suggested that the motion of the four complexes is stabilized
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after the combination of the kinetics. In comparison, CSF2/
Vestitol (red line) has the lowest RMSD, followed by NLRP3/I-
SPD, then CSF2/I-SPD, and finally NLRP3_Pachypodol,
indicating that the stability of these complexes is CSF2/I-SPD,
CSF2/Vestitol, NLRP3/I-SPD, NLRP3/Pachypodol. However, it
is worth emphasizing that the RMSD results of all complexes
suggest that small molecules can bind to proteins and maintain a
relatively stable state. The results are shown in Figure 7.

Combined free energy calculation results

Based on the trajectory of the molecular dynamics
simulation, we calculated the binding energy using the
MMGBSA method, which can more accurately reflect
the binding mode of small molecules and target proteins. The
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PPI=0.95

Protein-protein interaction (PPI) network. (A) PPl network of protein target, (B) PPl network of core protein target (confidence>0.95).

binding energies of CSF2/I-SPD, CSF2/Vestitol, NLRP3/I-SPD,
and NLRP3_Pachypodol complexes were -20.89 + 1.32 kcal/mol,
27.57 + 2.78 kcal/mol, -30.52 + 1.17 kcal/mol, and -21.65 + 3.36
kcal/mol. The negative values indicate that both molecules have
binding affinity for the target protein, and lower value indicate
stronger binding. Obviously, our calculations show that these
molecules and the corresponding proteins have a certain binding
affinity and are very strong. Among them, NLRP3/I-SPD and
CSF2/Vestitol have higher binding energies. For the binding
energy of the NLRP3/I-SPD complex, the energy decomposition
shows that the van der Waals energy is the main contribution
energy. For the binding energy of the CSF2/Vestitol complex, the
energy decomposition shows that the electrostatic energy is the
main contribution energy. The experimental results are shown
in Table 2.

Hydrogen bond analysis

Hydrogen bonds are one of the strongest non-covalent
binding interactions. The more the number, the better the
binding. The results suggest that the number of hydrogen bonds
between small molecules and NLRP3 is significantly more than
the number of hydrogen bonds with CSF2. Combining the above
binding modes, we can see that the number of hydrogen bonds is
small. The interaction of molecules and NLRP3 may be
dominated by hydrogen bonding, especially the NLRP3/I-SPD
complex with the strongest binding energy. The interaction of
small molecules with CSF2 may not mainly occur through
hydrogen bonding, but through hydrophobic interaction. The
results are shown in Figure 8.
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The stability of the target protein at the
residue level

To explore the local fluctuations of macromolecular proteins
at the residue level, the vibrations of each residue after
compound binding were explored as root mean square
fluctuations (RMSF). RMSF can reflect the flexibility of
proteins during molecular dynamics simulations. Usually, after
the drug binds to the protein, the flexibility of the protein
decreases, thereby achieving the effect of stabilizing the protein
and exerting the effect of enzymatic activity. The RMSF of the
CSF2 and NLRP3 proteins after binding different small
molecules is generally low, indicating that the protein as a
whole has good rigidity, shown in Figure 9. It is worth noting
that for CSF2, the decrease in RMSF after the binding of Vestitol
small molecule indicates a significant decrease in protein
rigidity; however, for NLRP3, the effect of I-SPD and
Pachypodol on protein RMSF was not different.

Analysis of the radius of gyration

The radius of gyration (Rg) reflects the compactness of the
embodiment and can reflect the degree of binding of the system.
For the CSF2 protein, the Rg after combining two small
molecules acts at 13.7 angstroms; for the NLRP3 protein, the
compactness after combining the small molecules is about 23.8
angstroms. The overall values are low, implying that the system
is denser and more closely combined. It is worth mentioning
that the CSF2 protein is smaller, and the Rg of CSF2 is smaller
than that of NLRP3, the results are shown in Figure 10.
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Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis of related genes. (A) The top 10 terms in biological
processes (BP) were greatly enriched. (B) The subnetwork displayed the first 10 BP terms and related genes. (C) The top 10 terms in cellular
components (CC) were greatly enriched. (D) The subnetwork displayed the first 10 CC terms and related genes. (E) The top 10 terms in
molecular function (MF) were greatly enriched. (F) The subnetwork displayed the first 10 MF terms and related genes. (G) The first 15 KEGG

pathways were showed. (H) the subnetworks displayed the first 15 KEGG pathways and related.
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FIGURE 4
Disease-core gene target-drug network. Square nodes represent gene targets, triangular nodes represent signaling pathways (KEGG), and
octagonal nodes represent gene ontology (GO) of related genes.

Analysis of solvent accessible
surface area

Solvent accessible surface area is calculated as the interface
surrounded by solvent. This solvent behaves differently under
different conditions and is therefore a useful parameter for
studying protein conformational dynamics in a solvent
environment. The contact area between the four complexes
and water is similar, and the small molecule has little effect on
the effect of protein and water, the results are shown
in Figure 11.

Discussion

This study explored the pharmacological mechanism of
Xuanfei Baidu granule (XFBD) in the treatment of COVID-19
by molecular docking and molecular dynamics simulation
based on molecular system movement. For the first time, it
was found that the important active chemical components I-
SPD and Pachypodol in XFBD could reduce the inflammatory
response and apoptosis by inhibiting the activation of NLRP3,
and reduce the production of inflammatory response. And I-
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SPD and Vestitol could inhibit the activation and chemotaxis
of inflammatory cells through CSF2, prevent the generation of
inflammatory storm. Therefore, Vestitol, Pachypodol and I-
SPD in XFBD could effectively treat COVID-19 through
NLRP3 and CSF2 and reduce the clinical symptoms
of patients.

Bioinformatics analysis of XFBD

Pachypodol, I-SPD and Vestitol in XFBD play a role in
treating COVID-19 by acting on NLRP3, CSF2, and relieve the
clinical symptoms of SAR-Cov-2 infection.

Pachypodol and I-SPD reduce inflammation and apoptosis
by inhibiting the activation of NLRP3, thereby exerting
protective effects on the respiratory and nervous systems of
patients. Analysis of protein interaction network PPI suggested
that NLRP3 was closely related to viral infections and
inflammatory responses targets, GO analysis results suggest
that NLRP3 is mainly located in extracellular space, KEGG
pathway analysis found that NLRP played a role in
coronavirus disease COVID-19, influenza A and other
pathways. The analysis results suggest that the SARS-CoV 3a
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protein, as a transmembrane pore-forming viral protein, can
activate the NLRP3 inflammasome by forming ion channels in
macrophages. At the same time, NLRP3 is found to play a role in
pathways such as influenza A, and the inflammasome NLRPS
can induce the production of the inflammatory cytokine IL-10 in
host cells, resulting in an inflammatory cytokine storm.
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Inflammatory cytokine storms can cause acute respiratory
distress syndrome (ARDS) and acute lung injury (ALI).
Vestitol and I-SPD mainly act on CSF2 to suppress cytokine
storm and infiltration of immune cells. CSF2 was closely related
to inflammatory targets in PPL. GO analysis results suggest that
CSF2 is mainly located in extracellular region. KEGG pathway
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TABLE 2 Binding free energies and energy components predicted by MM/GBSA (kcal/mol).

System name CSF2/I-SPD CSF2/Vestitol NLRP3/I-SPD NLRP3/Pachypodol
AE, 4y -31.85 + 0.83 3521+ 1.70 -39.13 + 4.72 -26.90 + 1.87
AE,.. -74.07 + 6.98 143 +2.49 -77.18 + 10.66 -15.70 + 5.59
AGgg 88.70 + 7.47 10.83 + 2.40 90.77 + 6.69 24.61 + 435
AGgy -3.67 + 0.11 -4.63 % 0.15 -4.97 +0.18 -3.65 + 0.23
AGyina -20.89 + 1.32 2757 +2.78 -30.52 + 1.17 -21.65 * 3.36

AE,qw: van der Waals energy.

AEj: electrostatic energy.

AGgg: electrostatic contribution to solvation.
AGg: non-polar contribution to solvation.
AGyng: binding free energy.

analysis found that CSF2 played a role in cytokine-cytokine
receptor interaction and other pathways. CSF2 can be seen as an
attractive mediator. CSF2 is produced as a pro-inflammatory
cytokine by many cells, including macrophages, T cells,
endothelial cells, and epithelial cells. CSF2 can control the
production and differentiation of granulocytes and
macrophages, and CSF2 has the effect of promoting
tissue inflammation

However, the current bioinformatic analysis results can only
predict potential relationships between drugs and gene targets
and proteins. Therefore, the use of molecular docking and

molecular dynamics in this study can verify the potential
relationship of XFBD in the treatment of COVID-19.

Analysis of molecular docking and
molecular dynamics

There is a strong affinity between active ingredient of
medicine (such as Pachypodol, I-SPD and Vestitol) and the
protein targets (such as NLRP3 and CSF2) through molecular
docking tests. Molecular dynamics suggest that they can
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Changes in the number of hydrogen bonds between small molecule ligands and protein receptors in complex system simulations (A) CSF2/1-

SPD, (B) CSF2/Vestitol, (C) NLRP3/I-SPD, (D) NLRP3/Pachypodol.
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Changes in the stability of protein targets at the residue level (A) CSF2/I-SPD and CSF2/Vestitol. (B) NLRP3/I-SPD and NLRP3/Pachypodol.

maintain a very stable binding state, and then play a
pharmacological role in the treatment of COVID-19.

I-SPD could stably act on NLRP3 and CSF2, especially NLRP3/
I-SPD showed strong stability. Molecular docking showed that the
binding energies of small molecules to NLRP3 and CSF2 reached
-7.9 and -8.0. Based on the trajectory of the molecular dynamics
simulation, we calculated the binding energy using the MMGBSA
method, which could more accurately reflect the binding mode of
small molecules and target proteins. The binding free energy results
showed NLRP3/I-SPD and CSF2/I-SPD were -39.13 + 4.72 kcal/
mol and -31.85 + 0.83 kcal/mol, for the binding energy of the
NLRP3/I-SPD complex, the energy decomposition showed that the
van der Waals energy was the main contributing energy. In
the molecular dynamics simulation, the RMSDs of NLRP3/I-SPD
and CSF2/I-SPD both converged gradually in the first 5 ns of the
simulation and preserved stable fluctuations in subsequent
simulations, implying that the kinetics of the four complexes are
stabilized after binding, and CSF2/I-SPD binding was more stable
than NLRP3/I-SPD. NLRP3/I-SPD binding results suggested that
small molecule I-SPD forms hydrogen bonds with GLN-468, SER-
470, ALA-72, and also formed with VAL-197, GLU-473, LEU-472,
TYR-476, PHE-419 Hydrophobic interaction.
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The binding of Pachypodol to NLRP3 is relatively stable,
molecular docking showed that the binding energies of small
molecules to NLRP3 reached -8.2. The binding free energy
results show NLRP3/Pachypodol was -26.90 + 1.87kcal/mol.
The number of hydrogen bonds of NLRP3/Pachypodol is
relatively stable. The high fluctuation of residues in NLRP3/
Pachypodol may be due to the influence of its own multiple
peptide chains. NLRP3/Pachypodol binding results suggested
that small molecule Pachypodol formed hydrogen bonds with
VAL-197, GLU-200, GLU-213, and also formed with LEU-199
and PRO-196 Hydrophobic interaction.

Vestitol combined with CSF2 can form stable complexe, but
there were some abnormal fluctuations, which may be due to the
influence of the number and angle of binding bonds. molecular
docking showed that the binding energies of small molecules to
CSF2 reached -7.9. The binding free energy results showed
CSF2/Vestitol was -35.21 + 1.70 kcal/mol, for the binding
energy of the CSF2/Vestitol complex, the energy
decomposition showed that electrostatic energy was the main
contributing energy. We found that RMSF decreased after CSF2
bound to the small molecule Vestitol, suggesting that protein
rigidity was significantly decreased. CSF2/Vestitol binding
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results suggested that PRO-76, LEU-42, TYR-71, ILE-104,
PRO-105 on small molecules and proteins form
hydrophobic interactions.

We presented the microscopic evolution process of the
complex system from the level of small molecules and protein
residues through molecular docking and molecular dynamics.
Computer simulations visualized the binding states of NLRP3/I-
SPD, CSF2/I-SPD, NLRP3/Pachypodol and CSF2/Vestitol. The
simulation results showed that the combination of the four
complexes can remain relatively stable in the kinetic
simulation, thus providing theoretical support for the role of
small molecule drugs.

There are certain differences between Xuanfei Baidu
granule (XFBD) and traditional single small molecule drugs
in the treatment of COVID-19 (Choudhury et al., 2021; Yan
et al, 2021). Because Xuanfei Baidu granule (XFBD) as a
traditional Chinese medicine compound contains thousands
of active small molecules, XFBD can treat diseases through
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multiple small molecular components acting on multiple
disease-related target proteins, while reducing the adverse
drug reactions. Therefore, molecular docking and molecular
dynamics can be used to more deeply and objectively study
the mechanism of action of small molecules in XFBD that
coordinate and interact with each other to treat COVID-19.
Some studies have used network pharmacology methods to
enrich the targets and pathways of traditional Chinese
medicines (such as: Lung Cleansing and Detoxifying
Decoction (LCDD)) and explore their therapeutic effects on
COVID-19 (Xu et al., 2021). This study not only analyzed and
drawed on relevant network pharmacology research results,
but also used the supercomputer platform to simulate the
relationship between small molecule drugs and protein
targets through molecular dynamics. For example,
molecular dynamics can show the moverment stable
between small molecule drugs and protein targets. The root
mean square deviation partiality (RMSD)of molecular
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dynamics simulation can reflect the movement process of
the complex.

Therefore, the results of this study could further explain the
mechanism of action and related signaling pathways of XFBD in
the treatment of COVID-19.

Pachypodol and I-SPD can reduce
inflammation and apoptosis
through NLRP3

As an essential component of the innate immune system, the
NLRP3 inflammasome is important for antiviral host defense,
and its abnormal activation can lead to pathological tissue
damage during infection.

The NLRP3 inflammasome is a high molecular weight
protein complex composed of the upstream sensor protein
NLRP3 and the downstream effector protein caspase-1
(Lamkanfi and Dixit, 2012). When caspase-1 is activated, it
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promotes the activation of cytokines IL-1f and IL-18 (Mangan
et al., 2018), which eventually leads to cell rupture and apoptosis
(Liu et al., 2016; Orning et al., 2019; Liu et al., 2020). During
COVID-19, the NLRP3 inflammasome is overactivated
(Ratajczak et al., 2021), leading to the production of IL-1(/18
and promoting cytokine storm (Lin et al, 2019). Viruses are
stimulators of cytokine release syndrome development (Tisoncik
et al,, 2012). Cytokine storm usually causes patients to express
clinical symptoms such as fever, hypotension, and hypoxemia
(Shimabukuro-Vornhagen et al.,, 2018). Elevated levels of IL-1
produced by the NLRP3 inflammasome further activate
neutrophils, resulting in increased levels of the neutrophil
extracellular traps (NETs) production. High levels of NETs
lead to increased clot formation associated with COVID-19
and damage to endothelial and alveolar cells (Zhao et al,
2021b). Activation of NLRP3 requires at least two steps:
initiation and activation (Xue et al., 2019). The first step of
initiation is activation of the nuclear factor kappa B (NF-kB)
signaling pathway (Gritsenko et al., 2020). NF-xB can enhance
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the transcription of pro-IL-1p, pro-IL-18 and NLRP3 (Afonina
et al, 2017). Moreover, the oligomerization of NLRP3 and the
assembly of NLRP3 and pro-caspase-1 into the NLRP3
inflammasome (Strowig et al., 2012), which is mainly
composed of adenosine triphosphate (ATP) (Karmakar et al,
2016), oxidized mitochondrial DNA (ox-mtDNA)) (Jia et al.,
2020), and mitochondrial reactive oxygen species (mtROS)
(Zhong et al., 2016) participated in the completion. SARS-
CoV-2 can cross the BBB into the central nervous system,
directly infect brain tissue, and affect human neural progenitor
cells and brain organoids (Zhang et al., 2020).

I-SPD and Pachypodol have the ability to penetrate the
blood-brain barrier and inhibit NLRPS3-mediated inflammatory
responses in the central nervous system. SARS-CoV-2 invades
brain tissue in two ways: the hematogenous pathway and the
neuronal retrograde pathway. BBB permeability is increased in
patients with neurodegenerative diseases, promoting SARS-
CoV-2 neuroinvasion (Zubair et al., 2020). NLRP3 is activated
by SARS-CoV-2 in the central nervous system, and high levels of
peripheral cytokines (such as IL-13 and IL-6) can directly pass
through the BBB or reduce BBB integrity (Mohammadi et al.,
2020), inducing peripheral leukocytes and monocytes
penetration, impairs immune homeostasis in the brain
(Heneka et al,, 2013; Yan et al, 2020). At the same time,
NLRP3 promotes the aggregation of peptides into pathogenic
fibrils and the production of inflammatory cytokines, promotes
mitochondrial dysfunction and apoptosis (Freeman and Swartz,
2020), and evolves into neurological lesions.

Therefore, we believe that I-SPD and Pachypodol can reduce
the inflammatory response and apoptosis caused by the new
coronavirus by acting on NLRP3, thereby exerting a protective
effect on the respiratory and nervous systems of patients.

Vestitol and [-SPD prevent the
generation of inflammatory storm and
the infiltration of immune cells by
inhibiting the overexpression of CSF2

Colony-stimulating factor 2 (CSF2), also known as
granulocyte-macrophage colony-stimulating factor (GM-CSF)
(Damiani et al., 2020). CSF2 is produced and secreted by many
different types of cells, mainly monocytes, macrophages and
eosinophils (Hamilton and Anderson, 2004), and normally
regulates inflammatory responses and immune activation (Shi
et al., 2006).

CSF2 can induce the survival and activation of macrophages
and neutrophils, promote the maturation of alveolar
macrophages, and play the functions of phagocytosis and
killing of viruses (Mehta et al., 2015). The transcription factor
PU.1 potentiates the promoting effect of CSF2 on the maturation
of alveolar macrophages (Berclaz et al., 2007). Elevated levels of
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CSF2 in alveolar macrophages stimulate the production of
reactive oxygen species (ROS). CSF2 affects the activation and
proliferation of immune cells (Hamilton, 2008), and plays an
important role in maintaining immune homeostasis in lung
tissue (Rosler and Herold, 2016).

CSF2 regulates the Thl immune response by inducing the
production of dendritic cells (Wang et al., 2000; Miller et al.,
2002). Interestingly, CSF2 can exert protective effects in humans.
CSF2 can regulate the metabolism of vascular collagen
(Ponomarev et al., 2007; Li et al.,, 2015; Shiomi and Usui,
2015), promote the proliferation and migration of vascular
endothelial cells, thereby contributing to the process of
angiogenesis (Tisato et al., 2013), and induce keratinocyte
proliferation and migration, which in turn stimulates wound
healing (Szabowski et al., 2000; Barrientos et al., 2008). CSF2 has
been shown to protect the lung by restoring barrier function and
stimulating epithelial cell proliferation (Huang et al., 2011), and
the alveolar epithelium exerts a protective effect against oxidative
stress-induced mitochondrial damage (Sturrock et al, 2012).
However, when SARS-CoV-2 infected lung tissue, CSF2 was one
of the most up-regulated genes in the cells. A cohort study
demonstrated a positive correlation between CSF2 and disease
severity in COVID-19 patients (Zhao et al., 2021¢). High levels
of CSF2 are found in the blood of severe COVID-19 patients
(Wu and Yang, 2020), so CSF2 is a proxy for excessive
inflammation in severe COVID-19 patients (Kluge et al,
2020). When CSF2 is overexpressed in the body, activated
monocytes induce T cell death, resulting in lymphopenia,
pathological hyperinflammatory immune response, pulmonary
fibrosis and severe immune cell infiltration (Xing et al., 1996).

The crucial downstream signaling of CSF2R has been shown
to involve JAK2/STATS5 (Lehtonen et al., 2002), ERK (Hansen
et al., 2008; Achuthan et al., 2018), NF-xB and the
phosphoinositide 3-kinase-AKT pathway (Perugini et al., 2010;
Van De Laar et al., 2012). CSF2 is regulated by JAK2, and when
activated by phosphorylation, regulates the proper
differentiation and maturation of macrophages (Notarangelo
and Pessach, 2008), and participates in various intracellular
signaling pathways such as STAT5 and MAPK (Hansen et al,
2008). Janus kinase (JAK) activates tyrosine kinase, which then
phosphorylates STAT3. Phosphorylated STAT3 activates NF-«kB
and upregulates the expression of inflammatory cytokines,
thereby enhancing inflammation, cell damage and fibrosis
(Cao et al.,, 2022). Macrophages repolarize through the CSF2/
CSF2R axis to acquire the M1 phenotype (Ao et al, 2017).
Mouse experiments confirmed that CSF2-IRF4 signaling can
upregulate MHC class II expression (Van Der Borght et al,
2018). CSF2 enhances the antigen-presenting capacity of
macrophages by increasing the expression of MHC-II (Ushach
and Zlotnik, 2016). CSF2 upregulates IRF4 expression by
enhancing JMJD3 demethylase activity (Yashiro et al.,, 2018),
and activated IRF4 can upregulate CCL17 expression in
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monocytes/macrophages, mediating the production of
inflammation (Achuthan et al., 2016). CSF2 produces airway
inflammation by activating airway eosinophils after segmental
allergen challenge (Liu et al., 2002). CSF2 induces infiltration
and activation of eosinophils in the Th2 network (Nakagome
and Nagata, 2011), producing and releasing specific granule
proteins in vitro (Nagata et al, 1998), ultimately leading to
airway pathology. The use of anti-CSF2 receptor monoclonal
antibodies to target patients with severe pulmonary disease in
COVID-19 can significantly improve clinical symptoms (De
Luca et al., 2020; Temesgen et al., 2020).

Therefore, we believe that I-SPD and Vestitol inhibit the
overexpression of CSF2 and prevent the generation of
inflammatory storm and infiltration of immune cells,
preventing mild and common COVID-19 patients from
turning into severe ones.

The mechanisms analysis of Xuanfei
Baidu in the treatment of COVID-19

The summary of the mechanisms analysis of Xuanfei Baidu
granule (XFBD) in the treatment of COVID-19 is shown in
Graphical Abstract.

Conclusion

This study revealed the pharmacological mechanism of
Xuanfei Baidu Granule (XFBD) in the treatment of COVID-
19 through molecular docking and molecular dynamics
simulation. The results showed that the important active
chemical components I-SPD and Pachypodol in Xuanfei
Baidu Granules (XFBD) can reduce the inflammatory
response and apoptosis by inhibiting the activation of
NLRP3, and reduce the production of inflammatory
response. I-SPD and Vestitol can inhibit the activation and
chemotaxis of inflammatory cells through CSE2, preventing
the generation of inflammatory storm.

Therefore, Vestitol, Pachypodol and I-SPD in Xuanfei Baidu
Granules (XFBD) can effectively alleviate the clinical symptoms
of COVID-19 patients through NLRP3 and CSF2.

Current molecular docking and molecular dynamics
analyses are difficult to quantify. Since the research
based on molecular dynamics is still in the stage of
simulation analysis, the body function is a continuous and
dynamic process. The process of disease occurrence, drug
development and efficacy are also dynamic. This study will
verify the pharmacological mechanism of Xuanfei Baidu
Granules (XFBD) in the treatment of COVID-19, as well as
the target and related signaling pathways of active ingredients
through cell experiments in the future.
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Status, challenges and
emerging opportunity
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Candidiasis is a mycosis caused by opportunistic Candida species. The
occurrence of fungal infections has considerably increased in the last few
years primarily due to an increase in the number of immune-suppressed
individuals. Alarming bloodstream infections due to Candida sp. are
associated with a higher rate of morbidity and mortality, and are emerged as
major healthcare concerns worldwide. Currently, chemotherapy is the sole
available option for combating fungal diseases. Moreover, the emergence of
resistance to these limited available anti-fungal drugs has further accentuated
the concern and highlighted the need for early detection of fungal infections,
identification of novel antifungal drug targets, and development of effective
therapeutics and prophylactics. Thus, there is an increasing interest in
developing safe and potent immune-based therapeutics to tackle fungal
diseases. In this context, vaccine design and its development have a priority.
Nonetheless, despite significant advances in immune and vaccine biology over
time, a viable commercialized vaccine remains awaited against fungal
infections. In this minireview, we enumerate various concerted efforts made
till date towards the development of anti-Candida vaccines, an option with
pan-fugal vaccine, vaccines in the clinical trial, challenges, and
future opportunities.

KEYWORDS

Mycosis, Candida, drug resistance, immunity, whole cell vaccine, pan-fungal
vaccine, antibody

Abbreviations: CDC, Centers for Disease Control and Prevention; DOX, doxycycline; NK, natural killer;
DC, dendritic cells; HKY, heat killed yeast; GXM, glucuronoxylomannan; HSA, human serum albumin;
GUTIs, genitourinary tract infections; TT, tetanus toxoid; CFA, complete Freund’s adjuvant; Als,

Agglutinin-like sequence; NP, nanoparticle.
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Introduction

In addition to viruses and bacteria, fungi are the other
organisms, that are either equally or more dangerous to
human health. Out of about 4 million diverse fungal species,
~300 species have been identified as human pathogens to cause
diseases (Hawksworth and Lucking, 2017). Candidiasis,
aspergillosis, mucormycosis, and cryptococcosis are standout
fungal infections. Despite the currently available diagnosis and
treatment, approximately 1.5 million infectants succumb per
year accounting for fungal infections worldwide, and the fatality
rate is very similar to that caused by Mycobacterium tuberculosis
(Mtb) or human immunodeficiency virus (HIV) and is more
than the deaths due to malaria or breast or prostate cancer
(Brown et al, 2012). Among these fatalities, Candida species
alone are primarily accountable for the bulk of fungal infections.
Fungal infections caused by Candida species range from
superficial mucosal candidiasis such as vulvovaginal
candidiasis (VVC) and oropharyngeal candidiasis to life
threatening bloodstream infections such as candidemia.
Systemic candidiasis is frequently reported as a consequence of
intestinal dysbiosis, impaired host immunity, and high-risk
associated medical therapy like immunosuppressive therapy,
central venous catheters, or surgical interventions (Butler
et al.,, 2009; Garcia-Vidal et al., 2013; Manohar et al., 2018;
Peroumal et al., 2019). Candidiasis represents the 4th and 6th
most common healthcare-associated bloodstream infections in
the United States and Europe, respectively (Marchetti et al,
2004; Kim and Sudbery, 2011). CDC estimates ~10 per 100,000
people of candidemia incidences and nearly 25,000 such cases
nationwide each year. Candidemia is estimated to affect nearly
half a million patients per year worldwide (Tso et al., 2018).
Since candidemia is usually diagnosed using blood cultures,
about 50% of invasive Candida infections are undetected as
the infections hit the essential internal organs like the heart,
kidney, bones, etc. (Berenguer et al., 1993). Therefore, the
existing epidemiology and incidence of invasive candidiasis
date is most likely imprecise and underestimated, and it could
be nearly 2-3 folds higher than that reported. The lack of a rapid
diagnosis using a reliable and accurate methodology is yet
another concern to Candida management. The late and poor
diagnosis of invasive candidiasis has only contributed to the rise
in multi-organ failures by septicemia-associated fatality.
Candida albicans is by far the major cause of infections among
all Candida species, trailed by Candida glabrata, Candida
parapsilosis, Candida tropicalis, and Candida krusei. Moreover,
the recent emergence of drug resistant Candida auris has
challenged the existing healthcare system (Allert et al., 2022).

Much of the available information and strategy for
overcoming bacterial and viral infections have also been
deployed for curbing the fungal invasion. As of today,
chemotherapy is the sole available option for overcoming
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fungal diseases. Polyenes, echinocandins, and azoles are the
three major classes of antifungals currently being prescribed
(Ford et al,, 2015; Lee et al.,, 2021). These antifungals exhibit a
narrow spectrum of activity to work only against certain fungal
species and cytotoxicity, and often cause side effects. Azoles are
the widely prescribed drugs that target ergosterol biosynthesis
pathways. They inhibit the accumulation of ergosterol in the
fungal cell membrane and fluidity. Although not many reports
are available to suggest immediate side effects of the use of
azoles, liver toxicity, and hormone-related adverse effects have
been associated with the prolonged use of azoles (Benitez and
Carver, 2019). Amphotericin B of the polyene group also acts on
ergosterol to alter fungal cell membrane permeability, but it is
nephrotoxic and expensive. Unlike azoles and amphotericin B,
the echinocandin class of drugs inhibits 1,3-B glucan synthase by
noncompetitive inhibition and reduces B-glucan deposition on
the fungal cell wall. Caspofungin was the first intravenously
administered antifungal in this group. The caspofungin users
suffer from fever, headache, allergic reactions, and local
inflammation of the veins (Kounis, 2013). Despite the
advances accomplished so far, overcoming and eliminating the
fungal infection has remained a domain of concern for
healthcare professionals, globally. In addition to these limited
options of anti-fungal drugs, continuous rise in the number of
cases, the emergence of drug resistance isolates, infections by
varieties of fungal strains, increase in immuno-compromised
hosts, etc. further advocate for the urgency to develop better
diagnostics, novel antifungal drugs, immunotherapeutics, and
fungal vaccines.

In this review, we have emphasized the fight against Candida
infections, more importantly, the current status of developing a
successful vaccine. Vaccines against invasive pathogens
represent a major step forward in combating illnesses, and
developing an effective and successful anti-Candida vaccine is
an apparent way to prevent candidemia. In recent years, based
on the studies of host-fungal interaction, several groups have
reported the immunogenicity and efficacy of different kinds of
potential vaccine candidates against Candida in animal models
(Ibrahim et al., 2006; Spellberg et al., 2006; Spellberg et al., 2006).
Even few potential vaccines have been found to be effective and
safe in initial clinical trials (Schmidt et al., 2012; De Bernardis
et al, 2012). Through this review, we enumerate the multiple
concerted initiatives made to date in the formulation of several
categories of Candida vaccines, an option with pan-fungal
vaccine, vaccines in a clinical trial, and challenges in
developing a successful anti- candidiasis vaccine ahead with us.

Candida vaccines

Vaccines play a critical role in preventing deaths,
hospitalization, and the spreading of diseases caused by
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infectious agents. As a protective and preventive strategy,
various vaccination programs have been placed in several
countries and achieved remarkable success in reducing
morbidity and mortality associated with various infections.
Vaccinations prevent 6 million fatalities per year all across the
world (Andre et al., 2008). Even after prolonged efforts,
currently, there is no commercialized anti-Candida vaccine
that has been approved for human use (Santos and Levitz,
2014). However, several anti-Candida experimental vaccines
have been identified during the last few decades, and two of
them have been undertaken for clinical trials (Tso et al., 2018).
Since the fatality rate due to fungal infections by the drug
resistant strains and the number of immunocompromised
individuals are on the rise, the development of an effective
fungal vaccine and its successful implementation will be a
great help to mankind. An updated summary of available
potential Candida vaccine candidates has been given below
(Figure 1 and Table 1).

Live-attenuated whole cell vaccines

Live attenuated vaccine is nothing but the whole pathogen
that has just been “weakened” (attenuated) such that it elicits
enough protective immune response but does not cause disease
in healthy people. It causes a very mild infection that ensures a

&

Live attenuated whole cell vaccine

Killed whole cell vaccine
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long-lasting protective immune memory. The concept of live
attenuated vaccines came from the Vaccinia virus, which causes
cowpox in cattle but cross-protects smallpox in humans (Riedel,
2005). Live-attenuated vaccine strategy is commonly and
effectively used in combating viral diseases such as influenza,
polio, mumps, rubella, measles, varicella, and rotavirus (Saccente
and Woods, 2010; Leibovitch and Jacobson, 2016). Such
approaches have been taken to develop a vaccine against
SARS-COV2 also, and it appears to be the lifesaver against
COVIDI19 (Sapkal et al., 2021). On the same line, several studies
reported the ability of various avirulent or low-virulent strains of
C. albicans to protect against candidiasis. C. albicans strain PCA-
2 is a caspofungin resistant mutant of its isogenic 3153A strain.
Mice immunized with PCA-2 elicit an innate immune response
by increasing the number of peripheral blood
polymorphonuclear cells (PMNs) with high candidacidal
activity. Consequently, an adoptive transfer of macrophage
cells from PCA-2 administered mice conferred substantial
protection against subsequent infection (Bistoni et al., 1986).
Fernandez-Arenas, E. et al., in their study used low virulent C.
albicans strains CM1613 (a Mitogen Activated Protein Kinase
MKCI1 deletant), CNC13 (a MAP-kinase HOG1 deletant), and a
morphologically defective mutant 92” as whole cell vaccines in
murine models (Fernandez-Arenas et al., 2004). Among these
strains, only CNCI13 strain immunized mice got partially
protected (~60-70%) when they were re-challenged with a

Experimental vaccine
against candidiasis

Pan-fungal vaccine

&

Conjugate vaccine

FIGURE 1

¥

O

DNA vaccine

Antibody vaccine

Peptide vaccine

A schematic diagram showing experimental Candida vaccines. Two recombinant protein vaccines are under clinical trial (showing green).
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TABLE 1 Summary of experimental anti-Candida vaccine candidates.

10.3389/fcimb.2022.1002406

Vaccine Description Clinical  Cross-protection Reference
category trial (non-
stage C. albicans orga-
nisms)
LA Hyphal-defective C. albicans strain PCA-2 S. aureus Bistoni et al. (1986)
LA MAP kinase-defective hogIA C. albicans strain CNC13 Fernandez-Arenas et al.
(2004)
LA Cell wall-defective ecm33A C. albicans strain RML2U Martinez-Lopez et al. (2008)
LA Filamentation-repressible C. albicans strain tet-NRG1 Saville et al. (2009)
LA Yeast-locked C. albicans strain cphlA/efglA Yang et al. (2009)
KV heat-killed S. cerevisiae yeast (HKY) A. fumigatus, C. grubii, (Liu et al. 2012), Liu et al.
and C. posadasii (2011a), Capilla et al. (2009)
Conjugate laminarin-CRM conjugation Torosantucci et al. (2005)
Conjugate B-glucan coupled with a MF59 Pietrella et al. (2010)
Conjugate Lam-CRM197, a laminarin conjugated with diphtheria toxoid (CRM197) Cassone et al. (2010)
Conjugate Lam-CRM197 coupled with MF59 Wang et al. (2015)
Recombinant recombinant N-terminus of Als1 (rAls1p-N) Ibrahim et al. (2006)
Recombinant recombinant N-terminus of Als3 (rAls3p-N) S. aureus Spellberg et al. (2006)
Recombinant Recombinant N-terminus of Als3p plus alum adjuvant (NDV-3) Phase I b/2a Schmidt et al. (2012)
clinical trial
Recombinant recombinant Sap2p De Bernardis et al. (2012)
Recombinant PEV7, a truncated Sap2p embedded into the bilipid layer of an influenza Phase I De Bernardis et al. (2012)
virosomes clinical trial
Recombinant 47-kDa fragment of C. albicans Hsp90’s from its carboxyl end (Mycograb) Matthews et al. (1987),
Matthews et al. (1989)
Recombinant recombinant form of N-terminus of Hyrl (rHyrlp-N) C. glabrata, C. krusei, Luo et al. (2011)
C. parapsilosis and
C. tropicalis
Recombinant recombinant enolase (Enolp) Shibasaki et al. (2014)
Peptide Fba (derived from C. albicans cell surface fructose bisphosphatealdolase [Fab]) Xin and Cutler (2006), Xin
or peptide Met6 (derived from C. albicans -1,2-mannotriose [B-(Man)3] et al. (2008), Han et al.
protein (1998), Xin et al. (2006)
Peptide Dendritic cells (DCs) stimulated by either Fba peptide (YGKDVKDLFDYAQE) Xin et al. (2016)
or Met6 peptide (PRIGGQRELKKITE)
Peptide Fba peptide (14-mer) conjugated with each one of five peptide mimotopes from Xin (2019)
Met6 (PS2, PS31, PS28, PS55, and PS76)
extracellular  fungal extracellular vesicles (EV) Edwards et al. (2018)
vesicles
Cell wall B-mercaptoethanol-extracted C. albicans Cell wall proteins Chaffin et al. (1998),
extract Martinez et al. (1998)

LA, live attenuated; KV, Killed vaccine.

lethal dose of wild-type infection. This study further
demonstrated that both the cellular and humoral responses
were induced upon CNC13 immunization that elicited
effective protection. This study also showed a clear difference
in the antibody pattern in the sera of non-vaccinated and
vaccinated animals with the CNC13 mutant. The cell wall acts
as an interface between the host and fungal pathogens and its
composition plays an important role in eliciting the host
immune response. Ecm33, a glycosylphosphatidylinositol-
anchored protein, is involved in the biogenesis and fungal cell
wall integrity. The C. albicans strain RML2U (ecm33A A) is
defective in its interaction with endothelial and epithelial cells
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because of its cell wall structure modification and was shown to
protect vaccinated BALB/c mice (Martinez-Lopez et al., 2008).
Nrgl is a transcription factor that negatively regulates
morphological transition in C. albicans. SSY50-B is a
genetically modified C. albicans strain where the expression of
NRGI is governed by a tetracycline-regulatable promoter. The
absence or supplementation of doxycycline (DOX) to the growth
media regulates the expression of NRGI, thereby, the
morphology and virulence get manipulated. B cell deficient
mice immunized with tet-NRGImutat strain remained
protected upon subsequent infection similar to wild type mice
strain, while the same was not witnessed with T cell deficient
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mice. However, survival was only evidenced when tet-NRG1
mutant was enforced to grow in yeast form (Saville et al., 2009).
Similarly, the double-deletion mutant cphlAA/efglAA C.
albicans is avirulent as it is locked in the yeast form (Lo et al.,
1997). Although the cphlAA/efgl AA mutant cells proliferate in
infected mice, its immunization only partially protects mice
from systemic infections upon the lethal dose of virulent
challenge. Even its booster dose did not improve the degree of
protection (Yang et al., 2009). The gpi7 C. albicans mutant is yet
another avirulent strain and its immunization protected mice
against pan-fungal invasive candidiasis (Shen et al., 2020). In this
strain, the B- (Hawksworth and Lucking, 2017; Peroumal et al.,
2019)-glucans layer of the cell wall is exposed that facilitating
Dectin-1 receptor dependent nuclear translocation of RelB in
macrophages, the release of Interleukin 18, and the production
of protective antibodies. The study also found that IgG
antibodies present in the patients recovering from invasive
candidiasis and gpi7 mutant-immunized mice are very similar.
BCG (Bacillus Calmette-Guerin) is an antibacterial live
attenuated vaccine that induces non-specific cross-protection
against a wide range of infections (Mangtani et al, 2014).
Immunization with BCG induces a protective innate immune
response against pathogens like C. albicans and Staphylococcus
aureus in addition to Mycobacterium tuberculosis, and this study
provided a concept of “trained immunity”. Trained immunity
provides an enhanced protective response to a secondary
infection caused either by the same or different pathogens,
mostly mediated by the innate immune system (Netea et al,
2011). Monocytes/macrophages and natural killer (NK) cells
play critical roles in contributing to trained immunity, and such
immunity is independent of T and B cell responses
(Kleinnijenhuis et al., 2014). It was found that BCG
vaccination induces epigenetic modifications by altering the
methylation status of histones in the regulatory elements of
associated genes in circulating monocytes that facilitate
increased production of proinflammatory cytokines leading to
a “trained” state (van 't Wout et al., 1992; Kleinnijenhuis et al.,
2012). Despite these advances, most of the avirulent strains failed
to reach a clinical trial stage. Possible reasons include (i) due to
weakened immune systems, currently, it is not advocated to use
in immunocompromised individuals, (ii) stability of the
attenuation of the genetically modified or mutant strains is
questionable as it was found in the case of viruses that the
virulence is not suppressed permanently and they regained
virulence in immune-deficient individual and caused infection
(Lancaster and Pfeiffer, 2011), although similar reports do not
exist yet to support in the case of attenuated fungal strains, (iii)
though the vaccine candidates govern substantial and marked
protection in animal models, some of them failed to show similar
response in human volunteers at a clinical trial, and (iv) live
attenuated vaccines share a common flaw with biologics in that
they are difficult to keep stable during the manufacturing,
transporting, and preservation phases (van 't Wout et al., 1992).
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Killed whole cell vaccines

In comparison to the live attenuated vaccines, killed vaccines
are stable and non-pathogenic as they cannot revert. The ease and
low cost of its preparation along with substantial safety make it a
choice against the Candida vaccine. Intranasal vaccination with
heat-killed C. albicans plus a heat-labile genetically engineered
toxin from Escherichia coli as an adjuvant R192G provided a
substantial degree of protection in animal models (Cardenas-
Freytag et al., 1999). However, the same combination used for
mucosal vaccination did not ensure full protection against
experimental vaginal candidiasis (Cardenas-Freytag et al., 2002).
Besides, this vaccine candidate has not been tested in immune-
compromised animal models. The subcutaneous immunization
with heat-killed S. cerevisiae yeast (HKY) also provided cross-
protection to C. albicans, A. fumigatus, and Coccidioides posadasii
infections (Capilla et al., 2009; Liu et al., 2011a; Liu et al., 2011b;
Stevens et al., 2011). However, homologous proteins to
components of HKY responsible for such cross-protection are
yet to be demonstrated. Interestingly, the total cellular proteins
extracted by B-mercaptoethanol treatment and their subsequent
subcutaneous immunization to mice increased survivability (75%)
with a decreased fungal burden than in the control groups
(Thomas et al, 2006). A combined vaccine formulation of
MV140 and V132 has been tested to prevent both bacterial as
well as fungal genitourinary tract infections (GUTIs) (Martin-
Cruz et al, 2020). The heat-inactivated polyvalent bacterial
vaccine MV140 prevents RUTIs by eliciting Th1/Th17 and IL-
10 immune responses, while the V132 is a heat-inactivated vaccine
candidate developed against RVVCs. The report suggested that
the vaccine combination activates human dendritic cells (DCs) to
polarize potent IFN-y and IL-17A double positive T cells and
FOXP3" regulatory T, cells. In addition, MV140/V132 promotes
epigenetic reprogramming in human DCs to induce trained
immunity. Even after these positive results in basic research,
these candidates have not progressed to clinical trials.

Conjugate vaccines

A conjugate vaccination combines a weak antigen with a robust
antigen as a carrier, causing the immune system to respond more
strongly to the weaker antigen. Conjugating proteins to
polysaccharides facilitates easy recognition of the abundant fungal
cell wall glycan components by the immune system, and thereby
antibodies recognize the pathogen quickly. The first conjugate
vaccine was developed against Cryptococcus neoformans where
the capsular polysaccharide, glucuronoxylomannan (GXM) of the
fungus was covalently linked to tetanus toxoid (TT). Vaccination of
the conjugates with an adjuvant monophosphoryl lipid A (MPL)
protected 70% of intravenously challenged mice (Devi, 1996).
Similarly, a universal, pan-fungal vaccine was made by
conjugating laminarin, a B-glucan polysaccharide isolated from
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brown algae, with inactivated diphtheria toxin (CRM).
Subcutaneous immunization of mice with this conjugate along
with complete Freund’s adjuvant (CFA) protected against invasive
candidiasis and aspergillosis by 70% and 80%, respectively. A
similar conjugation with cholera toxin was equally efficient in
curing vaginal candidiasis in Wistar rats (Torosantucci et al,
2005; Pietrella et al., 2010). However, the underlying mechanism
by which these conjugates provide protective immune responses is
still unknown. Vaccination of Lam-CRM197, a laminarin
conjugated with diphtheria toxoid, with MF59 adjuvant
significantly reduced the mortality of infected mice (Wang et al,
2015). In another report, 3-1,2-mannotriose was conjugated to a
peptide fragment from fructose bisphosphate aldolase (Fba) of C.
albicans and tetanus toxin (TT). Almost all of the mice immunized
with B-(Man)3-Fba-TT survived the infection (Xin et al, 2012).
Passive transfer studies indicated that antibodies but not the cell-
mediated immune responses were responsible for the protection of
invasive candidiasis by such vaccinations. In a recent report, KLH-
conjugates were generated by covalently linking 3-1,2-mannan, N-
terminal peptide epitopes of C. albicans cell wall phosphomannan
complex, and Alslp (rAlslp-N) protein with keyhole limpet
hemocyanin (KLH) and human serum albumin (HSA) through
homobifunctional disuccinimidyl glutarate (Liao et al., 2019). The
study found that the resultant glycopeptides with or without any
external adjuvant produced high levels of IgG antibodies in
immunized mice, and the obtained antisera cross-reacted with the
cell surface of a number of fungi. Although these results advocate
the potential use of these conjugates as antifungal vaccines, none of
these candidates have been taken to clinical trials.

Recombinant protein vaccines

Since the live attenuated or killed whole cell vaccines are
enriched with antigens and heterogenous in compositions, they
may encode many unwanted immunological responses
including allergenic and/or reactogenic responses in addition
to the desirable ones. Such concerns prompted the researchers to
introduce recombinant protein or subunit vaccines as potential
vaccine candidates (Petrovsky and Aguilar, 2004).
Advancements in genetic engineering, host-pathogen
interaction, and cellular immunology have helped
vaccinologists to formulate efficient recombinant protein or
subunit vaccines. The basic principle involves the transfer and
expression of the desired gene encoding an immunogenic
antigen related to the virulence and pathogenicity of the
fungus to elicit a robust immune response. Here, protein
antigens are usually mixed with a suitable adjuvant or a
protein carrier, most commonly bacterial toxoids, to develop a
robust immune response and stable immunization (Cassone,
2008; Santos and Levitz, 2014). In contrast, live attenuated or
killed Candida vaccines, recombinant vaccines were usually
considered safer as they are free of any infectious agents,

Frontiers in Cellular and Infection Microbiology

34

10.3389/fcimb.2022.1002406

stable in the host, and easy to immunize. Several studies were
carried out on recombinant vaccines and only the prominent
ones have been discussed here. Agglutinin-like sequence (Als)
proteins are the cell membrane proteins of C. albicans involved
in the fungal adherence to host endothelium cells, which
ultimately leads to the cause of invasive candidiasis (Ioyer
and Cota, 2016). Alsl and Als3 proteins in combination with
or without adjuvants have been proposed as vaccine candidates
against invasive candidiasis. Subcutaneous immunization of the
recombinant N-terminus of Alsl (rAlslp-N) resulted in a
survival rate of 50-57 percent subsequent to the lethal
challenge of C. albicans (Ibrahim et al, 2006). This vaccine
was quite effective in both immunocompetent and
immunosuppressed mice against both Oropharyngeal
candidiasis and Candida vaginitis (Spellberg et al., 2005). In
the murine model of oropharyngeal and vaginal candidiasis,
vaccination with the rAls3-N elicited a robust antibody
generation, was more effective and had a higher survival rate
than rAls1-N (Spellberg et al., 2006). Notably, it also ensures a
safeguard against S. aureus infection, implying the carrying of
evolutionarily conserved epitopes, shared across such distantly
related species (Lin et al., 2009). Furthermore, Candida Als3 is
structurally similar to a S. aureus clumping factor (Spellberg
et al, 2008). In a phase I clinical trial, NDV-3A, a rAls3-N
vaccine formulated with Alhydrogel adjuvant, increased the
antibody titers in revaccinated people at two different doses,
including the level of cytokines and IgG and IgA1 titers (Schmidt
et al,, 2012). Currently, NDV-3A is ongoing in a phase two of
clinical trials to assess the vaccine’s immuno-therapeutic efficacy
in women with RVVC (Edwards et al., 2018). NDV-3A has also
been tested against C. auris, and in vitro studies revealed that
anti-Als3 antibodies developed in the vaccinated mice cross-
reacted with this fungus, block biofilm development, and
recuperate macrophage-mediated fungal clearance (Singh
et al., 2019). Thus, NDV-3A appears to be an extremely
promising vaccine candidate for use against C. albicans and C.
auris. Another prominent example in this listing is secretory
aspartyl proteases (SAP). SAP is a group of ten secretory proteins
of C. albicans and they play important roles in fungal cells
adhesion, epithelial as well as endothelial invasion, and
metabolism (Naglik et al., 2003). Among all, Sap2 is the most
abundantly expressed SAP. Intravaginal or intranasal
immunization of rats with recombinant Sap2, either with or
without cholera toxin as an adjuvant, resulted in Candida
vaginal infection clearance (De Bernardis et al., 2002). PEV7, a
truncated Sap2 protein (77-400 amino acid length) embedded
into the bilipid layer of influenza virosomes was also developed
by the same research group and has been found to provide
efficient protection against vaginal candidiasis (De Bernardis
et al.,, 2012). Intramuscular immunization of PEV7 in mice and
rats generate a robust serum antibody response and anti-Sap2
IgG and IgA was also detected in the vaginal fluid of animals.
PEV7 has also been advanced to human trials for RVVC
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treatment. Another study found that recombinant Sap2 protein
from C. parapsilosis is highly immunogenic and demonstrated
that immunization of mice with CpSap2 showed enhanced
protection compared to vaccination with Sap2 protein from C.
albicans, and C. tropicalis (Shukla and Rohatgi, 2020). Heat
shock protein 90 (HSP-90) is a ubiquitous stress-induced
chaperone that plays a critical role in balancing and
overcoming the stressful environment within the host cell. It is
found in the cell wall of C. albicans and is vitally important for
yeast survival and viability. The carboxyl terminal 47-kDa
fragment of Hsp90 is highly immunogenic, and antibodies
against it are associated with a better prognosis, whereas low
levels are linked to mortality (Matthews et al., 1987; Matthews
and Burnie, 1989; Burnie and Matthews, 2003). Pre-clinical
assessment of the efficacy of Mycograb (NeuTec Pharma plc),
a human genetically recombinant antibody against heat shock
protein 90 (rP-HSP90C) has been carried out recently
(Matthews et al., 2003). Mycograb in combination with
Amphotericin B provided complete protection for C. albicans,
C. krusei, and C. glabrata infections. Another study evaluated the
efficacy of chitosan hydrogel (CH-HG) as an adjuvant in
recombinant HSP90C protein vaccine (Li et al, 2021). In
comparison to free rP-HSP90C, CH-HG-loaded rP-HSP90C
produced stable rP-HSP90C-specific IgG, enhanced Thl, Th2,
Th17 responses, and a stronger CTL response. Consequently,
CH-HG-rP-HSP90C vaccination enhanced protection to
pathogenic challenge and increased the survival rate of
infected mice. Hyphal-regulated cell wall proteinl (Hyrl) is a
GPI-anchored mannon protein present on the fungal cell during
hyphal formation. Subcutaneous immunization of a
recombinant form of N-terminus of Hyrl (rHyrl-N) with
either CFA or aluminum hydroxide to both
immunocompetent and neutropenic mice showed substantial
protection to C. albicans, C. glabrata, C. krusei, C. parapsilosis,
and C. tropicalis infection (Cassone et al., 2010; Luo et al., 2011).
This study claimed that the protection is governed by an
enhanced antibody titer raised against rHyrlp-N.
Consequently, passive immunization with anti-Hyrlp IgG
extended the survival of C. albicans infected mice. They also
suggested the contribution of T- and B-cells in the mechanism of
rHyrlp-N governed protection against pathogenesis (Luo
et al,, 2011).

Peptide vaccine

Like whole cell vaccines, recombinant proteins also possess
several antigenic epitopes, which can result in both the induction
of a protective immune response along with adverse and
unfavourable ones. Therefore, the concept of peptide vaccines
carrying highly desired and specific epitopes was explored
(Sesardic, 1993). Peptide vaccines are being considered for
preventing and giving protection through active and passive
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immunization (Xin et al., 2012; Cassone and Casadevall, 2012).
Besides, epitope based vaccines are cost effective, less time-
consuming, highly efficacious, and safe for use in humans
(Backert and Kohlbacher, 2015). Several synthetic vaccine
candidates have already been attempted as a therapeutic or
prophylactic agent against many diseases like influenza,
hepatitis B virus (HBV), hepatitis C virus, HIV, tuberculosis,
pneumonia, histoplasmosis, coccidioidomycosis, sporotrichosis,
blastomycosis, paracoccidioidomycosis, candidiasis,
aspergillosis, cryptococcosis, and other mycoses as well. Active
immunization with dendritic cells (DCs) stimulated by either
Fba peptide of sequence YGKDVKDLFDYAQE or Met6 peptide
of sequence PRIGGQRELKKITE showed protection in both
cyclophosphamide-induced neutropenia and healthy mice
(Xin, 2016). Further, the protective efficacy of a synthetic Fba
peptide (14-mer) conjugated with each one of five peptide
mimotopes from Met6 (PS2, PS31, PS28, PS55, and PS76) was
also evaluated (Xin et al, 2019). Although all of the five
mimotopes elicited specific antibody responses, only three of
them protected against invasive candidiasis in mice. Using
computational tools, Tarang et al., screened the Candida
proteome (6030 proteins) and shortlisted specific epitopes
belonging to HLA class I, HLA class II, and B-cell. To enhance
the vaccine efficacy, a multivalent recombinant protein against
C. albicans (mvPC) was designed by joining the selected 18-most
promising epitopes by molecular linkers. With the addition of a
synthetic adjuvant (RS09), it was predicted that with enhanced
immunogenicity, mvPC will be a potent vaccine candidate
(Tarang et al., 2020). The efficacy of this candidate vaccine
against candidiasis is yet to be demonstrated in animal or clinical
setups. Several reports suggest that both pathogenic and non-
pathogenic bacteria, archaea, and eukaryotic cells secrete
extracellular or membrane vesicles (EVs) as a mode for cell-
free intercellular communication (Bose et al., 2020). EVs carry a
range of cargo compounds that play a role in cellular
competition, fitness, survival, invasion, bypassing of the host
immune system, establishment, and infection. Especially, fungal
species from ascomycetes and basidiomycetes produce EVs that
possess a wide range of biologically active molecules that showed
a significant degree of virulence (Rodrigues et al.,, 2011; Freitas
et al,, 2019; Vargas et al., 2020; Rizzo et al., 2020). For example,
when RAW 264.7 macrophages were stimulated with EVs
secreted out of C. albicans cells produced nitric oxide (NO),
IL-12, IL-10, and TGEF-B. The bone marrow-derived
macrophages (BMDM) upon stimulation by C. albicans EVs
produced NO, IL-12, tumor necrosis factor alpha (TNF-o), and
IL-10, whereas the bone marrow-derived dendritic cells
(BMDC) produced IL-12, TNF-0, and TGF-B (Vargas et al,
2020). Despite the promising implications of EVs in vaccine
development, like a whole cell vaccine, the structure, and
composition of EVs are very complex, thus they may show a
wide range of immunological responses, and thereby efficacy of
such vaccines remain a concern.
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DNA vaccines

In DNA vaccines, a recombinant plasmid construct
containing the cDNA of the desired antigen is transfected into
the host’s APCs (mainly DCs) to elicit immunity. In addition to
the antigen, the gene encoding the co-stimulatory molecules or
cytokines can be inserted into the plasmids as well. For example,
a plasmid carrying non-methylated CpGs is sensed by TLR9
(found on DCs), which further induces adaptive immunity. A
single study compared the efficacy of two vaccine formulations
(recombinant hsp90-CA protein and hsp90-CA-encoding DNA
vaccine) to induce protective responses against both systemic
and vaginal candidiasis in BALB/c mice. While the intradermal
immunization of a DNA vaccine resulted in a 64% prolonged
survival duration of mice compared to a PBS control, the
intranasal vaccination failed to provide any protection. The
intradermal recombinant hsp90-CA protein priming, followed
by a booster dose via intranasal or intradermal induced a
significant increase of hsp90-CA-specific IgG and IgA
antibodies in comparison with the control group (Raska
et al., 2008).

Antibody mediated vaccine

Studies to develop an antibody-based diagnosis of various
fungal infections are on the rise, and some of the outcomes also
look promising. The mAb JF5 for the detection of invasive
pulmonary aspergillosis and mAb (CAGTA) for deep-seated
C. albicans infection are a few of those examples (Thornton,
2008; Martinez-Jimenez et al, 2014). Recently, Rudkin et al.
generated seventeen recombinant human anti-Candida
monoclonal antibodies (mAbs) from single B cells potentially
used for diagnosis and therapeutics against pan-fungal
infections. They amplified and cloned the human antibody
encoding variable domain (V) targeting C. albicans epitopes
from the cDNA of B cells isolated from recovered patients with
mucosal candidiasis. The purified mAbs were found to cross-
react with most pathogenic Candida species and exhibit strong
fungal killing activity in vitro, and protect against a lethal
challenge in a murine model (Rudkin et al., 2018).

Pan-fungal vaccine providing cross
protection to other pathogens

Infection with a single strain of pathogen occasionally
confers protection on a host by preventing infection with a
closely relevant strain of that pathogen. In the case of
candidiasis, cross protection has also been reported. On a
similar line, protection against other fungal or bacterial
pathogens by experimental Candida vaccines was also found.
For example, the subcutaneous immunization with heat-killed S.
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cerevisiae yeasts (HKY) ensured protection against a range of
fungal species, including A. fumigatus, C. albicans, and C.
posadasii (Capilla et al., 2009; Liu et al., 2011b). The
recombinant Als-3 protein of C. albicans also protects against
S. aureus infection (Lin et al, 2009). It suggests that these
distantly related species share common epitopes. Not
surprisingly, CaAls3 protein shares structural similarities to a
clumping factor found in S. aureus (Spellberg et al., 2008). This
strategy may be harnessed to generate “convergent immunity”
that will protect from diseases caused by pathogens from various
kingdoms. Immunization of mice with calnexin in glucan
particles showed resistance to a wide range of infections
caused by A. fumigatus, Blastomyces dermatitidis, Fonsecaea
pedrosoi, Histoplasma capsulatum, and Pseudogymnoascus
destructans, mediated by evoking calnexin-specific CD4+ T
cells. In 2015, researchers used genetically modified CD4" T
cells to identify an amino acid sequence from the chaperone
calnexin protein that showed minimal divergence amongst all
Ascomycetes (Wuthrich et al,, 2015). Furthermore, a 13-mer
peptide (LVVKNPAAHHAIS) derived from the conserved
region of calnexin induced a robust immunological response
to reduce the severity of B. dermatitidis infection (Wuthrich
et al, 2015). F-box protein Fbpl is a Cryptococcus virulence
factor involved in regulating host-fungus interactions (Wang
etal, 2019). The study demonstrated that immunized mice with
heat-killed fbpIA cross-protected fungal pathogens such as C.
neoformans, Cryptococcus gattii, and A. fumigatus by eliciting
superior protective Th1l host immunity, albeit less protective
against C. albicans.

Nanoparticles as an alternative vaccine

Nanotechnology has already been employed as an alternative
to increasing the bio-distribution, treatment effectiveness, and
lowering side effects of certain antifungal drugs (Voltan et al,
2016). Antigens can also be delivered by using nanoparticles
(NPs). Han and Cutler used liposomes derived from
phosphatidylcholine and cholesterol to carry mannan adhesin
fraction extracted from C. albicans as a potent NPs based C.
albicans vaccine (Han and Cutler, 1995). Vaccination protected
both immuno-competent and -suppressd mice against C.
albicans and C. tropicalis. A specific monoclonal antibody
MAb B6.1 was isolated from the immunized mice and was
found to protect against widespread infection including RVCC
(Han et al., 1998). Another study evaluated C. albicans
ribosomes trapped in the liposomes of dimyristoyl
phosphatidylcholine (DMPC) and dimyristoyl phosphatidyl
glycerol (DMPG) as a potential vaccine and found that upon
immunization about 60% animals survived with invasive
candidiasis (Eckstein et al., 1997). NPs of recombinant HSP90
protein and nickel chelating liposomes associated with
norAbuMDP pyrogen adjuvant were injected intradermal to
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BALB/c mice and a comparable Thl and Th2 response as in
Freund’s complete adjuvant vaccine was observed (Masek et al.,
2011). Similarly, Knotigova et al. evaluated rHSP90 in nickel
chelating liposomes associated with two pyrogen-free adjuvants
(norAbuMDP and norAbuGMDPs) as a potential NP-based
vaccine in ICR mice and rabbits (Knotigova et al, 2015).
Recently monoolein based liposomes for delivery of C.
albicans cell wall proteins Cht3p and Xoglp were explored
(Carneiro et al, 2015). In another study, ADS1 and ADS2
formulations were evaluated which differed only in lipid
concentrations for cell wall protein loading, found that ADSI
but not ADS2 protected against fungal infection in mice
(Carneiro et al., 2016).

Vaccines in various stages of clinical
trials

Although several candidate vaccines have been identified, and
they appear to be efficient and safe in animal models, only two
candidates have reached clinical trials Phase I in humans. The first
vaccine uses alum as an adjuvant and the N-terminus of a
recombinant Als3 protein of C. albicans as antigen (Nova Digm,
US). NDV-3A is the first vaccine to demonstrate preclinical
efficacy in protecting from diseases caused by both fungal and
bacterial pathogens (novadigm.net). According to a phase I
clinical trial, the NDV vaccine was found to be nontoxic and
effectively produced antibody and T-cell immune responses in
healthy individuals (Schmidt et al, 2012). Seventy three adult
volunteers were immunized with two doses of NDV-3A. After the
1*" dose of immunization, all the individuals produced anti-Als3p
IgG antibodies in comparison to placebo as a control. After the
second dose, a robust IgAl antibody titer with effective IgG
response, and IL-17 and IFN-y T cells cytokines production
were observed in all the subjects. The phase 2 randomized,
double-blind, placebo-controlled clinical trial has also been
recently completed, and the report suggested that one-dose of
NDV-3A vaccine was also safe and effective in patients with
recurrent vulvovaginal candidiasis (RVVC). The vaccine reduced
the frequency of vulvovaginal candidiasis for up to 12 months in
women under 40 years old (Edwards et al., 2018). However, NDV-
3A vaccination in a population of military trainees did not impede
the nasal or oral acquisition of S. aureus (Millar et al,, 2021).
Another vaccine being conducted in the clinical trial (Phase I) was
on the Sap2 protein of C. albicans in virosomal formulation
against RVVC (PEV7, Pevion Biotech AG, Switzerland)
(Sandini et al., 2011; De Bernardis et al., 2012). PEV7 was safe
and effective, and the vaccinated individuals produced specific and
functional B cell memory (www.pevion.com). We expect that
these clinical studies will be further extended to larger cohorts
including immunosuppressed individuals or at least to individuals
receiving corticosteroids and antibiotics in the future.
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Challenges in developing a
successful anti-candidiasis vaccine
and future perspective

Among the estimated ~4 million fungal species on the planet
Earth, about 300 species are pathogenic and cause diseases in
humans (Stop neglecting fungi, 2017; Hawksworth and Lucking,
2017). While most fungal infections are found in immune-deficient
individuals, some fungi cause diseases even in healthy adults. In
addition to these diversified fungal pathogens, the site of fungal
infections also varies widely, from the scalp of the head to the nails of
the toes. Although these infections are superficial and not life
threatening, occasionally the current regime of treatment using
fungal drugs becomes ineffective. Moreover, systemic fungal
infections are very serious as they target most of the internal
organs through the circulatory system in animals and humans.
Additionally, some fungi do not have terrestrial life rather they
survive as commensals in humans and animals and might regulate
host physiology. Most of the studies so far considered C. albicans
only as a pathogenic yeast causing both primary and secondary
infections, however being a commensal, it may maintain a
mutualistic relationship with the host that has not been explored
yet. Our recent study suggests a mutualism between C. albicans and
mice, and C. albicans modulating gut microbiota, metabolism, and
immunity for the benefit of the host (Peroumal et al., 2022). In that
context, using anti-fungal drugs will only cause dysbiosis similar to
antibiotics and will enhance the severity of fungal and other
secondary infections. At the same time, this long association of
fungi and the host also suggests that both humans and C. albicans
have evolved to recognize and develop some kinds of escape
mechanisms to protect each other. The fact that the
immunocompetent host is rarely affected by Candida infections
again implements that humans have developed immunotolerance
towards the commensal fungal pathogens. In contrast, to escape the
host immune defense systems, C. albicans adapts and evades by
altering its shape, size, and genetic makeup. Morphological and
genome plasticity is frequently found in clinical isolates of C.
albicans. Probably, the immune memory of the host fails to
recognize this newly evolved pathogen in immune compromised
situations. Secondly, immune compromised patients may not
respond to vaccines. Therefore, conceptually, it becomes difficult
and challenging to develop drugs and immunotherapeutics against
Candida species. While designing a suitable drug or a vaccine, it is
important to take into account that it should not target the
commensal state of C. albicans or other such fungi as it may be
deleterious to the host development, and those should be equally
effective in immune suppressed individuals. One way to overcome
this issue is to validate drug and vaccine candidates at the preclinical
stage itself by using humanized and immunodeficient mice models
such as SCID or Nude rather than using inbreed animals. Further,
they need to be revalidated using higher animals. It is most likely that
the antigenic-peptide based vaccines may not differentiate between
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commensal and pathogenic states of Candida, in that context, a
whole cell vaccine specifically designed against the pathogenic form
has the advantage. Among the Candida species, C. albicans is the
frequently clinically isolated pathogen. However, reports suggest that
C. parapsilosis is frequently found in children, whereas C. glabrata is
more prevalent among older aged adults. Thus, the candidate
vaccines should also target C. albicans as well as non-albicans
species. Since birth, C. albicans and non-albicans species evolve
with humans. Ironically, although their life cycle operates in humans,
we are not immune to fungal infections. They are highly likely to
adopt to various niches in the human gut and other sites to evade the
host’s defense system. In fact, genetic, phenotypic, and
morphological plasticity is commonly found in C. albicans and
other non-albicans species. Therefore, fungal infections today have
become one of the most challenging diseases to manage in humans.
In addition to the vaccine, the adjuvant also plays an important role
in the additional activation of T- or B-cells, thereby enhancing the
immune response. The antigenicity of the immunogen is also greatly
enhanced by the presence of a suitable adjuvant. Freund’s adjuvant
and alum adjuvant are commonly used in animals and humans,
respectively. In the future, in order to achieve better efficacy without
side effects, new adjuvants or modified adjuvants should be tested.
Since fungal infections those are invasive and occur in immuno-
compromised individuals, it will be challenging to have a vaccine
that is equally effective in healthy and weaker individuals. Normally,
the vaccine elicits either weak or no immune response in immune
deficient individuals, in such a scenario, passive immunotherapy
could be the other option. Passive immunotherapy, also known as
adoptive immunotherapy, requires direct administration of immune
system components, such as monoclonal antibodies, activated
macrophages, etc. As discussed earlier, monoclonal antibody C7
(MAb C7) and Mycograb are some of the examples used in animals,
however, their use, safety, and effectiveness for human use are yet to
be determined.

Early diagnosis, identification of novel antifungals with high
safety and low side effects, prophylactics, and immune-therapeutics
are the need of the hour to combat fungal infections. Undoubtedly,
we need a safe and effective fungal vaccine (s), however, challenges
are immense both conceptually as well as on technical fronts to
develop a successful vaccine against Candidiasis and other
mycoses. So, the design of an effective vaccine should be such
that (i) it should be highly immunogenic, (ii) it should protect
against a wide range of fungal pathogens, (iii) it will not only target
the market appealing superficial but also it should protect from
bloodstream infections, and (iv) more importantly, it will be
equally effective in individuals with compromised immunity.
Thus, an approach to developing a pan-fungal vaccine should be
ideal. In our laboratory, we have generated an array of DNA
polymerase subunit knockouts of C. albicans, and some of them
exhibit reduced or constitutive filamentation. A few of those strains
show altered cell wall architectures and slow growth phenotypes
(Acharya et al, 2016; Peroumal et al, 2019). Their ability to
develop systemic candidiasis and protection against pathogenic
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challenges is being explored to develop a whole-cell vaccine. Such
knockouts may be generated for non-albicans species as well as to
develop multivalent vaccine strains. Although there is a long way to
go to develop a successful Candida vaccine, the future looks
promising, and with the efforts of several immunologists working
in the field, it will be feasible to have a multivalent vaccine similar
to as against viruses and bacteria.

Conclusion

Despite those fungal diseases are equally critical and fatal as
viral and bacterial diseases, the nonavailability of broad-spectrum
antifungals, early diagnostics, and approved vaccines clearly
indicate the need for rigorous and coordinated efforts from
researchers, public health authorities, and funding agencies.
Global estimates suggest about a billion people getting affected by
fungal infections and over 1.5 million infected people get killed by
fungal diseases every year. Fungal diseases are still not taken
seriously by health care providers probably as the fungal
infections occur mostly as secondary to a primary disease such as
AIDS, cancer, organ transplantation, etc. Therefore, a delay in
treatment results in serious illness, organ dysfunction, and death.
In the last two pandemic years, we have witnessed a rise in fungal
infections due to SARS-CoV2 infections, and many of those
infected patients succumbed to various mold infections. Since
vaccination has been the major preventive measure for several
infectious diseases, a safe and effective multivalent vaccine that
targets the Candida species is a strong medical need of the hour to
avoid deaths. More importantly, the vaccine should target both
systemic candidiasis and mucosal infections. As the whole cell
vaccines against viruses and bacteria are widely accepted, a similar
approach may be undertaken to identify stable and more antigenic
live attenuated strains of C. albicans that may protect a wide range
of fungal infections. Considering the importance of trained
immunity, such vaccines may also provide cross protection
against bacterial infections.
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Multi-drug resistant tuberculosis still remains a major public health crisis
globally. With the emergence of newer active tuberculosis disease, the
requirement of prolonged treatment time and adherence to therapy till its
completion necessitates the search of newer therapeutics, targeting human
host factors. The current work utilized statistical meta-analysis of human gene
transcriptomes of active pulmonary tuberculosis disease obtained from six
public datasets. The meta-analysis resulted in the identification of 2038
significantly differentially expressed genes (DEGs) in the active tuberculosis
disease. The gene ontology (GO) analysis revealed that these genes were major
contributors in immune responses. The pathway enrichment analyses
identified from various human canonical pathways are related to other
infectious diseases. In addition, the comparison of the DEGs with the
tuberculosis genome wide association study (GWAS) datasets revealed the
presence of few genetic variants in their proximity. The analysis of protein
interaction networks (human and Mycobacterium tuberculosis) and host
directed drug-target interaction network led to new candidate drug targets
for drug repurposing studies. The current work sheds light on host genes and
pathways enriched in active tuberculosis disease and suggest potential drug
repurposing targets for host-directed therapies.

KEYWORDS

tuberculosis, meta-analysis, gene ontology, pathway enrichment, genetic variants,
drug repurposing

Introduction

Tuberculosis (TB) is an infectious disease which remained throughout human history.
Mycobacterium tuberculosis (Mtb) is the main causative agent of TB. Around 10% of
individuals develop TB when exposed to Mtb and 5% of the infected individuals develop TB
within 1-2 years while the remaining 5% develop the disease at any other time (Frieden
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et al, 2003). Active TB has higher burden of TB when compared
to latent TB (Lee, 2016). Individuals with compromised immune
systems, such as people with HIV, diabetes or people with
constant tobacco use are at high risk of falling ill.

TB is the 13" leading cause of death globally in 2020. Around
86% of new cases reported around the world in 2020 were
contributed majorly by China, Indonesia, the Philippines,
Pakistan, Nigeria, Bangladesh and South Africa with India
leading the list (WHO, 2021). Over the period of time Mtb has
adopted newer subversion strategies to successfully evade the host
immune system enabling it to reside in the host resulting in latent
or active disease manifestation (Behar et al., 2010; Ernst, 2018).

The infection results in a complex dynamics between the host
and pathogen triggering various immune signalling cascades and
cross-talks between molecular components (Casadevall and
Pirofski, 2000). Several contributing factors associated with the
disease were identified through genetic and biochemical
experimental studies. The recent surge of omics data has further
aided in understanding of factors influencing predisposition of the
disease and markers associated with the disease severity.

With increased availability of gene expression data, studies based
on TB blood transcriptomics offers a robust approach to study the
immunology of TB. The comparative studied of healthy and TB
cohorts shed light on differentially expressed genes (DEGs) and also
allow observations of such DEG upon vaccine/drug treatment.
Further the DEG analysis also aids in understanding of regulatory
mechanisms contributing to the functional consequences.

In the current study, a statistical meta-analysis was carried
out using whole blood expression profiles from infected TB
patients to identify key human transcriptomics signatures
characteristic of the disease. The study also utilized host
genetic disease association and drug-repurposing analyses to
further to prioritize the results. In addition, the gene ontology
and pathway-based annotations identified genes and pathways
significantly altered in the diseased condition.

Materials and methods
Dataset selection and processing

The whole-blood microarray gene expression profiles of
patients with active pulmonary tuberculosis and healthy
cohorts were retrieved from NCBI GEO (Barrett et al., 2013).
The datasets were further filtered based on the following
conditions: (i) The expression profiles were from human
patients affected by tuberculosis undergoing no prior
treatment, (ii) Only samples from active tuberculosis patients
and control groups were considered, (iii) The datasets should
include both healthy controls and patient group, (iv) The patient
or the control group should not be infected with any other
secondary diseases, (v) The patient and control group should
include more than 5 samples each.
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The background corrected files were processed using limma
package in R (Ritchie et al, 2015). The data were quantile
normalized, log transformed and missing values were removed.
The probe identifiers were converted to Entrez gene IDs. If
multiple probes are mapped to a single gene, then the average
expression value of the probes were used for the gene. Post
normalization, individual datasets were subjected to Principal
Component Analysis (PCA). PCA was carried out to observe a
distinct separation between the active and control samples.

Statistical meta-analysis and validation

Statistical meta-analysis was carried out using NetworkAnalyst
(Zhou et al,, 2019). NetworkAnalyst interprets gene expression data
including meta-analysis, tissue specific PPI networks, gene
regulatory networks, gene co-expression networks along with
networks for toxicogenomics and pharmacogenomics studies. The
pre-processed expression values were used as input for the web tool.
Differential expression analysis for each dataset was performed
using limma with false discovery rate (FDR) cutoff of 0.05. The
batch effects were adjusted using ComBat method. The corrected
datasets were merged and statistical meta-analysis was carried out
using INMEX. The combined effect size method for meta-analysis
was used to generate the results. The random effect model which
encloses cross-study heterogeneity was used for meta-analysis.
Differentially expressed genes (DEG) were obtained using FDR
cutoff of 0.01 in the meta-analysis. The DEGs with absolute
combined effect size > 1.5 were chosen for genetic variant
analyses and drug interaction analyses.

Validation of meta-analysis

The strength of the results obtained from meta-analysis was further
validated by comparing the genes expressed in latent and control
samples from the same datasets. Partial Least Square Discriminant
Analysis (PLS-DA) was applied to the DEGs. Significant model was
selected by 7-fold cross validation. The model performance was
evaluated using the area under the Receiver Operating Characteristic
(ROC) curve (AUC). All the above validation process was carried out
using mixOmics package in R (Rohart et al,, 2017).

Gene and pathway enrichment

Gene and pathway enrichment analysis was carried out
using DAVID web server to identify significantly enriched
Gene ontology (GO) biological processes (BPs) and KEGG
pathways, which were ranked based on the hypergeometric
test with FDR cutoff of 0.05 (Sherman et al., 2022). DAVID
web server offers functional annotation and enrichment analyses
of gene lists provided by the user.
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Protein-protein interaction network
construction

A comprehensive human protein-protein interaction
network (hPPI) was constructed. High confidence,
experimentally verified interactions extracted from STRING
database was used for the construction (Szklarczyk et al,
2021). The STRING database integrates known and predicted
associations between proteins encompassing physical
interactions and functional associations. Similarly, the
pathogen proteins interacting with host DEG were mined
from various literature sources (Rapanoel et al, 2013; Penn
et al,, 2018; Augenstreich and Briken, 2020; Verma et al., 2022).
These data were used to construct human protein — Mtb protein
interaction network (hmPPI).

The highly interconnected components of the hPPI and
hmPPI were identified using the Cytoscape plugin CytoHubba.
CytoHubba is a user-friendly interface to explore important
nodes in biological networks using various topological metrics.
The hub genes of the networks were identified using the
topological metrics degree and Maximal Clique Centrality
(MCQ) (Chin et al., 2014).

Drug-target interaction

The drug compounds interacting with DEG were retrieved from
DrugBank Version 5 (Wishart et al., 2018). DrugBank is a
comprehensive database which holds information about drugs,
their mechanisms, interactions and targets. Drugs with
experimental or clinical evidence for direct interactions with the
protein were selected. Drugs with pharmacological actions as the
same direction of the DEG and drugs with unknown
pharmacological actions were excluded. Only DEGs with a
combined effect size greater than 1.5 were considered for the analysis.

Genetic variant analysis

The genetic differences between tuberculosis-affected and
healthy individuals can give a mechanistic insight about the
disease and functional implication of the affected gene. The
single nucleotide polymorphisms (SNPs) proximal to the DEG
were obtained from GRASP database (P-value < 5e-8) (Leslie
et al., 2014). GRASP database encloses deeply extracted and
annotated database of genome-wide association studies (GWAS)
results enclosing more than 6.2 million SNP-phenotype
association. Similarly, the regulatory SNP were retrieved from
Slidebase database using the enhancer regions of the DEG
(Tenasescu et al., 2016). SlideBase offers a new way of selecting
genes, promoters, enhancers and microRNAs that are
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preferentially expressed/used in a specified set of cells/tissues.
The genomic regions in linkage disequilibrium (LD) with the
SNP were collected from SNAP (Johnson et al., 2008). The
association between a gene and its corresponding SNP was
prioritized based on the overlap between the genomic location
of the DEG or its enhancer and LD region of a SNP. The query
tool SNAP enables the identification of single-nucleotide
polymorphisms (SNPs) and annotate nearby SNPs in linkage
disequilibrium (proxies) based on HapMap project results.

Results

The work plan and approaches implemented in the current
study is illustrated in Figure 1.

Identification and validation of DEG from
meta-analysis

The database querying and filtering identified around 149
GEO microarray datasets for TB-related host response at the
time of study (June 2022). Further, filtering based on the study
inclusion criteria, a total of six datasets enclosing control and
active TB samples were selected for next set analyses (Table 1).

The results of PCA indicated that the samples were clustered based
on the observations of the study. However, after batch correction the
samples were clustered based on the disease condition as active TB and
control. We also observed a few samples outside the clusters before and
after the batch correction procedure (Figure 2).

When the datasets DEG were compared, we identified genes
regulated in the same direction. The meta-analysis identified a total
of 2038 DEG of which 861 genes were up-regulated and 1177 genes
were down-regulated (S. Table 1). Further analysis identified a total
of 113 genes (up-regulated — 24 and down-regulated- 89) with
absolute combined effect size as a reference for the log2 fold change
(logFC) greater than 1.5 (Table 2). S1PR1 ranks first among the up-
regulated genes. SIPR1 expression is associated with lymphocyte
recirculation. Similarly, FCGRI1B is the top-ranking gene which is
down-regulated in the active TB. To assess the results obtained from
the meta-analysis, we validated the 113 genes with logFC > 1.5 in
three datasets GSE19444 (Illumina), GSE54992 (Affimetrix) and
GSE62525 (Phalanx) from different platforms. The PLS-DA models
showed good sensitivity (above 85%) and specificity (above 83%) in
all three datasets. The control, active and latent TB samples formed
three different clusters marking clear differentiation (Figure 3). The
ROC plot for the models suggest that the PLS-DA model can
distinguish active tuberculosis samples from both latent and control
groups with high true positive and low false positive rate (Figure 4).
These measures show that DEG can act as biomarkers for the
detection of active TB cases.
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FIGURE 1
Workflow adopted in this study.

Identification of significantly enriched
gene ontologies

The functional GO was carried out for the up and down
regulated DEG identified by the meta-analysis (Table 3). The GO
analysis identified that up-regulated DEG significantly involved
in cellular components (CCs) were nucleoplasm, nucleus and
cytosol. For GO BP analysis, the DEG showed involvement in
mRNA splicing, via spliceosome, cytoplasmic translation and
rRNA processing. Similarly for GO molecular function (MF)
analyses, the DEGs were majorly enriched in RNA binding,
protein binding and ATP binding. The GO CC analysis of down-
regulated DEGs showed involvement in extracellular exosome,
cytosol and lysosome. The GO BP analysis identified
involvement in defense response to virus, innate immune
response and response to virus. The GO MF analysis showed

TABLE 1 List of GEO datasets used in the meta-analysis.

enriched functions such as protein binding, protease binding
and MHC class I protein binding.

Identification of significantly enriched
pathways

The pathway enrichment analysis implemented using
DAVID identified various dysregulated pathways mediated by
the DEGs (Table 4). The up-regulated DEGs showed enrichment
of pathways involved in Spliceosome, Ribosome and
Nucleocytoplasmic transport. We also observed pathways
overlapping with other infectious diseases such as Herpes
simplex virus 1 infection and Coronavirus disease - COVID-19.

The down-regulated DEGs showed involvement in NOD-
like receptor signaling pathway, Lysosome and other infectious

Dataset PMID Platform Samples* DEGs
Active Latent Control
GSE19435 20725040 Tllumina 7 0 12 2793
GSE19439 20725040 Illumina 13 17 12 1600
GSE19444 20725040 Tllumina 21 21 12 2063
GSE54992 24647646 Affymetrix 9 6 6 4454
GSE62525 26818387 Phalanx 7 7 7 8739
GSE152532 34555657 Illumina 17 69 11 586

*Only untreated samples were considered for the analysis.
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Principal Component Analysis (PCA) plots showing the separation control and active samples across all datasets used in the study. (A) GSE19435

(B) GSE19439 (C) GSE19444 (D) GSE54992 (E) GSE62525 (F) GSE152532

disease pathways such as Influenza A, Salmonella infection,
Hepatitis C and Epstein-Barr virus infection. We also observed
the presence of Tuberculosis pathway in the list. The presence of
tuberculosis pathway in our analysis indicated that the genes
identified in the meta-analysis demonstrate their significant
association with the disease.

Protein—protein interaction network
construction

Identifying the physical interactions between the proteins
will provide clues to combat infection. The mapping of 2038
DEGs along with their partners resulted in a network enclosing
325 nodes and 1460 edges (Figure 5). The average number of
neighbours in the hPPI was 15. Around 323 genes showed direct
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interactions with their partners. The top ten hub genes which
showed overlaps in degree and MCC measures are RPL10A,
RPS4X, RPS16, RPS23, RPS3, RPS13, RPL7A, RPL4, RPS5 and
RPS6. All the identified hub genes were ribosomal proteins
involved in RNA binding.

The hmPPI interaction network enclosed 99 nodes and
established 66 connections with an average of 1 connection
between the neighbours (Figure 6). Due to the availability of
limited Mtb-host protein-protein interactions we did not
observe any hub genes based on the topological metrics.

Drug — target interaction

The DEGs from the study were queried against DrugBank to
mine drugs targeting genes which may be used for repurposing
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TABLE 2 List of top 20 DEGs (absolute combined effect size > 1.5)
identified in the meta-analysis.

DEG Fold change in FDR P-value in
meta-analysis meta-analysis

SIPR1 2.0215 0.000123
ZNF91 1.8479 0
PASK 1.7283 3.29E-06
PIK3IP1 1.7086 7.08E-09
CCR7 1.699 2.22E-06
GRAP 1.6851 1.70E-07
PDCD4 1.6847 0.01366
LAX1 1.68 0.005286
SLC38A1 1.6476 1.59E-06
ABCB1 1.6387 0.001482
FCGR1B -2.2365 0
VAMP5 22051 6.28E-12
GBP5 -2.0828 0
LY96 -2.0495 3.19E-10
TNESF13B -2.0145 3.61E-06
PSMB9 -1.9828 6.79E-13
CASP1 -1.9688 0
IL15 -1.9614 0
RNEF135 -1.9367 0.002385
BATF2 -1.9255 0

against TB. A total of 22 drugs targeting 8 DEGs were obtained
after the screening process (Table 5). Among them each
compound showed association with at least one target gene
with few exceptions such as ABCB1 which showed interaction
with 14 drugs. Human immunoglobulin G (DB00028) acting on
C5 and FCGR1B were also observed. FYN kinase targeted by the
Fostamatinib was one among the up-regulated genes.

GSE19444

GSE54992

10.3389/fcimb.2022.1010771

Genetic variant analysis

The detection of drug targets which has human genetic support
by its involvement in the disease pathology may aid in success of the
treatment against the disease by preventing late stage clinical
failures. The evidence of involvement in the disease by the 2038
DEGs was retrieved from genome-wide association study (GWAS)
datasets. A total of 483 TB-related SNPs were obtained from
GRASP database. An overlap between the LD region with a SNP
and the DEG location or the enhancer region suggest strong
association between the SNP and that particular gene. A total of
33 genes showed association with TB-related SNPs (Table 6).

Discussion

Meta-analysis of active tuberculosis
samples

The meta-analysis of transcriptomes in this study identified
S1PR1 as an up-regulated gene with highest fold change. SIPR1,
by the detection of its ligand SIP in the blood and lymph, is
crucial for naive lymphocytes to access the circulatory system.
S1P-S1PRI signaling is crucial for regulating immune cell
development and function. S1P-S1PRI signaling is needed for
mature thymocytes to leave the thymus and for T/B cells to leave
secondary lymphoid organs and enter the blood or lymph in
both homeostatic and pathological situations (Sinha et al., 2009;
Zachariah and Cyster, 2010; Allende et al., 2010; Zhang et al.,
2012). S1PR1 analog therapy raises IL-6 and lowers IL-10, but it
can’t stop the mycobacterial infection inside the cell (Arish and
Naz, 2022). Consequently, the diminished expression of SIPR1
causes retention of naive T cells in lymphoid tissues (Skon et al.,

GSE62525
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Frontiers in Cellular and Infection Microbiology

47

frontiersin.org


https://doi.org/10.3389/fcimb.2022.1010771
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Ponnusamy and Arumugam

10.3389/fcimb.2022.1010771

GSE19444 GSES54992 GSE62525
100~ / 100~ /i 100~
. = o i
8- 8 8-
70 70 7
o 60~ 60+
£ Z 5.
%‘ £ £
3, 3, 8,
2 ) a-
20 2 2
1 10- 10-
0- 0-
0 10 20 30 4 5 6 70 £ % 100 0 10 20 3 40 5 6 70 8 9% 100 0 10 20 3 £ S 6 70 8 % 100
100 - Specificity (%) 100 - Specificity (%) 100 - Specificity (%)

mmn Actve vs Other(s): 0.9481
= Latentvs Other(s):0.938

mm— Convol vs Other(s):0.9425

FIGURE 4

mm Actve vs Other(s): 1
mmmm Latentvs Other(s):0.9889

= Contol vs Other(s):0.9889

m— Acive vs Ofer(s): 1
== Latentvs Other(s): 1

mmmm  Convol vs Other(s): 0.9821

Receiver operating characteristic (ROC) and Area under curve (AUC) from the PLS-DA on the 113 DEGs data

2013). Similarly, FCGRIB is the top ranking gene with highest
fold change and is down-regulated in the active TB condition.
The FCGRIB gene is a member of immunoglobulin G, which
binds directly with pathogens and neutralizes them. Changes in
the Fc gamma receptors affect the response of a host to infection
(Song et al., 2017). The FCGR1B gene aids in the host’s immune
response during a mycobacterial infection. According to
Maertzdorf’s research, people with TB and LTBI had more
DEGs than uninfected individuals (Maertzdorf et al., 2011). In
a different study, Satproedprai et al. found that the
overexpression of FCGRIB in response to bacterial infection
caused a humoral immune response and contributed to the
development of lung inflammation (Satproedprai et al., 2015).
Our results showed downregulation of FCGR1B, probably as a
result of active TB.

The enrichment of spliceosomes and lysosomes in GO,
indicates its crucial role in active TB infection. The functions of
spliceosomes are also regulated differently in infected
macrophages. The lysosomes protect against Mtb by
controlling how Mtb moves through the lysosomes and
stopping it from spreading in cells. Pre-mRNA splicing plays
a crucial role in regulating gene expression and protein
diversity. The Serine/Arginine rich (SR) proteins are the
major components contributing to the selective splicing
mechanism. The disruption in the RNA splicing mechanism
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can lead to crosstalk in the intricate network interactions. The
Mtb infection alters the patterns of alternate splicing within the
macrophages by affecting the expression of SR proteins (Zhang
et al.,, 2018).

The evolution of Mtb infection has proven its ability to
successfully gain access to host cellular components needed for
its survival before the initiation of innate antimicrobial response.
The process is accomplished by altering various immune
response elements such as interferon (IFN)-induced
transmembrane (IFITM) gene family members. The IFITM
members receive signals for their activation through type I and
II IEN stimulation to preclude the establishment of productive
infection. Ranjbar et al. show that IFITM proteins inhibit Mtb
intracellular growth, indicating that they may contribute to host
defense against intracellular bacterial infection (Ranjbar et al,
2015). The IFITMs act on host membrane fluidity at the sites of
viral entry by preventing the formation of viral fusion pore. In
addition, they increase the trafficking of trapped viruses to the
lysosome for its degradation. However, Mtb alters this
phagocytic mechanism by switching off the acidification of the
phagosomes mediated by the IFTIM family members. One such
example is the vacuolar ATPase, a mediator of endosomal
acidification which is excluded from Mtb-containing
phagosome by Mtb’s bacterial tyrosine phosphatase (Ranjbar
et al., 2015).
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TABLE 3 Top 10 significantly enriched Gene ontologies.

Regulation Cellular component (cc)

Up GO0:0005654-nucleoplasm
GO0:0005634-nucleus
GO:0005829-cytosol
GO:0005737-cytoplasm

GO0:0016020-membrane
GO0:0005730-nucleolus

GO:1990904-ribonucleoprotein
complex

G0:0022626-cytosolic ribosome

GO:0016607-nuclear speck
GO0:0005840-ribosome
Down GO0:0070062-extracellular exosome

GO:0005829-cytosol

Biological Process (BP)

GO:0000398-mRNA splicing, via spliceosome
GO0:0002181-cytoplasmic translation
GO:0006364-rRNA processing

GO0:0006357-regulation of transcription from RNA polymerase II
promoter

GO:0006281-DNA repair
GO:0006412-translation
GO0:0006355-regulation of transcription, DNA-templated

GO0:0000122-negative regulation of transcription from RNA
polymerase II promoter

GO:0006397-mRNA processing
GO:0006338-chromatin remodelling
GO0:0051607-defense response to virus

GO:0045087-innate immune response

10.3389/fcimb.2022.1010771

Molecular Function (MF)

GO0:0003723-RNA binding
G0:0005515-protein binding
GO0:0005524-ATP binding
GO0:0003724-RNA helicase activity

GO:0016887-ATPase activity
GO:0003676-nucleic acid binding
GO:0003677-DNA binding

GO:0003735-structural constituent of
ribosome

GO0:0004386-helicase activity
GO:0003682-chromatin binding
GO0:0005515-protein binding
GO:0042802-identical protein binding

GO:0005764-lysosome

GO:0005765-lysosomal membrane

G0:1904813-ficolin-1-rich granule

lumen

GO0:0016020-membrane

GO0:0035580-specific granule

lumen

G0:0010008-endosome membrane

GO:0005886-plasma membrane
GO:0035578-azurophil granule

lumen

GO:0009615-response to virus

GO0:0006954-inflammatory response

TABLE 4 List of top 10 significantly enriched human pathways in the

meta-analysis.

Up regulated pathways
hsa03040:Spliceosome

hsa03010:Ribosome
hsa03013:Nucleocytoplasmic transport

hsa05168:Herpes simplex virus 1
infection

hsa04660:T cell receptor signaling
pathway

hsa03018:RNA degradation
hsa05340:Primary immunodeficiency
hsa03008:Ribosome biogenesis in
eukaryotes

hsa05171:Coronavirus disease - COVID-
19

hsa05166:Human T-cell leukemia virus
1 infection

Down regulated pathways

hsa04621:NOD-like receptor signaling
pathway

hsa04142:Lysosome
hsa05164:Influenza A

hsa05132:Salmonella infection
hsa05160:Hepatitis C

hsa04145:Phagosome
hsa05169:Epstein-Barr virus infection

hsa05152:Tuberculosis
hsa05162:Measles

hsa05140:Leishmaniasis
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GO0:0045071-negative regulation of viral genome replication

GO:0032731-positive regulation of interleukin-1 beta production

GO0:0032755-positive regulation of interleukin-6 production

GO:0050729-positive regulation of inflammatory response

GO:0006915-apoptotic process
GO0:0032757-positive regulation of interleukin-8 production
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GO0:0003725-double-stranded RNA
binding

GO0:0004298-threonine-type endopeptidase
activity

GO:0001730-2'"-5"-oligoadenylate
synthetase activity

G0:0042803-protein homodimerization
activity

G0:0002020-protease binding

GO:0061133-endopeptidase activator
activity

GO:0050786-RAGE receptor binding
GO0:0004175-endopeptidase activity

In addition, pathways related to immune mediated cascades
such as T cell receptor signaling pathway, Th17 cell
differentiation and NF-kappa B signaling pathway were also
observed (Urdahl et al., 2011). The order of appearance of T cell
receptor signaling pathway down the list indicate that the onset
of genes contributing to this pathways are delayed. Nuclear
factor-kappa B (NFxB) pathway mediates pro-inflammatory
responses which are required by the host to control of many
microbial pathogens. The activation of NF«B has proven to
increase the viability of intracellular Mtb in human macrophages
by preventing apoptosis and autophagy (Bai et al., 2013). The
lysosomal and pathogenic pathways indicate the dominance of
these pathways used by the pathogens to avoid lysosomal
targeting. They function by actively manipulating the host
vesicular trafficking and reside in a vacuoles altered from the
default lysosomal trafficking (Sachdeva and Sundaramurthy,
2020). The overlap of infectious disease pathways signals the
usage of similar players for evading the infection and using host
counterparts to reproduce.
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FIGURE 5
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Protein-protein interaction network (hPPI) of the 2038 DEGs in the meta-analysis. The up-regulated genes are colored in red and down-
regulated genes are colored green. The edges are represented as orange lines.

The PPI networks reveal the involvement of major players
contributing to the infection. The hPPI network identified ten
hub genes which play crucial role in the infection. All these
identified hub genes were ribosomal proteins involved in RNA
binding. These RNA-binding proteins play critical roles in co-
and post-translational regulation. Due to the distinct
differences in ribosome structure between Mtb and the host,
the ribosome is a multiprotein complex, and the protein-
protein interactions of its subunits may be an appealing
target for novel antibiotics (Lin et al., 2012). Earlier report
based on microarray expression analysis such as Wang et al.,
also reported up-regulation of 22 unique ribosomal proteins in

tuberculosis infection (Wang et al., 2003). In the current work
we identified the involvement of 10 (RPL10A, RPS4X, RPS16,
RPS23, RPS3, RPS13, RPL7A, RPL4, RPS5 and RPS6) unique
ribosomal proteins in the active disease stage with high degree
of connectedness. However, the significance of these genes is
unclear and requires future studies. The hmPPI network
showed MAT2A of the host protein interacted with ten Mtb
proteins. MAT2A catalyse the conversion of L-methionine to
S-adenosyl-L-methionine in cysteine and methionine
metabolism. The Mtb protein partners also perform similar
function, for example MetK which is a methionine
adenosyltransferanse (Wang et al., 2003).

Bl

UYL
NI

Mtb-host protein-protein interaction network (hmPPI). The Mtb proteins are colored green and human proteins are colored in orange. The
edges are represented as blue lines.
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TABLE 5 List of drugs in DrugBank targeting DEGs in the meta-analysis.

DEG

TSPO

FYN

C5

TNFSF13B

ABCBI1

FCGR1B

MYC

Fold

change

-1.5792

1.5683

-1.5903

-2.0145

1.6387

-2.2365

1.5067

Drug name

Chlormezanone
(DB01178)

Zopiclone (DB01198)

Fostamatinib*
(DB12010)

Dasatinib* (DB01254)

Human
immunoglobulin G
(DB00028)

Eculizumab
(DB01257)

Belimumab
(DB08879)

Medroxyprogesterone
acetate

Fentanyl
(DB00813)

Voacamine
(DB04877)

Tocofersolan
(DB11635)

Hycanthone
(DB14061)

Concanamycin A
(DB14062)

Dexverapamil*
(DB14063)

Emopamil*
(DB14064)

Lomerizine
(DB14065)

Tetrandrine*
(DB14066)

Dofequidar
(DB14067)
Dexniguldipine
(DB14068)
Desmethylsertraline
(DB14071)

Reversin 121
(DB14072)

Human
immunoglobulin G*

(DB00028)
Aspirin* (DB00945)

Pharmacological

action

Agonist

Agonist
Inhibitor

Multitarget

Binder

Antibody

Neutralizer

Inhibitor

Inhibitor

Inhibitor

Antagonist

Inhibitor

Inhibitor

Inhibitor

Inhibitor

Inhibitor

Inhibitor

Inhibitor

Inhibitor

Inhibitor

Inhibitor

Antagonist

Down regulator
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Disease treated

Muscle spasms

Insomnia

Immune
thrombocytopenia

Chronic myeloid
leukemia

Immunodeficiency;
Autoimmune
disorders

Autoimmune
disorders

Systemic lupus
erythematosus; Active
lupus nephritis
Secondary
amenorrhea; Renal
carcinomas

Anesthesia
Multidrug-resistance
in tumor cells
Vitamin E
deficiencies
Schistosomiasis

Fungal infection

Cardiac arrhythmias

Renal injury

Migraines

Immunosuppression;
Proliferation

Neoplasm

Hypertension

Depressive disorder

Immunodeficiency;
Autoimmune
disorders.

Inflammation;
Migraines;
Cardiovascular events
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Mechanism of action

Inhibition of the ascending reticular activating system; Blocking the
cortical and limbic - reticular pathways.

Inhibitory actions of GABA.

LRRK2 and spleen tyrosine kinase inhibition.

Src family tyrosine kinase inhibitor.

Prevent infection by attaching to the surface of invading pathogens and
aiding in their disposal before they can infect cells.

Inhibition of complement complex C5b-9.

Blocks its interaction with B cell receptors - transmembrane activator
and calcium-modulator.

Production of gonadotropin inhibition.

Inhibition of nerve activity.
It is possibly a substrate for P-glycoprotein (P-gp), an efflux pump

responsible for multidrug resistance in tumor cells.

It acts as a free radical chain breaking molecule, halting the
peroxidation of polyunsaturated fatty acids and maintaining both the
stability and integrity of cell membranes.

Binds to specific cell-surface receptors.

Anti-arrhythmia drugs are divided into four main groups: calcium
channel blockers; beta-adrenergic blockers; sodium channel blockers;
and repolarization prolongers.

Inhibition of calcium influx through cellular membranes.

Inhibition of calcium influx through cellular membranes.

Inhibits or prevents the proliferation of NEOPLASM.

It exhibited a binding affinity for P-glycoprotein, assuming it could
impede P-glycoprotein pumping and modify multidrug resistance.

Blocks gamma Fc receptors, preventing the binding and ingestion of
phagocytes and suppressing platelet depletion.

Blocks prostaglandin synthesis; With high dose for COX-2 inhibition.

(Continued)
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TABLE 5 Continued

10.3389/fcimb.2022.1010771

DEG Fold Drug name Pharmacological Disease treated Mechanism of action
change action
Nadroparin* Inhibitor Prophylaxis of It inhibits coagulation cascade.
(DB08813) thrombotic events
S1PR1 2.0215  Fingolimod* Modulator Multiple sclerosis To reduced lymphocyte circulation into the central nervous system.
(DB08868)

*used for tuberculosis via varying mechanism.

The meta-analysis identified the involvement of various
kinases in active TB. The drug bank list also narrowed down
few drugs acting on kinases. Various classes of tyrosine kinase
inhibitors exhibit distinct mechanism of action to inhibit
phagocytosis of tubercle bacilli in dose and time-dependent

TABLE 6 List of DEGs proximal to TB-associated SNPs.

DEG SNP associated with the gene
ABCBI 151128503, rs1045642
ACSS1 156138553
ACTA2 rs1800682
BLK 152254546
CCR7 rs11659024
CD5 1510897125
CD6 1510897125
CIRBP rs2285899
COX19 1511761941
CSTA rs10934559
ENTPD1 1510882657
FAS rs1800682
FBX031 1510779243
GBP2 rs12121223
GBP5 152146340
GMEG rs10412931
HLA-DPAL 153129750
KIF1B rs11121555
LAP3 1510939733
MDCl 151317834
MICB 152532929
OAS1 1510774671
PBX4 151859287
PGD rs11121555
PSMB10 rs12102971
PSMBS$ 153129750
PSMB9 rs3129750
SCO2 rs12148
SP110 rs3948464
TAP1 153129750
TAP2 rs3129750
TIMM10 152649662
WDR6 151134591
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manner. Early studies have proven that tyrosine kinase
inhibitors including Dasatinib, Bosutinib, Imatinib, Nilotinib,
Ponatinib, Nintedanib, Fostamatinib and Tirbanibulin reduce
the growth of intracellular Mtb. The ligation of complement
receptors by Mtb plays a major role in stimulation of tyrosine
phosphorylation (Schlesinger and DesJardin, 2022). Focusing on
drugs targeting these proteins can act as a starting point for the
development of host mediated drug repurposing studies. The
genetic-variant analysis recognized genes contributing to drug
resistance such as ABCBI (Pontual et al., 2017) and susceptibility
to latent tuberculosis such as SP110 and OASI1 (Chang et al., 2018;
Leisching et al, 2019). Analyzing the genetic variants of the
tuberculosis patients before starting any treatment regimens is
highly suggested to prevent late stage failures.

Conclusion

The current study focuses on meta-analysis and highlights
host genes and pathways crucial for tuberculosis disease. The
DEGs identified in the current work shed light on promising
drug targets for host-directed repurposing therapies. The work
also suggests considering the genetic variants associated with the
TB-related genes to enhance the success rate of therapies in
individuals affected with tuberculosis. Future studies assessing
the behavior of the identified DEGs during and after the
treatment can ascertain their involvement in the disease
pathogenesis and progression.
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Purpose: AKT1 is an important target in sepsis acute lung injury (SALI). The
current study was aim to construct a high-throughput screening (HTS) system
based on the ChemDiv database (https://www.chemdiv.com/complete-list/)
and use the system to screen for AKT1 activation agents, which may provide
clues for the research and development of new drugs to treat SALI.

Methods: Based on the existing X-ray structure of AKT1 and known AKT
activators, a large-scale virtual HTS was performed on the ChemDiv database
of small molecules by the cascade docking method and demonstrated both
accuracy and screening efficiency. Molecular docking and molecular dynamics
simulations were used to assess the stability and binding characteristics of the
identified small-molecule compounds. The protective effect of the new highly
selective compound on SALI were verified both in vitro and in vivo experiments.

Results: The small-molecule compound 7460-0250 was screened out as a
specific activator of AKT1. Molecular validation experiments confirmed that
compound 7460-0250 specifically promoted the phosphorylation of AKT1 and
down-regulated the LPS-induced apoptosis of human umbilical vein
endothelial cells (HUVECs) by activating the AKT-mTOR pathway. Up-
regulated mTOR was detected to directly interact with Bax to reduce
apoptosis. In vivo, compound 7460-0250 could improved survival rate and
alleviated lung injury of sepsis mice induced by cecum ligation and puncture
(CLP), parallel with the activation of the AKT-mTOR pathway.

Conclusion: Small-molecule compound 7460-0250 was successfully
screened and confirmed as a highly selective AKT1 activator, which is a
critical target in the development of new therapeutics for SALI.
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sepsis, lung injury, HTS - high throughput satellite, apoptosis, AKT1
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Introduction

Sepsis is defined as life-threatening organ dysfunction
caused by dysregulated immune response to infection (Singer
et al,, 2016). Acute lung injury (ALI) is a common and serious
complication of sepsis. The incidence of ALI caused by sepsis is
25%-45%, and the mortality is 50%-60% (Kumar, 2020).
Changes in vascular function resulting from vascular
endothelial cell injury play an important role in the
pathogenesis of SALIL In the pathological state, pathogens
cause vascular endothelial injury, vascular endothelial
inflammation, and vascular leakage, leading to the entry of
immune cells and inflammatory factors aggravating SALI
(Hussman, 2020; Pan et al., 2020).

The AKT pathway is closely related to cell apoptosis and has
been extensively studied in tumors. AKT inhibitors are used to
promote the apoptosis of tumor cells to treat cancer (Hua et al.,
2021). In recent years, many studies in the field of sepsis have
highlighted that activation of the AKT pathway could inhibit the
apoptosis of functional cells, reduce the level of inflammation
and oxidative stress, and subsequently improve organ function
damage in sepsis (Cao et al,, 2021; Li et al., 2022). There are 3
isoforms of AKT—AKT1, AKT2, and AKT3—among which
AKTI1 is most closely connected to apoptosis (Green et al.,
2013; Gong et al, 2017; Kim et al, 2020). Previous studies
have confirmed that pyrotoxin could improve apoptosis of LPS-
induced HUVECs by promoting AKT1 phosphorylation (Wang
etal,, 2022). Currently, the only activator targeting AKT is SC79,
which binds to the pleckstrin homology (PH) domain of AKT at
residue 25 (arginine) (Jo et al, 2012). Based on the existing
pharmacophore model and X-ray structure of SC79 (PDB ID:
1UNR), HTS of the small molecule ChemDiv database was
conducted in the current study and the highly selective AKT1
activator small molecule compound 7460-0250 was obtained.
This novel compound was subsequently characterized through
molecular docking and molecular dynamics simulation and in
vitro with LPS-induced HUVECs. Findings from this study
provided a new mean for identifying AKT1 activators that
have potential clinical applications in the treatment of SALL

Materials and methods
Regents

Small molecule compound 7460-0250 and MK-2206 were
bought from Taosu Bio LTD. (China). Anti-AKT1 (phospho
$473) antibody and anti-AKT2 (phospho S474) antibody were
bought from Abcam (USA). Anti-Bax antibody and anti-mTOR
antibody were from CST (USA). Anti-AKT3 (phospho S472)
antibody was from Abnova (China). Annexin V -FITC
Apoptosis Kit was purchased from solarbio (China). 10%
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fetalbovine serum and crystal violet were from Beyotime
(China). Cell counting kit-8 was from Beyotime (China).

Cell culture

Human Umbilical Vein Endothelial Cells (HUVECs)
cultivated by Laboratory of Tsinghua Changgung Hospital
were cultured in an Incubator (SANYO, Japan) under
standard Conditions (37°C, 5% CO2). The experiments were
performed after two passages. Cells were cultured in Dulbecco’s
Modifled Eagle Medium (DMEM), high glucose (Gibco, United
States) containing.

Animals

Wild type (WT) male C57BL/6] mice aged 6-8 weeks
(Beijing Hufukang Biotechnology Co., LTD, China) were fed
under a specifc pathogen-free environment in Tsinghua
University. The mice were equally divided into 4 groups (n =
7 mice/group): sham, activator group, SALI, and SALI+activator
groups. The surgical procedure was performed as follows: male
mice were fasted for at least 12 h and then anesthetized by
intraperitoneal injection of tribromoethanol (10 mg/kg). For the
sepsis and the activator intervention groups, the cecum was
exposed after mid-line laparotomy and ligated immediately
below the ileo-cecal valve without causing intestinal
obstruction. After being punctured twice with an 18G needle,
the cecum was placed back in the peritoneal cavity, and the
abdominal wall was closed in two layers. SALI+activator group
and activator group were administered with the small molecular
compound 7460-0250 (25 and 100 mg/kg) by intraperitoneal
injection at 2 h before the CLP operation. For the sham group,
the cecum was exposed, and then the abdominal wall was closed
in two layers. All the three groups were treated with normal
saline just after operation to mimic clinical therapy. At 6 h after
the operation, six mice from each group were sacrificed, and
inferior lobe of right lung was used as the study sample. And the
survival of these four groups at 7 days was recorded. All animal
experiments were conducted under the rules approved by the
Ethics Committee of Beijing Tsinghua Changung Hospital
(protocol code NCT05095324).

Drug

Small molecule compound 7460-0250 and MK-2206 were
obtained from Shanghai Topscience Limited Corporation
(Shanghai, China). The powder was stored at —20°C and was
dissolved in DMSO adjusted to pH 4.5 with 1 N acetic acid for in
vitro studies before use.
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Methods

Schrodinger

Schrodinger software was used to preprocess the protein to
generate the docker grid file, and construct the pharmacophore
model of the small molecule compound database and the
pharmacophore model of AKT agonist SC79. The
pharmacophore model of SC79 was used to match the
ChemDiv pharmacophore database model. In addition,
ADMET screening high-throughput screening (HTVS)
standard precision screening (SP) ultra-high precision
screening (XP) was performed, and MMGBSA was used to
score and sort, and the top five binding energies were selected
for binding mode analysis. The detailed steps and results are
shown in the Results section.

Molecular dynamics simulation

The docking results were selected as the initial structure,
Gromacs was used as the dynamics simulation software,
AMBERI14SB was selected as the protein position, and Gaff2
was selected as the small molecule position. TIP3P water model
was used to add solvent to the protein-ligand system to establish
the water box, and sodium ion equilibrium system was added.
The PME handles electrostatic interactions under elastic
simulations using Verlet and CG algorithms, respectively, and
minimizes energy for a maximum number of steps (50,000)
using the steepest descent method. The Coulomb force cutoft
distance and Van der Waals radius cutoff distance are both 1.4
nm. Finally, the canonical system (NVT) and isothermal isobaric
system (NPT) equilibrium systems are used, and then 100ns MD
simulation is carried out at room temperature and pressure.

CCK-8

HUVECs were cultured in 96-well plates to 80% confluence,
then incubated with the new compound for indicated hours. Cell
viability was detected with CCK-8 according to the
manufacturer’s instruction. Briefly, after new compound
treatment, cells were incubated with 10 mL CCK-8 solution at
37 °C for 2 h and were measured the absorbance of each well at
450 nm.

Flow cytometry analysis

Cell apoptosis was tested by flow cytometry using an
annexin V-FITC apoptosis detection kit. HUVECs were
washed twice with phosphate-buffered saline (PBS) and
resuspended in 100 ul oflx binding buffer mixed with 5 ul of
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annexin-V-FITC and 2.5 ul of 7-AAD staining solution for
15 min in the dark at room temperature. After 15 min of
incubation, an additional 400 pl of binding buffer was added,
and then the cells were analyzed using a flow cytometer (BD,
USA). The production of ROS was tested by flow cytometry
using an DCFH-DA probe. HUVECs were washed twice with
PBS and resuspended in 100 ul PBS mixed with 10uM DCFH-
DA for 30 min in the dark at room temperature. Then, the cells
were washed with PBS three times, and 300 ul PBS was added
before analysis by flow cytometry. 7- AAD and annexin-V assay
Q2 + Q3 were used to perform the apoptosis rate (Kepp
et al., 2011).

Western blot

Apoptosis-mediated proteins were analyzed by western blot.
The total protein was extracted by radio-immunoprecipitation
assay and phenylmethane sulfonylfluoride following the
standard protocols for extracting protein. The protein
concentrations were quantified using the BCA Protein Assay
kit. Samples were electrophoresed in 10 or 8% SDS-PAGE gel
and transferred onto a polyvinylidene fluoride membrane. Then,
the membrane was blocked in 5% dried milk at 4°C overnight.
The membrane was washed with Tris-buffered saline Tween-20
(TBST) three times, followed by incubation with a secondary
antibody at room temperature for 40 min. After washing with
TBST again, to observe protein signals, substrate luminol reagent
and HRP substrate solution were added onto the membrane, 1
ml/membrane, and membrane signals were revealed by an
enhanced chemiluminescence immunoblot detection system.
The staining intensity of the bands was quantitated by
densitometry through ImageJ software. The antibodies used in
our study are described above in the “Reagents”. Protein
expression levels were defined as gray value, standardized to
the housekeeping gene GAPDH, and expressed as a fold of
control. All experiments were performed in triplicate and three
times independently.

Immunoprecipitation

For pre-clearance of G protein sugar beads, a total of 25ul of
G protein sugar beads (GE Healthcare, Mississauga, ON,
Canada) were incubated with primary antibody for 50 min at
4°C. The beads were then mixed with protein from 500ug of cell
lysate and spun overnight at 4° C on a spinner. The following
day, the beads were centrifuged at 10000 g for 5 min and the
supernatant was discarded. The plates were washed 3 times with
1X PBS, mixed with 25ul of 2X SDS buffer, and then boiled at
95°C. The SDS-PAGE and western blot protocols were then
followed as mentioned above.
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Hematoxylin-eosin (HE) staining

The lung tissues fixed with paraformaldehyde were
embedded in paraffin and sectioned (thickness 5 um) for HE
staining. The pathological changes of lung tissue were observed
under the light microscope at 200 x, and according to the
pulmonary interstitial edema, alveolar hemorrhage, medium
Lung histopathological injury score (0 = normal, 1 = mild, 2
was classified as moderate, 3 as severe, and 4 as extremely
severe), and the total score was calculated.

Results

The existing AKT activator SC79 was
used to screen small molecule
compounds

AKT1 protein pretreatment

Schrodinger’s Protein Preparation module was used for
AKT1 Protein (PDB ID Code: 1UNR) pretreatment, that is,
water molecules and excess ions were deleted, missing side
chains and loop regions were completed, and energy
minimization was achieved (Figure 1A). Studies have shown
that AKT1 activator SC79 binds to the PH region of AKT
through interaction with residue R25. According to the sites
reported in literature, Arg25 of AKT1 protein is set as the
docking center, and the distance 20A around Arg25 is taken as
the docking box (Figure 1B). Schrodinger’s Glide Grid module is
used to generate the docking Grid file. Use of Schrodinger
LigPrep module of small molecule ChemDiv database (https://

FIGURE 1

10.3389/fcimb.2022.1050497

www.chemdiv.com/complete-list/) protons, desalination,
hydrogenation, generate tautomer, pretreatment of generating
three-dimensional conformation and energy minimization.

Construction of pharmacophore model of
small molecule compound database

Schrodinger’s Create Phase Database module was used to
preprocess tautomers, ionization, etc. The original ChemDiv
Database contained 2091084 compounds, and after
preprocessing, it contained 2465124 compounds. ChemDiv
pharmacophore database model was constructed by using each
molecule of ChemDiv database to generate pharmacophore
model. There were 120988286 pharmacophore models in total
(49.08 pharmacophore models per molecule on average).

Construction of AKT agonist SC79
pharmacophore model

According to the molecular structure of AKT activator SC79,
the above pretreatment was performed and the pharmacophore
model was generated (Figure 1C). The pharmacophore model
was generated as a total of 7 elements, 1 aromatic ring
pharmacophore, 3 hydrogen bond acceptor pharmacophore, 1
hydrogen bond donor pharmacophore, and 2 hydrophobic
center pharmacophore.

Screening effective pharmacophore

The ChemDiv pharmacophore database model was matched
with the pharmacophore model of SC79 in Schrodinger’s Phase
Ligand Screening module. A total of 250789 molecules met the
criteria of at least six elements of the pharmacophore model and
would be screened for the next round of molecular docking.

hydrophobic core

(A) The processed structure of AKT1 protein. (B) AKT1 protein with the docking box. (C) The pharmacophore model of SC79.

Frontiers in Cellular and Infection Microbiology

58

frontiersin.org


https://www.chemdiv.com/complete-list/
https://www.chemdiv.com/complete-list/
https://doi.org/10.3389/fcimb.2022.1050497
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Wang et al.

Schrodinger’s QickProp module was used for ADMET screening.
A total of 237609 molecules that met the five rules of drug-like
properties and did not contain reactivity fragments were retained
for the next round of docking screening. Because the last round of
pharmacophore screening molecules meet the pharmacophore of
positive drug SC79, so the last round of pharmacophore screening
237609 molecules could all docking into the cavity of AKT1, using
Schrodinger Glide module high throughput screening (HTVS),
The top 10% of the scoring 23761 molecules were selected for the
next round of precision screening (SP) docking screening.
Schrodinger’s Glide module standard was used for precision
screening SP, and the top 10% (2376 molecules) were selected
according to the score for the next round of ultra-precision (XP)
screening. Schrodinger’s Glide module was used for XP screening,
and the top 10% (237 molecules) were scored according to the
score for MMGBSA. The top five scores were selected for binding
mode analysis (Table 1), and molecular dynamics simulation was
performed on them.

Docking results of small molecule compounds
with AKT1 protein molecules

In order to compare with the positive compounds, we used
the same parameter settings, first performed XP docking on
SC79, and calculated the MMGBS binding free energy of SC79:
MMGBSA score: -63.21kcal/mol. The results were consistent
with those reported in the literature, in which ARG25 was a key
amino acid and formed a halogen bond interaction with SC79
and N-PI interaction (Figure 2A). Compound 1 binds to the
corresponding binding site reported in the literature and forms
hydrogen bond interactions with ARG25, a key amino acid
reported in the literature. In addition, it can also form
hydrogen bond interactions with LYS14, TYR18 and ASN53,
and form a salt bridge with ARG86 (Figure 2B). Compound 2
forms hydrogen bond interactions with LYS14, TYR18, ILE19
and ASN53 of ATKI, and can also form N-PI interactions with
ARG25 (Figure 2C). Compound 3 forms hydrogen bond
interactions with LYS14, TYR18, ILE19 and ASN53 of ATK1,

TABLE 1 MMGBSA scores for selected compounds.

Hits Title

Compoundl 2-(2,4-dioxo-1,3-thiazolidin-5-yl)-N-(3-{[(2,4-dioxo0-1,3-

thiazolidin-5-yl)acetyllJamino}phenyl)acetamide

Compound2 diethyl 5-({[(4-(2,3-dimethylphenyl)-5-{[(2-methoxybenzoyl)
amino]methyl}-4H-1,2,4-triazol-3-yl)thio]acetyl}amino)-3-
methylthiophene-2,4-dicarboxylate

Compound3 benzyl {[3-(6-{[2-(3,4-dimethoxyphenyl)ethyl]amino}-6-oxohexyl)-
4-0x0-3,4-dihydrothieno|3,2-d]pyrimidin-2-yl]thio}acetate

Compound4 N-(3-Chloro-phenyl)-4-{3’-[3-(3-chloro-phenylcarbamoyl)-
propyl]-4,4-dioxo-2,2’-

Compound5  4-{2-[(1,3-benzodioxol-5-ylmethyl)amino]-2-oxoethyl}-N,N-
diethyl-3-ox0-3,4-dihydro-2H-1,4-benzoxazine-6-carboxamide
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and can also form N-PI interactions with ARG25 (Figure 2D).
Compound 4 forms hydrogen bond interactions with LYS14,
ALA50, and ASN53 of ATKI1, and can also form N-PI
interactions with ARG25 (Figure 2E). Compound 5 and
ARG25 of ATKI can form hydrogen bond interaction on the
one hand and N-PI interaction on the other hand. In addition, it
can also form hydrogen bond interaction with LYS14, GLU17,
TYR18, ILE19, ASN53 and ASN54. N-pi interaction is formed
with ARG86 (Figure 2F). The interaction modes and hydrogen
bonds between each small molecule compound and AKT1
protein are shown in Table 2.

Molecular dynamics simulation results of small
molecule compound 7460-0250 and AKT1
protein

After 100ns molecular dynamics simulation of small
molecule compound 7460-0250 and AKT1 protein, trajectory
analysis was carried out. Firstly, RMSD of trajectory protein and
small molecule were extracted. As shown in Figure 3A, protein
and small molecule were in a mutually stable state after 10ns. So
we could do the following analysis for trajectories from 10 to
100ns. The RMSF of track proteins and small molecules was
extracted, as shown in Figures 3B, C. There were five places with
large RMSF values, namely N segment, C segment and the
middle three loop regions. For example, in the RMSF diagram
of small molecules (Figure 3D), all amino acids of small
molecules are basically in a stable state. The interaction mode
of the stability interval (10-100ns) of the kinetic trajectory was
analyzed, as shown in Figure 3E. Amino acids that play
important roles in small molecule binding include Lysl14,
Glul7, Tyrl8, Ilel9, Arg25, Asn53 and Arg86, whose main
roles are hydrogen bonding, water bridge and hydrophobic
interaction. The occupancy of interactions formed by 10-100ns
(number of frames forming interactions/total number of frames)
was counted. As shown in Figure 3F, binding of small molecules
to proteins mainly depends on 2, 4-thiazolidinediones at
both ends.

ID Smile MMGBSAdJG
number Bind(kcal/
mol)

7460-0250 clc(NC(CC2C(NC(=0)S2)=0)=0)cc(NC(CC2C(NC -67.46
(52)=0)=0)=0)ccl

K403- clee(c(C(NCe2[nHO](c3¢(c(cee3)C)C)e(SCC -62.71

0776 (NC3=C(C(C)=C(C(=0)OCC)S3)C(=0)OCC)=0)
[nHO][nHO0]2)=0)cc1)OC

K292- clcec(COC(CSe2[nHO](CCCCCC(=0)NCCc3ec(c -62.54

1366 (cc3)OC)OC)c(c3¢([nH0]2)C=CS3)=0)=0)ccl

2159-2999  clc(cc(NC(CCCN2C(SC(C2=0)=C2C(N(C(=S)S2) -61.13
CCCC(Nc2cc(Cl)cee2)=0)=0)=S)=0)ccl)Cl

F118-0638 CCN(C(clcecc2c(N(CC(NCc3cecdc(cc3)0C04)=0)C -60.12

59

(C02)=0)c1)=0)CC
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(A—F) Docking results of small molecule compounds with AKT1 protein molecules.

Small molecule compound 7460-0250
could specifically activate AKT1
phosphorylation

We used different concentrations of small molecule
compound 7460-0250 to induce HUVECs for 8h. As shown in
Figures 4A, B, with the increase of the concentration of small
molecule compound 7460-0250, the p-AKT1/AKT ratio gradually
increased in a dose-dependent manner (P < 0.001). The
expression of p-AKT2/AKT was significantly increased only
when the concentration of small molecule compound 7460-0250
was 8pg/ml (P > 0.05). When the concentration of 7460-0250 was
2 pg/ml and 4ug/ml, there was no significant difference in the
expression of p-AKT2/AKT compared with control group (P >

TABLE 2 Interaction of compounds with AKT1.

0.05). The p-AKT3/AKT ratio increased slightly when the
induction concentration of 7460-0250 was 4 pg/ml and 8ug/ml,
which was critically lower than the expression of p-AKT1/AKT at
the lowest induction concentration of 7460-0250 (P < 0.001).
There was no significant difference in p-AKT3/AKT ratio between
the control group and 2ug/ml 7460-0250 group (P > 0.05).

To further verify the activation effect of the new compound
in other cell lines, we used different concentrations of small
molecule compound 7460-0250 to induce Raw264.7 cells for 8h.
As shown in Figure 4C, the p-AKT1/AKT ratio increased
significantly when the induction concentration of 7460-0250
was 8 pg/ml. The p-AKT3/AKT ratio enhanced slightly when
the induction concentration of 7460-0250 was 8 pg/ml. The p-
AKT2/AKT ratio could not be up-regulated in these groups.

Compound IDNUMBER MMGBSA Interaction Interacting amino acids
dG Bind

Hydrogen n-Pi Halogen  Salt

bonding  Interaction bond  bridge
Compound1 7460-0250 -67.46 4 0 0 1 LYS14, TYRI8, ARG25, ASN53, ARG8S6
Compound2 K403-0776 6271 2 0 0 0 LYS39
Compound3 K292-1366 -62.54 6 2 0 0 LYS14, TYRI8, ILE19, ARG25, ASN53
Compound4 2159-2999 -61.13 3 1 0 0 LYS14, ARG25, ALA50, ASN53
Compounds F118-0638 -60.12 7 2 0 0 LYS14, GLU17, TYRIS, ILE19, ARG25,

ASN53, ASN54, ARGS6

Bold values means the predicted bonding bond between the compound and the AKT1 protein.
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Molecular dynamics simulation results of small molecule compound 7460-0250 and AKT1 protein. (A) RMSD; (B, C) Protein RMSF; (D) Ligand

RMSF; (E, F) The connection between ligand and protein.

To determine whether AKT inhibitor could inhibit the AKT-
mTOR pathway activated by the new selectively compound or
not, western blot was applied. MK-2206 was used as the AKT
inhibitor. As shown in Figures 4D, E, compared with control
group, the expression level of p-AKT and mTOR were enhanced
in activator group, and were decreased by MK-2206 in a dose-
dependent manner (p < 0.001).

Meanwhile, to detect the cytotoxicity and effective
concentration of the new compound, CCK-8 was employed.
As shown in Figure 4F, the cytotoxicity of the new highly
selective compound was also measured to identify an effective
and safe dose. The new highly selective compound at 2ug/ml,
4ug/ml, and 8ug/ml had no influence on cell proliferation(p >
0.05). However, the compound at 161g/ml could reduced the cell
proliferation (p <0.001).

Small molecule compound 7460-0250
could activate AKT-mTOR pathway and
down-regulate Bax protein expression

As previously mentioned, stimulation of HUVECs with 1ug/
ml LPS for 6h could successfully induce septic cell model. So we
divided cells into four groups: control group, LPS group (1ug/ml
LPS), activator group (8uig/ml small molecule compound 7460-
0250), and LPS (1pg/ml LPS)+activator (8pig/ml small molecule
compound 7460-0250) group. 7460-0250 was added 2h in
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advance. As shown in Figures 5A, C, the expression of p-AKT
and mTOR increased slightly after stimulation with LPS or small
molecule compound 7460-0250. The expressions of p-AKT and
mTOR in LPS+small molecule compound 7460-0250 group were
significantly higher than those in single molecule stimulation
group (P < 0.05). As shown in Figures 5B, D, the expression of
Bax in LPS+activator group was significantly increased compared
with the control group, and the expression of Bax in LPS
+activator group was significantly decreased compared with the
LPS group (P < 0.05). There was no significant difference in Bax
expression in activator group compared with the control group (P
>0.05). CoIP was applied to investigate whether mTOR bounds to
Bax in HUVECs. The expressions of mTOR and Bax proteins
were detected by Input WB (Figure 5E). Empty GFP plasmid
failed to bind to Bax, whereas GFP-tagged mTOR bound to Bax in
HUVECs (Figure 5F).

The small molecule compound 7460-
0250 could down-regulate the apoptosis
of LPS-induced HUVECs

As shown in Figures 6A, B, the apoptosis rate of HUVECs in
LPS group was significantly higher than that of the control group
(P < 0.001), and the apoptosis rate of HUVECs in activator
group was not statistically different from that of the control
group (P > 0.05), while the apoptosis rate in the LPS+activator
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Small molecule compound 7460-0250 could specifically activate AKT1 phosphorylation. (A, B) The protein expression of AKT phosphorylation
and AKT in HUVECs. (C) The protein expression of AKT phosphorylation and AKT in Raw264.7 cells. (D, E) AKT inhibitor could inhibit the AKT
mTOR pathway activated by the new selectively compound (F) Effects of MK2206 on cell viability. Data are presented as mean + SD (n = 3 per
group) of the representative data from three independent experiments; P#<0.01, P*###<0.001, P****<0.001. The asterisk (*) represents the
group is statistically different from the Con group. ns, no significant difference.

group was significantly lower (P < 0.001). Apoptosis rates (%) of
control group, LPS group, activator group, and LPS+activator
group were 3.763 £ 0.281, 43.33 + 2.068, 4.5 + 0.51, 15.97 *
0.65, respectively.

The small molecule compound 7460-
0250 could improve the survival rate of
SALI mice induced by CLP

Mice were divided into 6 groups: sham group, 25mg/kg
activator group, 100mg/kg activator group, SALI group, SALI
+25mg/kg activator group, and SALI+100mg/kg activator group.
The small molecule compound 7460-0250 was administered by
intraperitoneal injection at 2 h before the CLP operation. The 7-
day survival rate of the four groups was monitored in our study.
As illustrated in Figure 7A, while all sham-operated mice and
7460-0250-administrated mice survived to the end of the
observation period, half of mice in the SALI group died within
3 days. The survival rate of mice in SALI group were lower than
that in the sham group (P < 0.001). The survival rate of mice in
the SALI+100mg/kg activator group was essentially improved
compared with that in the SALI group (P < 0.001). There was no
significant difference in survival rate between SALI+25mg/kg
activator group and SALI group (P > 0.05).
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The small molecule compound 7460-
0250 could alleviate SALI mice induced
by CLP

As shown in Figures 7B, C, at 6 h after operation, mice in sham
group, 100mg/kg activator group, and 25mg/kg activator group
had no obvious congestion, bleeding and inflammatory cell
infiltration in lung interstitium. In SALI group, pulmonary
interstitial hyperemia, hemorrhage, edema, severe rupture of
alveolar capillary wall, and a large number of inflammatory cell
infiltration were observed. Mice in SALI+100mg/kg activator
group had mild pulmonary interstitial edema, alveolar capillary
congestion with a small amount of cleft bleeding, and
inflammatory cell infiltration was reduced compared with those
in SALI group. Compared with SALI group, SALI+25mg/kg
activator group had no significant changes. The lung
histopathological injury scores of mice in Sham group, 100mg/kg
activator group, 100mg/kg activator group, SALI group, SALI
+25mg/kg activator group and SALI+100mg/kg activator group
were 0.333 £ 0.21, 0.167 +0.167, 0.2+0.2, 6.0+0.365, 5.833
+ 0.307, 2.167 * 0.167, respectively. Overall, the difference was
statistically significant (P < 0.001). There was no significant
difference in the pathological score of lung tissue injury between
25mg/kg Activator group and 100mg/kg Activator group and
sham group (P > 0.05), while the pathological score of lung
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tissue injury in SALI group was significantly higher than that in
Sham group (P < 0.001). The pathological injury score of lung
tissue in SALI+100mg/kg activator group was significantly lower
than that in SALI group (P < 0.001), but there was no significant
difference between SALI+25mg/kg activator group and SALI group
(P > 0.05).

The small molecule compound 7460-
0250 could activate AKT-mTOR pathway
in lung tissue in vivo

To verify the effect of the new compound in vivo, CLP-
induced sepsis mice model was employed. As shown in
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, B, compared with sham group, the expressions of
p-AKT and mTOR in lung tissue increased slightly in SALI
group. Compared with SALI group, the expressions of p-AKT
and mTOR in lung tissue in SALI+activator group were
significantly higher (P < 0.001).

The systemic inflammatory reaction in sepsis could damage
the alveoli, causing alveolar edema and exudation, pulmonary
capillary dilatation, congestion, and inflammatory cell
infiltration, and could eventually lead to decreased
oxygenation capacity of patients, with ALI resulting from
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progression of the disease (Wang et al., 2019). Although there
are numerous predisposing clinical factors for ALI, sepsis is the
most common cause, and ALI in patients with sepsis is termed
SALIL The main treatments for SALI are anti-infectives,
dilatation, diuresis, use of ventilator, and endotracheal
intubation. These treatments could save lives and reduce
mortality in patients with SALI, but the efficacy is
unsatisfactory. Consequently, there is an urgent need to find
drugs to prevent and block sepsis (Gotts and Matthay, 2016).
The homeostasis of intercutaneous junctions in alveolar
capillary vessels is a key factor for maintaining normal alveolar
homeostasis and lung repair after injury (Mehta and Malik,
2006). The alveoli contain abundant pulmonary microvascular
endothelial cells, which mediate the transport of molecules from
the blood vessels to the lung interstitium. LPS and other
activators of lung injury could induce vascular endothelial cell
injury (Hou et al., 2019). The most important pathological
change of SALI is diffuse alveolar epithelial injury (Mokra,
2020). Under pathological conditions, the destruction of
vascular endothelial connections leads to an increase in
vascular permeability, the infiltration of inflammatory factors
and inflammatory cells, and the production of a cascade reaction
to expand the inflammatory effect, resulting in or aggravating
SALI (Li et al,, 2020). Scholars have found that inducing
macrophage polarization from the proinflammatory M1 type
to the anti-inflammatory M2 type could reduce ALI caused by
sepsis (Jiao et al., 2021). In addition, inhibition of PD-L1 protein
expression in neutrophils could promote neutrophil apoptosis
and reduce SALI (Wang et al, 2021). These findings
demonstrate that the neutrophils and macrophages that exude
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from the alveolar capillary endothelium then accumulate around
alveolar epithelial cells and release numerous inflammatory
factors are instrumental in promoting the development of
SALI Therefore maintaining the stability of vascular barrier
function and reducing the damage to endothelial cells are vital
for the prevention and treatment of SALL

Activation of the PI3K-AKT-mTOR pathway could alleviate
the apoptosis of HUVECs (Lin et al., 2020; Chen et al., 2021). In
addition, our previous study revealed that various active
components in Reduning, a traditional Chinese medicine,
could alleviate LPS-induced apoptosis of HUVECs by targeting
AKT1 and activating AKT phosphorylation (Wang et al., 2022).
The discovery of AKT dates back to the 1970s, when an
oncogene sequence, named AKTS8, was identified in murine
leukemia viruses, and two homologous oncogenes of AKTS,
named AKT1 and AKT?2 (also known as PKKB oiand PKKB 3,
respectively), were subsequently identified in human
chromosomes (Pastorino et al., 2005). Later, an oncogene
called AKT3 (also known as PKBy) was identified in
mammalian cells and was classified as a third isoform of AKT
(Gogvadze et al., 2008). Studies of AKT gene subtypes revealed
that AKT1 is predominantly involved in apoptosis (Gao et al,
2004), AKT2 is mainly involved in glucose metabolism (Wang
et al,, 2014), and AKT3 plays a role in the development of the
nervous system (Ong et al., 2010).

The existing AKT activator SC79 has the ability to activate
all three subtypes of AKT (AKT1, AKT2, and AKT3) (Jo et al,
2012). The current study employed HTS (Kalwat, 2021; Cretin
et al., 2021; Tian et al., 2021) to screen out specific activators of
AKT]I, and more specifically identify those that could protect
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LPS-induced HUVECs. The small-molecule compound 7460-
0250 was identified by HTS of the ChemDiv database using
Schrodinger software based on the structure of the existing AKT
activator SC79. Compared with the positive control SC79, the
novel compound 7460-0250 had a higher MMGBSA score and
also formed more hydrogen bond interactions. This indicated
that the small-molecule compound 7460-0250 may potentially
have improved activity compared with SC79. Therefore, a
molecular dynamics simulation was performed on compound
7460-0250 to study the dynamic binding mode of compound
7460-0250 and AKT1, which would provide a theoretical basis
for subsequent structural modification. The results of molecular
dynamics simulation showed that the small-molecule compound
7460-0250 could stably bind to AKT1 protein, and its binding
characteristics were explained.

In molecular biological validation experiments, western blot
revealed that small-molecule compound 7460-0250 could
specifically activate AKT1 in a dose-dependent manner.
Moreover, the protective effect of compound 7460-0250 on
LPS-induced HUVECs was subsequently verified. It was found
that compound 7460-0250 could downregulate the level of
apoptosis-related protein Bax in LPS-induced HUVECs by
activating the AKT-mTOR pathway. We therefore investigated
the interaction between mTOR and Bax by CoIP. Empty GFP
plasmid failed to bind to Bax, whereas GFP-tagged mTOR
bound to Bax in HUVECs. Taken together, these data suggest
that mTOR interacts with Bax to delay LPS-induced HUVECs
apoptosis. Then, we tested the protective effect of compound
7460-0250 in SALI mice induced by CLP. Compound 7460-0250
could up-regulated the survival rate and alleviate pulmonary
interstitial hyperemia, hemorrhage, edema, and inflammatory
cells infiltration. It was demonstrated that compond 7460-0250
maintained endothelial barrier function by protecting HUVECs
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from apoptosis, reducing immune cell leakage into the
interstitial space and improving further inflammatory
responses. This study also demonstrated that HTS is a simple
and effective way to explore new therapeutic agents, and our
discovery of this novel AKT1 activator may provide a new
treatment for sepsis.

Conclusion

Based on the literature and previous mechanism studies, this
study established and optimized a HTS system for activators of
AKT1. Through HTS of the ChemDiv database, new highly
selective AKT1 activator compound 7460-0250 was identified,
and subsequent in vitro and in vivo experiments confirmed that
compound 7460-0250 could attenuate SALI through activating
the AKT-mTOR signaling pathway (Figure 9). These findings
provided a theoretical basis for the research and development of
new drugs for sepsis.

Limitation

As with most studies, the design of the current study is apt to
limitations. This study provide a new option for the prevention
and treatment of SALIL, which has been verified in vivo and in
vitro experiments, but fell short of investigating whether the
efficiency of new highly selected small molecule compound is
better than SC79 in molecular biological experiments. However,
we have demonstrated the advantages of the new highly selective
AKT]1 activator in molecular docking analysis, so this limitation
will not cause a very large bias in the results of the study. We will
make further efforts to unearth the role of compound 7460-0250.

Under the microscope:

@ alveolar cavity. The alveolar septum and alveolar wall were
Interstital ‘&' @ Inflammation  significantly thickened. Part of the alveolar space collapsed
space cells

Schematic illustration of the mechanism of the protective effect of AKT1 activator on SALI. The destruction of the endothelial vascular barrier by
pathogens leads to the leakage of inflammatory cells into the lung interstitium, resulting in SALI. Compound 7460-0250 may attenuate SALI by
activating AKT-mTOR signaling pathway to bind Bax and thereby alleviate alveolar capillary cell apoptosis.
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Introduction: As antibiotic resistance has become more prevalent, the social and
economic impacts are increasingly pressing. Indeed, bacteria have developed
the SOS response which facilitates the evolution of resistance under genotoxic
stress. The transcriptional repressor, LexA, plays a key role in this response.
Mutation of LexA to a non-cleavable form that prevents the induction of the SOS
response sensitizes bacteria to antibiotics. Achieving the same inhibition of
proteolysis with small molecules also increases antibiotic susceptibility and
reduces drug resistance acquisition. The availability of multiple LexA crystal
structures, and the unique Ser-119 and Lys-156 catalytic dyad in the protein
enables the rational design of inhibitors.

Methods: We pursued a binary approach to inhibit proteolysis; we first
investigated B-turn mimetics, and in the second approach we tested covalent
warheads targeting the Ser-119 residue. We found that the cleavage site region
(CSR) of the LexA protein is a classical Type Il B-turn, and that published 1,2,3-
triazole compounds mimic the B-turn. Generic covalent molecule libraries and a
B-turn mimetic library were docked to the LexA C-terminal domain using
molecular modelling methods in FlexX and CovDock respectively. The 133
highest-scoring molecules were screened for their ability to inhibit LexA
cleavage under alkaline conditions. The top molecules were then tested using
a RecA-mediated cleavage assay.

Results: The B-turn library screen did not produce any hit compounds that
inhibited RecA-mediated cleavage. The covalent screen discovered an
electrophilic serine warhead that can inhibit LexA proteolysis, reacting with
Ser-119 via a nitrile moiety.

Discussion: This research presents a starting point for hit-to-lead optimisation,
which could lead to inhibition of the SOS response and prevent the acquisition of
antibiotic resistance.

KEYWORDS

LexA, antibiotic resistance, covalent inhibitors, molecular docking, proteolysis
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1 Introduction

Antimicrobial resistance is a prevailing problem, threatening to
undermine the progress of healthcare in the last century since the
discovery of antibiotics. Infections that were previously treatable no
longer respond to traditional antibiotics. Quiescent populations of
bacterial pathogens resistant to antibiotics can lead to a higher risk
of mortality from the infection and an increased risk of disease
dissemination (Founou et al., 2017). Bacteria can acquire this
resistance through three main mechanisms - transformation,
transduction and conjugation (Munita and Arias, 2016). While
some bacteria acquire resistance through genetic exchange, others
acquire it as the result of chromosomal mutations that inactivate
drug-activating enzymes or targets of the drugs. Where it has
previously been unprofitable to develop new antibiotics, the social
and economic implications are now beginning to outweigh that
criterion (Aslam et al, 2018). It is therefore no surprise that
alternative antibiotic targets, like the SOS pathway, have emerged
(Cirz et al., 2005; Smith and Romesberg, 2007; Culyba et al., 2015).

DNA damage to a bacterium compromises the chromosomal
integrity and can threaten cell survival. As a countermeasure,
bacteria have evolved the damage-inducible “SOS response”
(Radman, 1974). The SOS response is regulated by two proteins;
LexA, which serves as a transcriptional repressor of >40 genes in E.
coli (Fernandez de Henestrosa et al., 2000) and RecA, which upon
DNA damage, forms a RecA nucleoprotein filament (RecA*) that
mediates the self-cleavage of LexA. Upon proteolysis, LexA is
inactivated as a transcriptional repressor and the SOS response is
derepressed (Figure 1) (Little, 1984). The LexA NTD (Figure 2)
normally binds to a 16-19 bp palindromic recognition site in the
promoter region of genes in the SOS regulon (Fernandez de
Henestrosa et al,, 2000). The affinity of LexA to this promoter
region creates a finely tuned regulator of the SOS response. Genes
that have weak LexA binding sites are induced first, while those with
tighter binding sites are induced later in the SOS response
(Fernandez de Henestrosa et al., 2000). Of the more than 40
genes in the SOS regulation, three encode DNA polymerases (pols

~ DNADamage .
L~ % N > Transcription DNA repair
) ' Persistence & biofilms
Activated RecA*

Mutagenesis & HGT

LexA \Vy sosgenes 2,
Repressor
1 505 Pathway Activated
Tral tion
Repressed Pathway
L
XX Inhibitor
FIGURE 1

A schematic representing the bacterial SOS response to DNA
damage and the inhibition of the pathway. Under standard
conditions, the LexA dimer is bound to the promotor region
repressing the transcription of the SOS response genes. Upon DNA
damage and the activation of RecA to form nucleoprotein RecA*
filaments, LexA undergoes proteolysis and derepresses the SOS
genes as it is no longer able to bind to the promoter region. When a
small molecule inhibitor is bound to LexA, the antibiotic-evasion
associated pathway is antagonized and the SOS genes are not
transcribed. Note that HGT stands for horizontal gene transfer.

Frontiers in Cellular and Infection Microbiology

70

10.3389/fcimb.2023.1051602

I, IV and V). In particular, polV is responsible for the majority of
damage-induced mutagenesis in E.coli (Kato and Shinoura, 1977).
Previous studies have reported that the SOS response can be
attenuated by genetically inactivating the RecA*/LexA interaction
(Mo et al., 2016) and antibiotic-associated mutagenesis is decreased,
re-sensitizing resistant strains to DNA damaging antibiotics with
the latter being dependent on functional pols II, IV and V (Cirz
et al., 2006; Cirz et al., 2007; Li et al., 2010). As a consequence,
previous studies have investigated the SOS pathway as target to
prevent the acquisition of antibiotic resistance (Cirz et al., 2006;
Cirz et al.,, 2007; Mo et al., 2018; Selwood et al., 2018; Bellio
et al., 2020).

LexA is a dimeric protein in solution (Mohana-Borges et al.,
2000), with each monomer joined by a short flexible linker called
the cleavage site region (CSR) between residues 79-95 (Figure 2).
This linker region undergoes a conformational change from the
non-cleavable (NC) form to the cleavable (C) form when LexA
binds to RecA*. Figure 3 illustrates the conformational movement
of the CSR. The CSR region of LexA has been described as a -turn
in several instances (Mo et al., 2014; Jaramillo et al., 2022), but is not
yet categorised. The N-terminal domain (NTD) binds to the LexA-
binding box, while the C-terminal domain contains the protease
active site. LexA is a serine protease, in the endopeptidase clan SF,
and part of family S24 (Slilaty and Little, 1987; Polgar, 2013) defined
by the Ser-119 and Lys-156 catalytic dyad (Figure 2). Located in a
hydrophobic cleft (Figure 3), the Ser-119 of the dyad acts as a
nucleophile and the lysine as the acid/base. Over the pH range 7.15-
11.77 LexA, undergoes a linear rate of autodigestion, reaching a
plateau above pH 10 (Slilaty et al., 1986). In this case, the Lys-156 is
deprotonated, and the protein undergoes autocleavage (Slilaty and
Little, 1987). In the presence of RecA* nucleoprotein filaments, the
CSR loop changes conformation, shifting into the hydrophobic cleft
(Figure 3) and causing the pK, of the Lys-156 to change,
deprotonating it (Polgar, 2013). This forms a transient tetrahedral
intermediate between the Ser-119, Ala-84 and Gly-85 (Figure 2
insert). Cleavage of the protein occurs when the bond between Ala-
84 and Glu-85 is hydrolysed by the nucleophilic Ser-119.

LexA was the first of a superfamily of enzymes that have been
shown to undergo autoproteolysis (Little, 1984; Slilaty et al., 19865
Burckhardt et al., 1988; McDonald et al., 1999; Luo et al., 2001;
Cezairliyan and Sauer, 2009; Gonzalez et al., 2019). This family of
enzymes are subjected to RecA-mediated cleavage and are therefore
close structural homologs to LexA. This includes UmuD
(Burckhardt et al., 1988; McDonald et al., 1999), DinR (Haijema
et al,, 1996; Winterling et al., 1997), SetRicgso; (Gonzalez et al.,
2019) and A cI (Gimble and Sauer, 1985), all of which are involved
in the mutagenic SOS response. The scissile Ala-Gly or Cys-Gly
residues, along with the catalytic dyad of Ser and Lys are conserved
across these proteins. While all of them undergo proteolysis, what
sets them apart is the rate at which they undergo cleavage. Point
mutations of the residues around the CSR have found that they are
essential to mediating the rate at which members of this family
undergo cleavage, from speeding it up to preventing cleavage
altogether (Gimble and Sauer, 1985; Lin and Little, 1988; Shepley
and Little, 1996; McDonald et al., 1998; Beuning et al., 2006; Mo
et al., 2014).
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FIGURE 2

Key structural features of the LexA dimer (PDB ID: 1JHF). One of the monomers is depicted in blue, and the other is in green. The catalytic dyad Ser-
119 and Lys156 are highlighted in red, and the scissile bond Ala-84 — Glu-85 is in orange. The CSR which undergoes the conformational shift upon
binding to RecA is shown in purple. The insert depicts the transition from the catalytic S119-K156 dyad to the tetrahedral intermediate (PDB ID:
1JHE) as the scissile Ala-84 — Glu-85 moves into the hydrophobic pocket. This conformational change activates LexA from the NC form into the C
form. The green dashed lines in the insert represent the hydrogen bonds between residues in the crystal structure. Note that the crystal structure
does not contain the NTD of the second monomer in the dimer, due to poor electron density (Luo et al., 2001).

While prior work has attempted to develop inhibitors to LexA  advanced by Selwood et al. (Selwood et al., 2018) and an
cleavage, none are potent enough to take to market. A major  analogue of the initial hit was reported to have an IC50 of 9 uM
campaign in a partnership between industry and academia (Mo  against LexA. Further modifications to the 1,2,3,-triazole core
et al., 2018) reported five molecules with micromolar cytotoxicity.  scaffold have been investigated by Jaramillo et al. (Jaramillo et al,
The 1,2,3-triazole lead (GSK-C1) from this first iteration was  2022), however, none of the compounds had an IC50 below 48 uM.

-5kTle 0 5kT/e

FIGURE 3

Surface representations of the LexA repressor protein. The ribbon represents the CSR in the cleavable (red, PDB: 1JHE) and non-cleavable (green,
PDB: 1JHC) forms. The key scissile bond (Ala-84 — Gly-85) is in yellow. (A) depicts the amino acid hydrophobicity using the Kyte-Doolittle scale.

(B) illustrates the electrostatic potential (kT/e) of the surface, calculated using DelPhi Webserver (Sarkar et al., 2013). These representations depict the
catalytic pocket that the CSR moves into when the protein is activated. As the surface representations indicate, the pocket is highly hydrophobic and
electrostatically positive.
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To aid in the discovery of novel inhibitors, an understanding of
these compounds’ molecular recognition is necessary. Molecular
modelling has proven to be a vital tool in the determination of a
structure-activity relationship (SAR) without the need to perform
resource-intensive mutagenesis studies (dos Santos et al.,, 2014).
These approaches have also facilitated the ability to screen large
chemical spaces in a relatively short amount of time and at little cost
compared to their counterpart in vitro screening techniques
(Bender et al., 2021). A common approach to novel proteins is to
virtually screen large libraries of compounds, sometimes reaching
into millions of compounds. When there are existing compounds
known to bind to a protein it can be appropriate to use them as a
rationale to perform a targeted screen of smaller libraries (Sarnpitak
etal., 2015). This reduces the computational resources required and
speeds up how long the screening campaign takes.

In recent times, covalent inhibitors have gained momentum
owing to their potency, selectivity and extended duration of action
(Kim et al, 2021; Gao et al,, 2022). Covalent inhibitors have an
electrophilic warhead that reacts with nucleophilic residues, both
reversibly and irreversibly (Kumalo et al,, 2015; Abranyi-Balogh
and Keser(l, 2022). Selectivity is achieved through non-covalent
interactions with the scaffold. Serine is one of the most commonly
targeted residues due to its catalytic role in many proteases, and
common covalent inhibitors such as penicillin and aspirin are
examples of serine warheads (Martin et al., 2019). A recent study
explored boronic acids as covalent inhibitors of LexA autocleavage
(Bellio et al., 2020). This study found (3-aminophenyl)boronic acid
had a K4 of 1.07 mM, and that it is predicted to form an acyl-
enzyme intermediate with the Ser-119 and form hydrogen bonds
with the Lys-156 and Val-153 (Bellio et al., 2020). The same study
developed a new equation for describing the inhibition potency of
autoproteolytic enzymes (Bellio et al., 2020).

This investigation uses a two-fold approach to find a novel
inhibitor scaffold. First, we establishedthe SAR of current non-
covalent inhibitors, which was used as a rationale to dock a selected
molecule libraries — B-turn mimetics and covalent serine warheads.
A small library of the top binding molecules from each of the two
libraries was screened in vitro after establishing a pseudo high-
throughput approach. A Ky for the identified covalent proteolytic
antagonist was determined, and the unsuccessful nature of the f3-
turn mimetic screen was discussed. Herein, we describe the
discovery of a covalent inhibitor scaffold that inhibits the cleavage
of the LexA transcriptional repressor.

2 Materials and methods

2.1 Hydrophobic and electrostatic
potential surface

The hydrophobicity of LexA (Figure 3A) was represented
according to the Kyte and Doolittle scale (Kyte and Doolittle,
1982) which assigns a hydrophobicity value to each residue, and
was visualised with UCSF Chimera version 1.13.1 (Pettersen et al.,
2004). The Adaptive Poisson-Boltzmann Solver (APBS) (Jurrus
et al,, 2018) webserver was used to calculate the electrostatic
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potential surface of the LexA CTD wild-type monomer. The C-
terminal wild type (WT) was prepared by downloading the
structural file (PDB: 1JHC) and mutating the Ala-119 to a serine
before adding hydrogens. The PDB file was converted to PQR
format at pH 7.0 and using PROPKA (Olsson et al., 2011;
Sendergaard et al., 2011) to assign protonation states. The PARSE
forcefield (Sitkoff et al., 1994; Tang et al., 2007) was used for the
conversion. To run APBS, the dielectric constant set to 2.00 Fm™,
and the solvent dielectric constant to 78.5400 Fm™'. The output
electrostatic potential surface was visualised with UCSF Chimera
version 1.13.1 (Pettersen et al., 2004) (Figure 3B).

2.2 Molecular docking with BioSolvelT

The mutant E. coli LexA C-terminal fragment (PDB ID: 1JHC)
(Luo et al., 2001) was obtained from the Protein Data Bank (Berman
etal, 2000). The A119 presented in the 3D structure was changed to
serine using Chimera version 1.13.1 (Pettersen et al, 2004) to
represent the WT LexA sequence. As there are no structures of
LexA co-crystallized with ligands, a comparative assessment of
docking programs could not be conducted. We used the FlexX
(Rarey et al., 1996) module of SeeSAR version 10.1 (BioSolvelT
GmBH, 2020) to dock the three molecules from Mo et al. that
bound directly to LexA (Mo et al., 2018). We docked these three to
determine their binding modes and use them as a point of
comparison (Figure S1). HYDE (Reulecke et al, 2008) was used
to re-score the docked poses and calculate predicted binding
affinities. This scoring function involves the fragmentation of the
ligand and selection of a base fragment, which is placed in the active
site. A free energy is assigned to each atom depending on the
emerging hydrogen bond and dehydration energies of the complex.
A tree-search algorithm is then used to incrementally build upon
the base fragment. SeeSAR (BioSolvelT GmBH, 2020) was used as it
offers a unique suite of tools to understand binding recognition
from per-atom scoring and overall concentration ranges for the
ligand dissociation constant (Pagadala et al., 2017). The analysis of
the B-turn in LexA was accomplished using RamachanDraw v0.2.3
(Cirilo, 2022) and visualised using BIOVIA Discovery Studio
version 10.1.0.19295 (Biovia, 2019).

2.3 Virtual Screening of B-turn mimetics
with BioSolvelt

Having determined the type of B-turn present in the LexA
structure, we theorised that the catalytic site would molecularly
recognise B-turn mimetics. A structure-based virtual screening was
performed with the ChemDiv library peptidomimetics of B-turn
motifs (ChemDiv, 2019). The 2276 molecules were docked to the
full-length, wild-type LexA CTD protein using FlexX (Rarey et al,
1996). The binding site was automatically identified by SeeSAR
(BioSolveIT GmBH, 2020), matching the predicted hydrophobic
cleft. Each ligand was docked with 10 poses per molecule generated,
and a and a score was generated for each pose using the HYDE
scoring function (Schneider et al., 2013). The top 53 compounds
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were subsequently ordered from ChemDiv to test in vitro. Docking
poses were visualised using Chimera version 1.13.1 (Pettersen et al.,
2004) and 2D residue interaction plots were generated with
BIOVIA Discovery Studio version 20.1.0.19295 (Biovia, 2019).

2.4 Virtual screening of covalent inhibitors
with CovDock

The ChemDiv libraries Covalent Generic and Smart Inhibitors
(ChemDiv, 2020) was docked to the WT LexA using the CovDock
(Toledo Warshaviak et al., 2014; Zhu et al., 2014) workflow in the
Schrédinger Maestro suite 2019-4. This was used as Maestro Suite is
considered to have one of the best high-throughput covalent docking
implementations (Kumalo et al., 2015; Scarpino et al., 2018). The WT
LexA protein structure was prepared using the Schrodinger protein
preparation wizard, and the 8607 molecules were prepared using
LigPrep (Schrodinger, 2020). The OPLS3e forcefield (Roos et al.,
2019) was used to dock both compound libraries. The cubic grid used
to select the search space, with an inner box equal to 15 A and outer
box of 25 A. The grid box was centred on the catalytic Ser-119, which
was selected as the active residue. CovDock automatically sorts the
input library based on the possible covalent reactions between the
warhead functional groups and the selected catalytic residues. The
sub libraries were docked with beta-lactam addition; boronic acid
addition; conjugate addition to an alkyne (aryl and carbonyl
activated), alkene (nitrile activated); epoxide opening, Michael
addition, nucleophilic addition to a double and triple bond and
nucleophilic substitution. The CovDock module consists of five
distinct steps (Zhu et al, 2014). ConfGen (Watts et al., 2010)
generated conformations of each molecule, and the three
conformations with the lowest conformational energies were
selected for Glide docking. CovDock mutated the Ser-119 to an
alanine, removing potential interference of the sidechain, and the
molecules are docked within 8 A of the C-beta atom of the S119A.
Poses of each molecule scored within 2.5 kcal/mol of the lowest score
sampled were retained. Secondly, the Ser-119 was restored, and the
side chain conformations were sampled with a rotamer library. The
binding modes from step one was sampled to see if the two atoms
that would form the covalent bond were within 5 A of each other. If
so, the covalent bond was then formed, and all the changes in bond
order, ionization state and chirality were adjusted. Stereoisomers were
retained for further optimisation. Next the complexes were
minimised in a vacuum to restore standard bond lengths and avoid
steric clashes. The molecule cartesian coordinates were clustered with
a k-means algorithm and poses were selected and minimised to
obtain a Prime energy used to rank poses and select favourable
binding geometry. Lastly, the poses were assigned a docking score
based on the empirical scoring function that Zhu et al. developed.
This score is the average of the pre-reactive Glide score and the Glide
score of the ligand in the final complex. This score aims to capture the
key elements during the covalent docking process (Zhu et al., 2014;
Delre et al., 2020). Of the 8607 input compounds, the top scoring
compounds across the reaction types were ranked by docking score
and analyzed visually. The 80 top scoring compounds were ordered
from ChemDiv (San Diego, CA).
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2.5 Expression and purification of native
E.coli LexA and RecA proteins

Native, untagged LexA protein, was expressed from an IPTG-
inducible T7 promoter from plasmid pJWL288 (Roland et al., 1992)
in the E.coli strain, RW644 (Karata et al., 2012). LexA was purified
to more than 95% purity by standard protocols (Little, 1984).
Native, untagged RecA, protein was expressed from an IPTG-
inducible T7 promoter from plasmid pAIR79 (Lusetti et al., 2003)
in the E.coli strain, EAW68 (Norais et al,, 2009), that was also
transformed with pT7pol26 (Mertens et al., 1995). RecA was
purified to greater than 95% purity by standard protocols (Cox
et al., 1981; Lusetti et al., 2003; Ojha et al., 2022).

2.6 In vitro screen LexA autocleavage
reactions

A total of 133 compounds from the two screens were ordered
from ChemDiv (San Diego, CA), which consisted of 80 molecules
from the covalent screen, and 53 molecules from the B-turn library.
An assay that takes advantage of the autocleavage that the protein
undergoes in alkaline conditions was based on previously described
methods (Mo et al., 2018; Gonzalez et al., 2019). To establish the
optimal pH for the screen, a pH response curve was made with the
E. coli LexA protein. In each reaction 0.4 ng of LexA was used,
which was diluted in 10 mM Tris-HCl, 150mM NaCl (4.5 uL).
Cleavage buffer consisting of 50 mM CAPS-NaOH (pH 10.00, pH
10.22, pH 10.42, pH 10.60), 150 mM NaCl was added (4.5 uL) to
begin autoproteolysis. After 30 min, reactions were terminated by
the appropriate addition of 4X SDS sample buffer and freezing on
dry ice.

For the screen, 0.4 pg of LexA was used per reaction, which was
diluted in 10 mM Tris-HCI, 150mM NaCl (4 uL/sample). To this,
compound suspended in DMSO was added to a final concentration
of 20 uM (0.5 pL/5.55%) and incubated for 10 min at 37°C.
Cleavage buffer consisting of 50 mM CAPS-NaOH (pH 10.00)
was then added (4.5 pL) and the mix incubated for 30 min. The
reactions were terminated with 4X SDS sample buffer and frozen on
dry ice.

The products of the autocleavage reactions were subjected to
electrophoresis in SDS-PAGE gels containing 4-12% polyacrylamide
(ThermoFisher Bis-Tris, BoltTM). Proteins were stained with
Coomassie brilliant blue using a Bio-Rad Trans-Blot Turbo. The
gels were imaged on an Odyssey CLx and quantified with
Image Studio.

2.7 In vitro RecA-mediated LexA
cleavage reactions

The RecA-mediated cleavage assay was based upon a previously
described procedure for the cleavage of SetRcpso; (Gonzalez et al.,
2019) with modifications. Two 50 UL master mixes were made in a
buffer consisting of 40 mM Tris-HCI (pH 7.4), 10 mM MgCl,, ImM
DTT and 30 mM NaCl. One mix contained 2.5 g of RecA, 200 ng
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®X174 virion (ssDNA) (New England Biolabs; cat; N3023S) and 1
mM ATPYS. The other mix contained 15 ug of LexA and either
DMSO (5% of total) or the compound of interest in DMSO (5% of
total). These master mixes were pre-incubated at 37°C for 10
minutes to activate RecA and allow the compound to interact
with LexA. Afterwards, the mixes were combined and further
incubated at 37°C. 14 pL aliquots were taken at 5-minute
intervals. The reaction at each timepoint was terminated by the
addition of 4 x SDS sample buffer and freezing on dry ice. After
electrophoresis of the timepoint samples in SDS-PAGE gels
containing 4-12% polyacrylamide (Invitrogen NuPAGE 4-12%
Bis-Tris), the gels were stained with Coomassie brilliant blue.
Subsequently, the gels were imaged and quantified using
Image StudioLite.

2.8 Homology with superfamily members

We conducted a protein sequence alignment of E. coli LexA
(A0A418GQD6), B. subtilis DinR (P31080), E. coli UmuD
(E7BTC7), S. typhimurium UmuD (A0A648F2G5) and SetRicgzor
(AOA6GSFOTO) from UniProt using the Bio3D package (Grant
et al, 2006) implemented in R version 4.2.2 (R Core Team, 2022).
The alignment was visualised using ESPript 3.0, and the E.coli LexA
structural features with the docked compound 1 was visualised with
ENDscript 2.0 (Robert and Gouet, 2014).

3 Results
3.1 B-turn definition

As the LexA CSR is a B-turn, we hypothesized that B-turn
peptidomimetics would bind to the same region of the LexA CTD,
thereby preventing cleavage from occurring. It was recently
predicted (Jaramillo et al., 2022) that the current 5-amino-1-
(carbamoylmethyl)-1H-1,2,3-triazole-4-carboxamide scaffold
(Selwood et al., 2018) was a B-turn mimetic, as the 1,2,3-triazole
ring provides a geometry similar to a B-turn (Mo et al., 2018).
Therefore, we were interested in classifying the B-turn of LexA,
which would facilitate a visual comparison between the LexA -turn
and the conformation that docked compounds would take. 3-turns
are classified according to the dihedral torsion angles (® and )
between the amino acid residues i+1 and i+2 (Venkatachalam,
1968). The standard nomenclature for 3-turn types are: I, I, II, IT,
VIII, Vlal, Va2, VIb and IV (Hutchinson and Thornton, 1994). As
more protein structures are being elucidated, these classifications
are being changed, with new turns being defined. This gives
definitions to turns that previously were considered “non-
standard” but occur with a high frequency. We have analyzed the
B-turn in LexA (residues 83-86) to classify it. According to the
standard classification, it falls into type II (de Brevern, 2016),
however a more recent classification puts it under the SC2-SC10
turn. This is classified according to the dihedral torsions in Table 1.
In approximately 68% of the turns that fall into this new classifier,
glycines occur at the i+2 position (Zhang et al., 2022). The distance
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between the a-carbons of the i and i+3 is 5.405 A, and the 2.610 A
distance between the i oxygen and i+3 hydrogen indicate a
hydrogen bond between the molecules (Figure 4B). This is
narrower than most standard -turns, which have distances up to
7 A (de Brevern, 2016; Ahn et al., 2017).

When the compound GSK-C1 was docked to the hydrophobic
cleft, we found it to take on a conformation reminiscent of a 3-turn.
One of the classifications of a B-turn is that the i and i+3 residues
are less than 7.0 A (Ahn et al., 2017) from each other. In the case of
GSK-C1, there is 5.608 A (Figure 4C) between the aromatic rings,
occupying a slightly larger space in the pocket than the B-turn does.
Based on this modelling we decided to screen a library of B-
turn mimetics.

3.2 B-turn peptidomimetics screen

A common approach to inhibiting proteases is the use of
peptidomimetics (Amblard et al., 2018; Capasso et al., 2021; Bai
et al,, 2022). Peptidomimetics are slightly modified backbones or
sidechains, possibly sharing topological similarities with peptide
features. These modifications can be used to hone the properties
such as cell permeability, target specificity, and stability. Based on
the results of the GSK molecule QSAR assessment and our analysis
of the CSR B-turn, we performed a structure-based virtual screen of
the 2276 molecules of the ChemDiv B-turn peptidomimetics library
(Table 2) using the FlexX implementation in SeeSar version 10.1
(BioSolvelT GmBH, 2020). The results of the docking campaign
showed that the mimetics occupied the binding site with a similar
conformation to GSK-C1, the -turn mimetic, and some extended
down to bind in regions closer to the CSR. The main point of
differentiation between the docked compounds was the structural
features used to mimic a B-turn. Where there are a variety of 3-turn
types, denoted by the torsions between residues, these structural
features change the turn of a mimetic. Looking at Table 2, most of
these top compounds contain heterocyclic spiro groups (2, 3, 4, 5, 8,
10). The results also indicate the importance of strong hydrogen
donor/acceptor groups in the compounds as they can stabilise the
compound within the hydrophobic pocket. The only compound in
this library that when docked, took a conformation like that of a 3-
turn is compared in Figure 4D. Molecules were selected based on
their score when compared to the benchmark molecules and
included an enriched scaffold diversity. We selected the 53 top
scoring compounds from the screen to test in vitro.

TABLE 1 Dihedral torsions of the CSR B-turn.

Residue (0} b4

Glu-83 (i) -62.5° 145.65°
Gly-84 (i+1) -58.86° 126.78°
Ala-85 (i+2) 79.02° -24.45°
Ala-86 (i+3) -68.97° 136.73°

These torsions were calculated from PDB 1JHF (Luo et al,, 2001) using BIOVIA Discovery
Studio (Biovia, 2019). Torsions are between four atoms and are used to classify B-turns.
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The Ramachandran plot of LexA highlighting the dihedral torsions between B-turn residues of the CSR region are presented in (A). The key atoms in
the B-turn of the CSR that contains scissile bond between Ala-84 and Gly-85 are shown in (B). The dihedral torsions of the CSR B-turn are detailed
in Table 1. These torsions determine the classification of the B-turn. The docked model of the compound GSK-C1 is shown in (C), (D) is the only B-
turn mimetic compound from our screen that took a conformation reminiscent of the B-turn.

3.3 Covalent warhead screen

We performed a structure-based covalent screening protocol
after it was shown that it was possible to prevent the cleavage of
LexA by targeting the catalytic Ser-119 with covalent warheads (Bellio
et al,, 2020). Using Schrodinger’s CovDock feature, the ChemDiv
Generic and Smart covalent inhibitor libraries were docked. This
revealed scaffolds that demonstrated improved binding scores over
the boronic acids tested by Bellio et al. (Bellio et al., 2020). The top ten
scoring compounds using the OPLS3e forcefield are in Table 3. These
are predicted to bind by a series of different reactions, dependent on
the functional group chemistries available.

3.4 In vitro screen

The in vitro screen carried out was based on the LexA’s ability to
undergo autoproteolysis in alkaline conditions. Our initial
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development of the assay determined the optimal conditions for
the screen to be pH 10.00 for 30 min. Using this property, we
screened the 133 compounds for inhibition activity. Of these, 12
compound exhibited some inhibitory effect under autocleavage
conditions (Table S1), however once tested in the RecA-mediated
counter assay, only one compound exhibited an inhibitory effect on
LexA proteolysis. Compound 1 (ChemDiv ID: 2381-1036,
Figure 5A) covalently bound to the catalytic Ser-119, thereby
inhibiting LexA cleavage. This compound reacts with the serine
via a nitrile-activated conjugate addition, where the alkene reacts to
bind to the serine. In docking this compound scored -4.841, worse
than the top scoring compounds.

Analysis of the top scoring docked pose of this compound
shows that there are three main ways that compound 1 interacts
with the LexA hydrophobic pocket (Figure 5). The primary
interaction is the covalent bond with the oxygen of the catalytic
Ser-119. The second essential interaction is the hydrogen bond
between the donating Lys-156 and the hydrogen bond accepting
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TABLE 2 The top 10 compounds docked to LexA using BioSolvelT, with HYDE rescoring predicted affinities (Schneider et al., 2013).

Ranking  Compound ID  Molecular Weight  Predicted Affinity [uM] Structure
1 CM1461-0224 397.467 18.48 /
N\
\ ,N | Y N

F
2 T787-5165 398.544 26.51 O
o)
N H
N
0
3 S$635-3152 355.317 83.81 \
o)
Br
*H,N
? CQ]\IH/@
4 $635-2320 357.515 97.81 O
N +
H‘\\Q
HO
5 S$635-4217 398.495 98.84 \
0
o)
1]
A
0

6 L871-0125 522.6 107.81 ,

7 CM1461-0349 430.377 118.36 \

(Continued)
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TABLE 2 Continued

Ranking Compound ID Molecular Weight Predicted Affinity [uM] Structure
8 T655-0553 397.516 122.96 _N
N \
L
N
O
@]
9 $398-2187 405.456 130.07 0]
(0]
<
WNm
~N
0 \ N

N~

/
10 $635-2899 368.293 157.31 o)

on: :
Br NH,
(0]
\

TABLE 3 Top-ranked serine covalent warheads from structure-based virtual screening against LexA, predicted with Schrédinger Covdock.

Compound Molecular Structure Docking Reaction

ID Weight score

T002-1796 270.33 -6.22  Conjugate Addition to Alkyne (carbonyl
activated)

T002-1859 274.30 -6.13  Conjugate Addition to Alkyne (carbonyl
activated)

T002-1864 284.36 -598  Conjugate Addition to Alkyne (carbonyl
activated)

M074-0516 244.30 -5.97 | Nucleophilic Addition to a Double Bond

ZE09-1281 282.30 -5.87 | Conjugate Addition to Alkyne (carbonyl
activated)

(Continued)
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TABLE 3 Continued

10.3389/fcimb.2023.1051602

Compound Molecular Structure Docking Reaction
ID Weight score
5644-0079 414.46 O -5.78  Beta Lactam Addition
@) N
_>* NH :
O
T002-1895 257.29 / -5.71 | Conjugate Addition to Alkyne (carbonyl
\ activated)
O =N
N
NS
Z N O
0682-0046 252.27 / \ 5.64 | Nucleophilic Addition to a Double Bond
0] o
Ox ]
() 0]
/
$642-0048 380.47 5.64 | Beta Lactam Addition
O O
N
T002-2908 323.40 H -5.64 | Nucleophilic Addition to a Double Bond
N
o
0]
— N
HNe ()

oxygen of the acetamide. Thirdly, the terminal aromatic hydroxyl
group on compound 1 acts as a hydrogen bond donor to the
glutamic acid carboxyl group. This compound takes a conformation
that is in line with the LexA CSR when the protease is in the C-form
(Figure 6B). The hit rate of the virtual screen was 1.22%, the hit rate
of the in vitro screen was 0.75% calculated according to the methods
outlined by Zhu et al. (Zhu et al., 2013). In cases such as this when a
novel scaffold is identified, a low hit rate is considered preferable to
a high one (Sotriffer, 2011).

We did not find any B-turn mimetics from the ChemDiv 3-turn
mimetic library that inhibited the RecA-mediated cleavage of LexA.
While some demonstration mild inhibition of LexA autoproteolysis
under alkaline conditions, when tested with RecA they did not
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exhibit the same inhibitory effect. An analysis of the B-turn
mimetics conformations reveals that most of them do not take
the same tight hairpin turn that GSK-C1 or the CSR B-turn does
(Figures 4, S2). In the top 10 scoring B-turn mimetics from the
virtual screen, we only see one that takes a hairpin conformation
(Figuresnbsp;4D, S21I) close to that of the CSR B-turn or the
conformation that GSK-C1 takes (Figure 4C). The compound
ranked at 9 in Table 2 has a distance of 4.193 A between the
terminal carbons of the pyridine and aromatic rings at each end,
and 5,752 A between the carbons at the para positions. This is close
to the 5.405 A between the B-turn i and i+3 o carbons, and the 5.603
A at the narrowest point of GSK-C1. This compound bound in the
reverse position, as the central methylated double heterocycle would
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FIGURE 5

Interaction profile of compound 1. (A) 2D structure of compound 1. (B) 2D representation of the amino acid residues directly interacting with the
compound. Residue color is based on the type, grey atom background is the solvent-accessible surface area. (C) The full LexA CTD with the bound
compound and the same electrostatic surface as in Figure 3, with the DelPhi Webserver generated electrostatic surface. The ribbon also denotes the
CSR of LexA. The insert shows the 3-D orientation of the molecule with the surrounding interacting residues.

have larger steric clashes than those of GSK-C1. GSK-CI binds in
the opposite direction in a manner closer to the CSR B-turn
(Figure S2K).

3.5 Pharmacophore of top hit

Exploring the pharmacophore of compound 1 reveals its
similarities to previous hit compounds. Using Cresset’s
FieldTemplater software in Flare v6.0 (Cheeseright et al., 20065
Kuhn et al., 2020), we developed a pharmacophore of these active
compounds. In Figure 6A, the major electropositive and
electronegative fields of the inhibitors overlap or are close in
position. The same can be observed in the overlapping aromatic
rings. Despite the new compound being a covalent inhibitor, it was
revealed to have a similarity of 0.768 to the other three compounds,
combining the field (electrostatic and hydrostatic) similarity and the
shape similarity of the molecules. The similarity to previous
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inhibitors of LexA cleavage further supports the non-covalent
interactions that compound 1 has with the catalytic site of LexA.

3.6 In vitro inhibitor cleavage profile

To understand how compound 1 inhibits LexA cleavage over
time, a series of RecA-mediated cleavage reactions were conducted.
Between 0 and 25 minutes, compound 1 demonstrated inhibition at
a series of concentrations (Figure 7A, gels in Figure S3). Testing
between 1 mM and 0.0625 mM concentrations, compound 1
demonstrated inhibitory activity at all these concentrations, with
significantly higher activity at 0.5 mM and 1 mM of inhibitor. To
compare the inhibition of compound 1 with the other covalent
inhibitors of LexA cleavage we used the kinetic model described by
Bellio et al. (Bellio et al., 2020) to determine dissociation constant
Kg. LexA proteolysis behaves in a non-Michaelian manner as it is
unimolecular, and the protein is consumed during the reaction. As
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FIGURE 6

(A) Alignment of the identified compound to three previously identified inhibitors, showing the similarity of features between the ligands. The key
features are represented by the spheres (Compound 1) and icosahedrons (previous inhibitors). Compound 1 is denoted by the grey carbons, and
thick bonds. The previous inhibitors GSK-D1 (pink), GSK-C1 (lilac) and the lead from Selwood et al. (Selwood et al,, 2018) are represented by thin
lines. Red features are electropositive regions, cyan are electronegative, tan are hydrophobicity fields and yellow van der Waals fields. The size of the
field corresponds to the size of the effect. Image generated using Flare ™ from Cresset®. (B) An alignment of the C-form of LexA (red) with GSK-C1
(blue) and compound 1 (purple) bound to the NC-form of LexA (green). This shows the similarity of these compound conformations to the B-turn of

the C-form.

RecA theoretically binds in a 1:1 ratio, as does the inhibitor, we
assumed that the proteolysis reaction could be described as:

LexA-SNTD + CTD (1)

We assume that [LexA] is the concentration at any time during
the reaction and [LexA], is the initial concentration of LexA. In the
case of our experiments, these values were the band intensities, and
the ratio was between the initial aliquot and then each subsequent
aliquot. As the cleavage occurs as an exponential decay, the
integrated rate law that applies to this equation is:
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where k is the first order rate constant, and ¢ is the time. We fit
this equation to the LexA cleavage without inhibitor, to obtain the
rate constant k, (Figure 7). By calculating the k; for each molar ratio
([LexA]/[LexA],) the effectiveness of these inhibitors can then be
described with the equation:

ok
ki_HT([)(L;m (3)
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Time course of RecA-mediated LexA proteolysis in the presence of different concentrations of compound 1 (A). Example gels are in Supplementary
Material Figure S4. This was used to derive values of k for each concentration. The second graph (B) plots the values of k derived from graph (A) as a
function of the [l]:[LexA] ratio. The value of ¢ is the ratio that is half of the rate constant ko.

where [I] is the inhibitor concentration and ¢ is the effectiveness
at half of the first order rate constant (k). Plotting the k; values
against the molar ratios, it is possible to determine how effective the
inhibitor is at inhibiting LexA cleavage (Figures 7, 7B). In the case
of compound 1, the effectiveness was determined to be 43.422,
which equates to a K4 of 286.36 UM - significantly lower than those
of the boronic acid compounds published by Bellio et al. (Bellio
et al.,, 2020).

3.7 Comparison of compound 1 binding
pocket and related proteins

An analysis of the amino acids interacting with compound 1
from the docking reveals the residues that stabilise the compound in
the binding pocket (Figure 5), we see the Lys-156 forming hydrogen
bond with the oxygen of the acetamide group. The interaction
diagram further depicts the residues that stabilise compound 1 in
the pocket (Figure 5B) and the orientation of the compound in the
hydrophobic pocket (Figure 5C).

While we determined that compound 1 bound to LexA in vitro,
it was of interest to investigate if it potentially would bind to
structurally similar proteins in other species. We investigated B.
subtilis DinR, E. coli UmuD, S. typhimurium UmuD, and SetRjcg301
as they share structural homology with LexA. A multiple sequence
alignment showed that not only are Ala-84, Glu-85, Ser-119, and
Lys-156 conserved (Figure S5), but other residues in the catalytic
cleft are as well, an expected occurrence due to the retention of
function by these proteins (Burckhardt et al., 1988; Haijema et al,
1996; Gonzalez et al, 2019). Using ENDScript 2.0 (Robert and
Gouet, 2014), residues within 3.2 A and 3.2-5 A of the compound
were evaluated (Figure S5). Several of these residues, particularly
Glu-152 - Lys-156 are mildly conserved across species.

4 Discussion

The goal of this study was to continue the search for novel
inhibitors of the SOS response in E. coli by inhibiting the
transcriptional repressor LexA. We approached this through a
targeted campaign combining in silico and in vitro techniques. In
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this approach, we hypothesized a binary approach searching 3-turn
peptidomimetics and covalent compound libraries for a molecule
that binds to the hydrophobic cleft of LexA and prevent the
proteolysis of the protein. The cleavage of this dimer is regulated
by the Ser-119 in the active site, which in the NC conformation is in
a catalytic dyad with Lys-156. The formation of the transient
tetrahedral with Ala-84 and Gly-85 and subsequent hydrolysis of
the amide bond regulates the cleavage rate.

Our workflow resulted in the discovery of one compound -
(2E)-2-cyano-N-(2-hydroxyphenyl)-3-(5-phenyl-2-furyl)
acrylamide - that exhibited inhibitory activity against LexA. This
compound, while not as effective as the non-covalent inhibitor that
has been published by Selwood et al. (Selwood et al., 2018), further
demonstrates the possibility of using covalent inhibitors against
RecA-mediated LexA cleavage. The resulting compound shares
some similarities, such as the aromatic end-groups and the
presence of acetamides in the chains. Using SwissADME (Daina
et al.,, 2017), the pharmacokinetic properties of compound 1 were
estimated. Based on the predicted WLOGP and TPSA, the molecule
would be absorbed into the GI tract (Daina and Zoete, 2016).
Optimization of the compound would seek to improve the
pharmacokinetic profile and the inhibitory activity.

We reasoned that the previous 1,2,3-triazole inhibitors (Mo
etal., 2018; Selwood et al., 2018) acted as B-turn mimetics. This was
supported by the recent paper by Jaramillo et al. (Jaramillo et al,
2022). When comparing the docked structure of GSK-CI to the
CSR turn we determined that it appeared to take a B-turn-like
conformation, but in a different orientation to that of the CSR,
instead interacting with residues on the CSR (Figure 6). While the
current lead inhibitors mimic B-turns, our in silico screen did not
result in any B-turn mimetics that were active in RecA-mediated
LexA proteolysis. The limited library selection may have caused
this, as the mimetics copied wider B-turns than the LexA CSR; a
greater range of protein mimetics and an increased scaffold diversity
may have resulted in an improved outcome.

Covalent docking techniques have only recently emerged.
Molecular modelling programs are still in the process of
implementing tools that facilitate this type of docking.
Subsequently, the scoring functions of these programs are still
being optimized, and each program takes a different approach to
how the docking is done. Instances such as ours are not uncommon
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- where the lead compounds after a covalent screening campaign
are not necessarily the compounds that scored highest in the virtual
screen (Shen et al., 2022).

Covalent inhibitors require two main features to be effective. The
first is the need for a reactive warhead on the molecule that reacts
with the catalytic residue. In the case of compound 1, there are two
electrophilic groups - the alkene and the nitrile. CovDock predicted
that the alkene group in the middle of the compound, activated by the
nitrile group, is how the compound binds to the catalytic Ser-119.
While this is the most likely mechanism, the nitrile group on the
compound might also be directly reacting with the serine. The second
key feature are the functional groups that denote the non-covalent
interactions with the binding pocket. These interactions both position
the compound to facilitate the covalent binding, and they also
stabilize the molecule in the binding pocket after the fact, slowing
or preventing a reversible reaction. Based on our docking, the binding
of compound 1 to the LexA pocket is stabilized by the Val-82, Leu-
113, Ser-116, Glu-152, Thr-154, Lys-156 cand Ile-177 (Figure 5B),
leaving space to develop the molecule to target interactions with other
residues in the hydrophobic pocket. A larger scaffold would
theoretically interact more strongly with residues in the binding
pocket. When compared to the prior best covalent inhibitor with a K
of 1.09 mM (Bellio et al.,, 2020), this compound has one 238.36 UM.
Molecular modelling shows that the orientation of compound 1 in
the catalytic pocket lines up with i and i+2 residues of the CSR in the
activated C-form (Figure 6).

Other members of the LexA superfamily have a low sequence
homology (Figure S5). Despite this, they have a highly conserved
structure, and serve closely related roles in different species. The
residues interacting with compound 1 (Figures 5, S6) are conserved
across several of the other proteins of the superfamily which
suggests that the molecule may have a similar antagonistic effect.
Testing these compounds with proteins in the LexA superfamily to
determine if it could be applied as a broad-spectrum treatment
would be another step in the further development of this compound
but was outside the scope of this investigation.

Future development of compound 1 needs to address the solubility
in aqueous solutions. Presently, it has a relatively poor solubility in
water, with precipitate observable in 0.5 mM concentrations. Rational
modification of the molecule would require improving interactions
with the other amino-acid residues in the binding pocket to increase
target specificity and affinity, improve the bioavailability of the
compound, and improve the aqueous solubility. Importantly, it
would need to be determined whether compound 1 is able to
permeate the bacterial cell wall, and if not, then what modifications
would facilitate such movements. To achieve this, in vivo assays testing
the compound with a bacterial model is necessary.

The major limitation of this investigation is the lack of studies
confirming and improving our understanding of the compound
activity; extensive mass spectrometry to show the covalent bond
formation, cell-based SOS reporter assays (Selwood et al., 2018) or
filamentation assays (Bellio et al., 2020). While these would further
confirm binding is occurring it would be more appropriate to deal
with the solubility issue and improve the binding first. Despite these
caveats, we can make a reasonable assumption that the covalent
reaction is indeed occurring due to the catalytic dyad within the
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catalytic pocket. Ser-119 is the most reactive serine on the protein,
as the B-hydroxy group of the serine is polarized due to the presence
of the Lys-156 thereby increasing the nucleophilicity of the residue
(Bellio et al., 2020).

Where previous papers on LexA kinetics have investigated the
kinetic relationship between RecA concentrations and LexA
cleavage rates, only one study (Bellio et al., 2020) has defined an
approach to kinetically studying the effectiveness of inhibitors
against LexA. We were able to adapt this to our approach when
defining how effective a compound is at inhibiting LexA cleavage.
Moving forward, this robust method is well suited to quantitatively
comparing inhibitor effectiveness.

5 Conclusion

This work is the first binary approach to finding novel LexA
inhibitors - investigating both B-turn mimetics and covalent warheads.
The combined in silico and in vitro workflow based on rational library
selection eliminated the need to physically test millions of compounds
to identify novel scaffolds against the LexA transcriptional repressor. In
studying the B-turn of the CSR, we determined that B-turn mimetics
need to take conformations close to that of the protein’s native 3-turn,
with limited bulky functional groups so that the compound can form a
narrow turn. This is why none of the B-turns in the selected library
inhibited the RecA-mediated cleavage of LexA. A previously
unidentified covalent scaffold that inhibits RecA-mediated LexA
cleavage was identified. This scaffold binds the catalytic Ser-119 via a
different mechanism compared to the boronic acids published by Bellio
et al. (Bellio et al,, 2020) and does so with a stronger effect. Further
optimization of this scaffold is required, to improve solubility and
increase non-covalent interactions within the binding pocket. While
molecular modelling indicates that the novel compound forms a
covalent bond with the catalytic Ser-119, experimental confirmation
of this reaction would strengthen these results. Assays that determine
the potency of this compound on E. coli strains would determine if this
compound antagonizes the bacterial SOS response.
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Neisseria gonorrhoeae is an emerging multidrug resistance pathogen that
causes sexually transmitted infections in men and women. The N. gonorrhoeae
has demonstrated an emerging antimicrobial resistance against reported
antibiotics, hence fetching the attention of researchers to address this problem.
The present in-silico study aimed to find putative novel drug and vaccine targets
against N. gonorrhoeae infection by the application of bioinformatics approaches.
Core genes set of 69 N. gonorrhoeae strains was acquired from complete
genome sequences. The essential and non-homologous metabolic pathway
proteins of N. gonorrhoeae were identified. Moreover, different bioinformatics
databases were used for the downstream analysis. The DrugBank database
scanning identified 12 novel drug targets in the prioritized list. They were
preferred as drug targets against this bacterium. A viable vaccine is unavailable
so far against N. gonorrhoeae infection. In the current study, two outer-
membrane proteins were prioritized as vaccine candidates via reverse
vaccinology approach. The top lead B and T-cells overlapped epitopes were
utilized to generate a chimeric vaccine construct combined with immune-
modulating adjuvants, linkers, and PADRE sequences. The top ranked prioritized
vaccine construct (V7) showed stable molecular interaction with human immune
cell receptors as inferred during the molecular docking and MD simulation
analyses. Considerable response for immune cells was interpreted by in-silico
immune studies. Additional tentative validation is required to ensure the
effectiveness of the prioritized vaccine construct against N. gonorrhoeae
infection. The identified proteins can be used for further rational drug and
vaccine designing to develop potential therapeutic entities against the multi-
drug resistant N. gonorrhoeae.

KEYWORDS

Neisseria gonorrhoeae, epitope, chimaric vaccine, novel drug target, multi-
drug resistant
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Introduction

Gonorrhoeae is the second most reported sexually transmitted
disease caused by the gram-negative, coffee bean-shaped
intracellular bacterium, Neisseria gonorrhoeae. After chlamydia
trachomatis, gonorrhoeae is the second most common sexually
transmitted infection (STI) in the world (Jefferson et al., 2021).
Unsafe sex practice is the most common cause of gonorrhoeae. If it
remains untreated, it can lead to sterility, swelling, ectopic gestation,
and maternal death (Yeshanew and Geremew, 2018). Urethral
infection in men and the endocervix infection in women are the
common causes of gonorrhoeae. This damage the columnar
epithelium of the endocervix and cause pain during sexual
contact, an aching feeling while urinating and abdominal vaginal
emission (Sahile et al., 2020). Additonally, the infection enhances
the chances of sexually transmitted diseases, including human
immunodeficiency virus (HIV) (Sahile et al, 2020). Likewise,
suppurative arthritis can also be caused by a disseminated
gonococcal infection in both men and women (Bar-On et al., 1990).

The N. gonorrhoeae has posed a significant health threat to the
world, specifically asymptomatic individuals. Due to inefficient
therapies and the asymptomatic nature of the disease, the number
of untreated and new cases increased, according to the world health
organization (WHO) (Newman et al, 2015). A trend of
antimicrobial resistance for N. gonorrhoeae is increasing and
becoming a serious health burden. This bacterium has the ability
to resist different available antibiotics (Lin et al., 2021).
Sulfonamides and penicillin were foremerly most effective drugs
to treat gonorrhoeae, however, bacteria have developed resistance to
these antibiotics over time. It has become resistant to many other
antibiotics like aminocyclitol, spectinomycin, fluoroquinolone,
ciprofloxacin, azithromycin, vancomycin, trimethoprim, and
colistin in the recent years. This extensive drug resistance (XDR)
nature of N. gonorrhoeae is posing a threat of untreatable
gonorrhoeae in the near future (Yang and Yan, 2020).

There is no single consistent class of antimicrobials appropriate
for the treatment of N. gonorrhoeae. Therefore, some dual
treatments approaches are applied to treat gonorrhoeae, however
failure to these treatments has shown the severity of the infections
(Vincent and Jerse, 2019). These gonococcal infections can persist
and reinfect the host with the evidence that this bacterium can
dodge and overwhelm the immune responses of the individual
(Jefferson et al., 2021). Some efficient control measures should be
taken to resolve the complicated situation, including safe-sex
counseling, appropriate diagnostic and alternative antimicrobial
treatment (Vincent and Jerse, 2019).

The continued resistance of this bacterium to all available
antibiotics has developed a need to design novel drug and vaccine
targets to deal with the urgent impediment and treatment of
gonorrhoeae (Jefferson et al., 2021). Moreover, N. gonorrhoeae
can lower the affinity of drugs and enhance resistance levels by
evolving specific mutations in the target sites of antimicrobials
(Yang and Yan, 2020). N. gonorrhoeae shares much of its genome
with Neisseria meningitidis, 4CMenB vaccine was found to have
potential cross-protection against N. gonorrhoeae which was 40%
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effective with two doses. Although, the vaccine antigen selection
becomes problematic due to gonorrhoeal strains which can be
overcome by introducing core genome studies to target all the
mutant strains of N. gonorrhoeae. Preclinical phase of vaccine
development against N. gonorrhoeae is still going on. Favorable
vaccine candidates are still under study, however, no information
has so far been gathered about vaccine efficacy in humans (Soltan
etal, 2021). The current study aims to unveil alternative therpautic
targtes against N. gonorrhoeae and to design vaccine constructs
based on reverse vaccinology.

Materials and methods

Subtractive proteomics and reverse vaccinology approaches
were utilized to determine the drug and vaccine targets against N.
gonorrhoeae pathogen. which divides the proteins into two
pathways i.e; cytoplasmic proteins and membrane proteins
Depicted in Figure 1).

Core proteome retrieval and paralogous
proteins removal

The core genes sequences of 69 complete genome sequences of
N. gonorrhoeae strains were retrieved from EDGAR version 2.0
(Blom et al., 2016). During this analysis, N. gonorrhoeae strain
35_02_CP012028 was used as reference genome for the analysis.
The first step includes removal of paralogous proteins as they may
result in duplication and complexity in data analysis. The CD-HIT
(Li and Godzik, 2006) server was used to obtain these non-
paralogous proteins based on 60% sequence similarity as
according to former studies (Hizbullah et al., 2018; Aslam et al.,
2020; Aslam et al., 2021; Shah et al., 2021).

Identification of host non-
homologous proteins

Non-paralogous proteins were checked against human
proteome by comparative BLASTp analysis (Johnson et al., 2008)
with threshold values of bitscore < 100, E-value < le-4, query
coverage < 35% and sequence identity < 35% (Hizbullah et al., 2018;
Aslam et al., 2020; Shah et al., 2021). The human proteome data was
obtained from UniProt database (Shah et al., 2021). Additionaly, the
human host non-homologous proteins were subtracted from 75,176
non-redundant gut microbiome proteins. Standalone BLASTp was
used for the comparative analysis with criteria i.e. E.value < le-4
and sequence identity of 50%.

Prediction of metabolic pathways

The pathogen non-homologous proteins of above step were
proceeded for KEGG metabolic pathway analysis using KAAS
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FIGURE 1

Flowchart of subtractive proteomics and reverse vaccinology approach followed for the potential drug and vaccine identifications

(KEGG Automatic Annotation Server) server (Moriya et al,
2007). Manual comparison with human metabolic pathways
was performed to identify pathogen unique and common
pathways (Hizbullah et al., 2018). The pathogen pathways were
searched for unique and common proteins. The proteins not
mapped to metabolic pathways were proceeded as KEGG
independent proteins.

Novel drug targets identification

A customized database specific for all the FDA approved drug
targets was retrieved from Drugbank. The shortlisted proteins from
the previous step were searched against Drugbank entries using
BLASTp with parameters as criteria bitscore > 100 and E-value <
le-4. The targets not showing any significant sequences match with
drugbank entries were prioritized for additional analyses to predict
novel targets.

Identification of pathogen
essential proteins

A promising drug target is necessary to be a pathogen key
protein essential for basic cellular survivial (Shah et al, 2021).
Database of essential genes (DEG) (Luo et al., 2021) was used for the
curation of essential proteins sequences. The DEG database has
empirically authorized data holding genes necessary for the survival
of an organism. Pathogen proteins were scanned against DEG
database using BLASTp (Aslam et al., 2020). The criteria for
BLASTp was set as E-value < le-4 and bitscore > 100 (Nogueira
et al., 2021).
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Virulence and antibiotic resistant
proteins identification

The virulent and antibiotic resistance proteins were determined
by scanning pathogen proteins against BLASTp with parameters,
i.e. E-value < le-4 and bitscore > 100 as performed earlier (Aslam
et al., 2020; Aslam et al., 2021). Virulence Factor Database (VFDB)
was employed for the identification of putative virulence factors to
better interpret the pathogenesis and host defense system (Liu et al.,
2019). There is an emerging trend of antibiotic resistance in
bacterial pathogens and ARG-ANNOT database contains the
information about these resistant drug targets. Antibiotic resistant
targets were predicted by screeing the pathogen proteins against the
ARG-ANNOT via BLASTp (Gupta et al,, 2014).

Subcellular localization prediction, protein-
protein interaction and transmembrane
proteins analysis

Tt is essential to determine subcellular localization of proteins
for the identification of appropriate drug targets. Subcellular
localization was assessed using two different web servers i.e,
PSORTD version 3.0 (http://www.psort.org/psortb/) (Hossain
et al., 2017) and CELLO version 2.5 (http://cello.Jife.nctu.edu.tw/)
(Yu et al,, 2014). Cytoplasmic and membrane proteins prediction is
mainly done by PSORTb. CELLO is used for further validation of
2021). Cytoplasmic
proteins were selected as probable drug targets while

protein subcellular localization (Shah et al,

outermembrane and membrane proteins were proceeded for
vaccine target analysis. STRING database v10.5 (http://string-
db.org) was used to perform PPI analysis with default parameters
(Szklarczyk et al, 2017). TMHMM v0.2 server was employed to
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evaluate the transmembrane topology of the proteins (Krogh
et al., 2001).

Druggability screening of target proteins

The prioritized list of proteins were additionally assessed for basic
druggability features, including small drug-like molecules anchoring
pockect prediction etc. For this purpose, the proteins were subjected
to I-TASSER server (http://zhang.bioinformatics.ku.edu/I-TASSER)
to generate 3D structures. Analysis was done based on defined
parameters like C-score where five models were obtained as output
(Zhang, 2008). Higher C-score indicates the model with high
confidence which is frequently in the range of -5 to 2. Quality of
the proteins 3D structure was checked by ERRAT protein verification
tool. For non-bonded atomic interactions, ‘overall quality factor’ is
determined by ERRAT where maximum score, i.e. > 50 indicates a
good quality of 3D structure (Colovos and Yeates, 1993). The models
were downstream analyzed using Pock-Drug server(Hussein et al,
2015). The Pock-Drug server holds various pocket assessment
methods to predict a protein druggability feature based on 3D
structure evidences and ligand proximity evaluation.

Reverse vaccinology for potential vaccine
targets identification

From the subtractive proteomics analysis, outer membrane and
extracellular proteins were selected for evaluation of antigenicity by
VaxiJen server v2.0 with criteria set as 70-89% accuracy rate and >
0.4 probability score. AllergenFP was empolyed to check the
allergenicity of the shortlisted proteins. The proteins predicted to
cause allergy in the host were discarded (Dimitrov et al., 2014).
Furthermore, the parameters including the theoretical PI, instability
index, aliphatic index, half life, number of amino acids and GRAVY
(Grand Average of Hydropaathicity) of proteins were assessed using
Expasy Protparam tool (Gasteiger et al., 2005).

Prediction of T-cell epitopes

Immune responses are majorly elicited by T-Cells. It is therefore
helpful to predict T-cell epitopes for effective vaccine construct
prioritization. Cytotoxic or helper T-cells are stimulated by MHC
binding molecule (Jaan et al., 2022). Immune Epitope Database
server (IEDB) (Fleri et al., 2017b) was employed for the prediction
of MHC binding epitopes with criteria of lower percentile rank i.e. <
0.2. NetMHCpan EL 4.0 web server was used for MHC-1 binding.
For the prediction of MHC-II epitopes binding, IEDB
recommended 2.22 method, where percentile rank was set as <10
for the selection of epitopes. Moreover, SMM-Align (netMHCII-
1.1) (Nielsen et al., 2007) method was used for the prediction of
MHC class II, where top binding was based on cut-off value of ICs,
< 100 nM (Fleri et al., 2017a). Epitopes having lowest percentile
ranks were preferred for further evaluation.
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Prediction of B-cell epitopes

An antigenic portion binding to the immunoglobulin is
known as B-Cell epitope. Solvent exposed antigens can be
recognized by B-Cells specific receptors (BCR). Sequence based
methods are used for the prediction of Linear B-Cell epitopes
(Sanchez-Trincado et al., 2017). Linear B-Cell epitope prediction
was performed by BCPreds, FBCPred and BepiPred (El-
Manzalawy et al., 2008) servers. Prioritization was given in the
downstream analyses to B-cell, MHC-1 and MHC-2 overlapping
epitopes (Jaan et al., 2022).

Immunogenicity, antigenicity, toxicity and
conservancy analysis

For further filtration, immunogenicity of the predicted MHC-I
epitopes was assessed by IEDB server where negative values were
discarded. For all the predicted epitopes, the Auto cross covariance
(ACC) transformation and alignment-independent prediction of
the protected antigens was performed by VaxiJen server 2.0 at a
default value > 0.5 (Doytchinova and Flower, 2007). ToxinPred
server was employed for the evaluation of toxicity of all the epitopes
(Svanberg Frisinger et al., 2021). IEDB conservancy evaluation was
performed to determine the conservancy level of epitopes within
genotype sequences by setting parameters to default. Conservancy
or variability of epitopes within a protein can be assessed by this
tool (Bui et al., 2007).

Construction of chimeric vaccine and
physicochemical properties analysis

Amino acid linkers i.e. EAAAK, GGGS and KK were utilized to
join the overlapped epitopes of MHC-1, MHC-2 and B-Cells to
generate chimera vaccine constructs. To improve the potency and
effectiveness of peptide vaccines, adjuvants were added to the
constructs. Four distinct adjuvants i.e. HBHA protein, beta
defensin, L7/L12 50 ribosomal protein and HBHA conserved
sequences were added (Aslam et al., 2020). For the activation of
CD4+ T-cells, a synthetic universal peptide PADRE containing 13
amino acids was added. Effective CD4+ response and problems of
polymorphism can be overwhelmed by PADRE sequences. PADRE
sequence (i.e. AKFVAAWTLKAAA) was used for the better efficacy
of peptide vaccine (Ghaffari-Nazari et al., 2015). Toxicity,
allergenicity and antigenicity of these chimera constructs were
analyzed by different tools. AlgPred server was used to evaluate
the allergic and non-allergic behavior of chimeric vaccine subunits
(Bui et al., 2006). A sequence based prediction method by SOLpro
server was also employed to check the solubility of the constructs
(Magnan et al., 2009). Physicochemical properties including
number of amino acids, aliphatic index, instability index,
estimated half-life, molecular weight, theoretical PI and GRAVY
(Grand Average of Hydropathicity) of vaccine constructs were
evaluated by ProtParam tool (Kumar et al., 2021).
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Secondary and tertiary structure prediction

PSIPRED (http://bioinf.cs.ucl.ac.uk/psipred/) was employed for
the prediction of the secondary structures of the chimeric vaccine
constructs. For tertiary structure prediction, Phyre2 was used and
refinement of models was performed by GalaxyRefine server tested
in CASP10. In this method, side chains are rebuilt and their
repacking was performed. Validation of refined 3D model was
done by ERRAT (quality 90%) and ProSA-web (Wiederstein and
Sippl, 2007). ProSA-web is commonly used to check the probable
errors of 3D models. PROCHECK server was used for obtaining
Ramachandran plot (Maxwell and Popelier, 2017). Ramachandran
plot was used to assess the phi/psi angles for a comprehensive
understanding of protein conformation.

Molecular docking of vaccine constructs

PatchDock is a shape complimentary algorithmic tool to
evaluate structural interactions of novel vaccine targets with the
ligands (Jaan et al, 2022). Two final vaccine constructs were
docked with six commonly occurring HLA alleles by PatchDock
server to exhibit HLA-Peptide interactions (Solanki and Tiwari,
2018). FireDock server was employed for refinement and re-
scoring of docked complex and ten best models were acquired
for refinement as output (Mashiach et al., 2008). Vaccine
construct 7 (V7) showed best results prioritized in accordance
with lowest binding energy. Therefore, the V7 construct was
additionally docked within TLR4. The 3D structure information
of TLR4 was acquired from PDB (ID: 2Z65). The docking and
structural refinements were performed through PatchDock server
and FireDock server, respectively. Binding score and global
binding energies of the refined models were examined to
analyze the docked complexes.

Molecular dynamic simulation

GROMACS, a command-line Linux-based software, was
utilized for molecular dynamics assessment of the docked
complex (V7-TLR4) (Van Der Spoel et al., 2005). The vaccine
construct was put through molecular simulations to mimic the
biological context in which protein structures operate. A Gromos87
file format) was created from the vaccine structure using pdb2gmx
to obtain a topology compatible with the OPLS-AA (Optimized
Potential for Liquid Simulation-All Atom) force field (Kaminski
etal., 2001). To fill water molecules, the structure was contained in a
rhombic cube and was placed in the center of the box, 1 nm from
the cube’s edge, to generate its periodic picture, which was 2 nm
apart. The vaccine was simulated with water, which had a force
constant of 1000 k] mol 'nm™> and was spatially arranged. The
vaccine’s overall charge was calculated. The charge was used to
neutralize the system. The energy minimization method was carried
out, and the energy-minimized structure was obtained. NVT
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equilibration for 100 ps was used to keep the temperature stable.
Several simulations were run at various beginning speeds, with V-
rescale applied and temperature changes noticed on the
temperature graph. The NPT ensemble made it possible to
calculate pressure and density. For 10 nanoseconds, the resultant
structure was subjected to molecular dynamics (MD) simulation.
The RMSD of the energy-minimized structure’s backbone was
anticipated, and the results were graphed. The radius of gyration
(Rg) was determined for the structure’s compactness analysis. The
qtgrace tool was used to examine simulation graphs.

Codon optimization, in-silico expression
and immune simulation

The codon optimization of the vaccine constructs was
performed by Java Codon Adaptation tool (JCat) in E. coli (strain
K12). Back translation of the vaccine amino acid sequences to DNA
was done by JCat which employs an algorithm to obtain Codon
adaption index (CAI) values (Chung and Lee, 2012). The expression
level in E. coli was predicted by average GC content and CAI values
of the adapted sequences. GC content ranges from 30 to 70% and
CAI value of 1.0 is considered best. The rho-independent
transcription terminators, cleavage sites of some restriction
enzymes and prokaryotic ribosomes binding sites were avoided.
To construct recombinant plasmid sequence, codon adapted
sequences were introduced into plasmid vector pET28a (+).
SnapGene software was employed for this purpose.

The immune response by vaccine was predicted using C-
Immsim server. Herein, the random seeds were selected as
“12345” and the number of Ag to inject was kept at 1000. The
simulation volume, simulation steps, Host HLA selection and type
of injection were kept as default per reference. A total of two doses
were given at steps 1 and 84. The immune profile was generated for
analysis of vaccine construct activity.

Results

Human host non-homologous core
proteins identification

A Total of 1294 core proteins were retrieved from the 69
complete genomes of N. gonorrhoeae species (Table S1). Three
paralogous proteins were removed using CD_HIT tool having
sequence similarity of >60%. To prevent the likelihood of adverse
effects, proteins homologous to the host were discarded by
subjecting pathogen proteins to standalone BLASTp against
human proteome. The 1137 human non-homologus pathogen
proteins were additionally subtracted from the human gut
microbiome. The microbes that colonize the human body are also
known to be involved in metabolic reactions like development,
homeostasis of immunity, and different physiological functions
(Kho and Lal, 2018).
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Pathogen metabolic pathways analysis and
druggability screening

A total of 549 pathogen proteins, non-homologus to human as
well as human gut proteome were prioritized for KEGG metabolic
pathway analysis to understand their key cellular functioning (Table
S2). A preferable drug target is promising to involve in unique
metabolic pathways of pathogens. The prioritized list of proteins
were identified to enrich in 100 of metabolic pathways of N.
gonorrhoeae. Among these about 28 metabolic pathways were
identified specific to the pathogen during comparison with
human host metabolic network.

Human-host non-homologous proteins were mapped to the
KEGG metabolic pathways involving 262 proteins in different
metabolic pathways, of which 99 proteins were involved in
common while 59 were engaged in unique metabolic pathways of
the pathogen (Table S3). Only nine proteins were identified as
KEGG dependent proteins which were unique to both the pathways
(Table 1). Remaining 450 proteins were categorized as KEGG
independent. Both KEGG dependent and independent proteins
were used for further analysis of drug target prioritization.
Screening proteins against the drug bank revealed 6 KEGG
dependent proteins as novel drug targets (Table S4).All these
novel drug targets were subjected to further analyses for
determination of the potential drug and vaccine targets.

Identification of pathogen essential,
virulent and antibiotic resistant proteins

Different analysis were employed to obtain the minimal number
of the proteins as potential targets. DEG analysis showed that 1
protein in KEGG dependent and 79 proteins in KEGG independent
pathway were essential for the bacterial survival. Moreover, the
pathogenic capacity of bacteria to overwhelm the host is enhanced
by the virulence factors (Shah et al., 2021; Jaan et al., 2022). Thus,
virulence factor analysis was performed by VFDB where 1 and 28

10.3389/fcimb.2023.1017315

proteins were found to be virulent as in KEGG pathways dependent
and independent, respectively.

The survival evolution in the pathgens is based on mechanism
of antibiotic resistance. These genes were collected in ARG-
ANNOT database that was used to identify the antibiotic
resistance by subjecting prioritized proteins to BLASTp scanning.
It was found that only 1 KEGG independent protein was involved in
antibiotic resistance. These essential, virulent and antibiotic
resistance genes could pave ways for further investigations and
studies to design novel drug targets.

Subcellular localization and final drug targets prioritization

It is important to predict subcellular location of a protein for
better understanding of its functions, disease mechanism and it is
also valuable for developing new drug and vaccine targets (Yao
et al, 2019). For potential drug targets, proteins located in the
cytoplasm were prioritized while remaining proteins having
sublocations that are extracellular or outermembrane were
preferred as vaccine targets as they would more likely elicit
greater immune responses (Nogueira et al., 2021). The subcellular
location prediction of both the pathways dependent and
independent revealed that 1 and 41 proteins were cytoplasmic,
respectively. Similarly, 1 and 18 proteins were found to be outer
membrane and extracellular, respectively.

STRING analysis for checking protein-protein interactions was
performed which minimized the number of proteins as hub
proteins. The 12 proteins were prioritized to be potent drug
targets (Figure S1). Furthermore, for prediction of transmembrane
helices proteins were subjected to TMHMM server. The finalized 12
proteins were submitted to I-TASSER server for the prediction of
3D structure. Models with higher C-score were selected which show
the more accurate alignment of our model (Zhang, 2008). For
binding small molecules, a protein must have ability to hold a
pocket known as pocket druggability being considered as a crucial
step during drug development. All the druggable targets were
considered potent drug targets with drug value >0.5. Moreover, all
the models showed high quality factor >85% analyzed by ERRAT
server (Table 2).

TABLE 1 Neisseria gonorrhoeae proteins involved in the unique metabolic pathways with their respective pathway IDs.

Protein Protein names KO Identifi- Unique Pathway names Pathway
IDs ers IDs
D-alanyl-D-alanine carboxypeptidase DacC
1 AKP15425.1 | precursor K07259 Peptidoglycan biosynthesis NGKO00550
2 AKP14613.1 Penicillin-binding protein 2 K03587 beta-Lactam resistance NGK01501
3 AKP14672.1 Penicillin-binding protein 1F K03814 Peptidoglycan biosynthesis NGK00550
4 AKP15153.1 Major outer membrane protein P.IB precursor K03587 beta-Lactam resistance NGKO01501
Thiol:disulfide interchange protein DsbA Cationic antimicrobial peptide (CAMP)
5 AKP14619.1 precursor K03673 resistance NGKO01503
6 AKP16189.1 Nitrate/nitrite sensor protein NarX K07673 Two-component system NGKO02020
7 AKP14248.1 Zinc uptake regulation protein K09823 Quorum sensing NGKO02024
8 AKP14928.1 Phosphoenolpyruvate-protein phosphotransferase K08483 Phosphotransferase system (PTS) NGK02060
9 AKP14929.1 Phosphocarrier protein HPr K02784 Phosphotransferase system (PTS) NGKO02060
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TABLE 2 Analysis of shortlisted druggable proteins.

Protein Protein Names TMHMM M. wt Query STRING ERRAT Pocket residues

ID (Da) length (K>5) scores (PockDrug >0.5)

Pathways Dependent Proteins

1 AKP14928.1 | Phosphoenolpyruvate-protein 0 64 131 6.18 97 0.96
phosphotransferase

Pathways Independent Proteins

1 AKP14242.1 = tRNA-modifying protein YgfZ 0 31 81 8.18 87 0.98
2 AKP14617.1 | hypothetical protein 0 43 101 6.18 92 0.95
3 AKP15484.1 = Ribosome maturation factor RimM 0 18 41 10 66 0.77
4 AKP15723.1 | hypothetical protein 0 12 21 6.91 92 0.96
5 AKP15740.1 | Modification methylase BspRI 0 42 72 6.91 94 0.91
6 AKP15765.1 | Ribosomal large subunit 0 28 53 5.64 91 0.95

pseudouridine synthase F

7 AKP15987.1 | putative FAD-linked 0 50 97 5.09 96 0.95
oxidoreductase

8 AKP16026.1 | Elongation factor P 0 20 82 8.36 87 0.5

9 AKP16115.1 = DnaA regulatory inactivator Hda 0 25 45 5.09 92 0.82

10 AKP16132.1 | tRNA(Ile)-lysidine synthase 0 48 103 527 91 0.81

11 AKP14182.1 = Ribosomal small subunit 0 26 49 5.09 95 0.5

pseudouridine synthase A

Vaccine ta rget screening of provide these cells with epitopes. IEDB database was employed to
membrane proteins analyze the MHC binding epitopes of shortlisted two vaccine

candidates. High binding affinity epitopes were selected.
VaxiJen server was used for the antigenicity analysis of 18 outer ~ NetMHCPan EL 4.0 web server with criteria set at ICso <100 nm
membrane proteins with antigenicity probability score > 0.4.  and percentile rank <0.2 was employed for MHC-I binding where
Further analysis of these proteins by AllergenFp was performed  Peptide can attach with just nine amino acids because of shallow
to check the allergenicity. A potent vaccine candidate must be non-  binding pockets with tight physicochemical bias (Hizbullah et al.,
allergic in nature. Moreover, ProtParam tool was used to check 2018). Therefore, several alleles of human host having 9mer length
different parameters of these outer membrane proteins such as ~ Were setas reference and total 42 epitopes from both the candidates
molecular weight (30-70 KDa), theoretical PI (<9), instability index ~ were selected to proceed further (Table S6). Moreover, filteration of
(<30), aliphatic index (>70), estimated half life (>10 hr) and these epitopes with different servers confirmed 7 and 4 final MHC-I
GRAVY (Table S5). Two proteins (IDs: AKP15153.1 and binding epitopes (Table 3).

AKP15828.1) were prioritized as potent vaccine targets for further For MHC-II molecules binding epitopes, IEDB recommended
deep analysis. method with percentile rank <10 was set to predict peptides

interacting with possible MHC-II alleles where prediction is less
accurate and due to shallow binding pockets, 15mer length was
Prediction of T-cell and B-cell epitopes employed. MHC class-1I alleles prediction confirmed 5 and 3 final
epitopes after antigenicity, allergenicity, toxicity and conservancy
T and B-Cells recognized as immune cell are capable of  analysis. Futhermore, IFN gamma, IL-4 and IL-10 Induction ability
mediating adaptive immunity. Pathogen-specific memory is  was also calculated by respective servers.
developed by these cells that induces immunological protection. Humoral immunity is induced by B-cell epitopes which are
Pathogens have specialized receptors for specific antigens presented ~ present on the surface of B lymphocytes (Soltan et al., 2021). After
by MHC molecules prediction of linear B-cell epitopes by different servers, (Table S7)
(Sanchez-Trincado et al, 2017). A cellular immune response  binding of B-cell epitopes with HLA alleles was checked by IEDB
mediated by B-Cell and T-Cell can be triggered by regions of  server. For final epitope selection, predicted T-cell and B-cell
proteins known as epitope. Epitope prediction is one of the major  epitopes were compared to obtain overlapped epitopes (Table S8).
corner stones in the development of novel vaccine targets (Li et al,  The 11 overlapped epitopes of two shortlisted antigenic proteins
2014). In cell mediated immunity, two types of cells are involved (a) ~ were prioritized as they may prove successful for potential vaccine
cytotoxic T-cells (b) helper T-cells. MHC-I and MHC-II molecules  preparation against N. gonorrhoeae. Structure-function association

Frontiers in Cellular and Infection Microbiology 92 frontiersin.org


https://doi.org/10.3389/fcimb.2023.1017315
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Qasim et al.

10.3389/fcimb.2023.1017315

TABLE 3 MHC-I interacting T-cell epitopes for the two potential vaccine candidate proteins.

Protein ID Peptide MHC-I alleles Score Rank Toxicity Antigenicity Conservancy

AKP15153.1 EVAATAAYR 267 275 HLA-A*68:01 0.987267 0.01 Non-Toxin Antigen 100.00%
AQYAGLFQR 193 201 HLA-A*31:01 0.93643 0.01 Non-Toxin Non-Antigen 77.78%
NTKDNVNAW 118 126 HLA-A*25:01 0.907364 0.01 Non-Toxin Non-Antigen 100.00%
ESYHVGLNY 178 186 HLA-A*26:01 0.900357 0.02 Non-Toxin Antigen 100.00%
DQVVVGAEY 303 311 HLA-B*15:02 0.895167 0.02 Non-Toxin Antigen 100.00%
SVAGTNTGW 83 91 HLA-A*25:01 0.791029 0.02 Non-Toxin Non-Antigen 100.00%
YAHGFKGTV 285 293 HLA-C*12:03 0.695197 0.02 Non-Toxin Antigen 88.89%
VAATADVTL 15 23 HLA-C*03:03 0.812732 0.03 Non-Toxin Antigen 88.89%
RSVEHTKGK 35 43 HLA-A*30:01 0.746071 0.03 Non-Toxin Antigen 100.00%
KKSLIALTL 2 10 HLA-B*48:01 0.558335 0.03 Non-Toxin Non-Antigen 66.67%
HSADYDNTY 294 302 HLA-A*01:01 0.864001 0.05 Non-Toxin Non-Antigen 100.00%
GGYDNNALY 233 241 HLA-A*30:02 0.615879 0.1 Non-Toxin Non-Antigen 100.00%
GLKGGFGTI 99 107 HLA-A*02:03 0.585985 0.16 Non-Toxin Antigen 100.00%

AKP15828.1 DVFFGVTQK 91 99 HLA-A*68:01 0.975893 0.01 Non-Toxin Non-Antigen 33.33%
IPTAESPNI 116 124 HLA-B*51:01 0.944744 0.01 Non-Toxin Antigen 66.67%
RLNALIFQY 132 140 HLA-A*30:02 0.899966 0.01 Non-Toxin Antigen 55.56%
RQRHVVNAY 192 200 HLA-B*15:01 0.991112 0.01 Non-Toxin Non-Antigen 88.89%
KRMDVRYIY 234 242 HLA-B*27:05 0.976768 0.01 Non-Toxin Antigen 66.67%
TPAGVEVLL 269 277 HLA-B*35:03 0.93623 0.01 Non-Toxin Non-Antigen 88.89%
SSDNIIYAY 288 296 HLA-A*01:01 0.989534 0.01 Non-Toxin Non-Antigen 88.89%
EEGLFRFQL 209 217 HLA-B*18:01 0.447957 0.18 Non-Toxin Antigen 88.89%

among antigen and antibody can be predicted by conformational B-
cell epitope prediction. Due to unavailability of 3D structures,
conformational B-cell epitope cannot be predicted (Shah et al,
2021; Jaan et al., 2022).

Construction of multi-epitope
chimeric vaccine

Final epitopes were linked by using linkers, ie., EAAAK,
GGGS, and KK. Adjuvant was added to enhance the
immunogenic nature of the designed vaccine to the N-terminal
of prioritized epitopes. An adjuvant is taken as a vaccine
component to elicit more robust immune responses. Different
adjuvants, i.e., HBHA protein, HBHA conserved sequences, beta-
defensin, and L7/L12 50-ribosomal protein, were added to
enhance the vaccine potential. Moreover, PADRE sequences
containing 13 amino acids (AKFVAAWTLKAAA) was also
included to resolve the problem triggered by polymorphism of
HLA-DR molecules. It was noted that PADRE sequences provided
vaccine constructs with improved cytotoxic T lymphocyte
responses and immune protection (Aslam et al., 2020). Total
eight vaccine constructs (V1 to V8) with different combinations
of epitopes and adjuvants were designed (Table S9).

Frontiers in Cellular and Infection Microbiology

SOLPro server with a solubility score >0.5 was employed to
check the solubility of vaccine constructs. The solubility core
determines the High soluble property of vaccine constructs over
expression. All the constructs showed a high solubility score
indicating their soluble nature in biological system. Antigenicity
analysis with antigenicity score >0.90 exhibiting considerable
antigenic behavior of constructs. The three constructs, i.e. V4, V5,
and V7 were confirmed to exhibit the antigenic behavior. Vaccine
constructs were also subjected to a VexiJen server analysis with a
threshold of 0.75 to validate the antigenic behavior. The AllergenFP
server was employed which indicated that all the constructs were
non-allergen. CAI value (ranges between 0.92-0.99) and GC content
(30-70%) were checked for cloning characteristics (Table SI0A).
Further analysis of vaccine constructs was performed by ProtParam
tool. Two vaccine constructs with standard values were selected by
this analysis (Table S10B).

Structure prediction and validation

Vaccine constructs, i.e., V5 and V7 were prioritized for
secondary structure prediction by PSIPRED. The overall vaccine
sequence was estimated to have 39.44% o-helix, 9.48% [3-strands,
18.32% extended strand, and 32.76% random coils for the V5
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construct. V7 construct contains 27.37% o.-helix, 8.95% [-strands,
21.84% extended strand and 41.84% random coils. Tertiary
structure prediction of vaccine constructs by Phyre2 showed
93.8%, 2.7%, 2.7%, and 0.9% of residues for V5 construct and
76.3%, 13.2%, 10.5%, and 0.0% residues for V7 construct in favored,
additional allowed, allowed and disallowed regions, respectively.
Orientation of dihedral angles and combination of angles that are
not in favored regions on account of steric hindrance can be
estimated via Ramachandran plot assessment (Maxwell and
Popelier, 2017). The ProSA web server was used to validate the
stereochemical stability of models. Quality-based parameters
validate models in both the servers where ProSA shows the
results in graphical form (Shah et al., 2021). The Z-score
(assessed by ProSA server) of the constructs V5 and V7 was -4.98
and -4.75, respectively, indicating that these models needed to be
refined. The refinement of these 3D models was performed by
GalaxyRefine, where the quality of models improved. Z-score
improved from -4.98 to -5.21 for V5 and -4.75 to -4.33 for V7,
respectively. Ramachandran plot analysis improved to show 96.5%,
2.7%, 0%, and 0.9% of residues for V5 and 92.1%, 7.9%, 0%, 0% of
residues for V7 constructs in favored, additionally allowed, allowed
and disallowed regions (Figure 2). In addition, ERRAT server
showed the quality of predicted models (>90%).

Molecular docking analysis of
vaccine constructs

PatchDock server was employed for protein-protein docking of
two vaccine constructs (V5 and V7) with six different commonly
occurring HLA alleles, ie., 1A6A, 1AQD, 2Q6W, 3C5], 4MD4,
5NI9 acquired from PDB. The FireDock server refined docked
complexes to achieve top ten best models. Among them, a model
was selected with the best docking score. The V7 vaccine construct
met the best selection standards with the least global energy of
-39.22, and highest affinity with docking score of 13406. As vaccine
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contains beta-defensin adjuvant, the docking of selected vaccine
construct V7 was further performed with TLR4 to validate the
immune responses. Primary innate immune responses are activated
by vaccines containing beta defensin as adjuvants. Moreover, other
immunomodulatory immune responses are mediated by these.
Based on binding energy -27.91 of docked complex, the V7-TLR4
complex showed overall good interaction. It is speculated that for
destroying viral antigens, docked complex V7-TLR4 will elicit
immune cascades (Table 4).

Molecular dynamic simulation and
immune simulation

In order to further validate the interaction of the vaccine
contruct with the corresponding HLA allele, the complex was
subjected to molecular dynamic simulation. Using GROMACS’
built-in Spectro tool, a total of 19,574 water molecules were
introduced to the system. The construct has a total charge of -11,
according to calculations. Two positive sodium ions were supplied
to the solution to neutralize it, replacing two existing water
molecules at atoms 14274 and 20388. Energy minimization was
carried out for 50000 steps; when the steepest descents converged at
1734 steps, the force reached 1098 KJ/mol.

While the average density was determined to be 1017.19 kg/m3.
After a 100 ns simulation time, a trajectory analysis was performed.
The gyration radius reached roughly 3.15 nm throughout MD
simulation, indicating that the three-dimensional protein
structure remained stable. A plot of the RMSD backbone
indicated that RMSD levels rise to 0.45 nm and stay there for the
majority of the simulation time, indicating that the vaccine is stable.
On the other hand, RMSF explains regions with a lot of
flexibility (Figure 3).

The initial responses generated by vaccine include IgM and IgG
production. As IgM is the main antibody response, it started to rise
by the administration of 1** dose whereas its amount boosts up until

200 400 600

No of residues

800 1000

Tertiary strucutre validation results for the designed construct (V7). (A) Ramachandran plot, (B) ProSA web graph.
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TABLE 4 Docking analysis of prioritized vaccine constructs (V5 and V7) with different HLA alleles.

10.3389/fcimb.2023.1017315

Vaccine constructs HLA alleles PDB ID’s Score Area Hydrogen bond energy Global energy ACE

V5 1A6A 15292 2131 0 -38.87 -8.46
1AQD 16202 2194 0 5.14 0.54
2Q6W 15638 2490 -0.99 4.49 15.71
3C5) 15364 2107 -0.95 2727 -19.94
4MD4 16112 2308 -6.58 -20.58 3.97
5NI9 17136 2291 -0.44 1.74 16

V7 1A6A 12728 1744 -4.55 6.26 9.6
1AQD 12186 1621 242 -28.28 5.5
2Q6W 12134 1575 -7.12 24 1151
3C5) 12832 1859 -2.58 2197 511
4MD4 13406 1858 -2.63 -39.22 7.99
5NI9 12840 1920 -3.63 -24.68 9.41

the second dose followed by robust increase in the levels of IgM
+IgG and IgGl and IgG2. This indicated the ability of vaccine
construct to bind with B-cells directly and create strong humoral
antibody response. In the case of cytotoxic(CTLs) and Helper
(HTLs) T-cells, there was a strong response in the different types
of cells, which was highly accompanied by memory cells

production. The later graph represents the danger levels as “D”
and Interleukin-2 levels as “IL”. The results show very minute
amount of both factors that indicate the safety of vaccine while
administration. In summary, the vaccine construct (V7) has shown
great potential to generate adaptive immune response in a safe
limit (Figure 4).
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FIGURE 3

MD simulation plots of V7-TLR4 docked complex. (A) Variations in temperature during the simulation. During 100 ps, the system temperature
reached 300 K and showed little variations. (B) During simulation time, the radius of gyration vaccine construct is stable in its compact form. (C)
Pressure variations during simulation. During 100 ps, the average pressure is 2.73710 bar, according to the pressure plot. (D) RMSD plot of backbone.
The RMSD graph demonstrates that the RMSD of the protein backbone reaches ~0.4 nm and is generally maintained, indicating that the vaccine
construct has few structural aberrations. (E) RMSF (Root Mean Square Fluctuation) plot. The RMSF plot of side chains illustrates the regions in peaks
that have a lot of flexibility. (F) The expected density is 1017.19 kg/m3 on average.
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FIGURE 4

Immune simulation profile of vaccine construct (V7) in two injections by C-immsim server. (A) High primary response of IgM and IgG antibodies by
antigen exposure. (B) B-cells immune reaction where active B-cells are produced in constant amount after second injection. (C) Total B-cell
antibodies immune response. (D) Cytotoxic T-cells immune reaction with high active T-cell production. (E) Helper T-cell response with significant
increase at second injection. (F) Total Helper T-cells immune response. (G) Natural Killer immune cells profile. (H) Simpson Index D graph
representing cytokines and Interleukin levels where "D” indicates the danger level.

Reverse translation and In-silico cloning of
vaccine construct

The vaccine construct showed GC content up to 70% and CAI
value of 1.0 which ensured high cloning in E. coli (strain K12). In
addition, for heterologous cloning of vaccine construct (V7) in E.
coli, the adapted codon sequences were introduced into the plasmid
vector pET 28a (+) employing SnapGene software. A 6490 bp
recombinant vector (Figure 5) was acquired by cloning vaccine
DNA sequences into the vector. It was found that our vaccine
construct (V7) was capable of cloning in pET 28a (+) which ensured
its heterologous cloning and expression in cellular environment.

Discussion

Prevention against the extensive-drug resistant N. gonorrhoeae
is thought-provoking because of its serious health problems.
Identification of potential therapeutic targets might be promising
by targeting core genes of bacteria due to increasing resistance, the
antibiotics which were earlier efficient against this bacterium, are no
longer suggested for the treatment of infection caused by N.
gonorrhoeae. This includes resistance to penicillin, quinolones,
tetracyclines, macrolides and cephalosporins (Jefferson et al.,
2021). In the current study, we utilized state of the art
computational biology approaches to investigate the core genes
from the 69 complete genomes of the N. gonorrhoeae to identify
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potent drug and vaccine targets. The ultimate results may apply to
diverse bacterial strains because of the conservancy of core proteins
throughout a species (Aslam et al., 2020; Jaan et al., 2022).
Analyzing the 69 complete genomes, essential core genes, non-
homologous to human and virulent proteins were prioritized as
potent drug candidates, used for further analyses. Hub proteins
were identified by PPI network analysis. According to sub-cellular
localization, cytoplasmic proteins were prioritized for novel drug
targets and outer membrane proteins as potential vaccine
candidates. Membrane localized protreins are difficult to isolate
and purify, so cytoplasmic proteins were used as putative drug
candidates (Mondal et al., 2015). Druggability screening of proteins
shortlisted the 12 drug candidates being novel drug targets against
N. gonorrhoeae species (Table 2). Out of twelve prioritized drug
targets, Phosphoenolpyruvate protein phosphotransferase
(AKP14928.1) involves in glucose transport system. Further, this
system can hinder strain productivity by imposing metabolic and
regulatory modifications (Gosset, 2005). tRNAs are important
targets for a large number of antibiotics playing major role in
translational machinery. tRNA-modifying protein YgfZ
(AKP14242.1) may prove to be a prominent target as used in
previous studies (Chopra and Reader, 2015). Hypothetical protein
(AKP14617.1) often involved in resistivity mechanism can be a
suitable drug target (Osuntokun and Cristina, 2019). Another
protein Ribosome maturation factor RimM (AKP15484.1) which
is a chaperon protein, involved in ribosome maturation was also
prioritized as potential drug target (Zhang et al., 2021).
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FIGURE 5

In-silico restriction cloning of final vaccine construct (V7) into the E. coli pET28a (+) expression vector where red color shows the cloned vaccine construct.

Double stranded sequence GGCC is recognized by Modification
methylase BspRI (AKP15740.1) and DNA is protected by this
methylase. Putative FAD-linked oxidoreductase (AKP15987.1)
was previously not found in literature as a drug target. Elongation
factor P (AKP16026.1) is required to maintain peptide formation
during translation which is a conserved factor (Tollerson et al,
2018). DnaA regulatory inactivator Hda (AKP16115.1) is a major
regulator which interacts with ATP bound DnaA and inactivates
DnaA by the hydrolysis of ATP. Bacterial pathogens have an
important, conserved, ATP dependent and tRNA modifying
enzyme, tRNA(Ile)-lysidine synthase (AKP16132.1) by which
cytidine base I anticodon loop of Ile 2 tRNA is modified (Shapiro
et al,, 2014). Ribosomal small subunit pseudouridine synthase A
(AKP14182.1) could be an alternative drug target.

According to centrality-lethality rule, infections of N.
gonorrhoeae can be prevented by targeting these prioritized drug
candidates. Subtractive proteomics works with the combination of
reverse vaccinology to find out potential vaccine candidates due to
increased antimicrobial resistance in different clinical isolates of N.
gonorrhoeae. Host-pathogen interactions are majorly controlled by
outer membrane proteins. So, two outer membrane proteins (IDs:
AKP15153.1 and AKP15828.1) were prioritized as therapeutic
vaccine candidates against N. gonorrhoeae infection. Major outer
membrane protein P. IB precursor (AKP15153.1) was found to
involve in adherence, entry and intracellular processing of bacteria
in infected epithelial cells which proved to be a potent vaccine
candidate. While, hypothetical protein (AKP15828.1) was
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considered best to estimate novel therapeutic inventions. Bacterial
outer membrane proteins have a direct exposure to host cells,
involved in elicitation of better immune responses (Rizwan et al.,
2017). These proteins are prioritized due to their role in bacterial
survival and pathogenesis (Mishra et al., 2020). Implementation of
immunoinformatics approach in epitope mapping worked
efficiently in the identification of potential vaccine targets which
uses only antigenic portion of protein for the stimulation of B and
T-cell immunity (Majid and Andleeb, 2019). Chimeric subunit
vaccine constructs were generated from the leading T and B-cell
overlapped epitopes. Out of eight vaccine constructs, a prioritized
vaccine construct (V7) with appropriate adjuvant was able to clone
in pET 28a (+) by ensuring its optimal expression (Figure 5).
Molecular docking of vaccine construct V7 with HLAs and TL4
predicting a stable interaction between ligand and receptor. PAMPs
(pathogen associated molecular patterns) on pathogen’s surface are
recognized by TLR4 (tool like receptors) found on immune cells.
TLR4 produces cytokines and chemokines to mediate immune
responses (Aslam et al., 2020). Molecular dynamic simulation was
performed to check the stability of docked complex V7-TLR4 in the
presence of water molecules, speculating the stable molecular
interaction between vaccine construct V7 and toll like receptor
(TLR4). Typical immune responses with reliable results were
symbolized by immune investigations. Greater immune responses
were observed as a result of repeated exposure of vaccine construct
to the antigens. Memory B-cells and T-cells were developed and
stimulation of helper T cells was evident. Humoral immune
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responses were supported by significant production of Ig and and T
H cells. Practical implementation of all the proposed therapeutic
targets is certainly required to explore their efficacies.

Conclusions

In the current study, state of the art computational approaches
were utilized to find appropriate, novel drug and vaccine targets
against N. gonorrhoeae as no viable vaccine is reported to prevent the
infection of this pathogen. The computational screening of the core
genome extracted from 69 complete genomes, by multiple updated
biological databases identified twelve cytoplasmic novel drug targets
not reported previously. After a vigorous analysis, two outer
membrane vaccine candidate proteins (AKP15153.1, AKP15828.1)
were selected, followed by T-cell and B-cell epitope prediction, used
to generate a vaccine construct. As a result, eight different vaccine
constructs (V1-V8) with different combinations of epitopes and
adjuvants were designed. Of these, one of the constructs (V7) was
found as the best candidate capable of eliciting the human immune
response. The elicitation of the human immune response by this
construct was confirmed through docking and MD simulation
analysis with four distinct HLA alleles. The in-silico cloning of this
construct was performed in the bacterial system (E. coil-K12) to verify
further the cloning ability of the vaccine construct. The immune
simulation analysis confirmed that immunoglobulins have a higher
binding affinity for this construct. Further experimental validation of
the proposed vaccine construct in animal models will be auspicious.
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An outbreak of monkeypox (encoded enveloped double stranded DNA),
resurgence and expansion has emerged in early 2022, posing a new threat to
global health. Even though, many reports are available on monkeypox, still a
comprehensive updated review is needed. Present updated review is focused to
fill the research gaps pertaining to the monkeypox, and an extensive search was
conducted in a number of databases, including Google Scholar, Scopus, Web of
Science, and Science Direct. Although the disease usually progresses self-
limiting, some patients require admission for kidney injury, pharynagitis,
myocarditis, and soft tissue super infections. There is no well-known treatment
available yet; still there has been a push for the use of antiviral therapy and
tecovirimat as a promising option when dealing with co-morbidities. In this
study, we mapped and discussed the updates and scientific developments
surrounding monkeypox, including its potential molecular mechanisms,
genomics, transmission, risk factors, diagnosis, prevention, vaccines, treatment,
possible plant-based treatment along with their proposed mechanisms. Each
day, a growing number of monkeypox cases are reported, and more cases are
expected in the near future. As of now, monkeypox does not have a well-
established and proven treatment, and several investigations are underway to
find the best possible treatment from natural or synthetic drug sources. Multiple
molecular mechanisms on pathophysiological cascades of monkeypox virus
infection are discussed here along with updates on genomics, and possible
preventive and therapeutic strategies.
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1 Introduction

An evolving zoonotic disease, monkeypox occurs due to a virus
belonging to poxviridae family and orthopoxvirus genus (Lai et al.,
2022). Along with cowpox virus, variola virus, and vaccinia virus,
the monkeypox virus is one of four orthopox virus species that
causes disease in humans (Shchelkunov et al., 2005). A monkeypox
infection causes few symptoms identical to those of smallpox, but is
less severe, and rarely causes death compared to that of smallpox
(Petersen et al., 2019). Two outbreaks of a disease that appeared like
pox, led to the discovery of monkeypox in 1958 which spread across
colonies of monkeys (Mileto et al., 2022). Monkeypox may have
been named so, due to its first-time appearance in monkeys and pox
like symptoms, but its origin remains mysterious (Begum et al,
2023). The virus can, however, also be carried by African rodents
and nonhuman primates (such as monkeys) and infect humans
(Begum et al., 2023). Later an instance of monkeypox in a human
was first reported in 1970 (Sejvar et al., 2004). By the time, number
of countries in Central and Western Africa had already reported the
monkeypox cases before the outbreak of 2022 (Simoes and Bhagani,
2022). Prior to recently, nearly all monkeypox cases aside from
Africa were associated with traveling overseas countries or
importing animals that frequently suffer from the disease (Al-
Tawfiq et al., 2022). It has been determined that the monkeypox
outbreak has resulted in a public health emergency of International
concern in multiple countries (Formenty et al., 2010).

Several mammalian species are known to be susceptible to
monkeypox, however the native host of the disease is unidentified
(Khodakevich et al,, 1986). From times monkeypox virus isolates
have known of two wild animal origins: a rope squirrel and a sooty
mangabey from Ivory Coast and the Democratic Republic of Congo
(DRC) places respectively (Khodakevich et al., 1986; Jezek et al,

1988; Hutson et al., 2009; Radonic et al., 2014). Monkeypox has a
similar clinical picture to smallpox, but the major difference is the
swelling of lymph nodes that begins early, often during fever

10.3389/fcimb.2023.1134712

(Sklenovska and Van Ranst, 2018) and has a lower mortality rate
(Centers for Disease Control and Prevention (CDC), 2022). There
can be a period of infection of up to four weeks before the lesion of
monkeypox desquamates (Fenner et al., 1998). It is likely that
patients will experience complications such as second level
bacterial infections, bronchopneumonia, respiratory distress,
dehydration, gastrointestinal complications, encephalitis, sepsis,
and infection of cornea with blindness as a result (Elsevier —
clinical overviews, 2022). At present, no specific treatment exists
for monkeypox virus infections, instead patients being treated with
symptomatic treatment and supportive care (Otu et al., 2022).

Even though many short studies are present, there is a need of
study which covers the detailed explanation of the disease along
with mechanism involved in it. So, this study was conducted in
order to map and summarize upcoming scientific developments
surrounding monkeypox, such as its potential molecular insights,
genomic patterns, diagnosis, prevention, vaccines, treatment and
possible plant-based leads of monkeypox. Presented below is a
comprehensive updated review that illustrates a better
understanding on monkeypox virus. Understanding the
mechanisms involved in monkeypox infection will strengthen the
disease preventive and therapeutic strategies along with the
discovery of new drugs.

2 Methodology

We conducted a review based on scientific articles that
addressed monkeypox and its diagnostic method or treatment,
especially pharmacological properties (Figure 1). Science Direct,
SciFinder, Google Scholar, MEDLINE, EMBASE, and Scopus were
the search engines used to search for published articles (till 24,
November, 2022). For extracting information about the effects of
monkeypox on global transmission and treatment, we used
keywords such as “monkeypox”, “transmission”, “mode of

Search result (n=528) through
database and manual searching

l

Records identified through
additional sources (n=15)

|

® Till 24, November, 2022

|Included |Eligibility |Screening |Identification |

—

—_—

Initial screening (n=472 )

Studies included in this review (n= 135)

I

Articles assessed (n=133)

Duplicates excluded (n=57)

Non-english publication
excluded (n=14)

Papers excluded (n=337)
findings not associated to
search strategy

Abstract and full text papers
not retrieved excluded (n=2)

FIGURE 1
Flowchart showing screening methodology for the review.
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spread”, “fatality”, “incidence rate”, “prevention”, “diagnosis”,
“vaccine”, “genomics”, “molecular mechanism”, “treatment”,
“clinical trial”, “case study”, “traditional medicine”, and
“mechanism of action”, along with their corresponding MeSH
terms and conjunctions OR/AND. To understand the severity of
disease and possible treatment options, we searched the available
reports for scientific claims. All searches were limited to English.
We excluded conference proceedings, gray literature, unpublished
data, newspaper articles, preliminary reports without substantial
proof of the claim, abstracts and full texts that could not be
retrieved, and studies not relevant to this review. The graphs were
generated using the GraphPad software version 6 for analysis.

3 Timeline recapped

A non-fatal pox outbreak was first reported in 1958 by Von
Magnus in Copenhagen in Cynomolgus macaque (C. macaque).
Prior to 1970, no human infection with monkeypox virus had been
documented (Breman et al., 1980; Sejvar et al.,, 2004). The following
cases of human monkeypox have been reported worldwide since
1970 (Figure 2, Table 1) (World Health Organization, 1996;
Merouze and Lesoin, 1983; World Health Organization, 2022;
McConnell et al., 1962; Ladnyj et al., 1972; Breman et al., 1980;
Massung et al., 1994; Centers for Disease Control and Prevention
(CDC), 1997; Mukinda et al., 1997; Anderson et al., 2003; Centers
for Disease Control and Prevention (CDC), 2003a; Centers for
Disease Control and Prevention (CDC), 2003b; Huhn et al., 2005;
Learned et al., 2005; Likos et al., 2005; Nalca et al., 2005; Reynolds
et al., 2006; Hutson et al., 2007; Rimoin et al., 2010; Kantele et al.,
2016; Kozlov, 2018; Beer and Bhargavi Rao, 2019; Bhattacharya
et al., 2022; Luo and Han, 2022; Tomori and Ogoina, 2022). On

10.3389/fcimb.2023.1134712

June 23, 2022, the WHO declared monkeypox as an “evolving threat
of moderate public health concern” (Reed et al., 2004). In a WHO
report published on 23 July 2022, there were more than 16,000 cases
with five deaths reported from 75 countries and territories (World
Health Organisation, 2022). The outbreak of monkeypox in 2022
gained global attention when WHO declared it an “International
Health Emergency” on July 27, 2022 (As monkeypox surges, WHO
urges reducing number of sexual partners, 2022). Recently, in nearly
110 countries, 80,850 confirmed cases (79,877 in areas where
monkeypox has not been reported historically and 973 in areas
where monkeypox has been reported historically) and 55 deaths (42
in areas where monkeypox have not reported historically and 13 in
areas where monkeypox have been reported historically) were
reported till 24, November, 2022 (Monkeypox data explorer - our
world in data, 2022).

4 Monkeypox virus strains: Genomic
perspective

Figure 3A shows structure of the double stranded DNA virus
(monkeypox virus), which causes monkeypox to occur in humans
and animals (Figure 3B). This virus belonged to the poxviridae
family and referred to as orthopoxviruses. As with variola, cowpox,
and vaccinia, monkeypox virus belongs to the orthopoxvirus genus.
It is not related to, nor is it descended from, the variola virus, which
is responsible for smallpox (von Magnus et al., 1959; Breman et al.,
1980; Shchelkunov et al., 2002; Alkhalil et al., 2010).

Two genetic clades have been identified in monkeypox virus,
namely Central African clade (recently renamed as Clade I) and
West African clade (recently renamed as Clade II). Furthermore,
Clade II has two subclades: IIa and IIb, referring to the set of

First ever human
case; at Bokendaz

11 confirmed case and 6 fatality; at Katako-kombe health
zone, Sankuru sub-region, and Kasai oriental region

6 confirmed case and 4 fatality; at
Democratic Republic of Congo

T

August 1970

T

End of July - 30 August 1996

Mid February 1996

February 1996 - October 1997

2003

February - August 2001

its first case

Akungula reported ‘

511 suspected cases and 1-5%
fatality; at Katako-Kombe health

First outbreak (53 human
cases ); outside Africa at USA

Family returned to the United Kingdom
after traveling to Nigeria got infected

One case reported who
travelled from Nigeria to Israel

Republic of Congo
reported a outbreak

May 2019

May 2021

October 2018

2005 - 2007 April 2003

April 2003

One case reported who travelled
from Nigeria to Singapore

20-fold increase in cases
from 1981 to 1986

Longest chain of transmission
documented for first time

One case reported who
travelled from Nigeria to Texas

More than 3,000 infections have been
reported in more than 50 countries

WHO declare monkeypox an evolving
threat of moderate public health concern

November 2021

July 2021 Early May 2022

27 April - 24 June 2022

23 July 2022 Till 24, November,2022

23 June 2022

One case reported who travelled || 528 cases di: din 16

Ani

80,850 confirmed cases

from Nigeria to Maryland countries

emergency declared by WHO

| health ‘

in 110 countries

FIGURE 2
Timeline of events in monkeypox’s global transmission.
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TABLE 1 An overview of monkeypox outbreaks cases between August, 1970 and 24, November, 2022.

Year 1970- 1980- 1990- 2000- 2010- 2020- 24 May, Till 24,
1979 1989 1999 2009 2019 2021 2022 November,
Country 2022
Andorra - - - - - - - 4
Argentina - - - - - - - 894
Aruba - - - - - - - 3
Australia - - - - - - 2 141
Austria - - - - - - 1 326
Bahamas - - - - - - - 2
Bahrain - - - - - - - 1
Barbados - - - - - - - 1
Belgium - - - - - - 4 789
Benin - - - - - - - 3
Bermuda - - - - . _ _ 1
Bolivia - - - - - - - 252
Bosnia and - - - - - - -
Herzegovina 9
Brazil - - - - - - - 9876
Bulgaria - - - - - - - 6
Cameroona 1 1 - - 16 - - 16
Canada - - - - - - 15 1449
Central African - 8 - - 61 - 2
Republic 12
Chile - - - - - - - 1259
China - - - - - - - 1
Colombia - - - - - - - 3803
Costa Rica - - - - - - - 23
Croatia - - - - - - - 29
Cuba - - - - - - - 8
Curag¢ao - - - - - — - 3
Cyprus - - - - - - - 5
Czechia - - - - - - 1 70
DRC 38 343 511 10,027 18,788 7,374 10 206
Denmark - - - - - - 2 191
Dominican Republic - - - - - - - 52
Ecuador - - - - - - - 346
Egypt - - - - - - . 1
El Salvador - - - - - - - 21
Estonia - - - - - - - 11
Finland - - - - - - - 42
France - - - - - - 5 4104
(Continued)
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TABLE 1 Continued

10.3389/fcimb.2023.1134712

Year 1970~ 1980- 1990- 2000- 2010- 2020- 24 May, Till 24,
1979 1989 1999 2009 2019 2021 2022 November,
Country 2022
Georgia - - - - - - - 2
Germany - - - - - - 12 3672
Ghana - - - - - - - 107
Gibraltar - - - - - - - 6
Greece - - - - - - - 85
Greenland - - - - - - - 2
Guadeloupe - - - - - - - 1
Guatemala - - - - - - - 141
Guyana - - - - - - - 2
Honduras - - - - - - - 11
Hong Kong - - - - - - - 1
Hungary - - - - - - - 80
Iceland - - - - - - . 16
India - - - - - - - 17
Indonesia - - - - - - - 1
Iran - - - - - - - 1
Ireland - - - - - - - 217
Israel - - - - 1 - 1 262
Ttaly - - - - - - 5 917
Jamaica - - - - - - - 16
Japan - - - - - - - 7
Jordan - - - - - - - 1
Latvia - - - - - - - 6
Lebanon - - - - - - - 18
Liberia 4 - - - 6 - 3
Lithuania - - - - - - - 5
Luxembourg - - - - - - - 57
Malta - - - - - - - 33
Martinique - - - - - - . 1
Mexico - - - - - - - 3145
Moldova - - - - - - - 2
Monaco - - - - - - - 3
Montenegro - - - - - - - 2
Morocco - - - - - - - 3
Mozambique - - - - - - - 1
Netherlands - - - - - - 6 1248
New Caledonia - - - - - - . 1
New Zealand - - - - - - - 35
(Continued)
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TABLE 1 Continued
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Year 1970- 1990- 2000- 2010- 2020- 24 May, Till 24,
1979 1999 2009 2019 2021 2022 November,
Country 2022
Nigeria 4 - - 228 42 - 624
Norway - - - - - - 93
Panama - - - - - - 40
Paraguay - - - - - - 17
Peru - - - - - - 3444
Philippines - - - - - - 4
Poland - - - - - - 213
Portugal - - - - - 39 948
Qatar - - - - - - 5
Republic of the Congo - - 73 24 - - 5
Romania - - - - - - 45
Russia - - - - - _ 2
Saint Martin - - - - - - 1
San Marino - - - - _ - 1
Saudi Arabia - - - - - - 8
Serbia - - - - - - 40
Singapore - - - 1 - - 19
Slovakia - - - - - - 14
Slovenia - - - - - 1 47
South Africa - - - - - - 5
South Korea - - - - - - 3
South Sudan - - - 19 - - 18
Spain - - - - - 45 7405
Srilanka - - - - - - 1
Sweden - - - - - 1 220
Switzerland - - - - - 2 546
Taiwan - - - - - - 4
Thailand - - - - - - 12
Turkey - - - - - - 12
Ukraine 5
United Arab Emirates - - - - - 1 16
United Kingdom - - - 4 - 71 3720
United States - - 47 - 2 4 29199
Uruguay - - - - - - 14
Venezuela - - - - - - 10
Vietnam - - - - - - 2
Total cases (till 24, November,2022) 80,850

*Countries with more than 1000 cases are bold.
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FIGURE 3

Monkeypox virus; (A) Structure, (B) Global transmission, (C) Reported death cases of different geographical areas (till 24, November, 2022).

mutations that are circulating in the 2022 worldwide pandemic.
There is a geographic separation between these two clades, as well as
a distinction between their epidemiological and clinical
characteristics. It has never been documented that West African
clade transmits from case to case, and there is a case fatality rate
(CFR) of 1%. As a contrast, the Congo Basin clade (aka Central
African clade) exhibits a CFR of 11%, and transmission has been
documented up to six times sequentially. It is believed that isolates
from West African clade came from Nigeria, Ivory Coast, Liberia,
USA, and Sierra Leone (imported from Ghana). On the other hand,
isolates from Central African clade come from Congo, Gabon,
Central African Republic, Cameroon, Sudan, and DRC. Non-
vaccinated individuals of Central African encountered a 10%
death rate in the 1980s, while cases occurring in West African
strains were not fatal. It has been confirmed that the 2022
monkeypox virus is of West African origin based on preliminary
genetic data. Various studies were conducted to compare genomes
and was found that nucleotide sequences of the Central African
strain (ZAI-96) difter by 0.55-0.56% from those of 3 West African
strains (SL-V70, WRAIR-61 and COP-58). Central and West
African strains have 173 and 171 unique functional genes,
respectively. In terms of protein sequence, they have about 99.4%
identity and share 170 orthologs. Transcription regulatory
sequences between the two genomes did not differ significantly.
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In order to determine which virulence genes are present in both
strains, researchers studied 56 virulence genes to determine which
are present in both strains, 53 of which were found common to
both. 276 substitutions have been found in these 53 genes,
accounting for 93 non-conservative changes, 61 conservative
changes, and 121 silent changes in amino acid. In total, 16
proteins have extended their N- and C-termini, altering their
predicted size. A study reported that BR-203, COP-C3L, and BR-
209 orthologs accounted for significant virulence differences
between the two strains, which is supported by another study
reporting similar gene candidates (Jezek and Fenner, 1988; von
Magnus et al., 1959; Ladnyj et al., 1972; Jezek et al., 1987; Chen et al.,
2005; Likos et al., 2005; Osorio and Yuill, 2008; Weaver and Isaacs,
2008; Monkeypox: experts give virus variants new names, 2022;
Comparative pathology of north American and central African
strains of monkeypox virus in a ground squirrel model of the
disease, 2022; Multi-country monkeypox outbreak: situation
update, 2022).

Monkeypox virus encoded of all the orthopoxvirus genes
known so far, but have only small subsets of the genes related to
host range and immunomodulation (Shchelkunov et al., 2002).
Monkeypox may adapt further to become a more effective human
pathogen by a series of extended person-to-person transmissions.
Moreover, as the human population changes, ecological
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disturbances occurs and new infections emerges such as the HIV
and COVID-19, which can be a possible cause of decreased
immunity and further contributing towards more spreading of
monkeypox virus (Chen et al, 2005; Likos et al., 2005; Weaver
and Isaacs, 2008).

Also, an analysis of publicly available genomes from the current
human monkeypox virus outbreak of 2022 was conducted to
determine the phylogenetic diversity. As compared to previous
monkeypox virus outbreaks, this outbreak reveals a distinct
monophyletic lineage. Virus outbreaks in Europe may have
started as early as March 2022, according to studies. As compared
to its related viral predecessors from 2018 and 2019, monkeypox
virus 2022 exhibits a marked divergence. In contrast to what is
normally observed in orthopoxviruses, the heightened mutational
signature this time indicates an accelerated evolutionary path. There
has been an increase in cases reported across multiple regions,
suggesting that some of these changes in genomics have led to more
efficient transmission and dispersal mechanisms, which are
compatible with sexual transmission, but research is needed to
confirm this assertion. In addition, host-specific mechanisms, like
APOBEC enzymatic editing, may be driving this rapid evolution of
virus in favor of emergence of a host-specific clade that has
enhanced human-to-human transmission capabilities. In light of
its continuous spread across different countries and the increasing
number of cases reported globally, genomic variability is likely to
increase continuously its transmission efficiency (Kraemer et al,
2022; Luna et al., 2022).

In another study on monkeypox virus genome comparisons,
indicate that COP-C3L ortholog, a gene that codes for a
complement control protein associated to innate immune
response, may play a role in determining the degree of virulence
among those strains. One SCR domain is truncated in the Central
African ortholog of COP-C3L, which is likely to affect its function,
particularly its decay-accelerating ability. The monkeypox strain of
Central Africa also contains truncated COP-E3L and COP-K3L,
which is similar to the proteins in variola and vaccinia and allows
the organism to resist interferons (IFN). Unlike COP-E3L and
COP-K3L, monkeypox virus has a full-length ortholog of BR-203
(protein that prevents lymphocytes apoptosis), but variola virus
lacks it and vaccinia virus has fragments. The differences between
these three orthopoxviruses in terms of virulence may be explained
by their proteins differences which affect the host immune system.
Research is needed to determine whether genes encoding of
proteins fragments with known functions influence its virulence.
It may be possible to develop safer vaccines and better therapeutics
with such knowledge (Carter et al., 2005; Reynolds et al., 2017).

5 Molecular perspective

As molecular biology has advanced, we have gained a deeper
understanding of how viruses replicate and infect cells. The genome
of this organism is relatively larger containing approximately
1,96,858 number of base pairs, which encodes for 190 open
reading frames (Shchelkunov et al., 2002). These open reading

Frontiers in Cellular and Infection Microbiology

10.3389/fcimb.2023.1134712

frames of virus make up most of the replication material in the
infected cell. Viral entry into cells depends on the cell type and viral
strain and is initiated once the virus attaches to the cell surface
through the interaction between multiple viral ligands and cell
receptors (Carter et al., 2005).

An apoptosis is a natural mechanism that occurs when a variety
of stimuli trigger the death of cells for maintaining homeostasis in
tissue and removal of abnormal or infected cells (Hengartner, 2000).
Due to the importance of apoptosis in the immune response,
poxviruses developed several anti-apoptotic strategies to disrupt it
(Everett and McFadden, 2002). In order to survive, viruses contain
many proteins that interfere with apoptosis at various points
(Elmore, 2007). Previous study data however indicate that NOXA
and caspase-3 were upregulated, while Bcl-2, PUMA, and PAK2
were downregulated in monkeypox virus, which is consistent with
apoptosis induction (Alkhalil et al., 2010). Apoptosis-specific genes
are underregulated in cells infected with monkeypox virus, whereas
anti-apoptotic outcomes are observed in other poxvirus infected
cells, suggesting that monkeypox virus infects cells in a way that is
anti-apoptotic via a mechanism downstream from apoptosis
initiation (Nichols et al., 2017). Although monkeypox virus genes
involved in blocking apoptosis are unknown, still data suggest that
an orthologs of the vaccinia virus (F1L) gene functions in the same
manner as Bcl-2 by directly targeting mitochondria (Alkhalil
et al,, 2010).

Also, studies suggest that expression of histone, modification in
histone posttranslational, and chromatin dynamic exchanges play
an important role in host-poxvirus interactions (Alkhalil et al,
2010; Nichols et al,, 2017). Moreover, studies introduced signaling
components that regulate actin cytoskeletal dynamics as infection-
regulated genes which further helps in regulating microtubule
signaling. A membrane-associated protein encoded by the
intersection 1 gene (SH3 domain protein) is said to be closely
related to actin assembly machinery that controls endocytic
membrane traffic. Morphological differentiation and cell motility
are also affected by Rho-effector ROCKI, which is also closely
related to cytoskeletal dynamics. As well as RAS p21 protein
activator, homolog of oncogene from v-Ki-rat sarcoma virus and
SOS2 are found essential in polymerizing actin filaments and
reorganizing the cytoskeleton (McGlade et al, 1993; Giancotti
and Ruoslahti, 1999; Pawlak and Helfman, 2002; Scaife et al.,
2003; Alkhalil et al., 2010).

Studies also suggest that genes related to ion channels were
impacted by monkeypox virus infection in an intriguing and novel
manner. A total of ten genes that encode nine ion channels and a
transporter were suppressed as infection progressed. A large
number of these channels are located on the membrane of the
cell in order to maintain its osmolarity homeostasis and cell
membrane potential. Modulation mechanisms of transport, such
as indirect consequences of Ras, Rho, and Rab GTPases, have been
described, but their impact on viral infections and global cell
biology continues to be unclear. However, there has been a report
found describing how myxoma poxvirus protein M11L hinders
apoptosis by interacting with mitochondrial permeability transition
pores (Everett et al., 2002; Pochynyuk et al., 2007).
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6 Monkeypox: A serious global
health threat?

The monkeypox virus, is a public health concern since it can be
transmitted from infected individuals, animals and contaminated
substances. A number of countries that are non-endemic were
reported to have monkeypox in May 2022 (Bunge et al., 2022).
According to our discussion above, monkeypox lethality varies
across Africa, suggesting its growing threat. Also, the current
outbreak of monkeypox virus infection in humans suggests that
biological aspects of virus, human behavior or both, have changed
(Quarleri et al., 2022). A number of factors may have contributed to
these changes, including the decline in smallpox immunity, the
relaxed prevention measures for COVID -19, the resumption of
international travel, the change in sexual interaction, and the
presence of large gatherings in large numbers (Vaughan et al,
2018; Monkeypox update from AR Dept. of health - Arkansas
medical society, 2022; Sharma V. et al., 2022; Thornhill et al., 2022).
In the course of time, all viruses change and evolve despite this,
monkeypox viruses mutate more slowly than COVID-19 virus
(Leon-Figueroa et al,, 2022). Currently, many studies are being
conducted to understand the epidemiology, sources, and patterns of
infection (Centers for Disease Control and Prevention, 2022; Ligon,
2004; Erez et al, 2019; Yong et al,, 2020). Out of which study
conducted in African countries by the European Centre for Disease
Prevention and Control estimates that immunocompromised
people, children, and young adults are at higher risk of death
(Dhawan et al., 2022). This outbreak reported total of 55 deaths
until know among various geographical areas (Figure 3C).

Policy makers and government officials also need to understand
public opinion regarding the health crisis in order to develop health
policies for monitoring and controlling it. So, in order to determine
public attitudes towards the monkeypox virus, an analysis was
conducted on 27, June, 2022 using techniques of advanced
machine learning, particularly technique of Natural Language
Processing (NLP). Intriguingly, the analysis results indicate that
more people are posting positively about the monkeypox virus on
social media (28.82%) than posting negatively about it (23.11%).
When examining the tweets more closely, most positive tweets
about monkeypox was that this virus is not severe and there is a low
death rate caused by the disease. There are only few tweets about
monkeypox that have negative sentiments suggesting that public
hasn’t panicked that much about the virus, and that too negative
comments are of people discussing death caused by monkeypox,
virus severity, infections caused due to it, whether it can be
transmitted, vaccines available, whether it will be the next
pandemic after COVID-19, if it is safe to travel, if it will affect the
schools functioning, and whether it will affect the people lives. In
light of the early stages of this epidemic, researchers and
policymakers can use this study to better understand public
concerns about monkeypox and develop effective awareness
programs and control the outbreak so that general public
concerns can be addressed. In order to raise awareness about the
ongoing outbreak, it is imperative to teach the general public what
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the disease symptoms are and when to seek medical attention
(Farahat et al., 2022; Sv and Ittamalla, 2022).

7 Transmission

Over the past several years, numerous outbreaks of emerging
infectious viral diseases originating from zoonotic animals
including MERS-CoV, SARS-CoV-2, H7N9 (avian influenza),
chikungunya virus, ebola virus, dengue virus, and Japanese
encephalitis virus, which all are highly pathogenic have been
reported. From time to time, international travelers reported to
spread these viruses. SARS-CoV-2 was spread across countries
largely due to international travel. In some non-African countries,
monkeypox outbreaks have been reported recently. As of now, there
are no links between monkeypox endemic areas and travel found in
the current scenario. It is imperative to investigate the root cause of
the current outbreaks as soon as possible. Furthermore, the focus
must be placed on determining the zoonotic reservoir, zoonosis,
spill overs from the host, etc., of this virus. Despite a lack of
association between monkeypox outbreaks and air travel, it might
be more likely that the disease will spread as a result of air travel as it
is a contagious disease (Morens and Fauci, 2020; Wells et al., 2020;
Bhattacharya et al., 2022; Bryer et al.,, 2022; Sharma R. et al., 2022;
Begum et al., 2023; Varghese et al., 2023a).

A person who suffers from monkeypox can transmit it to others
from the time period of beginning of symptoms until the complete
healing of rash and formation of fresh skin layer (Farahat et al,
2022; Soriano and Corral, 2022; Vivancos et al., 2022; Zambrano
etal,, 2022). The possible causes for anyone to contract monkeypox
up to its clinical manifestation are described in Figure 4. In addition
to it, placental transmission can also spread the virus to a fetus while
a mother is pregnant. Current spread has disproportionately
affected gay, men who have sexual relations with men and
bisexual men by developing a vesicular pustular rash or lesions
on genital, suggesting that sexual networks are amplifying
transmission and close contact is believed to constitute a reason
of disease transmission (Farahat et al., 2022). This rash typically
occurs on the perennial area and genitals, suggesting that it was
transmitted sexually, but it can be mistaken for molluscum
contagiosum, chancre, herpes simplex infection or granuloma
inguinal (Farahat et al., 2022; Soriano and Corral, 2022; Vivancos
et al., 2022; Zambrano et al., 2022).

Moreover, infected human fecal sample can also contain
monkeypox virus DNA, according to a recent small study, which
may provide yet another potential route for viral transmission.
Since some animals (such as rodents) might be infected with the
virus as they consume human waste that is laden with the virus, thus
causing new infected wild animal populations to establish
themselves in traditionally non-endemic areas (Murphy and Ly,
2022; Peiro-Mestres et al., 2022).

Researchers are investigating whether monkeypox can be
spread when a person does not have symptoms, or if people with
monkeypox symptoms are more likely to spread the virus, and also
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to determine if the virus is spread more easily through feces, semen,
vaginal fluid, or urine of symptomatic patient. To date, the disease
seems to be having difficulties spreading effectively, however, the
possibility that it can be transmitted through intimate or sexual
contact ought to alarm infectious disease specialists in conducting
further research to determine how the disease spreads so it can be

prevented from spreading worldwide (Zambrano et al., 2022).

8 Clinical manifestation

Most monkeypox cases are self-limiting, with clinical
manifestation as detailed in Figure 4. In children, complications
are more likely to occur if they have been exposed to a high level of
virus exposure, they have a poor health status, and they have
complications of a severe nature. There is a possibility that
underlying immune deficiencies will result in worse outcomes. In
spite of vaccination against smallpox being protective in the past,
now that campaigns of smallpox vaccination have stopped since the
disease was eradicated globally, young people may be more
susceptible to monkeypox. In monkeypox, lymphadenopathy
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distinguishes it from other similar diseases (chickenpox, measles,
smallpox) and the skin eruption usually appears within 1-3 days of
the fever onset. The rash can manifest as a pimple or blister and may
be itchy or painful. Some patients may experience all symptoms at
once, whereas others may experience only a few. Also, it affects the
mucous membranes of the oral cavity, the genitalia and the
conjunctiva. The disease begins with macules (flat lesions) then
progresses to papules (slightly raised firm lesions), pustules (fluid
filled yellow lesions), vesicles (fluid-filled clear lesions) and crusts
that fall off over time. In some cases, there can be few to several
thousand lesions. Severe cases can result in large areas of skin
sloughing off caused by the coalescence of lesions (MacNeil et al.,
2009; Adler et al., 2022; European Medicines Agency, 2022;
Gilbourne et al., 2022; Monkeypox: What to know, 2022).

Asymptomatic infection may occur in some cases, but it is not
known to what extent. In the general population, monkeypox has
historically had a case fatality rate between 0 and 11%, with a higher
rate among younger children. Recent years have seen a 3-6% case
fatality rate (Ministry of Health and Family Welfare, 2020).

As a result of monkeypox associated encephalitis, patients often
experience pharyngitis, fever, anorexia, headache, weakness,
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adenopathy, and a vesiculo-papular rash. A very slow
electroencephalogram and difftuse oedema found on cortical
magnetic resonance imaging were associated with amplification of
meninges in the thalamus and partial cortex as well as signal
abnormalities. However, within 5-6 days polymorphonuclear
pleocytosis in cerebrospinal fluid (CSF) may decrease and
primarily consist of lymphocytes (Shafaati and Zandi, 2022).

9 Differential diagnosis

When considering the differential diagnosis, other rash illnesses
should also be considered, such as measles, chickenpox, scabies,
bacterial infections, and medications associated allergies. When
monkeypox is in its prodromal stage, lymphadenopathy
distinguishes it from chickenpox or smallpox (World Health
Organization, 2022).

A monkeypox sample must be collected by health workers and
transported safely to a laboratory that has the necessary capabilities
if monkeypox is suspected. A laboratory test and the type of
specimen determine whether monkeypox is confirmed or not. It
is therefore imperative that specimens are packaged and shipped
must comply with international and national regulations. In terms
of accuracy and sensitivity, polymerase chain reaction (PCR) is the
preferred laboratory test. Ideally, monkeypox diagnostic samples
should come from skin lesions such as vesicles, pustules, and crusts.
Biopsies can be performed where feasible. Keeping lesions cold and
storing them in dry and sterile tubes (no viral transport media) is
essential. But, due to the short duration of viremia, blood tests for
PCR are usually inconclusive and should not be routinely
conducted in patients of monkeypox after symptoms begin
(Ministry of Health and Family Welfare, 2020).

Also, serological cross-reactivity between orthopoxviruses
makes antibody and antigen detection method ineffective from
providing monkeypox specific confirmation. Hence it is not
recommended to use serology or antigen detection methods for
case investigation where resources are limited. Furthermore, a false
positive result may also result from recent vaccination with an
orthopoxvirus vaccine (e.g. those vaccinated before smallpox
eradication or more recently due to a higher risk). So, for
interpretation of test results, patient symptoms information must
be included with specimens (Reed et al., 2004; Reynolds et al., 2006;
Dubois and Slifka, 2008). It may be helpful to detect orthopoxvirus
induced encephalitis. A CSF IgM reaction against orthopoxvirus
may help detect encephalitis caused by orthopoxvirus (Sejvar
et al., 2004).

10 Prevention strategies

Educating people about risk factors and ways to reduce
exposure is the primary strategy for preventing monkeypox
(Figure 5). Research is currently being conducted to determine
whether vaccination is an appropriate and feasible preventative or

Frontiers in Cellular and Infection Microbiology

10.3389/fcimb.2023.1134712

control measure against monkeypox. To protect the public’s health,
it is important to investigate all possible modes of transmission
since the source of this outbreak is still being investigated. Many
countries have or developing policies that offer vaccines to health
workers, laboratory personnel, and rapid response teams who may
be at risk (Health ministry issues guidelines for monkeypox
management - the statesman, 2022).

Also to reduce the risk of transmission between humans,
surveillance and rapid detection of new cases are crucial for
outbreak containment. Standard infection control precautions
should be followed by health workers caring for patients or
handling specimens from those patients with monkeypox virus
infection. The patient should be cared for by persons previously
vaccinated against smallpox if possible. Make sure you are using
appropriate personal protective equipment (PPE) when caring for
those with symptoms, including gloves, a mask, and a gown.
Personnel who are trained and equipped with the proper
equipment should handle samples suspected of being infected
with monkeypox virus. According to WHO guidelines for
transporting infectious substances, patient specimens must be
packaged triple to ensure their safety (Health ministry issues
guidelines for monkeypox management - the statesman, 2022).
Keep your sexual partner/s informed about any recent illness,
including sores or rashes, and avoid close contact with anyone
who has symptoms such as sores or rashes. To reduce the
risk of a resurgence of infection, a 21-day self-isolation
period and other preventive measures have been implemented
UK Health Security Agency, 2022.

Furthermore to prevent monkeypox, some countries have
enacted regulations restricting rodent and non-human
primate importation. Monkeypox infected captive animals or
that might have come into contact with them should be
quarantined immediately, handle with standard precautions, and
observed for 30 days to monitor monkeypox symptoms (Health
ministry issues guidelines for monkeypox management - the
statesman, 2022).

11 Therapeutics

A specific treatment does not exist for monkeypox viral
infections. Monkeypox and smallpox viruses have genetic
similarities, so smallpox related antiviral drugs and vaccines may
be effective against monkeypox. It is essential that patients receive
fluids and food in order to maintain a healthy nutritional status and
infections caused by secondary bacteria should be treated
accordingly (Health ministry issues guidelines for monkeypox
management - the statesman, 2022).

Tecovirimat, an antiviral agent previously approved by the
United States Food and Drug Administration (FDA) for
smallpox, has been now approved by the European Medicines
Agency (EMA) for treatment of monkeypox after animal and
human studies. Tecovirimat (previously ST-246), a small
molecule that inhibits viral egress, has been demonstrated to be
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effective against vaccinia, cowpox, camelpox, ectromelia
(mousepox), and variola viruses (Yang et al., 2005). Through
screening of more than 350,000 compounds, tecovirimat was
discovered to target a gene that produces p37, an envelope
protein essential for extracellular virus production (Bolken and
Hruby, 2010). In mice, tecovirimat was proven to be effective and
safe when administered orally twice daily at 50 mg/kg of body
weight for 14 days before or shortly after infection. When used at a
concentration (EC50) of <0.07 uM, it suppresses viral
multiplication by 50% in in vitro (Quenelle et al, 2007). In a
ground squirrel model of disease, tecovirimat was effective in
saving all animals that were given the drug on days 0, 1, 2, and 3;
in contrast, all animals in the placebo group died (Nalca et al,
2008). It was clear from these findings that further human studies
were necessary. In patients with weakened immune systems,
antivirals such as tecovirimat may be helpful in preventing severe
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illness. If tecovirimat will be used for patient care, WHO
recommends monitoring it in a clinical research setting and have
prospective data collection (Centers for Disease Control and
Prevention, 2022; World Health Organization, 2022). Recently,
Phase 1 and Phase 2 clinical trials involving an oral formulation
of it was funded by National Institute of Allergy and Infectious
Disease (NIAID and Biomedical Advanced Research and
Development Authority (BARDA), part of the USA Department
of Health and Human Services (NIH: National Institute of Allergy
and Infectious Diseases, 2022).

Monkeypox can be prevented through vaccination if
administered before or soon after exposure. There are currently
two monkeypox vaccines available in the USA through the Strategic
National Stockpile: JYNNEOS and ACAM2000. For adults 18 years
and older, JYNNEOS is licensed. At least four weeks apart, two
doses have to be administered in the upper arm. Itching, redness
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and swelling are the most common reactions people have at the
injection site after receiving the JYNNEOS vaccine. Public health
has prioritized the JYNNEOS vaccine for the following groups:
known close contacts of monkeypox cases identified by case
investigations, tracing of contact, and assessments of risk
exposure, and for individuals who attended an event where
monkeypox was present. Advisory committee on immunization
practices(ACIP) also recommends monkeypox vaccinations for
laboratory and clinical workers who conduct monkeypox testing
and collect monkeypox specimens (Centers for Disease Control and
Prevention, 2022). Moreover, European Union (EU) has also
approved Imvanex as a vaccine against monkeypox disease as of
22 July 2022. Later, Imvanex has been authorized for the treatment
of smallpox and vaccinia virus in the EU (European Medicines
Agency, 2022).

Furthermore, the Center for Disease Control and Prevention
(CDC) recommends administration of vaccinia immune globulin
intravenous(VIGIV), cidofovir and Bricidofovir to treat
monkeypox. Earlier, VIGIV was used for treating complications
caused by vaccinating against vaccinia, such as generalized vaccinia
severe, eczema vaccinatum, vaccinia infections among skin diseases,
progressive vaccinia and aberrant infections caused by vaccinia
virus (except in isolated cases of keratitis). And as an antiviral, FDA
has approved cidofovir to treat cytomegalovirus (CMV) retinitis
among AIDS patients and Bricidofovir for treating smallpox in
adults and children, including neonates since June, 4, 2021. There is
a possibility that Bricidofovir has a better safety profile than
cidofovir. There have been no serious renal toxic effects or other
adverse reactions associated with Bricidofovir treatment for
cytomegalovirus infection (Figure 5). Dose and possible
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FIGURE 6
Representing mechanism and dose of various monkeypox treatments.

Frontiers in Cellular and Infection Microbiology

113

10.3389/fcimb.2023.1134712

mechanism of these vaccines are represented in Figure 6 (Centers
for Disease Control and Prevention, 2022).

Despite their effectiveness in animal studies against
orthopoxviruses, no data indicate that they are effective in
humans infected with monkeypox virus. Patients with severe T-
cell deficiencies and who are contraindicated from smallpox
vaccination after monkeypox exposure should take VIGIV.
Cidofovir or brincidofovir should be given to treat monkeypox
outbreaks in patients who have severe immunodeficiency
(Kugelman et al., 2014; Centers for Disease Control and
Prevention, 2022). All these vaccines suggested to be used in
monkeypox should be further clinically proved.

12 In silico findings: Possible
drug targets

In silico studies have shown that the genome of monkeypox are
identical to the central regions that encode essential enzymes and
proteins to the genome of smallpox. Despite the fact that monkeypox
genome nomenclature resembles universal nomenclature, certain
regions differ encoding for virulence. There is a great deal of
research being done on the vaccinia virus, as it is used in
vaccinations against other types of poxviruses and has lower risk
than smallpox. Each of the three agents of monkeypox, smallpox, and
vaccinia has nearly 197, 186, and 190kb of genome size respectively.
The genomes of all poxviruses are linear and have double-stranded
DNAEs. Since other poxvirus homologues have similar characteristics
and naming problems, the authors of that study refer to their targets
by the universal nomenclature gene name based on the vaccinia
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TABLE 2 Overview of the clinical course and outcome of cases from recent outbreak of monkeypox.

Country

Comorbidity ~ Treatment

Clinical presentation

Infection site

Outcome

Hospitalization

require (days)

References

Romania 26 Male HIV X Vesicular and pustular rash, few lesions, hyperemia | Rash & lession- Buttocks, -* X (Oprea et al.,
of pharynx, pseudo-membranous appearance, neck, trunk, sole, upper 2022)
thrush, enlarged lymph nodes and lower limbs;

Lymph nodes- cervical and
inguinal region

Italy 34 Male HIV Cephalosporins Painless ulceration after sex with men, high fever, Lymph node- left inguinal; | -* X (Bizova et al.,
chills, painful enlargement, papulovesicles, itchy Rashes- forehead, perianal, 2022)
rashes, left tonsil

Italy 33 Male HIV * Asthenia, malaise, anorexia, papular lesion, Elbow, perianal -4 -t (Bizova et al.,
ulceration, respiratory symptoms, fever 2022)

Ttaly 26 Male X Amoxicillin potassium cluvunate Chills, sweats, lesion followed by high fever, Nose, limb Recovery Yes(8) (Moschese

3 g/d for 8 days and cidofovir 5 lymphadenopathy et al,, 2022)
mg/kg day 1 and 7

Italy 35 Male X Analgesic therapy Vesicular rash Head, trunk, limbs Recovery Yes (5) (Moschese
followed by fever, lymphadenopathy et al., 2022)

Italy 34 Male HIV None Lesion followed by fever, lymphadenopathy Perianal, face, foot, arm Recovery Yes(8) (Moschese

et al., 2022)

Italy 37 Male HIV Ceftriaxone 2 g/d for 7 days and Skin lesion followed by fever, headache, Inguinal, scrotum, penis, Recovery Yes(13) (Moschese

daptomycin 500 mg/d for 5 days lymphadenopathy face et al,, 2022)

France e Male - No specific treatment Fever, intense fatigue, chills, myalgia, several anal X Recovery No (Vallee et al,,
pain, lymphadenopathy and sore throat 2022)

Taiwan 20 Male - - Fever, muscle pain, sore throat, skin rash and X Recovery No (Yang et al,,

lymph node swelling in the groin

2022)
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TABLE 3 Representing data of case studies on monkeypox registered with clinicaltrial.gov.

Viral clearance and
epidemiological

characteristics in
patients with
monkeypox

Observational

Cohort,
prospective

Spain

Recruiting

Viral clearance in skin lesions, blood and oropharyngeal
swabs

NCT05443867 Monkeypox a symptomatic Observational Cohort, Belgium  No 140 Recruiting Secondary attack rate of monkeypox virus infection in contacts, defined by PCR
shedding: evaluation by self- prospective positivity on any sample, rate of seroconversion in contacts, defined as a positive
sampling MPX-ASSESS IgG (immunoglobulineG) for monkeypox and proportion of seroconversion in

PCR positive contacts vs PCR negative.

NCT05438953 Follow-up of contact at risk Interventional Non- France MVA vaccine 226 Recruiting Proportion of failure of MVA vaccine, assess early vaccine humoral
of monkeypox infection: a randomized, (IMVANEX® immunogenicity and early vaccine humoral immunogenicity after one, two doses
prospective cohort study parallel and

assignment, ]YNNEOS®)
open label,
prevention

NCT02977715 IMVAMUNE® smallpox Interventional Single group, DRC IMVAMUNE® 1600 Active, not Proportion of participants who develop suspected or confirmed monkeypox
vaccine in adult healthcare open label, recruiting virus infection following receipt of IMVAMUNE and proportion of participants
personnel at risk for prevention who have Orthopoxvirus antibody responses on days 0, 14, 28, 42, 180, 365, 545,
monkeypox in the DRC and 730 days after the receipt of the first dose of vaccine

NCT05058898 A one health study of Observational Case-control, Central Blood samples, 280 Recruiting Proportion of monkeypox cases occurring following interhuman exposures,
monkeypox human infection prospective African scabs and pus zoonotic exposures, measurement of the effective reproduction rate R in CAR

Republic | samples according to the level of immunity (smallpox vaccine immunity or
Orthopoxvirus-related post disease immunity)

NCT03745131 Cohort study of healthcare Observational Cohort, United Blood draw 120 Completed Antibody responses to first dose of Imvanex®, antibody titres following first
workers receiving Imvanex® prospective kingdom dose of Imvanex® and antibody responses to second dose of Imvanex®

NCT02080767 Tecovirimat (ST-246) Expanded access - - Tecovirimat - Available -
treatment for orthopox virus
exposure

NCT00728689 Phase I trial of an Interventional Randomized, United ST-246 Days 1 12 Completed Pharmacokinetic Parameters for a Single Dose of ST-246 form I vs. form V: t%,
investigational small pox crossover, triple states -3 and has form I vs. form V: AUCO-t and form I vs. form V: AUCO-c
medication masking, results

treatment
Numb Stat Out
NCT number Study title Study type Study design Country = Interventions enl:‘[:ll:; atus uicome measures
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nomenclature. A50R, A48R, D13L protein trimer complex, F13L, and
E are five poxvirus targets examined in that study. A number of
studies and reviews have proposed that I7L be used as a useful target
for intervention. Based on these targets, an in silico study was
conducted on the active residues of monkeypox and eight potential
repurposable drugs were identified. In this list of eight drugs, they
find nilotinib for A50R, rutaecarpine and NMCT for A48R,
naldemedine and hypericin for F13L, simeprevir for D13L, and
lixivaptan and fosdagrocorat for I7L. As the drugs show promise in
an in silico model, they should also be tested in clinical trials to see if
they can combat disease effectively (Prazsak et al., 2018; Senkevich
et al,, 2021; Akash et al., 2023; Varghese et al., 2023b).

13 Case studies and
therapeutic intervention

Few case studies cases pertaining to this outbreak of monkeypox
available online are discussed below in Table 2 to understand the
presentation and treatment provided. It is crucial for health
authorities and clinicians to take into account the diagnosis of
monkeypox in all patients, as cases in which patients have other
sexually transmitted infections make it difficult to diagnose. For this
reason, clinicians should always test suspected cases for monkeypox
as part of their differential diagnosis. Further, it was noticed that
antibiotics, antivirals and analgesics are given to these patients and
recovery is shown. Although, this data is insufficient to propose any
valid treatment, but these leads can be taken in consideration and
validate in more number of patients. Also there are 8 studies yet
found to be registered at clinicaltrial.gov that are related to
monkeypox. The studies are compiled in Table 3. Among them are
three interventional studies (IMVAMUNE®, ST-246, MVA vaccine
(IMVANEX® and ]YNNEOS®)), four observational studies, and one
study to expand access to tecovirimat. Recruitment of patients are still
ongoing for the studies (Search of: Monkeypox - list results -
ClinicalTrials.gov, 2022). In future, the findings of these studies will
hopefully provide some scientific results.

14 Possible plant-based strategies and
probable mechanism involved to
manage upcoming monkeypox cases

Besides providing scaffolding for cells and facilitating cellular
long-distance traffic, microtubules serve as important
components of multiple biological processes. It is astounding
that viruses are often able to move actively into cells by using the
cytoskeleton transportation machinery. As part of their
replication cycle, viruses often interact with the cytoskeleton
and require an intact microtubule network. Microtubule-
dependent motors are involved in transporting intact virions
and capsids to replication sites and exiting replication sites to the

plasma membrane for some viruses. Upon maturation of the
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endosomes, some viruses move along microtubules with a
characteristic vesicular motion that targets either kinesins or
dyneins. Pharmacological modulation of microtubules has been
hypothesized to interfere with virus replication and spread,
demonstrating their potential as broad-spectrum antivirals. In
contrast, an pharmacological interventions against viral
infections must be tightly controlled in order to prevent the
compromise of physiological functions of cells. Therefore, we
suggest microtubule targeting agents to inhibit viral replication in
monkeypox (Figure 7) (Vale, 1987; Gundersen and Cook, 1999;
Ridley et al., 2003; Khodjakov and Rieder, 2009; Mogilner and
Keren, 2009; van der Vaart et al., 2009; Stehbens and Wittmann,
2012; Zulkipli et al., 2015).

Compounds targeted at microtubules from natural sources
and synthetic compounds such as Colchicine, Nocodazole,
Vinblastine, Paclitaxel, Vincristine, Podophyllotoxin,
Combretastatins, Noscapine, Vindesine, Vinorelbine, Vinflunine,
Docetaxel, Cabazitaxel, Larotaxel, Tesetaxel, Ombrabulin,
Fosbretabulin, Crolibulin and Verubulin are potent antiviral
leads that can also be an effective treatment for monkeypox
(Kaul et al., 2019).

Also, the traditional use of several plant species and their
extracts investigated for their antiviral properties has been
documented. An array of plant extracts including Pterocaulon
sphacelatum, Dianella longifolia var. grandis, Euphorbia australis,
Scaevola spinescens, Pittosporum phylliraeoides var. Microcarpa,
Azadirachta indica, Eremophila latrobei subsp. Glabra, Opuntia
streptacantha, Nerium indicum, Bergenia ligulata and Holoptelia
integrifolia exhibited antiviral effects towards a variety of DNA
viruses in experimental models. The fact that monkeypox is a DNA
virus makes it a viable candidate for inhibiting actions of these herbs
(Semple et al,, 1998; Abubakar et al., 2022). Furthermore, a study
suggests that Acacia nilotica (L.) Delile, Adansonia digitata L.,
Aframomum melegueta K. Schum., Allium sativum L., Alstonia
boonei De Wild, Anogeissus leiocarpus (DC.) Guill. & Perr.,
Azadirachta indica A. Juss., Balanites aegyptiaca (L.) Delile,
Calotropis procera (Aiton) Dryand, Carica papaya, Cissus
populnea Guill. & Perr., Citrullus lanatus (Thunb.) Matsum. &
Nakai, Combretum micranthum G. Don., Detarium senegalense J.F.
Gmel., Diospyros mespiliformis Hochst. ex A.DC., Eleusine coracana
(L.) Gaertn., Euphorbia hirta L, Ficus platyphylla Delile, Ficus polita
Vahl, Guiera senegalensis J.F. Gmel., Lagenaria breviflora (Benth.)
Roberty, Lawsonia inermis L, Mangifera indica, Maytenus
senegalensis (Lam.) Exell, Momordica charantia L., Moringa
oleifera Lam., Nigella sativa L., Olea europea L, Parinari
macrophylla Sabine, Piper guineense Schumach. & Thonn.,
Sterculia setigera Delile, Tamarindus indica, Terminalia
avicenoides Guill. & Perr., Vernonia amygdalina, Vitellaria
paradoxa CF. Gaertn, Viscum album L. and Ziziphus mauritiana
Lam. were among the most commonly used plants for treating
monkey pox in different country regions. As of now, monkeypox
does not have a well-established and proven treatment. It is
therefore essential to evaluate the molecular mechanism
underlying these plant-based treatments and to verify their
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Representing possible leads constituents to mitigate monkeypox by microtubule inhibiting candidate

pharmacological claims in different experimental models as to their
ability to mitigate monkeypox virus (Jassim and Naji, 2003).

15 Conclusion and future perspectives

Each day, a growing number of monkeypox cases are
reported, and more cases are expected in the near future. Most
cases have been found among men, of whom several are gay or
bisexual. A rash was the most common symptom that drove
patients to seek medical attention. For the first time, a chain of
transmission has been reported in Europe without any
epidemiological connection to West or Central Africa. As
compared to the Central African strain (ZAI-96), the
nucleotide sequences of the three West African strains (SL-V70,
COP-58, and WRAIR-61) differ by only 0.55-0.56%. BR-203, BR-
209, and COP-C3L orthologs may play a role in the virulence
differences between the strains. Multiple molecular mechanisms
are stated in this study which explain how monkeypox viruses
produce symptoms such as apoptosis by NOXA and caspase-3
upregulation, Bcl-2, PUMA, and PAK2 downregulation, targeting
mitochondria, expression of histone, modification of histone
posttranslational, dynamic exchanges of chromatin, packaging
of DNA, ROCKI and actin components regulating cytoskeletal
dynamics. In order to reduce the risk of future outbreaks, it is
imperative to act quickly and stop community transmission.

Frontiers in Cellular and Infection Microbiology

Several key features need to be acknowledged and addressed if
we hope to prevent monkeypox and minimize unintentional
harms. Additionally, it is likely that an early cluster is
responsible for the most cases among men who have sexual
relationship with men in the current outbreak It is important
to identify monkeypox cases early so that officials of public health
can identify potential contacts, their vulnerability, isolate them
appropriately, keep track of symptoms, and possibly administer
vaccinations. Whenever dermatologists are able to evaluate a
patient with papulo-vesiculo-pustular or vesiculo-pustular
lesions, should be evaluated for presence of monkeypox. If a
diagnosis is suspected or confirmed, public health systems should
be contacted quickly. Public health authorities should therefore
support those exposed to monkeypox or quarantined monkeypox
patients, especially because the pathogen has a prolonged
incubation period and is infectious for a long period of time.
Studies have revealed the possible plants-based leads to mitigate
the monkeypox. These leads should attract the attention and
more studies to validate these treatments to help mitigating
monkeypox pandemic.
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There has been progressive improvement in immunoinformatics approaches for
epitope-based peptide design. Computational-based immune-informatics
approaches were applied to identify the epitopes of SARS-CoV-2 to develop
vaccines. The accessibility of the SARS-CoV-2 protein surface was analyzed, and
hexa-peptide sequences (KTPKYK) were observed having a maximum score of
8.254, located between amino acids 97 and 102, whereas the FSVLAC at amino
acids 112 to 117 showed the lowest score of 0.114. The surface flexibility of the
target protein ranged from 0.864 to 1.099 having amino acid ranges of 159 to 165
and 118 to 124, respectively, harboring the FCYMHHM and YNGSPSG hepta-
peptide sequences. The surface flexibility was predicted, and a 0.864 score was
observed from amino acids 159 to 165 with the hepta-peptide (FCYMHHM)
sequence. Moreover, the highest score of 1.099 was observed between amino
acids 118 and 124 against YNGSPSG. B-cell epitopes and cytotoxic T-lymphocyte
(CTL) epitopes were also identified against SARS-CoV-2. In molecular docking
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analyses, -0.54 to -26.21 kcal/mol global energy was observed against the
selected CTL epitopes, exhibiting binding solid energies of -3.33 to -26.36
kcal/mol. Based on optimization, eight epitopes (SEDMLNPNY, GSVGFNIDY,
LLEDEFTPF, DYDCVSFCY, GTDLEGNFY, QTFSVLACY, TVNVLAWLY, and
TANPKTPKY) showed reliable findings. The study calculated the associated HLA
alleles with MHC-I and MHC-Il and found that MHC-I epitopes had higher
population coverage (0.9019% and 0.5639%) than MHC-II epitopes, which
ranged from 58.49% to 34.71% in Italy and China, respectively. The CTL
epitopes were docked with antigenic sites and analyzed with MHC-I HLA
protein. In addition, virtual screening was conducted using the ZINC database
library, which contained 3,447 compounds. The 10 top-ranked scrutinized
molecules (ZINC222731806, ZINC077293241, ZINC014880001,
ZINC003830427, ZINC030731133, ZINC003932831, ZINC003816514,
ZINC004245650, ZINC0O00057255, and ZINC011592639) exhibited the least
binding energy (-8.8 to -7.5 kcal/mol). The molecular dynamics (MD) and
immune simulation data suggest that these epitopes could be used to design
an effective SARS-CoV-2 vaccine in the form of a peptide-based vaccine. Our
identified CTL epitopes have the potential to inhibit SARS-CoV-2 replication.

KEYWORDS

SARS-CoV-2, 3CL pro, CTL epitopes, immunoinformatics, peptide-based vaccine,
computational immunology, C30 endopeptidase
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Introduction

A newly discovered human coronavirus (HCoV) becomes the
deadliest pandemic of the 21st century. On December 31st, in
Wuhan, China, numerous patients have been identified as
asymptomatic carriers of the Severe Acute Respiratory Syndrome-
2 (SARS-CoV-2) virus (Agarwal et al., 2022; Rayan et al., 2022).
Comparative molecular analyses of SARS-CoV-2 against SARS-

Frontiers in Cellular and Infection Microbiology

CoV-1, SARS-CoV-2, MERS-CoV, and bat-CoV showed 80% to
95% similarity (Ahmad et al., 2022). The World Health
Organization (WHO) has declared SARS-CoV-2 disease as
COVID-19 (Kannan et al., 2020). SARS-CoV-2 has impacted
individuals from diverse nations including Thailand, Japan, and
South Korea, who had not previously travelled to the epicenter of
the outbreak in Wuhan, China. Based on these outcomes, the
researcher emphasizes that diagnosed individuals contracted the
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virus through anthropogenic actions (Bastola et al., 2020; Huang
et al., 2020).

The genomic determinants of pathogenicity and computational
analyses of MERS and SARS coronaviruses highlighted the
importance of SARS-CoV-2 as a causative agent (Fehr et al,
2017). In January 2020, the Chinese institutes submitted SARS-
CoV-2 sequences for conformations and sequence homology
targets and predicted a vast reality by using bioinformatics
approaches (Riva et al., 2020). In China, researchers emphasized
the implications of the novel mutations and mutational
diversification of SARS-CoV-2 from rapid genome sequencing of
~30,000 nucleotides (Beniac et al., 2006). Comparative sequence
analyses and whole-genome phylogenetic guidelines showed that
SARS-CoV-2 has 80% similarity with previously known SARS-CoV
(Waqas et al., 2020).

SARS-CoV-2 viral proteins interact with various human
proteins, including regulatory proteins (Chen et al., 2021).
Specifically, the Nspl, Nsp5, Nsp8, Nspl3, E, S, ORF3a, ORF8,
M, ORF9b, N, and Nsp15 proteins have been identified as affecting
critical cellular processes (Li et al., 2021), such as
posttranscriptional and epigenetic regulation, epithelial trafficking,
lipid changes, and RNA translation and transcription. Additionally,
the Nspl, Nsp4, Nsp8, Nsp9, Nspl3, Nspl5, ORF6, ORFIC, S, E,
and ORF proteins also disturb the cytoskeleton, mitochondria, and
extracellular matrix (O'Meara et al., 2020). To overcome the SARS-
CoV-2, current therapeutic strategies focus to inhibit the 3-
chymotrypsin-like protease of SARS-CoV-2. However, there is a
critical need to develop novel antiviral drugs and vaccines that
specifically target the Nsp, S, E, and ORF proteins to prevent viral
replication and proliferation.

The complete genome sequence of HCoV is more complex than
other viruses with ~30-kb size and a unique club-shaped spike
morphology (Figure 1). The coronavirus (CoV) genome has
significant loops to provide genetic evidence at the beginning of
the untranslated region (UTR region). The 3’ end of poly-A contain
a ladder sequence with unique structures required for genome
synthesis and replication and reveal an additional 5" capped end
ladder sequence (Zhao et al., 2012). The genomic variation of the
human SARS-CoV-2 viral genome comprises 14 open reading
frames (ORFs) and 29,891 nucleotides encoding for 9,860 amino
acids (Guan et al, 2020). The cross-functional analyses of CoV
assessed to evolve 5’ terminal contain 1-16 non-structural protein
(nsp) and 2 key ORFs (ORFla and ORFIlb) translated into
polyproteins (pp) la (ppla; nsp 1-11) and lab (pplab; nspl-16)
(Lu et al.,, 2020).

Non-structural proteins (nsp) are released from the multimeric
complex during viral transcription and replication by cysteine
proteases (Oanca et al., 2020). The conserved 3-chymotrypsin-like
protease (3CLP™), also known as the main protease (M-pro),
originates in the polyprotein ORFlab of SARS-CoV-2 and found
within Nsp5. In contrast, the papain-like protease (PLpro) is found
inside nsp3 (Chen et al., 2020). 3CLP™ is a crucial SARS-CoV-2
receptor that regulates the transcription and viral replication (Jin
et al., 2020). 3CLP™ cuts the pp at 11 diverse regions to produce
numerous parts for viral replication. Proteinases are required for
proteolytic processing degradation, and they inhibit the host

Frontiers in Cellular and Infection Microbiology

10.3389/fcimb.2023.1134802
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FIGURE 1

Graphical representation of the SARS-CoV-2 genetic and structural
composition. The structural proteins of the SARS-CoV-2 play vital
roles in viral replication, amplification, and RNA synthesis. Spike
protein (S), envelope protein (E), and membrane protein (M) are
enclosed in the lipid bilayer. The nucleocapsid (N) protein interacts
with the single-stranded positive-sense viral RNA. The translation of
the first two ORFs leads to the formation of replication polyproteins
la and 1b.

interpretation by interacting the 40S subunits’ extended head
shape (Way, 2021). The C-terminus attaches to prevent the
ribosomal mRNA entry tunnels from forming (Schubert et al,
2020). As a result, it suppresses the antiviral activity induced by
adaptive immunity. The nsp1-40S ribosome complex also causes
endonuclease breaking at the 5’UTR of host mRNAs, resulting in
their elimination based on similarities. Viral mRNAs are less
vulnerable to nspl-mediated translational inhibition due to their
5’-end ladder sequence (Crow, 2021). 3CLP™ nsp5 causes a
conformational shift at the C-terminus of the reverse
transcription protein complex (Dai et al., 2020).

SARS-CoV-2 is more lethal than SARS and MERS, so
precautionary measures have been taken against the novel SARS-
CoV-2 disease globally (Douglas et al., 2018). COVID-19
prevention techniques mostly rely on peptide-based vaccines, and
researchers have tried to develop a variety of vaccines against SARS-
CoV-2 (Tahir ul Qamar et al, 2020). Bioinformatics techniques,
virtual screening, molecular docking, and bioactive compounds
have been utilized to inhibit SARS-CoV-2 (Xiao et al., 2021). B-
cell and conservation of cytotoxic T lymphocyte (CTL) epitopes are
time consuming (Ip et al, 2015). The identification of protein
specific peptides which can bind to the major histocompatibility
complex (MHC) is a critical step in peptide-based vaccine design.
The peptide and MHC molecule binding depends at the association
of T-cell immunogenicity (Lazarski et al., 2005). The peptide-based
vaccines can activate specific immune responses accurately (Purcell
et al., 2007).

The present study was aimed to employ advanced
computational analyses and immunoinformatics methodologies to
design epitope-based vaccine and to scrutinize novel compounds
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against SARS-CoV-2. The primary objective was to investigate the
linear and conformational B-cell and T-cell potential antigens of
3CLpro. This study was performed to identify peptide-based
vaccines against SARS-CoV-2. Through elucidating the current
findings, the researchers aspire to make a significant and valuable
contribution toward developing a workable vaccine.

Materials and methods

The genomic and proteomic data of SARS-CoV-2 were
retrieved from publicly accessible databases including GISAID,
NCBI, GenBank, and UniProtKB. 3CLpro was selected and plays
a critical role in transcription and replication processes of SARS-
CoV2 and has the potential to be an extremely effective
therapeutic target.

Sequence retrieval and alignment

UniProtKB was utilized to retrieve the amino acid sequence of
3CLP™ having accession number PODTD1 (, ). The specific section
of non-structural 3CLP™ was selected consisting of 306 amino acids,
whereas the entire PODTD1-R1AB_SARS2 has a total number of
7,096 amino acids. The 3D structure of the selected protein was
determined by X-ray crystallography (PDB ID: 6W63) and was
retrieved from PDB to visualize the atomic level of the selected
structure. Additionally, ProtParam was utilized to examine the
physiochemical properties of 3CLP™ and the data were extracted
from SWISS-PROT and TrEMBL (O'Donovan et al., 2002).

Comparative genomic analyses of SARS-CoV (NC 004718),
MERS-CoV (NC 019843.3), and SARS-CoV-2 (NC 045512.2) were
performed by applying the multiple-sequence alignment (MSA)
approach. The genomic sequences of the selected viral strains were
retrieved from NCBI GenBank (Benson et al., 2018) and GISAID
databases (Shu and McCauley, 2017). Clustal Omega (Sievers and
Higgins, 2014) was employed to perform MSA. WebLogo3 (https://
weblogo.threeplusone.com/) was used to visualize the conserved
domain of the selected protein. MSA was cross verified by using
pair-score matrices, including the Hidden Markov Model (HMM)
(Blunsom, 2004) and OXBench (Raghava et al., 2003). MacVector
(Rastogi, 1999) sequence application was used to examine the
selected genomes and translated proteins.

In silico prediction of linear and
conformational B- and T-cell
epitope prediction

Linear B-cell epitope peptides are potential candidates for
antigens in vaccine design and immunological regulation. The
immune epitope database and analysis resource (IEDB) (Fleri
et al, 2016) was applied to conduct in silico analyses followed by
Karplus and Schulz’s flexibility prediction and the Kolaskar
antigenicity scale (Alexander et al., 2011). The surface
accessibility predictions were also calculated by using Emini and
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Parker’s and Hopp and Wood’s hydrophilicity prediction methods
(Parker et al., 1986). ElliPro was utilized to predict the B-cell epitope
conformation ranges from 0.5 to 6A. To ensure the reliability of
epitope prediction within 95.5% and 99.5%, a cut-off value of 0.85
was used. The protrusion index (pI), adjacent residues, and protein
shape approximation algorithms were employed for further
analyses (Nain et al., 2020). The 3CLP™ 3D structure was
visualized through PyMOL and UCSC Chimera visualization
tools. Moreover, the anticipated epitopes as spheres to determine
the surface accessibility of potential peptides were removed.

Prediction of CTL epitopes

The NetCTL 1.2 server (https://services.healthtech.dtu.dk/
service.php?NetCTL-1.2) was used to predict the cytotoxic T-
lymphocyte (CTL) epitopes. CTLs are immune cells that
recognize and kill the infected cells by binding to short peptide
fragments (epitopes) presented by MHC molecules on the cell
surface. A combination of algorithms was utilized to evaluate the
MHC-I binding affinity, transporter associated with antigen
processing (TAP), transport efficiency (with a threshold of 0.05),
and proteasomal C-terminal cleavage (with a threshold of 0.15), at
an epitope identification threshold of 0.75 (Larsen et al., 2007). The
amino acid sequences of the target protein were submitted to the
NetCTL 1.2 server in FASTA format to predict the peptide lengths
and human leukocyte antigen (HLA) alleles. To predict TAP
utilization, weight matrix, T-cell epitope prediction, and artificial
neural network approaches, proteasomal C-terminal cleavage and
MHC class-I binding were used.

Prediction of antigenicity

In order to design an effective antigen construct, it is important
to identify potential epitopes with high antigenicity. Initially, the B-
cell epitopes were screened and MHC-I and II epitopes were
subsequently determined by using ProPred (http://crdd.osdd.net/
raghava/propred/, accessed on 10 April 2023) and ProPred 1
(http://crdd.osdd.net/raghava/propredl/, accessed on 10 April
2023) servers. The VaxiJen v2.0 server was used to evaluate the
antigenicity of the predicted MHC-I and II epitopes having a
threshold value of 0.5. The alignment-independent prediction
method was utilized to identify the possible epitopes of 3CLF™.
The virus cell line was selected as the target organism for vaccine
development. The utilized methodology helped to identify the
potential epitopes with high antigenicity, which can be
incorporated into an optimized antigen construct for the
development of a vaccine against SARS-CoV-2.

An epidemiological strategic and world
population coverage analyses

The world population coverage assessments were conducted by
using the IEDB server (https://www.iedb.org/) and CTL epitopes
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against the relevant allele sets to determine whether the chosen
candidates were suitable for coverage. Major population coverage
evaluations were conducted on China, Japan, Iran, and Korea (Vita
et al., 2019).

Molecular docking and bioinformatics
analysis for the peptide—MHC
protein complex

SARS-CoV-2-predicted CTL epitope peptides and virulent
residues were selected for the molecular docking analyses. For 100
simulation runs, the PEP-FOLD3 server was used to forecast the
ideal model configurations and to simulate the 3D structure of
selected peptides (Lamiable et al., 2016) and were assessed by
SOPEP energy scores (Maupetit et al,, 2007). For molecular
docking analyses, the score peptides were selected by PatchDock
with a clustering RMSD value of 4. Furthermore, the unwanted
docked complexes with receptor atom penetrations into ligands
were removed (Schneidman-Duhovny et al., 2005). FireDock was
used to cross verify and screen the suitable docked complexes
(Mashiach et al., 2008). The fast rigid-body docking with clear
flexibility and scoring issues were used for docking calculations
(Kingsford et al.,, 2005). The PyMOL (Alexander et al., 2011)
and UCSF Chimera 1.15 (Pettersen et al., 2004)were
employed to identify the docked complexes having hydrogen-
bonding interactions.

Structure-based molecular docking
analyses of potential compounds

The library of 3,447 compounds (FDA, DrugBank approved)
from the ZINC database was used for virtual screening through
molecular docking analyses. All the compounds were minimized to
get stable results through ChemDraw and UCSF Chimera. The
molecular docking analyses was performed through AutoDock
Vina (Dallakyan and Olson, 2015) and AutoDock Tools. The
RMSD values were also calculated based on suitable hits. The
admetSAR server (Shen et al, 2010) and ADMETlab 2.0 (Xiong
et al, 2021) were used to calculate the drug-like physical and
chemical properties of the selected compounds. BIOVIA
Discovery studio (Sievers and Higgins, 2014) and Ligplot were
used to analyze the resultant interacting residues (Wallace
et al., 1995).

Molecular dynamics simulation

Desmond software from Schrédinger LLC was used to perform
the molecular dynamics (MD) simulation of the receptor and ligand
complexes for 100 ns (Manandhar et al., 2022). To simulate atomic
movements over time, MD simulations with Newton’s classical
equation of motion was utilized. For the ligand binding status in
physiological conditions, simulation predictions were generated.
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Maestro’s Protein Preparation Wizard was used to incorporate the
complex optimization and minimization, and the receptor-ligand
complex was preprocessed (Tabti et al., 2023). Using the
OPLS_2005 force field and TIP3P orthorhombic box solvent
model, the System Builder tool generated each system. The
models were neutralized by using the counter ions. The
physiological conditions were simulated by adding 0.15 M
sodium chloride (NaCl). For the duration of the simulation, the
NPT ensemble at 300 K temperature and 1 atm pressure was used.
Before running the simulation, the models were unloaded and
trajectories were saved every 100 ns to analyze the stability of the
simulation analyses. By contrasting the root mean square deviation
(RMSD) of the protein and ligand with time, stability was verified
(Knapp etal,, 2011; Rather et al., 2020). To assess the stability of the
MD simulations, RMSD, radius of gyration (Rg), hydrogen bond
number, and solvent accessible surface (SASA) were calculated.

Immune simulation

To evaluate the immunogenicity and immune responses of in
silico vaccine design, an agent-based immune simulation technique
was utilized. The C-ImmSim webserver was used to simulate the
molecular interactions between immunogenic molecules at a
mesoscopic level (Rapin et al., 2010). The amino acid sequence of
each vaccine was used to conduct the simulation process, and the
machine learning method was used to design the epitope constructs
for injection. The ability of the vaccine was predicted by using the
C-ImmSim web server to induce the differentiation and
proliferation of various immune cells. The default algorithm was
used, and the refined 3-C-like protease was tested for its efficacy to
induce an immune response. Three doses of the designed vaccine
were administered through three injections at intervals of 28 days in
the immune simulation experiment. The time steps were fixed at 1,
91, and 181, which were equal to 8 h of real-life time, and all other
parameters were kept at their default values (Das et al., 2021).

Results

A recent outbreak of a new type of viral pneumonia has
emerged at an alarming pace, causing widespread concern and
fear. Surprisingly, this pneumonia is distinct from other highly
infectious and disease-causing viruses such as MERS, SARS,
adenovirus, and influenza viruses. The implications of this
outbreak are still being studied, and much research is being
conducted to understand the nature and transmission (Lu et al,
2020). WHO identified the cause of the pneumonia outbreak as a
new coronavirus and named it COVID-19. The virus quickly spread
across borders and international travel, posing a significant threat to
countries with inadequate healthcare systems. The global health
emergency declaration was made to prevent the further spread of
the disease, and various measures were taken to control its
transmission, including social distancing, travel restrictions, and

wearing masks. The scientific community also swiftly mobilized to
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develop vaccines and treatments to combat the deadly virus. Despite
the challenges faced, the world has united to fight against COVID-
19, highlighting the importance of global cooperation in addressing
such health crises (W. H. Organization, 2019). The swift infection of
host cells by the emerging virus, SARS-CoV-2, has created an air of
uncertainty surrounding its final dimensions and impact (De Wilde
et al, 2017). A surveillance system is required, and preventive
measures should be taken to combat the rapidly increasing burden
of SARS-CoV-2 infections globally.

Peptide-based vaccine mechanisms were extensively utilized to
prevent the COVID-19 (Tahir ul Qamar et al.,, 2020).
Immunoinformatics has played a significant role to predict the
effective vaccines that lessen the manufacturing costs and consume
less time. Developing an effective epitope-based peptide vaccine
with the proper selection of immune-dominant epitopes and
suitable antigen candidates is difficult. However, predicting the
right epitopes of the target protein for designing epitope-based
peptide vaccines via approaching immunoinformatics tools was
necessary (Nain et al., 2020). The main target of
immunoinformatics approaches is to predict the epitope-based
peptide vaccines by recognizing 3CLP™. The pathogenic analyses
help to discover the novel vaccines at the genomic level; however,
these experimental tools have multiple limitations (Vilela Rodrigues
et al., 2019).

Immunoinformatics approaches help in vitro expressions of the
potential antigen, complete spectrum analysis, and observe
pathogen culturing. Researchers have observed many vaccine
candidates by using computational methods with promising
preclinical outputs (Davies and Flower, 2007). CTL epitopes help
to design peptide-based vaccines against human leukocyte antigen-
B protein (Tahir et al., 2018). SARS-CoV-2 epitope-based vaccine
development targets structural proteins of the virus and CTL
epitopes of the selected protein. CTL epitopes support the host
immune responses; moreover, the PBD ID 6W63-tagged non-
structural protein of SARS-CoV-2 is linked to viral replication
(Wagqas et al., 2021).

The selected CTL epitopes or allergenicity and antigenicity were
optimized (Dimitrov et al, 2014). In China, the predicted epitope
population coverage analyses for MHC-I were reported to be 0.0373
with average hits of 0.3. Eight epitopes promising peptides were
designed, and molecular docking analyses were performed to
identify the effective binding sites (FHuang et al., 2010).

Surface accessibility analysis

A peptide of >1.0 surface accessibility has more probability of
being found on the surface (Parker et al., 1986). SARS-CoV-2 top-
ranked predicted peptides among numerous peptides were selected
for further analyses. The peptide surface probability and sequence
position were represented by the y-axis and x-axis (Figure 2A). The
maximum 8.254 scores of surface probability were observed in
hexa-peptide sequence KTPKYK (97 to 102), and the lowest score
of 0.114 was observed in hexa-peptide sequence FSVLAC (112 to
117) (Supplementary S1, S1.1).
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Surface flexibility prediction

The Schulz and Karplus flexibility method was utilized to
calculate the atomic vibrational motions of the protein structure.
The selection was made on temperature value and B-factor as the
organization of the predicted structure, stability. The quality of the
predicted structure was observed proportional to the B-factor. The
lower range is more effective as compared to the higher range of the
B-factor. SARS-CoV-2 surface flexibility outputs were observed
(Figure 2B), and the minimum flexibility score of 0.864 ranging
from 159 to 165 amino acids with the FCYMHHM hepta-peptide
sequence was observed. The maximum flexibility score of 1.099
ranging from 118 to 124 amino acids with the YNGSPSG hepta-
peptide sequence was observed (Supplementary 52).

Parker hydrophilicity prediction

Parker’s hydrophilicity scale analysis was performed to find the
hydrophilicity of the peptides associated with peptide retention
times using HPLC on the reversed-phase column. Hydrophilic
regions and associated antigenic sites have been observed through
immunological analyses (Parker et al., 1986). Parker’s
hydrophilicity method-predicted peptides were visualized
(Figure 2C), and the residues were positioned along the x-axis
and hydrophilicity was positioned along the y-axis. The maximum
hydrophilicity score of 5.329 was observed to range from 92 to 98
having a hepta-peptide (DTANPKT) sequence. However, the
minimum hydrophilicity score was observed—4.257 ranging from
204 to 210 with the hepta-peptide (VLAWLYA) sequence
(Supplementary S3).

Kolaskar and Tongaonkar
antigenicity prediction

The Kolaskar and Tongaonkar process was used to measure the
antigenicity (Figure 2D); the highest antigenicity value of 1.220 was
observed in two hepta-peptide sequences, CVLKLKV (85 to 91) and
CPRHVIC (38 to 41). The predicted amino acid residues results
along with CTL epitopes of SARS-CoV-2 are mentioned in Table 1.
The minimum antigenicity value of 0.844 was observed for hepta-
peptide sequence NGMNGRT from 274 to 280 amino acid
positions (Supplementary S4).

Structure-based epitope prediction

ElliPro was used to determine the association of the predicted
epitopes, protein structure antigenicity, flexibility, and accessibility
within the 3D structure (Ponomarenko et al., 2008). The protein
antibody interactions were observed to distinguish the predicted
epitopes. The top-ranked four conformational epitopes with >0.5
scores were selected. The isoelectric point (pI) (Lamiable et al,
2016) was observed to analyze the atom percentage and molecular
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FIGURE 2
Non-structural protein (PDB: 6W63), (A) Parker's predictions for hydrophilicity, (B) surface accessibility, (C) flexibility, and (D) antigenicity were
evaluated. The all figure shows the results as scores, with the x-axis showing sequence positions and the y-axis showing probability values.

TABLE 1 Predicted amino acid residues along with CTL epitopes of SARS-CoV-2.

Residue Peptide MHC binding Rescale binding C-terminal cleavage TAP transport
number sequence affinity prediction affinity affinity efficiency
146 GSVGENIDY 03112 1.3211 0.9565 2.8570

1 SGFRKMAFP 0.0549 0.2332 0.0275 0.0010

5 KMAFPSGKV 0.0729 0.3094 0.9651 0.6920

110 QTESVLACY 02625 1.1146 0.9725 2.9980

9 PSGKVEGCM 0.0574 0.2438 0.1230 -0.4030

16 CMVQVTCGT 0.0649 02754 0.0334 -0.5770

17 MVQVTCGTT 0.0672 0.2853 0.0501 -0.5590

10 SGKVEGCMV 0.0541 0.2297 0.4221 -0.0460

201 TVNVLAWLY 0.6255 26559 0.8852 2.9570

4 RKMAFPSGK 0.0597 02533 0.1516 0.7180

12 KVEGCMVQV 0.0775 03290 0.5447 0.3860

153 DYDCVSFCY 0.2097 0.8905 09722 27060

(Continued)
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TABLE 1 Continued
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Residue Peptide MHC binding Rescale binding C-terminal cleavage TAP transport
number sequence affinity prediction affinity affinity efficiency

174 GTDLEGNFY 0.7930 33669 0.6229 2.7020

2 GFRKMAFPS 0.0512 02174 0.0246 -2.1540

15 GCMVQVTCG 0.0499 02118 0.0306 -1.6560

6 MAFPSGKVE 0.0476 0.2021 0.0253 -1.2530

46 SEDMLNPNY 0.1528 0.6489 0.8406 2.6760

3 FRKMAFPSG 0.0505 0.2146 0.0527 -1.3160

13 VEGCMVQVT 0.0535 0.2272 0.0339 -0.8410

93 TANPKTPKY 0.1676 07118 0.9755 27230

7 AFPSGKVEG 0.0551 02341 0.1583 -1.0630

14 EGCMVQVC 0.0548 02326 0.0285 -0.4000

8 FPSGKVEGC 0.0537 0.2278 0.0300 -0.2350

11 GKVEGCMVQ 0.0455 0.1932 0.2424 -0.1030

286 LLEDEFTPF 0.1132 0.4807 0.9503 2.5680

bulk responsible for the antibody binding. The pI value of 5.95 was DYDCVSFCY, GTDLEGNFY, QTEFSVLACY, TVNVLAWLY,

observed for the selected target protein. The name of the residue,
lengths, and locations of the top-ranked four conformational
predicted epitopes were critically analyzed (Table 2), and a 0.517-
0.719 score was observed.

Molecular docking analyses with HLA-B

Molecular docking analyses were performed on the selected
CTL epitopes of designed peptides. The global energy of the
selected CTL epitopes was observed between -0.54 and -26.21
kcal/mol. Moreover, the binding affinities were also observed
with Van der Waals (VAW) energy values of -3.33 to -26.36 kcal/
mol (Table 3). The HLA-B effective binding affinities were
observed through molecular docking of the selected CTL-
predicted epitopes (SEDMLNPNY, GSVGFNIDY, LLEDEFTPF,

and TANPKTPKY).

Population coverage analyses

The population coverage analyses were performed on MHC-I,
MHC-II, and associated HLA alleles. MHC-I epitopes resulted in the
highest population coverage in Italy and China as 0.9019% and 0.5639%
respectively. MHC-1I selected epitopes had shown population coverage
of 58.49% in Italy and 34.71% in China (Supplementary S5)

Multiple-sequence alignment

The conserved residues of three selected coronavirus genomes
(NC_045512.2, NC_004718.3, and NC_006577.2) were analyzed

TABLE 2 Selected scores and interacted residues of top-ranked discontinuous epitopes.

Serial

Predicted discontinuous epitopes residues

1 A:Q244, A:D245, A:V247, A:D248

2 A:S1, A:G2, A:F3, A:'T198, A:A211, A:V212, A:1213, A:N214, A:G215, A:D216, A:R217, A:W218, A:F219, A:L220, A:N221, A:R222, 73
A:F223, A:T225, A:T226, A:L227, A:N228, A:D229, A:F230, A:N231, A:L232, A:V233, A:A234, A:M235, A:K236, A:Y237, A:N238, A:
Y239, A:E240, A:P241, A:1.242, A:T243, A:G251, A:P252, A:S254, A:A255, A:Q256, A:T257, A:G258, A:1259, A:A260, A:L262, A:
D263, A:A266, A:S267, A:K269, A:E270, A:L271, A:L272, A:Q273, A:N274, A:G275, A:M276, A:N277, A:G278, A:R279, A:T280, A:
1281, A:1282, A:G283, A:S284, A:A285, A:L286, A:C300, A:S301, A:G302, A:V303, A:T304, A:F305

Residues

4 0.719

0.709

3 A:Gl11, A:K12, A:G15, A:Cl6, A:T21, A:C22, A:G23, A:T24, A:D33, A:D34, A:R40, A:C44, A:T45, A:S46, A:E47, A:D48, A:M49, A: 78
L50, A:N51, A:P52, A:N53, A:Y54, A:E55, A:D56, A:L57, A:L58, A:I59, A:R60, A:K61, A:S62, A:N63, A:H64, A:N65, A:L67, A:Q69,
A:A70, A:G71, A:IN72, A:V73, A:Q74, A:L75, A:R76, A:V77, A:178, A:G79, A:H80, A:S81, A:M82, A:K90, A:V91, A:D92, A:T93, A:
A94, A:N95, A:P96, A:K97, A:T98, A:P99, A:K100, A:N133, A:T135, A:D155, A:C156, A:G183, A:P184, A:F185, A:V186, A:D187, A:
R188, A:Q189, A:T190, A:A191, A:Q192, A:A193, A:A194, A:G195, A:T196, A:D197

4 A:L167, A:P168, A:T169, A:V171
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TABLE 3 Peptides-MHC class I, HLA-B interaction characteristics of designed peptides against SARS-CoV-2.

Peptide Global energy  Attractive VDW energy = H-bond energy  Peptidase- Bond distance Conserved

sequence (kcal/mol) (kcal/mol) (kcal/mol) MHC pair A residues

GTDLEGNFY -1.65 -5.52 0.36 ASN 7 CB-PRO 1.557 GLN189
168.A CB 1.755 ASN142
ASN 7 CA-PRO 1.880 MET49
168.A CB 1.956 GLU166
ASN 7 N-PRO 2.286 PRO168
168.A CG
ASN 7 N-PRO
168.A CB
PHE 8 N-PRO
168.A CA

TVNVLAWLY -5.53 -3.33 0.00 TRP 7 O-SER 2433 GLN189
46.A CB 2377 ASN142
TRP 7 NE1-SER 2711 MET49
46.A 2.426 GLU166
TRP 7 CH2-GLU 2.675 PRO168
47.A OEl
ASN 3 O-HOH
711.A O
TRP 7 N-HOH
711LA O

GSVGENIDY -26.21 -21.80 15.63 YR 9 02-LEU 2172 GLN189
27.A CD1 2.606 ASN142
TYR 9 CA-CYS 1.881 MET49
145.A SG 2.779 GLU166
ILE 7 O-HOH 2355 PROI168
671.A O
ASP 8 CG-ASN
142.A CA
TYR 9 02-LEU
27.A

QTFSVLACY -17.39 2155 20.78 TYR 9 02-SER 2616 GLU166
46.A OG 3.049 PRO168
TYR 9 02-SER
46.A CB

DYDCVSFCY -14.90 -5.82 2.72 TYR 2 CZ-GLN 2394 GLN189
189.A NE2 2.406 ASN142
PHE 7 CG-ASN 2411 MET49
142.A ND2 2597 GLU166
TYR 2 CD2-HOH 2.959 PRO168
711.A O
PHE 7 CD2-ASN
142.A
PHE 7 CE2-ASN
142.A CB

TANPKTPKY -15.11 -26.36 33.19 PRO 7 CB-GLU 2529 GLN189
166.A CB 2.132 ASN142
THR 6 CG2-HOH 2.155 MET49
650.A O 1.728 GLU166
LYS 8 CG-HOH 2.654 PRO168
515.A O
TYR 9 02-HOH
650.A O
PRO 7 CB-GLU
166.A CD

SEDMLNPNY -17.58 -19.77 2528 GLU 2 CD-MET 2.089 GLN189
49.A SD 1.865 ASN142
TYR 9 C-HOH 1.863 MET49
671.A O 2.128 GLU166
ASN 6 OD1-GLN 2.079 PRO168
189.A
ASN 6 CG-GLN
189.A NE2

(Continued)
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TABLE 3 Continued

10.3389/fcimb.2023.1134802

Peptide Global energy  Attractive VDW energy = H-bond energy  Peptidase- Bond distance Conserved
sequence (kcal/mol) (kcal/mol) (kcal/mol) MHC pair A residues
GLU 2 OE2-MET
49.A SD
LLEDEFTPF -0.54 -3.54 037 PHE 6 CA-GLU 0.854 GLN189
166.A CB 0.598 ASN142
PHE 6 C-GLU 0.610 MET49
166.A CG 0.394 GLU166
THR 7 CG2-HOH 0.940 PRO168
515.A 0
GLU 5 O-LEU
167.A N
LEU 1 CD2-THR
190.A

and detected through MSA. MSA has shown conserved domains in
all selected strains of the coronavirus restored with a strain of novel
SARS-CoV-2 outbreak. Moreover, the binding domains of the
previously reported MERS and SARS strains were similar to the
novel SARS-CoV-2 outbreak.

Molecular docking analyses

The compound library (FDA drugs) was used for virtual
screening. Molecular docking analyses revealed the significant
values of the selected peptides (Irwin and Shoichet, 2005). There
were 3,447 compounds screened, and molecular docking
analyses showed variations in binding energy. Molecular
docking was performed against the selected library, and the
top-ranked docked compounds based on higher binding
affinities, interacting residues, least binding energies, and drug
properties were selected for further analyses. The top 10
complexes were selected, visualized, and analyzed. The top
four interacting docked compounds were analyzed, and their
similar binding pockets were observed (Figure 3). Met-49, Asn-

142, Pro-168, Glu-166, and GIln-189 were observed as
conserved residues.

The chemical library was used, and ZINC222731806,
ZINC014880001, ZINC077293241, ZINC003830427,
ZINC030731133, ZINC003816514, ZINC003932831,
ZINC004245650, ZINC000057255, and ZINC011592639
compounds were selected with least binding energy ranges from
-7.5 to -8.8 kcal/mol, and we draw their promising structure as
mentioned in Figure 4, at similar binding pocket and common
binding sites (Table 4). The FDA-approved compounds play a vital
role in different diseases and the top-ranked 10 docked complexes
bound at the similar binding region. The selected compounds may
predict the replication inhibition at observed residues (Pro-168,
His-41, Arg-188, GIn-189, Cys-145, Glu-166, Met-49, Asp-187,
Met-165, His-164, and CYS44). A plot was generated to analyze
the docked complexes (Figures 5A-C).

The drug compounds were selected with the goal that they
could inhibit SARS-CoV-2 replication without consuming much
time. For toxicity, absorption, excretion, metabolism, and
distribution analyses of the selected docked complexes were
performed (Table 4). All the selected complexes had shown the
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FIGURE 4
Top-ranked selected compounds (i) ZINC222731806, (i) ZINC014880001 (jii) ZINC077293241, (iv) ZINC003830427, (v) ZINC030731133, (vi)
ZINC003816514 (vii) ZINC003932831, (viii) ZINC004245650, (ix) ZINCO00057255, and (x) ZINC011592639.

TABLE 4 Drug like properties and molecular docking analyses of the selected ten top-ranked compounds.

Ligands Binding RMSD M. A- Water H-Bond H- Interacting residues Lipinski
energy value  weight = Log @ solubility | acceptor Bond rule

(kcal/ (g/Mol) P (logS) donor
Mol) value

ZINC222731806 -8.8 2.284 473.38 4.29 -3.182 8 3 Cys44, GIn192, Pro168, Argl88, Accepted
GIn189, Thr190, Cys145, Glu166,
Asnl42, Phel40, Met165, His41

ZINC077293241 -8.1 2.247 552.00 2.34 -3.419 8 4 Met165, His41, GIn189, Glul66, Accepted
Pro168, Asn142, Ser144, Cys145

ZINC014880001 -8 2207 528.54 6.58 -4.341 2 2 Cys145, Glul66, Met165, GIn189, Rejected
Pro168, Argl88

ZINC003830427 -8 2.074 542.58 -0.92 -3.133 12 4 Glul66, Leul67, Prol68, GIn189, Rejected
Cys44

ZINC030731133 -7.9 2.32 475.49 -0.58 -2.351 9 4 Asp187, Argl88, GIn189, Glu166, Accepted

Cys44, His41, Asn142
ZINC003932831 -7.8 1.815 6.58 -4.341 2 2 Asp187, Argl88, GIn189, Cys44, Rejected
His41, Met49, Glul66, Met165,

Prol68

ZINC003816514 -7.7 2.812 500.48 573 -3.766 3 2 Glul66, Met165, Prol68, GIn192, Accepted

Thr190, Arg188, GIn189, Met49,
Asnl42, Leul4l

ZINC004245650 -7.6 1.252 408.40 -0.34 -2.412 9 2 Met49, GIn189, Cys44 Accepted

(Continued)
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TABLE 4 Continued

Ligands Binding RMSD M. Water H-Bond H- Interacting residues Lipinski

energy value  weight solubility = acceptor = Bond rule
(kcal/ (g/Mol) (logS) donor

Mol)
ZINC000057255 -7.5 0.306 318.35 0.58 -3.513 4 3 His164, Met165, Glul66, GIn189, Accepted
His41, Met49, Cys44, Argl88
ZINC011592639

His41, Asp187

-7.5 0.555 363.40 0.15 -3.082 6 4 His163, Met165, Glul66, Asnl142, Accepted

highest binding affinities with close binding sites. The aqueous  for the protein to interact with the ligand. The ligand remained
solubility prediction of the selected compounds defined water at ~ within the binding pocket, making significant interactions,
25°C and disclosed that selected molecules can dissolve in water. ~ whereas the backbone remained coherent, with a deviation of
The selected molecules may have inadequate oral bioavailability and ~ 1.6-2.6 A (Figure 6A).
lower LogP values following the Lipinski’s rule of five To investigate the flexibility of the complexes and the role of
(Supplementary S6). each amino acid in contributing to the overall flexibility, an RMSF
analysis was conducted. The utilized methodology is widely used to
study the dynamic behavior of protein-protein interactions. The
Molecular dynamics simulation observed results showed that the generated complex had a low
RMSF range for most of the residues, indicating high flexibility in
The stability of the top-ranked complex with non-structural ~ binding with the C30 endopeptidase (Figure 6B). The finding
proteins (PDB: 6W63) was investigated through MD simulation.  suggested that the efficacy of the vaccine candidates in enhancing
A 100-ns MD simulation was performed, and the RMSD of the  C30 endopeptidase responses may be correlated with their ability to
protein-ligand complex was analyzed to evaluate the adapt to different conformational states.
conformational stability of the complex. The RMSD plot The RMSF analysis provided the valuable insights into the
showed fluctuations in the conformation of the protein and  dynamic behavior of the complex, which could aid in optimizing
ligand complexes, with an initial rapid change until 60 ns, after ~ the vaccine design and enhancing its efficacy. The generated
which the complex stabilized with the minimal fluctuations. The  findings were consistent with earlier research (Padma et al,
RMSD value of the stable conformations of the complex exhibited ~ 2023), which emphasized the importance of flexibility in
a high degree of conformational stability, with an average interactions. Therefore, the RMSF analysis presented the
deviation of 2.4 A due to the conformational change necessary  significance of flexibility in the design of effective vaccines.
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FIGURE 5

(A) Conserved region of the selected non-structural protein (PDB: 6W63). Top-ranked selected compounds (ZINC222731806 (dark blue),
ZINCO077293241 (red), and ZINC014880001 (yellow)): compound (i) showing an interaction with the selected protein, (ii) depicting the 2D structure
of the selected compound as well as interacting residues, (i) showing Ramachandran conformation. (B) The scrutinized compounds showed
conserved interacting residues (ZINC003830427 (green), ZINC030731133 (light brown), and ZINC003932831 (magenta)): compound (i) showing
interaction with the selected protein, (ii) depicting the 2D structure of the compound as well as interacting residues, and (iii) showing Ramachandran
conformation. (C) ZINC003816514 (dark green), ZINC004245650 (orange-red), ZINCO00057255 (purple), and ZINC011592639 (turquoise) selected
compounds: compound (i) showing an interaction with the selected protein, (ii) depicting the 2D structure of the compound as well as interacting
residues, (iii) and showing Ramachandran conformation.
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(A) 100-ns MD simulation analyses. (A) RMSD (A°) plot of the complex. (B) 2D graph of residual flexibility analyses. (C) The number of hydrogen
bonds in the stable complex (D) Radius of gyration (Rg, A) plots, PSA, SASA, MolSA, and RMSD of the complex compactness of unbound and bound

states. (E) Ligand conformational spaces of the selected ligand.

The formation of the hydrogen bonds between a ligand and the
amino acid plays a crucial role in the stabilizing of the protein-ligand
complexes. The number of hydrogen bonds present between the
protein and the ligand can be calculated through simulation studies,
which also allow investigating the variation in the number of changes
over time. The simulation analyses indicated that the number of
hydrogen bonds formed between the protein and the ligand remained
relatively constant during the simulation period indicating a high
degree of stability. The stability can be attributed to the critical
number of hydrogen bonds that form between the two entities. A
substantial number of hydrogen bonds between the protein and the
complex were observed with an average of one hydrogen bond being
formed throughout the simulation time. It was observed that the
formation of the stable complexes may be facilitated by the presence
of the observed hydrogen bonds.
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The stability of the protein-ligand complex was achieved
through a diverse set of interactions, including hydrogen bonds,
hydrophobic interactions, and water bridges. Specifically, the ligand
formed hydrogen bonds with Thr-190, Tys-145, Phe-140, and Met-
165 residues (Figure 6C). Moreover, the ligand also participated in
hydrophobic interactions with Lys-44, Pro-168, Ans-142, and Met-
165. Additionally, a water bridge was established between the ligand
positively charged nitrogen atom and the negatively charged side
chain of the selected protein.

In order to assess the stability and compactness of the protein-
ligand complex (Figure 6D), SASA plots were generated to
determine the area accessible to the solvent. The SASA of the
protein complex displayed minimal fluctuation, indicating a high
degree of stability. Moreover, the SASA of the ligand in its bound
state was lower (150 A2) than in its unbound state (220 A2),
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indicating a more compact conformation upon the binding.
Additionally, the MolSA of the ligand in its bound state was
higher (330 A2) than in its unbound state (310 A2). The
compactness of the protein in the complex was assessed through
the measurement of its Radius of Gyration (Rg). During the early
stages, Rg values fluctuated up to 60 ns; however, it became stable
between 65 and 100 ns. The Rg values observed between 4.0 A and
4.4 A suggested a compact protein-ligand-bound state. Moreover,
the stable Rg values between 12 and 16 A suggested that the overall
shape and size of the complex remained constant over a certain
range of concentration. The observed results indicated that the
docked complex possessed strong interactions between its
components, which contributed to its greater compactness.
Furthermore, the PSA of the ligand in its bound state was lower
(130 A2) than in its unbound state, further indicating a more
compact conformation upon binding. Overall, the observed results
demonstrated the stability and compactness of the protein-ligand
complex and the strong interactions between its components.

The torsion profile is a powerful tool that sheds light on the
flexibility of the ligand and the ability to conform the binding site of
the protein. The ligand torsion profile of the top-ranked ligands
(Figure 6F) was analyzed, and the x-axis denoted the torsion angle
in degrees and the y-axis represented the associated energy. The
distinct energy minima were observed in the plot, indicating the
presence of multiple low-energy conformations of the ligand.
Further analysis of the torsion profile revealed that the ligand
adopts a planar orientation at a torsion angle of approximately
-90°, with specific functional group orientations. The second lowest
energy conformation occurred at a torsion angle of 180°, where the
ligand takes on a twisted orientation. In essence, the torsion profile
provided information about the flexibility and behavior of the
ligand molecules in bound state.

The changes in protein conformation during and after the
interaction were important for the stability of the complex. The
conformational changes of the non-structural protein were
observed through superimposition of the unbound structure with
the vaccine-bound structures over the 100 ns course of MD
simulation. The study also utilized a torsion profile to identify the
energetically favorable conformations of the ligand, providing
insight into ligand behavior and protein-ligand interactions.

Antibody-mediated immune response

First, we predict Kolaskar and Tongaonkar process-based
antigenicity (Figure 2D), where we observed two hepta-peptide
sequences CVLKLKV (85 to 91) and CPRHVIC (38 to 41) with
1.220 values, and a minimum antigenicity value of 0.844 was
observed for hepta-peptide sequence NGMNGRT from 274 to
280 amino acid positions, as mentioned in Supplementary S4.
Then, we performed immune simulation and examined the
immune responses generated in response to repeat the exposure
to refined C30 endopeptidase. The simulation analyses revealed that
the C30 endopeptidase induces high humoral immune response in
the mammalian system. The refined C30 endopeptidase induced
weak primary immunoglobulin response after first immunogen
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exposure; however, the second exposure demonstrated the
elevated immunoglobulin response with a high IgM+IgG
response. The major share of immune response during this stage
was apparently mediated by IgM. Subsequently, the exposure to
refined C30 endopeptidase further raised IgM+IgG titers and the
intensity of IgM and IgG responses was observed to be similar. IgG
response was mainly due to IgG1, whereas the contribution of IgG2
was negligible. Such high IgM+IgG response was further supported
by an amplified population of diverse B-cell subpopulations,
memory B cells, and B cells expressing IgM and IgGl1 isotypes.
The simulation assay also suggested persistence of active antibody-
producing B cells for a prolonged period.

Discussion

Animal-derived coronaviruses can traverse species boundaries
and transmit illnesses that can be fatal, in contrast to the less severe
human viral diseases that are constantly prevalent in the human
population (Agarwal et al, 2022; Ahmad et al, 2022). All three
SARS-CoVs have caused problems with the outbreak, the original
from 2003, the MERS-CoV from 2012, and the current SARS-CoV-
2. The present pandemic calls for urgently developing innovative
and cost-effective preventative measures (Rayan et al., 2022).
Coronaviruses are massive enclosed particles that contain a
considerable size of positive-sense single-stranded RNA
(+ssRNA), have a genetic code of around 30 kb, and resemble a
crown, as identified in numerous studies (Dutta et al., 2022;
Chaitanya, 2019; Lythgoe et al, 2022). Coronaviruses play a
critical role in the viral replication cycle (Lythgoe et al., 2022).
The viral 3CLP™ enzyme regulates the life cycle and replication of
the virus (Cabero Perez, 2020; Hu et al., 2022). As per our frontier
consequence and identification, 3CL""® has been regarded as a
possible target to develop antiviral drugs against SARS-CoV-2.

In contrast to conventional vaccine design, bioinformatics
analyses enable the prediction of potent epitopes, which
streamlines and expedites the vaccine design (Sajid et al., 2022). A
suitable target for the B-cell epitope study might have been 3CLP™
since most of it is available outside the virion. Vaccination is a
standard method for strengthening the host immune system against
a particular infection. Various vaccinations, including natural or
recombinant, remain costly and time-consuming and require a very
long period to be launched (de Pinho Favaro et al, 2022). The
immature vaccine-poor adaptive immunity and high antigenic load
also result in allergic reactions. Developing multi-omics and
immunoinformatics techniques have made it simpler to identify
the epitopes that trigger a potent immune response.

The peptide-based vaccines are essential due to their ultra-fast
mechanism of action, fewer side effects, and less toxicity (Albekairi
et al,, 2022). The peptide-based vaccinations are anticipated to offer
a safer option to conventional immunizations. The large-scale
manufacture of the peptide-based products would be more
straightforward due to their chemical synthesis and high
repeatability rate. Scientists have made many efforts as an
immediate response to design peptide-based vaccines. The
peptide inhibitors play an exciting role in developing the peptide-
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based vaccines. The immunoinformatics approaches are
constructive, reduce the workload of laboratory trials, and are
time-saving and cost-effective compared with traditional drug
design approaches (Vanhee et al, 2011). The researchers have
identified several vaccine candidates by utilizing the
computational techniques with promising preclinical results
(Davies and Flower, 2007). CTL epitopes help to design the
peptide-based vaccines against human leukocyte antigen-B
protein (Tahir et al., 2018).

Extensive in silico analyses were performed to design epitope-
based vaccine by targeting CLP™ for CTL epitopes. The current
study revealed four epitopes having an immunogenic, non-toxic,
and non-allergenic response. The top 25 epitopes showed 97.87%
worldwide population coverage. For validation of results, CTL
epitopes were optimized for all ergenicity and antigenicity as per
the method of an earlier study (Dimitrov et al.,, 2014). Furthermore,
we hypothesized epitope population coverage analyses for MHC-I
(Table 3) indicating 0.0373 with an estimated hit rate of 0.3. Based
on an in silico investigation, we predict the peptide designs in
contrast to eight epitopes and HLA-B interaction characteristics of
designed peptides for effective binding residues. The generated
results were reconciled with literature (Rezaei and Nazari, 2022).
The pI value was observed 5.95, and top-ranked four
conformational predicted epitopes were used to predict the names
of the residues, lengths, and locations (T'able 2) and reconciled with
previous literature (Sajid et al., 2022).

Surface accessibility was analyzed, and the hexa-peptide
sequence KTPKYK displayed the highest score of 8.254. On the
other hand, the lowest score of 0.114 was found in the 97- to 102-
amino acid regions. Another sequence, FSVLAC, showed up in the
112- to 117-a.a. region. The surface flexibility analysis revealed that
the hepta-peptides FCYMHHM and YNGSPSG had a score of
0.864, with amino acid ranges of 159 to 165 and 118 to 124,
respectively, as shown in Figure 2B. For surface flexibility
prediction, the lowest score was 0.864, ranging from 159 to 165
aa with the FCYMHHM heptapeptide sequence, and the highest
score was 1.099, spanning from 118 to 124 aa with the YNGSPSG
heptapeptide sequence. Parker’s hydrophilicity scale analyses were
also done for the hydrophilicity of peptides associated with peptide
retention times using HPLC on a reversed-phase column as per the
method of earlier researchers (Iranparast et al., 2022; Sajid et al,
2022). Hydrophilic regions and associated antigenic sites have been
observed through immunological analysis (Parker et al, 1986)
based on Parker’s hydrophilicity, as shown in Figure 2C. Between
204 and 210 amino acids, the VLAWLYA hepta-peptide sequence
was observed with a minimum hydrophilicity score of -4.257 and
reconciled with earlier research (Sajid et al., 2022). The highest
antigenicity value of 1.220 was observed in two hepta-peptide
sequences, CVLKLKV (85 to 91) and CPRHVIC (38 to 41). The
minimum antigenicity value of 0.844 was reported for hepta-
peptide sequence NGMNGRT from 274 to 280, and results were
matched with (Adhikari et al., 2022).

The global energy of the CTL epitopes selected for this study
ranged from -0.54 to -26.21 kcal/mol, and results were matched with
(Joshi et al., 2023). The binding solid affinities were also determined,
with binding energies ranging from -3.33 to -26.36 kcal/mol, as
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mentioned in Table 3. HLA-B binding affinities were calculated for
the CTL-predicted epitopes, namely, SEDMLNPNY, GSVGENIDY,
LLEDEFTPF, DYDCVSECY, GTDLEGNFY, QTFSVLACY,
TVNVLAWLY, and TANPKTPKY. We selected top 10 complexes
and top four interacting docked compounds and their similar binding
pockets as shown in Figure 4, where we explored Met-49, Asn-142,
Pro-168, Glu-166, and GIn-189 residues and observed that Pro-168,
His-41, Arg-188, GIn-189, Cys-145, Glu-166, Met-49, Asp-187, Met-
165, His-164, and Cys-44 residues are effective binding interactions
(Figures 5A-C). The virtual screening of potential compounds was
performed, and top 10 compounds showing binding affinities
between -7.5 and -8.8 kcal/mol were observed. Our MD simulation
study results showed that 3CLpro-vaccine is complex and highly
stable throughout the simulation time. The interaction between the
protein and the vaccine was primarily stabilized by electrostatic
configurations. During the dynamics, the docked complex also
showed increased rigidity in the motion of residues. The immune
simulation data suggested that using the epitopes of 3CLpro could
lead to the design of an effective SARS-CoV-2 vaccine.

Our study explored the potential of C30 endopeptidase to elicit
an immune response in humans using immunoinformatics and
immune simulation techniques. We found that C30 endopeptidase
has multiple B-cell and T-cell epitopes, indicating its potential to
stimulate high-titered antibody responses and reduce infections,
including SARS-CoV-2. The immune simulation data predicted a
strong immune response dominated by IgM and IgG1, with long-
lived B-cell responses. Therefore, we suggest that refined C30
endopeptidase could be used in immunotherapeutic approaches
to provide long-term protection against infections in the
population. Moreover, in our experimental study, we identified 10
promising compounds, namely, ZINC222731806, ZINC077293241,
ZINC014880001, ZINC003830427, ZINC030731133,
ZINC003932831, ZINC003816514, ZINC004245650,
ZINC000057255, and ZINC011592639, that could be used in C30
endopeptidase-based antibody therapy to treat infections, including
SARS-CoV-2. Additionally, the epitopes of C30 endopeptidase
could be used in the design of a potential vaccine against
infections. These findings provide a promising avenue for the use
of these compounds to target 3CLP™ and treat infections caused by
SARS-CoV-2.

Conclusion

Our study formulates a multi-epitope-based peptide vaccine
using both T-cell and B-cell epitopes occurring in the 3CLpro
protein that efficiently target the SARS-CoV-2-mediated immune
response. Extensive in silico analyses were performed to scrutinize
potential peptide-based inhibitors. CTL epitopes showed potential
targets for a peptide-based vaccine. An in silico study designed 10
different vaccine candidates’ compounds, which (ZINC222731806,
ZINC077293241, ZINC014880001, ZINC003830427,
ZINC030731133, ZINC003932831, ZINC003816514,
ZINC004245650, ZINC000057255, and ZINC011592639) showed
least binding energy and high binding affinity. Molecular dynamics
(MD) study of the docked 3CLpro-vaccine complex delineated it to

frontiersin.org


https://doi.org/10.3389/fcimb.2023.1134802
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Marriam et al.

be highly stable during simulation time, and the stabilization of
interaction was majorly contributed by electrostatic energy. The
docked complex also showed low deformation and increased
rigidity in motion of residues during dynamics. The immune
simulation data indicated toward the possibility of designing an
effective SARS-CoV-2 vaccine using the epitopes of 3CLpro.
However, this claim needs additional experimental validation in
non-human primates for further preclinical development.
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Purpose: To determine the role of Lactobacillus strains and their combinations in
inhibiting the colonization of H. pylori and gastric mucosa inflammation.

Methods: Human gastric adenocarcinoma AGS cells were incubated with H.
pylori and six probiotic strains (Lactobacillus acidophilus NCFM, L. acidophilus
La-14, Lactiplantibacillus plantarum Lp-115, Lacticaseibacillus paracasei Lpc-37,
Lacticaseibacillus rhamnosus Lr-32, and L. rhamnosus GG) and the adhesion
ability of H. pylori in different combinations was evaluated by fluorescence
microscopy and urease activity assay. Male C57BL/6 mice were randomly
divided into five groups (uninfected, H. pylori, H. pylori+NCFM, H. pylori+Lp-
115, and H. pylori+NCFM+Lp-115) and treated with two lactobacilli strains (NCFM
and Lp-115) for six weeks. H. pylori colonization and tissue inflammation statuses
were determined by rapid urease test, Hematoxylin-Eosin (HE) staining,
immunohistochemistry, and gRT-PCR and ELISA.

Results: L. acidophilus NCFM, L. acidophilus La-14, L. plantarum Lp-115, L.
paracasei Lpc-37, L. rhamnosus Lr-32, and L. rhamnosus GG reduced H. pylori
adhesion and inflammation caused by H. pylori infection in AGS cells and mice.
Among all probiotics L. acidophilus NCFM and L. plantarum, Lp-115 showed
significant effects on the H. pylori eradication and reduction of inflammation in-
vitro and in-vivo. Compared with the H. pylori infection group, the mRNA and
protein expression levels of IL-8 and TNF-a in the six Lactobacillus intervention
groups were significantly reduced. The changes in the urease activity (ureA and
ureB) for 1-7h in each group showed that L. acidophilus NCFM, L. acidophilus
La-14, L. plantarum Lp-115, and L. rhamnosus GG effectively reduced the
colonization of H. pylori. We observed a higher ratio of lymphocyte and
plasma cell infiltration into the lamina propria of the gastric mucosa and
neutrophil infiltration in H. pylori+NCFM+Lp-115 mice. The infiltration of
inflammatory cells in lamina propria of the gastric mucosa was reduced in the
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H. pylori+NCFM+Lp-115 group. Additionally, the expression of IFN-y was
decreased significantly in the NCFM and Lp-115 treated C57BL/6 mice.

Conclusions: L. acidophilus NCFM and L. plantarum Lp-115 can reduce the
adhesion of H. pylori and inhibit the gastric inflammmatory response caused by

H. pylori infection.

KEYWORDS

Helicobacter pylori, Lactobacillus, adhesion, inflammation, probiotic

1 Introduction

Helicobacter pylori infect over 50% of the population
worldwide, and the World Health Organization (WHO) has listed
H. pylori as a class I carcinogen since 1994 (Hooi et al., 2017; Shah
et al, 2021). H. pylori infection is closely related to the occurrence
and development of various gastrointestinal diseases, such as
chronic gastritis, peptic ulcer, gastric cancer, and gastric mucosa
associated lymphoid tissue lymphoma (Sugano et al, 2015; Liu
et al.,, 2018; Liou et al., 2020; Robinson and Atherton, 2021).
Currently, the primary method to eradicate H. pylori is a
quadruple therapy based on a proton pump inhibitor, two
antibiotics, and a bismuth agent (Fallone et al., 2016; Chey et al,
2017). However, the antibiotic resistance rate of H. pylori has
increased, and the side effects of the eradication therapy can be
severe (Savoldi et al., 2018). Therefore, searching for novel and
efficient H. pylori management options has become an urgent aim
(Fallone et al., 2019).

Studies on probiotics and H. pylori have made significant
progress recently, thus, increasingly being used in routine clinics
(Suez et al., 2019; Sousa et al., 2022). Currently, blends of probiotics
are the most widely studied, but little is known about the antagonistic
or synergistic effects of the different probiotic strains (Vieira et al,
2013; Ouwehand et al.,, 2018; Simon et al., 2021). To manage H. pylori
infection, the Maastricht VI/Florence Consensus Report mentioned
that only some probiotics could effectively reduce gastrointestinal
side effects in H. pylori eradication therapy, suggesting strain-specific
efficacy (Malfertheiner et al., 2022). However, the European Society
of Paediatric Gastroenterology and Hepatology later updated the
guidelines. They considered that the existing evidence was insufficient
to support the routine use of single or compound probiotic strains in
treating H. pylori to reduce adverse reactions and improve the
eradication rate (Jones et al, 2017). Therefore, probiotics are
mainly used as an adjunct to H. pylori eradication therapy, and
only a few reports are available for using probiotics as a single
treatment for H. pylori infection, and further investigations
are warranted.

The applications of certain probiotics, such as lactobacilli, fecal
bacteria, Bifidobacterium spp., Saccharomyces spp., and Bacillus
licheniformis, to assist in H. pylori eradication have been
incorporated into H. pylori treatment guidelines (Shi et al.,, 2019).
These probiotics attenuate the gastrointestinal adverse effects of
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H. pylori eradication therapy, but whether they can improve H.
pylori eradication rates is controversial (Liu et al, 2018). Meta-
analyses on the efficacy of multiple probiotic strains in treating H.
pylori have shown the most significant effects with lactobacilli (Lu
et al,, 2016; McFarland et al,, 2016). In related studies of using
lactobacilli for treating H. pylori infection, certain lactobacilli such
as Lactobacillus acidophilus, Lacticaseibacillus rhamnosus,
Lactiplantibacillus plantarum, Lacticaseibacillus paracasei,
Limosilactobacillus reuteri and Lactobacillus delbrueckii subsp.
bulgaricus can effectively manage H. pylori infection (Zhao et al.,
2018; Chen et al., 2019; Yoon et al., 2019; Asgari et al., 2020; Lin
et al,, 2020; Dargenio et al., 2021) but underlying mechanisms are
not well explained. However, it has been speculated that lactobacilli
interfere with the adhesion of H. pylori to the mucosa and down-
regulate the immune and inflammatory mediators (Keikha and
Karbalaei, 2021).

In this study, six lactobacilli strains with good acid, bile salt, and
digestive enzyme resistance, combined with good mucosal adhesion
were used in screening experiments to identify probiotics that
inhibit the adhesion and inflammatory response to H. pylori. We
tested the selected probiotics in the H. pylori infected AGS cell line
and mouse models. The results of the cell model experiments
provided a basis for probiotic strain selection for the eradication
of H. pylori in the mouse model.

2 Materials and methods
2.1 Bacterial strains, cell lines and animals

H. pylori P12 and H. pylori P12-GFP strains were provided by
the Max Planck Institute for Infection Biology and H. pylori SS1
(ATCC 43504) (Lee et al., 1997) was provided by the University of
Western Australia (UWA), Australia. H. pylori strains were
cultured on Columbia agar containing 7% sterile defibrinated
sheep blood (Bianzhen, Nanjing, China), 20pug/ml vancomycin
(Meilunbio, Dalian, China), 10ug/ml polymyxin (Meilunbio),
10pg/ml amphotericin B (Meilunbio), 10ug/ml trimethoprim
(Sigma, St. Louis, USA), then placed in an incubator containing
5% O, and 10% CO,, cultured at 37°C, subcultured once every three
days, and used for the experiment after subculture. The tested
lactobacilli were provided by Danisco China (Shanghai, China):
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Lactobacillus acidophilus NCFM (ATCC 7003969), L. acidophilus
La-14 (ATCC SD5212), Lactiplantibacillus plantarum Lp-115
(ATCC SD5209), Lacticaseibacillus paracasei Lpc-37 (ATCC
SD5275), Lacticaseibacillus rhamnosus Lr-32 (ATCC SD5217) and
L. rhamnosus GG (ATCC 53103). After the Gram Staining Kit
(Solarbio, Beijing, China) was used to identify the bacterial
morphology, the lactobacilli were cultured anaerobically in MRS
broth (Solarbio) at 37 °C 48 hours and then subcultured (Figure S1).

The human gastric adenocarcinoma cell line (AGS) was
purchased from the Institute of Biochemistry and Cell Biology of
the Chinese Academy of Sciences (Shanghai, China) and cultured in
RPMI 1640 medium (Thermo Fisher, Waltham, MA, USA)
supplemented with 10% fetal bovine serum at 37°C and 5% CO,
in a humidified incubator.

Fifty male C57BL/6 mice, Specific Pathogen Free (SPF), four
weeks old, were purchased from Zhejiang Vital River Laboratory
Animal Technology Co. Ltd. (Zhejiang, China). All the animals
were housed under standard conditions (SPF grade animal room
with individually ventilated cages; temperature range from 23°C to
25°C, humidity range from 50% to 60%, 12/12 hours light/dark
cycle, food and water were provided ad libitum). The experimental
steps and ethics were approved by the ethics committee of the Fifth
Affiliated Hospital of Zhengzhou University (KY2022002).

2.2 Cytokine profiles quantification
by ELISA

After infection, the culture medium was collected by
centrifugation at 12000x rpm for 5 min to remove cell debris and
bacteria and collect the supernatant. The concentration of
interleukin (IL)-8 and tumor necrosis factor (TNF)-o were
detected by human IL-8 ELISA Kit (Elabscience, Wuhan, China)
and human TNF-o ELISA Kit (Elabscience, Houston, TX, USA)
respectively, by following the guidelines of the manufacturer. All
experiments were performed in triplicate.

2.3 H. pylori and lactobacilli co-infection
model in vitro

H. pylori P12 and lactobacilli were cultured overnight in BHI
(Thermo Fisher) and MRS broth. After centrifugation at 5000 x rpm
for 8 min and 4000 x rpm for 5 min, the supernatant was discarded,
and bacteria were harvested and resuspended in 1 ml serum-free
RPMI 1640 medium.

Overnight cultured AGS cells were co-incubated with lactobacilli
(multiplicity of infection (MOI) = 100) and H. pylori P12 (MOI =
100) for 6h. After the incubation period, the supernatant was
harvested for ELISA and cells were harvested for RNA isolation.

2.4 Adhesion of H. pylori on AGS cell

AGS cells were cultured in two 12 well plates and incubated
with lactobacilli (MOI = 100) and H. pylori P12-GFP (MOI = 100)
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for 6h. At the end of incubation, one plate of the cells was washed
thrice with PBS and photographed by fluorescence and white light.
A urease detection reagent was prepared by adding concentrated
hydrochloric acid into the PBS (pH=7.4) to adjust the solution to
pH=6.8. Urea (Solarbio) and phenol red (Solarbio) were weighed
and added to reach concentrations of 110mmol/L and 10mg/L,
respectively, and then dissolved by vigorously shaking. To the other
12well plates, 1 ml urease detection reagent was added. After 1-7
hours of reaction, 80ul medium was withdrawn to record the
absorbance value at 540nm(Shmuely et al, 2004; Rokka et al,
2008; Tharmalingam et al., 2014; Yang et al., 2020).

2.5 Quantitative reverse transcription
PCR (qRT-PCR)

AGS cells and mouse gastric mucosal tissue were lysed with
RNAiso plus (TaKaRa, Kyoto, Japan), and gastric mucosal tissue
needed to be assisted by an ultrasonic crusher. According to the
manufacturer’s instructions, cDNA was converted using the
ReverTra Ace qPCR RT Kit (TOYOBO, Shanghai, China). qRT-
PCR was performed using 2xChamQ Universal SYBR qPCR Master
Mix (Vazyme, Nanjing, China) in a Roche Lightcycler4801I system
based on the manufacturer’s recommendations. Primer sequences
were designed in NCBI Primer-BLAST (Table 1). The relative gene
expression was determined using the 274" method. All
experiments were repeated thrice.

2.6 Establishing the model of H. pylori
infection and lactobacilli intervention
in mice

SPF C57BL/6 mice (male 4 weeks old) were obtained from
Zhejiang Vital River Laboratory Animal Technology Co., Ltd.
(Zhejiang, China) and fed on Laboratory Rodent Diet 5001. The
mice were randomly divided into 5 groups (Uninfected, H. pylori
SS1, H. pylori SS1+L. acidophilus NCFM, H. pylori SS1+L.
plantarum Lp-115, H. pylori SS1+L. acidophilus NCFM and L.
plantarum Lp-115) of 10 individuals each after one week of
adaptation. The control group was gavaged with PBS, and the
experimental groups were gavaged with H. pylori SS1 (1*10° CFU,
0.2ml/piece) only or combined with the corresponding lactobacilli
(1¥10° CFU, 0.2ml/piece) (1:1) or together (1:1:1) once every other
day for 6 weeks (Figure 1A).

2.7 Rapid urease test (RUT)

Mouse gastric mucosa was analyzed for urease activity using the
rapid urease Kit (Sanqiang, Fujian, China) as instructed by the
manufacturer. The color change was determined, when the solution
turns pink or red, the urease test is positive; when it remains yellow,
the urease test is negative.
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TABLE 1 Primers for the quantification of inflammatory factors in AGS cells and mouse gastric tissue.

Species Gene Primer Nucleotide Sequence(5'-3")
Human TNF Forward CCCAGGGACCTCTCTCTAATCA
TNF Reverse GCTACAGGCTTGTCACTCGG
Cxcl8 Forward ACTGAGAGTGATTGAGAGTGGAC
Cxcl8 Reverse AACCCTCTGCACCCAGTTTTC
GAPDH Forward GGTATCGTGGAAGGACTCATGAC
GAPDH Reverse ATGCCAGTGAGCTTCCCGTTCAG
Mouse ureA Forward GCTGGTGCGATTGGCTTTA
ureA Reverse GGATAGCGACTTGCACATCGT
ureB Forward GCCCACTTCTACAGAACCGACATAC
ureB Reverse AGGCGATAACGACAACTTCAGGATC
110 Forward CCAGGGAGATCCTTTGATGA
110 Reverse AACTGGCCACAGTTTTCAGG
1l4 Forward GGTCTCAACCCCCAGCTAGT
1l4 Reverse GCCGATGATCTCTCTCAAGTGAT
Ifng Forward CAGGCCATCAGCAACAACATAAGC
Ifng Reverse AGCTGGTGGACCACTCGGATG
Cxcll5 Forward CGGCAATGAAGCTTCTGTAT
Cxcll5 Reverse CCTTGAAACTCTTTGCCTCA
GAPDH Forward GCTGAGTATGTCGTGGAG
GAPDH Reverse TCTTCTGAGTGGCAGTGAT

2.8 Hematoxylin-eosin (HE) staining and
immunohistochemistry (IHC)

Gastric tissues were fixed with 4% paraformaldehyde,
embedded in paraffin, cut into 4mm sections, and stained by HE
and immunohistochemical methods. The Chronic gastritis
histological grade scale was used to evaluate the samples (Fang
et al., 2018). Five histological changes were graded: H. pylori,
chronic inflammation, activity, atrophy, and intestinal metaplasia.
Each histological change was classified into one of four grades:
none, mild, moderate, and severe. According to the new Sydney
system, the degree of inflammation and lymphocyte infiltration of
gastric tissue after H. pylori infection were evaluated (Kim et al,
2020; Maluf et al,, 2020). Immunohistochemistry for H. pylori was
performed using a Rabbit anti-H. pylori polyclonal antibody (Cell
Marque) (ZSGB, Beijing, China), and the colonies of H. pylori in
mouse gastric mucosa were identified.

2.9 Statistics

All statistical analyses were performed using GraphPad Prism 9
software. During the processing of experimental data, the values
whose deviation from the average value of the same group of data
exceeded three times the standard deviation were considered
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outliers and eliminated. We performed one-way ANOVA on raw
and Ig-converted data to compare the multi groups. The Bonferroni
and Tukey tests were conducted to calculate the statistical
significance among the groups. P-value < 0.05 was considered
significant for all statistical analyses.

3 Results

3.1 Six lactobacilli strains inhibit the
adhesion of H. pylori with AGS cells

To compare the effect of the six selected lactobacilli interfering
with H. pylori adhesion, AGS cells were co-infected with H. pylori
P12-GFP and the six lactobacilli strains (MOI=100) respectively for
6 hours. After infection, cells and GFP-positive H. pylori were
measured under fluorescence microscopy. Upon comparative
observation under fluoroscopy, the amount of GFP-positive
H. pylori in the lactobacilli groups was less than in the H. pylori
only infected group. Furthermore, the morphology of AGS cells was
relatively normal in the L. acidophilus NCFM and L. plantarum
Lp-115 treated cells compared with the other lactobacilli treated
cells, indicating less cell stress on the AGS cells compared with other
lactobacilli strains (Figure 2A).
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FIGURE 1

Lactobacillus acidophilus NCFM and Lactiplantibacillus plantarum Lp-115 suppress Helicobacter pylori adhesion in mice. (A) Mice were fed with

H. pylori SS1 only or with L. acidophilus NCFM and/or L. plantarum Lp-115 for 6 weeks. (B) The colonization of H. pylori was identified by immune
histochemistry. Uninfected group; H. pylori group; H. pylori+ NCFM group; H. pylori + Lp-115 group; H. pylori +NCFM+Lp-115 group. (C) The
colonization of H. pylori was identified by the expression of ureA and ureB by qRT-PCR. Mice were coinfected with H. pylori SS1 and L. acidophilus
NCFM and/or L. plantarum Lp-115. The mRNA levels of ureA and ureB were determined as described. Each experiment result shows the mean +
standard deviation of three independent experiments. * (P< 0.05); **(P<0.01); ***(P<0.001); ns, not significant.

To further quantify the inhibition effect between different
lactobacilli, we used a urease activity assay for the co-infection
plate and recorded the absorbance at 540nm. The absorbance values
of the six intervention groups were decreased to different degrees
from 1 to 7 hours compared with that of the H. pylori infected
group. For further quantification analysis, the absorbance values at
each group’s 7h time point were taken into a bar chart for statistical
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analysis. The absorbance values of the seventh hour were
statistically analyzed. The data suggest that samples of
L. acidophilus NCEM, L. acidophilus La-14, L. plantarum Lp-115
and L. rhamnosus GG had significant differences compared
with samples of H. pylori (P<0.05), indicating that these four
lactobacilli strains can effectively reduce the colonization of
H. pylori (Figure 2B).
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FIGURE 2

Six lactobacilli strains inhibit the adherence of Helicobacter pylori to AGS cells. (A) Fluorescence microscope images showing the colonization of H
pylori P12-GFP on AGS cells alone or upon intervention with six lactobacilli: Lactobacillus acidophilus NCFM, L. acidophilus La-14, Lactiplantibacillus
plantarum Lp-115, Lacticaseibacillus paracasei Lpc-37, Lacticaseibacillus rhamnosus Lr-32 and L. rhamnosus GG). (B) Urease activity assay shows

interference with the colonization of H. pylori P12-GFP on AGS cells in 1-7 hours by the six tested probiotic strains. *(P<0.05); **(P<0.01), compared

to H. pylori. ns, not significant

3.2 Six probiotic strains inhibit H. pylori
induced inflammation in AGS cells

To compare the inhibitory effect between the six probiotic
strains, we performed a co-infection model of H. pylori and the
strains (MOI=100) in AGS cell culture for 6 hours. We analyzed the
mRNA and protein levels of IL-8 (Cxcl8) and TNF-o. (TNF) to
determine whether these probiotic strains transcriptionally regulate
the inflammatory markers. The expression of these markers is
commonly altered upon H. pylori infection. Expression of Cxcl8
and TNF mRNA with all six probiotic strains was significantly
reduced compared with the H. pylori infected group (P<0.001). In
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Cxcl8, Lp-115 showed significant difference than other probiotics
except NCFM, while pattern of NCFM was significantly lower than
La-14 and Lpc-37 (P<0.01). The comparison of other probiotics
including La-14, Lpc-37, Lr32 and GG did not show any significant
difference (P>0.01). In TNF, only Lpc-37 was found to have
significant difference than other probiotics in the group
(P<0.01) (Figure 3A).

Consistent with the mRNA results, IL-8 and TNF-o. in the cell
supernatant were significantly decreased in the probiotic treatments
compared with the H. pylori-infected group (P<0.001). In IL-8,
NCFM was significantly lower than La-14, while Lp-115 showed
significant difference than the La-14 and Lpc-37 (P<0.01). In
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Inhibitory effects of the six probiotic strains on Helicobacter pylori-induced inflammation in AGS cell line. AGS cells were co-infected with the
probiotic strains: Lactobacillus acidophilus NCFM, L. acidophilus La-14, Lactiplantibacillus plantarum Lp-115, Lacticaseibacillus paracasei Lpc-37,
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of Cxcl8 and TNF the cells and (B) the protein concentrations of IL-8 and TNF-a in the supernatant. The results of each experiment are shown as

mean + standard deviation of three independent experiments

TNF-a, the inhibitory effect of the six selected probiotic strains did
not show significant differences (Figure 3B). Combined with the
anti-adhesion results, L. acidophilus NCFM and L. plantarum Lp-
115 had a good effect and less cell stress. Therefore, L. acidophilus
NCFM and L. plantarum Lp-115 were further selected for
validation in the H. pylori infected mouse model.

3.3 L. acidophilus NCFM and L. plantarum
Lp-115 suppress H. pylori colonization
in mice

To further validate whether L. acidophilus NCFM and L.
plantarum Lp-115 alone or in combination can counteract H.
pylori colonization and attenuate gastric inflammation in vivo,
C57BL/6 mice were infected with H. pylori SS1 and co-
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*(P<0.05); **(P<0.01); ***(P<0.001); ****p<0.0001; ns, not significant

administered L. acidophilus NCFM and L. plantarum Lp-115
with for 6 weeks (Figure 1A). After co-administration the mice
were euthanized, and the gastric tissues were assessed for H. pylori
infection by the rapid urease test (Figure S2). The H. pylori adhesion
on gastric tissues was then analyzed by immunohistochemistry
(IHC) assays (Figure 1B), which showed that L. acidophilus
NCFM and/or L. plantarum Lp-115 intervention groups had
comparably less H. pylori adhesion than the H. pylori infected
group. To further validate the H. pylori colonization in different
groups, the mRNA expression of ureA and ureB was tested from
gastric tissues of all groups (Figure 1C), which showed that L.
acidophilus NCFM and/or L. plantarum Lp-115 intervention
groups had less expression of ureA and ureB compared with H.
pylori infected group (P<0.001). These results show that L.
acidophilus NCFM and L. plantarum Lp-115 alone or combined
can reduce H. pylori colonization on gastric mucosa in mice.
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3.4 L. acidophilus NCFM and L. plantarum
Lp-115 suppress H. pylori induced
inflammation in mice

To further investigate whether L. acidophilus NCFM and L.
plantarum Lp-115 can attenuate H. pylori colonization and gastric
inflammation in vivo, gastric tissues from the five study groups were
analyzed by Hematoxylin-Eosin staining (HE stain). Compared
with the uninfected group, the gastric lamina propria of mice in
the H. pylori infected group showed more lymphocyte, plasma cell,
and neutrophil infiltration in the active phase. Incidentally, the mice
also had local thinning of the mucosal layer, reduction of the glands
propria, and thickening of the muscularis mucosae (Figure 4A).
Compared with the H. pylori group, the inflammatory cells
infiltrating the lamina propria of the gastric mucosa in the H.
pylori + NCFM group, H. pylori + Lp-115 group, and H. pylori
+NCFM+Lp-115 group were reduced to different degrees, which
indicated that L. acidophilus NCFM and L. plantarum Lp-115 could
ameliorate the H. pylori induced gastric inflammation (Figure 4A).

To further verify if NCFM and/or Lp-115 can inhibit H. pylori
induced Th1 type inflammation, the mRNA expression of Il4 (IL-4),
Cxcll5 (CXCL15), 1110 (IL-10), and Ifng (IFN-y) was measured by
qRT-PCR from mouse gastric mucosal tissue. The results showed
that NCFM and Lp-115 reduced the expression of Ifng and
promoted the expression of I/4 induced by H. pylori in C57BL/6
mice. In Il4 expression, the difference between the Lp-115 and H.
pylori groups was the most significant (P<0.001). In Cxcl15, only the
Lp-115 group was significantly different from the H. pylori group
(P<0.01); therefore, the overall anti-inflammatory effect of Lp-115
was more pronounced than that of NCFM. The expression of
Cxcll5 in the group receiving the combination of Lp-115 and
NCFM was not significantly different from that in the H. pylori
group. The expression of Il4 was lower than that in the Lp-115
group (Figure 4B), indicating that the two LAB strains had no
compound effect in improving inflammation caused by H. pylori
infection. In conclusion, NCFM and/or Lp-115 can reduce H. pylori
induced Thl type inflammation (Ifng expression) in C57BL/6 mice
and tend to transform Th2 type inflammation (I/4 expression).

4 Discussion

Currently, quadruple therapy is the standard treatment for H.
pylori eradication, but it has drawbacks. There is an increasing
incidence of drug resistance and the misuse of antibiotics for H.
pylori eradication can cause gastrointestinal disorders,
gastrointestinal microbiota dysbiosis and other adverse effects
(Hu et al., 2017). Modulation of the gastrointestinal microecology
by microbial agents could represent a novel therapy or adjunct
therapy for the current quadruple treatment. Furthermore, previous
studies have shown that probiotics can modulate immune function,
balance normal gastrointestinal microbiota, and reduce the side
effects of antibiotics (Lu et al., 2016; Wang et al., 2017; Goderska
et al, 2018), but may also inhibit H. pylori adhesion and gastric
inflammation, suggesting beneficial effects. Although probiotics
have advantages in aiding the eradication of H. pylori infection
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during conventional therapy, potential risks still exist. For some
immunocompromised people, some strains of lactobacilli under
certain rare conditions can cause infections (Liong, 2008).
Therefore, selecting safe and suitable probiotic strains to support
H. pylori eradication and management therapy is necessary.

Previous studies have shown that selected strains of lactobacilli
can inhibit adherence of H. pylori to the gastric mucosa (Song et al.,
2019; Zuo et al, 2019). In our study, we screened six probiotic
strains and found that L. acidophilus NCFM and/or L. plantarum
Lp-115 can inhibit H. pylori adhesion in an in vitro AGS cell line
model and in vivo gastric mucosa of C57/BL6 mice, indicating
preclinical evidence of these two strains for potential clinical use.
However, the mechanisms by which NCFM and Lp-115 inhibit H.
pylori colonization remains to be explored. Some studies have
reported that probiotics’ effects are strain specific in inhibiting the
colonization of H. pylori. For example, some Lactobacillus spp. such
as L. acidophilus and L. bulgaricus have a high affinity for gastric
epithelial cells, and they can protect the gastric mucosa by blocking
or inhibiting the adhesion of H. pylori to gastric epithelial cells (de
Klerk et al., 2016; Takeda et al., 2017; Zhao et al., 2018; Song et al.,
2019). Some lactobacilli, such as L. plantarum and Ligilactobacillus
salivarius, cannot compete with H. pylori for the binding site on the
gastric mucosa but inhibit the activity of H. pylori through the
antibacterial properties of metabolites, including Lactic acid and
hydrogen peroxide (de Klerk et al., 2016; Takeda et al., 2017; Zhao
et al, 2018; Song et al, 2019). Therefore, the immune system’s
independent effects of probiotics against H. pylori infection may
include affecting H. pylori gastric adhesive colonization or
inhibiting H. pylori activity through the bacteriostatic properties
of metabolites. These effects and other specific mechanisms need to
be explored further.

H. pylori infection induces inflammation of gastric mucosa and
expression of cytokines such as TNF-o or chemokines like CXCL8
(also known as IL-8) (Panpetch et al., 2016; Zhao et al., 2020; Tang
et al., 2021). Previous studies have shown that L. rhamnosus
GMNL-74 and L. acidophilus GMNL-185 reduce H. pylori
induced gastric inflammation (Chen et al, 2019; Song et al,
2019). In the current study, we are showing for the first that L.
acidophilus NCFM and/or L. plantarum Lp-115 inhibit H. pylori
P12 induced IL-8 and TNF-o expression in vitro, which is
consistent with previous studies analyzed other L. acidophilus
strains (Ryan et al., 2009; Hwang et al., 2012). Previous studies
have shown that H. pylori SS1 can induce T-helper cell type 1 (Th1)
driven inflammation in C57BL/6 mice and that lactobacilli can
suppress this response and may thus be involved in modulating
Th1/Th2 balance (Boltin, 2016; Asgari et al., 2018; Asgari et al.,
2020). In the H. pylori SS1 infected C57BL/6 mouse model, our
study also confirmed that L. acidophilus NCFM and/or L.
plantarum Lp-115 could inhibit Ifng but increase I/4 expression,
consistent with the previous report that L. acidophilus can turn H.
pylori induced Th1 type inflammation into Th2 type inflammation
in C57BL/6mice(Boltin, 2016). Helper T cells (Thl, Th2) are
essential factors in immunity and the main effector molecules of
Thl are IFN-y and IL-12, but IL-8 (CXCL15 in mice) may also
contribute to the inflammation. The primary effector molecule of
Th2 mediated inflammation is IL-4, whereas IL-10 may contribute
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ns, not significant.

to inhibiting Th2 responses. The two kinds of helper T-cells regulate
and inhibit each other by secreting different factors to maintain the
balance of the Thl and Th2 (Schmitt and Ueno, 2015; Jafarzadeh
etal, 2018; Saravia et al., 2019). Previous studies demonstrated that
lactobacilli strains could balance the Th1/Th2 immune response.
Certain L. plantarum strains can maintain normal intestinal
immune function by stimulating the secretion of cytokines and
regulating the Th1/Th2 balance (Xie et al., 2015; Boltin, 2016; Meng
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et al, 2019). Conversely, one study showed that L. rhamnosus GG
could increase the number of CD4" T lymphocytes, assist in
differentiating Th cells and enhance Thl immune responses (Shi
et al,, 2020). In this study, the intervention of L. acidophilus NCFM
and L. plantarum Lp-115 might alleviate H. pylori infection induced
host inflammatory response by down regulating local Th1 immune
response in the gastric mucosa (inhibiting proinflammatory factor
IFN-y) while promoting Th2 response to produce the anti-Thl

frontiersin.org


https://doi.org/10.3389/fcimb.2023.1196084
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Shen et al.

cytokine IL-4. Thus, L. acidophilus NCFM and L. plantarum Lp-115
may play an essential role in promoting the differentiation of T cells
into Th2 cells to balance H. pylori induced Th1 inflammation.

Although the focus of the study was not safety related, it shows
that while the tested strains have different efficacy, they are not
negatively affecting the AGS cell line or the H. pylori infected mice,
which is in line with earlier reports (Daniel et al., 2006; Morovic
et al,, 2017). Thus, their choice of probiotic strain and rational
application must be seriously considered. Based on the classification
of risk factors posed by individuals, the safest, most effective, and
most affordable lactobacilli to manage H. pylori infection should be
selected for further investigation.

In conclusion, probiotic health benefits are strain-specific; thus,
data specific for strain and health benefits should be investigated.
After screening several strains, we chose two safe lactobacilli
candidate strains: L. acidophilus NCFM and L. plantarum Lp-115,
which inhibit H. pylori adhesion and host inflammatory responses
in cell line and mouse models. H. pylori has a high infection rate and
high prevalence of drug resistance worldwide. The current study
presented a unique value in managing H. pylori in vitro and in vivo.
The clinical intervention study with the two probiotic strains or
their combination is warranted.
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Green synthesis of NPs has gained extensive acceptance as they are reliable,
eco-friendly, sustainable, and stable. Chemically synthesized NPs cause lung
inflammation, heart problems, liver dysfunction, immune suppression, organ
accumulation, and altered metabolism, leading to organ-specific toxicity. NPs
synthesized from plants and microbes are biologically safe and cost-effective.
These microbes and plant sources can consume and accumulate inorganic
metal ions from their adjacent niches, thus synthesizing extracellular and
intracellular NPs. These inherent characteristics of biological cells to process
and modify inorganic metal ions into NPs have helped explore an area of
biochemical analysis. Biological entities or their extracts used in NPs include
algae, bacteria, fungi, actinomycetes, viruses, yeasts, and plants, with varying
capabilities through the bioreduction of metallic NPs. These biosynthesized NPs
have a wide range of pharmaceutical applications, such as tissue engineering,
detection of pathogens or proteins, antimicrobial agents, anticancer mediators,
vehicles for drug delivery, formulations for functional foods, and identification of
pathogens, which can contribute to translational research in medical
applications. NPs have various applications in the food and drug packaging
industry, agriculture, and environmental remediation.

KEYWORDS

green synthesis, antimicrobial agents, anticancer agents, antioxidant activity, drug
delivery, DNA damage, eco-friendly
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Introduction

Nanoparticles (NP) vary in size from 1 to 100 nm with a large
surface-to-volume ratio and are currently used in translation research
technology. The biological NPs employed are ecofriendly, cost
effective, and have attracted substantial attention. Nanotechnology
comprises various fields, including biological sciences, chemistry,
physics, material science, engineering, and computational science. It
has applications in various fields, such as optics, space industries,
cosmetics, biomedical, chemical industries, electronics, mechanics,
environmental remediation, food and feed, health care, photoelectron
chemistry, numerous engineering fields, and material science
(Christian et al., 2008). Nanotechnology is the most promising field
in integrated engineering, physics, medicine, chemistry, and biology,
and has widespread applications with increased demand for
industrial-scale production of nanomaterials (NMs). However,
concerns have been raised regarding the environmental safety of
chemically synthesized NPs. The origin and synthesis of these
chemical NPs have caused an enormous burden on the
environment because of their toxins, which have harmful effects on
animals and humans (Wiley et al, 2005; Vo-Dinh, 2007).
Physiochemical techniques to produce NPs of metals and metal
oxides require the use of corrosive and toxic reducing agents such
as sodium borohydride and hydrazine hydrate, which adversely affect
the atmosphere (Mandal et al., 2006). Thus, alternative methods for
synthesizing harmless NPs using moderate solvents are eco-friendly
reducers and stabilizers with experimental parameters or biological
material applications. The most eco-friendly are the use of plants,
fungal or bacterial extracts, lysates, or biomolecules, which are widely
used due to their minimal side effects (Figure 1). Numerous microbes
act as potential sustainable precursors that are eco-friendly and can
produce stable and well-functionalized NPs (Baroumand

SOCIALLY

ACCEPTABLE

SUSTAINABLE
TECHNOLOGY

10.3389/fcimb.2023.1224778

Moghaddam et al., 2015). Thus, such environmentally safe
techniques used for the synthesis of NPs are also referred to as
‘green nanotechnology’ or “clean-technology” that are feasible
alternatives to chemical methods. Furthermore, nanoparticles
conjugated with natural biomolecules exhibit improved
bioavailability and minimal side effects. They are not only smaller
in size with higher permeability, but are also important reducing and
stabilizing agents and show excellent antioxidant activity.
Nanoparticles serve as potential antimicrobial agents because of
their affinity toward sulfur-rich amino acids, adherence to the
microbial cell wall by electrostatic attraction, and disruption of the
microbial cytoplasmic membrane and nucleic acids. They possess
anticancer activity owing to the initiation of oxidative stress, cellular
DNA damage, and lipid peroxidation. Additionally, biological
synthesis is eco-friendly, cost-effective, and fast, and unlike
compounds or their derivatives, it is not harmful, thus minimizing
pollution. Therefore, the use of green synthetic methods holds
promise as safe alternatives for healthcare and bioremediation
applications. Currently, nanotechnology, being an indispensable
part of the healthcare, research and innovation sector in recent
years is used extensively (Manjula et al., 2022). Nanocompounds
have been promising antimicrobial agents, anti-cancer mediators,
vehicles for drug delivery, formulations for functional foods, in the
identification of pathogens, and in the food and drug
packaging industry.

Sustainable green nanotechnology

Advantage

Engineered nanomaterials (NMs) have gained the utmost
importance in daily life and have been used in cosmetics, food

ENVIRONMENTAL
FRIENDLY

LOCALLY
AVAILABLE

FIGURE 1
Implication of green nanotechnology.
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packaging materials, biosensors, drug delivery systems, and
therapies. Subsequently, their size is similar to that of biological
macromolecules with antibacterial and anti-odor properties, which
can be widely used in wound dressing, antimicrobial coatings, and
detergents. However, despite innumerable applications, the
biodegradation of NPs and the effect of their accumulation in the
environment remain questionable. The accumulation of bio-
degraded NPs within cells leads to intracellular changes, causing
alterations in organelle integrity or gene alterations. Although NMs
continue to be used extensively, it is important to address their
toxicity, environmental impact, and possible undesirable side effects
(Figure 1). In cancer nanotechnology, monoclonal antibodies,
peptides, or small molecules targeting tumor ligands can be
induced using NPs to target tumor antigens and tumor
vasculature with high specificity and affinity. Recent
developments have used bioaffinity NP probes for cellular and
molecular imaging to target NP drugs for the treatment of cancers
and integrated nanodevices for the early detection of cancers (Gao
et al,, 2004). Currently, green synthesis of nanoparticles is a novel
alternative method. In addition, nanoparticles conjugated with
natural biomolecules, which are easily taken up by human cells,
have been reported to be more efficacious. In parallel, they act as
reducers and stabilizers with smaller sizes and higher penetrating
capacities proving themselves to have excellent therapeutic activity.

Types of green synthesis
of nanoparticles

Biocompatible green reagents

Biopolymers

The synthesis of magnetic NPs has attracted a great deal of
research interest owing to the utilization of synthetic, non-toxic,
and biocompatible materials. The hydrophilic polymer, starch
(~20% amylase) plays a substantial role in stabilizing and
dispersing NPs, as observed in the synthesis of magnetite NPs
(Fe304) NPs achieved by sodium alginate biopolymer with a redox-
based hydrothermal process using FeCl3.6H20 and urea as a
precursor (Jegan et al., 2011).

Ascorbic acid functionalizes and stabilizes

NP synthesis. The use of ascorbic acid as a super-paramagnetic
iron oxide NPs results in a stable dispersion with an advantage in
medical applications. The coated NPs were spherical with a mean
particle size of 5 nm, as observed by transmission electron
microscopy (TEM) (Sreeja et al., 2014).

Amino acids

Biological amines such as L-cysteine, L-arginine, L-glutamine,
and L-glutamic acid are functionalized by magnetite NPs to
produce FeNPs by a method that involves wet chemical co-
precipitation along with the effect of pH (Siskova et al,
2013) (Table 1).
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The synthesis of Fe-NPs from natural precursors of Fe, such as
hemoglobin and myoglobin, by a single-phase chemical reaction
produces Fe-NPs that are stable at room temperature (RT). This
strategy is an important approach for the fabrication of
bioconjugated NP for biological applications (Sayyad et al,
2012) (Figure 2).

Sugar and glucose

A reducing agent, D-glucose and gluconic acid as a stabilizer are
used for the synthesis of polycrystalline Fe;04-NPs (Table 1).
Synthesis of Fe304- NP is coated with glucose and gluconic acid
by hydrothermal reduction of Fe** ions to Fe** followed by capping
of NPs to enhance and stabilize the properties (Ramakrishnappa
et al., 2022).

Synthetic tannic and gallic acid

Fe;0,4-NPs are exceedingly crystalline and monodispersed and
are synthesized by ultrasonication of an aqueous suspension of
tannic acid at an optimal pH of 10. These synthesized NPs were
spherical with a size less than 10 nm, as revealed by high-resolution
transmission electron microscopy (HR-TEM) (Herrera-Becerra
et al, 2010). Figure 2 shows the green synthesis of nanomaterials
from different biological agents.

By microorganisms

Bacteria

Iron nanomaterials (Fe-NPs) are biosynthesized most
commonly by iron-reducing bacteria, such as Actinobacteria sp.,
under aerobic conditions that form spherical iron oxide
nanoparticles (FeO-NPs). These microbes synthesized magnetic
NPs when exposed to an aqueous ferric salt solution under
aerobic conditions within 48-72 h. The FeO-NPs that exhibited a
color change from medium to brown were analyzed by TEM, X-ray
diffraction (XRD), Fourier Transform Infrared Spectroscopy
(FTIR), magnetic measurements, and other methods. The
synthesis of magnetic NPs in bacteria such as Actinobacter sp. is a
highly complex phenomenon that involves iron reductase enzymes
in the presence of excess iron salts (Bharde et al., 2008). Iron
reductase reduces Fe®* to Fe** extracellularly to produce magnetic
NPs. Additionally, the activity of Fe®* reductase was confirmed by a
ferrisiderophore reductase assay, indicating extracellular synthesis
(Bharde et al., 2005) (Table 2).

Fungi

Magnetic NPs are produced extracellularly by a combination of
fungi of different sizes, such as Fusarium oxysporum and
Verticillium sp., using ferric and ferrous salts at room
temperature. These microbes secrete extracellular cationic
proteins that hydrolyze anionic iron complexes to crystalline
magnetite particles at low temperatures via means of spontaneous
magnetization and ferrimagnetic transition signatures (Bharde
et al., 2006). Various species of fungal and bacterial strains, such
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Biosynthetic methods of various kinds of nanoparticles along with their morphology, size, and applications.

Different types of nanoparticles

Chemical and
Biological
Agents used

Size/Morphology = Various Applications

References

1. Bimetallic Fe/Pd-NPs Starch 14.1 nm Water purification, degradation of (He and Zhao, 2005)
chlorinated hydrocarbons
2. Fe304 Sodium alginate 27.2 nm/ Pollutant removal (Gao et al., 2008)
Spherical
3. Polymer composite-Fe304 Agar 50-200 nm/ Biosensors, Bio-analysis, gene delivery (Jegan et al,, 2011)
Hexagonal, Spherical
4. Fe nano-shell Ascorbic acid <100 nm/cube Nanomedical field (Nadagouda and
(Vitamin C) Varma, 2007)
5. nZVI (Nano zero-valent iron) Ascorbic acid 20-75 nm/Spherical Bioremediation of Cd (Savasari et al., 2015)
6. Superparamagnetic Iron oxide (Coating Ascorbic acid 5 nm and 30 nm Environmental sensing, imaging, and (Sreeja et al., 2014)
and functionalisation remediation
7. Fe304 L-lysine, 17.5 nm/crystalline Thermal therapy of cancer (Vines et al., 2019)
L-glutamic acid. and spherical
8. nZVI (Nano zero-valent iron) L-glutamic acid. L- - Bioremediation of Cd (Siskova et al., 2013)
cysteine
L-arginine
9. Fe NPs Haemoglobin, 2-5 nm Environmental remediation (Saif et al., 2016)
myoglobin
10. Fe304 Gluconic acid, 12.5 nm/Spherical Waste water purification (Lu et al,, 2010)
D-glucose crystalline
11. Fe304 Gluconic acid, 4-16 nm/Crystalline Drug delivery (Ramakrishnappa
D-glucose et al., 2022)
12. Iron NPs encapsulating carbon Sugars derived 100-150 nm/ To confer extreme chemical stability (Yan et al,, 2015)
from woods Nanosphere
13. Iron oxide Tannic acid <10 nm Drug targeting and Separation of (Herrera-Becerra
biomolecules et al., 2010)
14. Fe-core shell Chitosan- Gallic ~11 nm/cubic Molecular bio-imaging and cancer (Dorniani et al.,
acid therapy 2012)
—lll
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Green synthesis of nanomaterials using various biological components and their applications.
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TABLE 2 List of environmental applications involving various microbial-derived NPs.

10.3389/fcimb.2023.1224778

Type of Type of Microorganisms Species Environmental References
Nanoparticles = used Name Applications
1. Iron Oxide NP Bacteria Actinobacter sp. 10-40 —-Removal of plant biomass (Bharde et al., 2005; Bharde
Bacillus subtilis nm -Microbial enhanced oil et al., 2008; Sundaram et al.,
cubic recovery, bio-remediation 2012)
<50 nm of oil spills
60-80
nm
Spherical
2. Magnetite NP Fungi Fusarium 20-50 -Fungicides (Bharde et al., 2006; Pavani
And Iron NP oxysporum, nm —Visua.lizing root infections and Kumar, 2013; Mohamed
Verticillium sp. Spherical | in plants et al,, 2015)
Aspergillus 50-200 —Antibacterial activity
Alternaria nm
alternate -9 nm
3. Iron Oxide NP Algae Sargassum 18+4 -To treat beach erosion (Mahdavi et al., 2013;
and Iron NP muticum nm, —reduction of chromium Subramaniyam et al., 2015)
Chlorococcum cubic
sp. 20-50
nm,
spherical

as Pochonia chlamydosporium, Aspergillus fumigatus, A. wentii,
Curvularia lunata, Chaetomium globosum, Alcaligenes faecalis,
Bacillus faecalis, and Bacillus coagulans, have been tested to
produce iron NP (Kaul et al., 2012) (Table 2).

Algae

The biosynthesis of Fe;O4. NP involves ferric chloride
reduction in macroalgae of brown seaweed, Sargassum muticum
extracts containing sulfated polysaccharides that help facilitate the
reduction of iron salt. XRD analysis of the NPs synthesized using
this method indicated the presence of crystalline and cube-shaped
particles (Table 2). The TEM images of these microalgae revealed
the presence of intracellular and extracellular iron. FTIR analysis
confirmed that carbonyl and amine groups reduced the iron salts
(Mahdavi et al,, 2013). Algae are potential phototrophic organisms
known for the greater production of several metabolites, pigments,
polysaccharides, fibers, and secondary metabolites, yielding larger
production of NPs. Hence, these biofactories are expected to
contribute more competent and harmless bioactive compounds
for various applications.

Nanoparticles synthesized by plants

Green synthesis of metallic NPs from various plant parts, such
as leaves, stems, roots, and seeds, is the simple, inexpensive, and
reproducible. However, plants as natural sources will certainly
produce the added advantage of stable metal NPs. Hence, green-
synthesized NPs have proven to be the best candidates for fast and
large-scale production in comparison to microbes that require
specific environmental conditions (Kalaiarasi et al., 2010).
Extracts from the seeds, fruits, leaves, stems of different herbs
and higher plants are rich in antioxidants that help boost the
capacity of NPs. Therefore, the use of plant-based phytochemicals
for the synthesis of NPs unites natural/plant sciences and
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nanotechnology, and enables safe, environmentally friendly,
justifiable, and economically feasible green technologies
(Mayegowda et al., 2022a; Mayegowda et al., 2023).

Synthesis from leaf extract

Fe-NPs were produced using green tea (Camellia sinensis)
extracts, which are rich in polyphenols. Polyphenols are excellent
reducing and capping agents, resulting in the formation of stable,
green, nanoscale zero-valent iron particles (Rotti et al.,, 2023).
Similarly, crystalline monodisperse magnetite [Fe;04] NPs were
synthesized using the carob leaf in a one-step reaction (Awwad and
Salem, 2012). FeO/Fe;04 NPs were synthesized using pomegranate
(Punica granatum) leaf extract and heat-killed yeast (Yarrowia
lipolytica), as biosorbents to remove hexavalent chromium.
Maossbauer spectroscopy revealed the presence of FeO/Fe;O,4, and
SEM images displayed even the dispersal of Fe-NPs on the outer
surface of yeast cells (Rao et al., 2013).

By fruit extract

Pd and Fe-NPs were prepared using aqueous fruit extracts of
Terminalia chebula. Stable Fe-NPs were synthesized by the
reduction of a FeSO4-7H,O solution by T. chebula extract (Kumar
et al,, 2013). Fe;0, NPs were synthesized from the fruit extracts of
Passiflora tripartita var. mollissima are 22.3 nm in size and show
significant nanocatalytic activity (Kumar et al., 2014).

Seed extract

A previous study demonstrated the production of FeO NPs using
Syzygium cumini (Malabar plum) as a stabilizing agent. The seed
extract was used as a reducing agent, and sodium acetate was used as
an electrostatic stabilizing agent. The presence of polyphenols, such
as flavonoids, was confirmed by FTIR spectroscopy, which is
important in serving the role as reducing agents (Venkateswarlu
et al., 2014).
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Mechanism of antimicrobial action

Bacteria

NPs also exhibit antibacterial properties. Silver (Ag) NPs
continuously release Ag ions that adhere to the bacterial cell wall
and cell membrane, leading to disruption of the bacterial envelope
(Khorrami et al., 2018). Once inside the cell, Ag deactivates
respiratory enzymes by producing reactive oxygen species (ROS)
(Ramkumar et al,, 2017). The accumulation of ROS causes damage
to DNA, RNA, and proteins, resulting in cell death. The Ag released
from NPs binds the sulfur and phosphorus of DNA and blocks
replication and cell division, eventually leading to cell death. Ag
ions also cause denaturation of ribosomes in the cytoplasm, leading
to inhibition of protein synthesis (Duran et al., 2016; Jadimurthy
et al., 2022) (Figure 3).

The accumulation of AgNPs alters the structure of the cell
membrane and promotes cell lysis (Liao et al., 2019). The surface
charge of the NP plays a significant role in determining its
interaction with the cell membrane. Cationic NPs infiltrate cells
and cause extensive damage. Although anionic NPs do not
penetrate the plasma membrane, they destabilize at specific
concentrations. While this property of charged NPs suggests
potential damage to human cells, it offers opportunities for use
as a vehicle for drug delivery to cancerous cells. Denaturation of
the cytoplasmic membrane often leads to the rupture of
organelles, which ultimately results in cell lysis. Bacterial signal
transduction involves phosphorylation events that enable bacteria
to sense, adapt, and respond to environmental changes. NPs cause
dephosphorylation and disruption of signal transduction, leading to
apoptosis (Li et al., 2019). Ag NPs are spherical or quasi spherical
and can easily release Ag ions owing to their large surface
(Shanmuganathan et al., 2018). To avoid agglomeration, capping
agents are used to coat the NPs, which modifies their surfaces and

10.3389/fcimb.2023.1224778

affects their dissolution. The presence of organic or inorganic in the
medium can also be responsible for the dissolution of NPs
by aggregation.

It has been demonstrated that Ag NPs release Ag ions in the
aqueous solution and this is quite faster when the pH is acidic
(below 5) than in neutral solution (Jacob et al., 2019). Differential
mode of action for NPs has been reported for Gram-positive and
Gram-negative bacteria and has been attributed to the presence of
peptidoglycan in Gram-positive bacteria which hinders efficient
penetration (Meikle et al., 2020). NPs with a size less than 10 nm
can directly penetrate the cell and alter cell permeability, enter
bacteria, and cause cellular destruction, suggesting a direct
correlation between NP uptake and antibacterial properties
(Noronha et al,, 2017). Hence, Ag NPs have a great potential as
antibacterial agents. However, the application of Ag NPs as biofilm
inhibitors warrants further investigation (Pugazhendhi et al., 2018).
Magnesium oxide NPs have been reported to possess anti-biofilm
and anti-adhesion potential, which are efficient against drug-
resistant bacteria (Hayat et al., 2018).

Fungi

Repetitive damage to the environment due to hazardous
chemicals, such as excessive use of pesticides, poses a great threat
to agriculture worldwide. The use of NPs to target plant pathogens
appears to be a safe alternative to chemically synthesized pesticides
(Kim et al, 2012). Ag NPs, with varied modes of action, are
suggested to be safe agents against plant pathogens, particularly
commercially relevant fungal pathogens, as compared to artificial
antifungal agent (Manjula et al., 2023). Metal NPs are non-toxic,
eco-friendly, and widely used as disinfectants and investigational
antifungal mediators (Borehalli Mayegowda et al., 2022). Zinc NPs
have potential applications in the pharmaceutical sector, as

MODE OF ACTION OF NANOPARTICLES ON BACTERIA

FIGURE 3

[llustration of the mechanism of action of nanoparticles in the destruction of bacterial cells. 1. Metal nanoparticles destroyed the cell wall and cell
membrane. 2. lons generated from metal NP bind to and denature ribosomes. 3. ROS production. 4. Accumulation of nanoparticles rupturing the
cell membrane 5. Alteration of the protein structure leading to damage. 6. DNA denaturation. 7. Metal ions that inhibit the electron transport chain.

8. Metal NPs bind to the receptor, causing a change in confirmation.
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potent antimicrobial agents and in water disinfection. Studies
demonstrating the antifungal activity of Ag NPs are limited. Kim
and colleagues have however, suggested a concentration dependent
inhibitory activity, probably due to saturation of fungal hyphae with
higher density NPs leading to deactivation of the disease-causing
fungi (Kim et al., 2012).

While the effect of Ag ions on fungi is limited, reports suggest
their inhibitory effect on DNA replication (Feng et al., 2000) and
impairment of ribosomal attachment, blocking protein synthesis,
enzymes, and additional proteins involved in the production of
ATP (Yamanaka et al, 2005). Ag NPs synthesized using ribose
sugar and sodium dodecyl sulfate acting like reducing agent and
capping agent, respectively demonstrating antifungal activity
against highly resistant human pathogenic fungi such as Candida
albicans and Candida tropicalis (Mallmann et al., 2015). Similar
results have been reported by other researchers (Kim et al., 2009).
Fungal cells maintain an ion gradient, trehalose and glucose
protects the biological viability of cells from protein denaturation
caused by environmental stress such as heat, cold, high pH,
dehydration, oxidative stress, and lethal agents (Alvarez-Peral
et al., 2002). NPs disrupt the membrane structure and
permeability, leading to leakage of intracellular contents and loss
of membrane potential. TEM observations revealed the formation
of pits in the fungal membrane when treated with Ag ions, leading
to cell cycle arrest and cell death in C. albicans. Additionally,
destruction of the membrane and inhibition of budding have
been noted (Endo et al, 1997). Palladium NPs demonstrated
effective antifungal activity against Colletotrichum gloeosporioides
and F. oxysporum although in a size-dependent manner (Osonga
et al, 2020). Therefore, NPs may induce antifungal activity by
disrupting cellular integrity, generating reactive species, and
creating osmotic imbalances in pathogens.

Virus

While several viral diseases have been eradicated, emerging
threats from novel viruses cannot be ignored because of their
adaptability and mutagenic ability (Esteban, 2010). Hence, these
viruses pose a continuous challenge to the scientific community.
Enfuvirtide is a synthetic peptide drug, approved by the US Food
and Drug Administration that targets a specific HIV protein named
the gp41 coding envelope protein and prevents its fusion (Galdiero
et al., 2011).

10.3389/fcimb.2023.1224778

Under such challenging circumstances, NPs have been
developed as promising antiviral agents owing to their increased
surface area and unique chemical and physical properties
(Elechiguerra et al., 2005). NPs block viral infections by having
their mode of action at the time of attachment as well as entry by
obstructing polyvalent interactions across viral surface components
in interaction with host cell membrane receptors (Figure 4)
(Helenius, 2007). Previous studies have demonstrated the efficacy
of NPs against HIV-1 (Lara et al., 2010a; Lara et al, 2010b),
hepatitis B virus (Lu et al., 2008), herpes simplex virus type 1
(Baram-Pinto et al., 2009), monkey pox virus (Rogers et al., 2008),
and influenza virus (Papp et al., 2010). While the interaction and
efficacy of NPs against viruses were largely dependent on NP size,
they also interacted at specific sites. NPs also bind strongly to the
sulfur-containing residues of GP120 (Lara et al., 2010a). Both Ag
and Au NPs have promising antiviral properties, particularly
against enveloped DNA/RNA viruses. A recent study on COVID-
19 viral disease explains about the neurotropism property
demonstrating the application of NPs by inhibiting replication by
cellular transcytosis blockade when given in the form of encapuslted
particles (Ren et al., 2021).

Characterization of nanoparticles

NPs are classified based on their composition into three classes: a)
organic-based, which comprises proteins, lipids, carbohydrates,
polymers, or any other organic compounds that are nontoxic,
ecofriendly, such as dendrimers, liposomes, micelles, and protein
complexes (Bharde et al., 2005; Bharde et al., 2008; Rotti et al., 2023),
and carbon-based are solely made of carbon such as fullerenes,
carbon black NPs, and quantum dots (Savasari et al., 2015).
Inorganic nanoparticles (NPs) including metals, ceramics, and
semiconductors. These inorganic metal NPs can be synthesized
from monometallic or bimetallic alloys (Mayegowda et al., 2022b).
Owing to the varying properties of NPs, different techniques can be
used for characterization and analysis to determine their potential
applications. Morphological and topological features were established
to check the size, shape, dispersity, localized, surface topography,
surface area and porosity of NPs, which0 can be determined by TEM
and SEM (Herrera-Becerra et al., 20105 Sreeja et al., 2014). Other
techniques include dynamic light scattering (DLS) and nanoparticle
tracking analysis (NTA), which involve the light interference
measured on the suspended NPs for Brownian motion with the

Interaction With
Metal Surface
Glycoprotein

FIGURE 4

W BLOCKING VIRAL
REPLICATION
Viral Factors Attach
To The Genome

The mode of action of Ag nanoparticles through attachment to the surface proteins and viral genome leads to the blockage of replication.
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correlation of its velocity with their size using the Stokes-Einstein
equation (Bharde et al., 2008). However, the structural and chemical
characterization of NPs can be carried out by XRD, energy-dispersive
X-ray spectroscopy (EDX), high-angle annular dark-field imaging
(HAADF), and FTIR for the phase, composition, crystallinity,
chemical state (oxidation), functional groups, surface charges, and
electrochemical characteristics. Zeta potential analysis can be used to
determine the surface charge of NPs (Manjula et al, 2023;
Mayegowda et al., 2023). The characterization of NPs for optical,
electronic, and electrical properties was carried out by Raman
spectroscopy and SERS for absorption, luminescence, electronic
state, photoactivity, and electrical conductivities. UV-vis and
photoluminescence spectroscopy, which transitions electrons from
the ground to an excited state, as measured by absorption
spectroscopy (Manjula et al., 2023). Magnetic properties have great
advantages and are quantified by magnetic force microscopy or
electron spin resonance spectroscopy.

Application of nanoparticles

Although NPs hold tremendous promise owing to their ease of
synthesis and wide industrial applications, their synthesis using
chemical approaches results in toxic side effects. Therefore, green
synthesis is promising as an alternative and safe process. The
following section highlights the commercial, medicinal, and other
applications of green synthetic NPs.

Agriculture

In agriculture, nanotechnology is primarily used for the
synthesis of pesticides and fertilizers. NPs can be used as
fertilizers to facilitate crop improvement, seed germination, and
root growth, while also reducing eco-toxicity. Ag NPs were shown
to improve wheat growth and yield. One of the essential
micronutrients for plant metabolic processes is zinc, which is
involved in the synthesis of auxins such as indole acetic acid and
carbohydrates, and in the formation of chlorophyll. Many NPs have
been used in the form of pesticides, such as green peach aphids
(Ghidan et al., 2018; Mayegowda et al., 2022b). Decreased plant
mortality for granulomatosis with polyangiitis (GPA), a condition
in which the blood vessels become swollen, was achieved by the
synthesis of NPs using aqueous peel extracts of Punica granatum,
leaf extracts of Olea europaea, and flower extract of Chamaemelum
nobile. GPA infection and the absence of metal accumulation
suggest the advantages of bio-NPs (Ghidan et al., 2017). Ag NPs
also function as fungicides and have been effective against C.
gloeosporioides which causes bitter rot in various crops (Aguilar-
Mendez et al., 2010).

Food industry

Nanotechnology in the food industry can escalate their shelf life
of various foods and reduce their depletion due to contagious
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infestation (Pradhan et al., 2015). Encapsulation of biomolecules,
such as lipids proteins, carbohydrates, and vitamins, using NPs can
protect them from the acidic environment of the stomach and
intestine and can improve their assimilation (Singh et al., 2017).
However, the use of NPs in food packaging materials aids in the
preservation and protection from several of these issues.

Essential oils obtained from organic compounds, organic acids,
and bacteriocins have been extensively studied for use in polymeric
matrices as antimicrobial packaging material (Galvez et al., 2007).
Many NPs, such as Ag, copper, biopolymer chitosan, and metal-
oxide derived NPs, such as titanium oxide (TiO,) and zinc oxide
(Zn0O), have been shown to have antibacterial activity (Manjula
et al,, 2022). Nanobiosensors are used in the food industry for
pathogen detection during processing (Mayegowda et al., 2022).
Nano-biosensor can detect changes in the environment, such as
moisture content or temperature fluctuations in storage rooms,
microbial contamination, or product deprivation. NPs play a vital a
role in the food industry, and their green synthesis offers
additional advantages.

Cosmetics

The use of NPs is most popular in the cosmetic industry.
Leading brands such as L’Oreal, Avon, and Johnson and Johnson
have patents on nanoparticles. NPs are employed in sunscreens,
skin creams, skin lotions, and dye-based products such as fabric
colors, skin tanning, and whitening lotions. Sunscreens are used as
UV filters and provide broad UV protection with minimal or no
adverse effects. NMs labeled in cosmetics can be similar to vesicles
in cells, such as liposomes, nano-emulsions, and nano-capsules.
Other solid lipid NP conjugates, include nanocrystals and NP with
metal-like nanosilver and nanogold, dendrimers, cubosomes,
liquid-based hydrogels, and buckyballs (Raj et al., 2012; Ananda
et al., 2022). NPs utilized in cosmetics are generally chemically
synthesized, but there is an emerging shift towards green synthesis.
Xia et al. demonstrated the use of ivy plant-derived NPs as an
alternative to oxide particles in blocking UV rays (Bezbaruah
et al., 2022).

Healthcare

Recently, NPs have been used for detection, diagnosis, and
tumor therapy. NPs are excellent tools for cancer drug delivery
because of their small size, which facilitates targeted delivery. NPs
have also been used to mitigate adverse effects of photodynamic
cancer therapy. The hydrophilic antigenic drug Mosqurix® is used
to treat malaria caused by Plasmodium falciparum and hepatitis B
virus. This liposomal drug, modified as a phospholipid intrinsic
adjuvant, has greater stability in the gastrointestinal tract for
absorption. A nanogel made up of polyethylenimine along with
cationic coated alginate, which is given intraperitonially, produces
anti-ovalbumin IgG, which is promising for drug delivery (Adarsha
et al, 2022). A dye used in photodynamic therapy migrates to the
skin and eyes, leading to sensitivity. Partial encapsulation of the dye
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in NPs helped reduce sensitivity (Roy et al., 2003). Furthermore,
NPs, such as gold NPs, have research applications, such as
immunohistochemistry and identification of protein-protein
interactions. Cao et al. (2003) synthesized a AuNP probe with
catalytic activity for protein identification (Cao et al., 2003; Yadav
etal, 2021). The extensive medical use of chemically made NPs has
been reported to have adverse effects. Therefore, there has been a
shift toward safer green synthetic bio-NPs. A study reported the use
of nano-encapsulated AgNPs by green-synthesized pcDNA3.1/H5
for immunization through humoral and cell-mediated immune
responses. Thus, green NPs can be used as an alternative DNA
vaccine through nanotechnology for the oral administration of
vaccines in a more effective way. AgNPs are an attractive and
unique alternative delivery method for oral DNA vaccinations. NP-
based vaccination showed a similar effect in the elucidation of the
immune response as traditional vaccination procedures. In
addition, it exhibits greater stability, cost-effectiveness, and target
specificity in minimizing various disease types (Jazayeri et al., 2012).

Fungal based synthesized ZnNPs showed excellent
antimicrobial property against pathogenic fish bacteria in
comparison with chemical ZnNPs. This study also highlights the
increase in immune response in organisms by the released Zn>"
hindering active transport as well as inhibiting bacterial enzymes in
metabolism, leading to the release of ROS, causing death of the
organism (El-Saadony et al., 2021). Similarly, biosynthesis of NPs
from microbes and plant extracts has also shown vast application in
modulating immune responses through innate and adaptive
immunity across conditions, such as inflammation, cell
differentiation and signaling during cancer, autoimmune disease,
and allergic reactions. Hence, describing the ecofriendly and safer

10.3389/fcimb.2023.1224778

approach to green NPs is a novel therapeutic approach in drug
delivery and therapeutics (Cai et al., 2022).

Toxicity of nanoparticles

Despite the innumerable advantages of NPs, as listed above,
they can still be toxic at higher concentrations, if overused, or
accumulate within the system. However, the toxicity levels in the
environment depend largely on the type of NPs and the properties
that have been used.

Toxicity to humans

The size of the NP decreased from 30 to 3 nm, and the number
of surface molecules increased from 10% to 50%. Metal NPs are the
most common type of NPs employed in all industries. Studies on
cellular uptake of gold NPs indicated their extracellular aggregation
followed by enmass transport into the cells with resultant reactive
species production and cytotoxicity (Figure 5) (Goodman et al,
2004; Chithrani et al., 2006). Studies have shown that the formation
of abnormal actin filaments results in decreased cell adhesion,
proliferation, and motility (Pernodet et al., 2006). While gold
nanospheres capped with citrate were non-toxic to baby hamster
kidney and human hepatocellular liver carcinoma cells, they were
toxic to human carcinoma lung cell lines at certain concentrations,
signifying their effect on cell type (Pernodet et al., 2006).

Large concentrations of Ag in atmospheric air led to breathing
abnormalities and lung, throat, and stomach discomforts. Ag n skin
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Side-effects of overdosing of nanoparticles on different levels of organization.
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contact can occasionally lead to insignificant allergic conditions,
such as rashes, swelling, and inflammation. However, several
studies have been conducted (Carlson et al., 2008). However,
studies have not proven the toxicity of spherical AgNPs and Ag
nano-prisms in human skin keratinocytes. TiO, NPs induce
oxidative stress by inducing changes in gene expression (Park
et al, 2008). ZnO also induced toxicity by generating reactive
oxygen species, oxidant injury, and inflammation, leading to cell
death (El-Saadony et al., 2021).

Toxicity to the environment

In addition to humans, other animals and microbes such as
zebra fish, daphnids, and algal species were exposed to silver,
copper, aluminum, nickel, cobalt, and TiO, nanoparticles. Griffitt
et al. (2008) detected toxicity levels in aquatic organisms owing to
the presence of metallic NPs. In contrast, no toxicity was observed
for TiO, NPs. These results were corroborated by another study on
zebrafish embryos that suggested the dose-dependent
developmental toxicity of Ag NPs (Asharani et al., 2008). The
toxicity level of AgNPs in the aquatic environment can be
denoted by the concentration accumulated by aquatic organisms.
The liver is the initial accumulator organ for NPs in these aquatic
organisms, followed by the gills, intestine, and muscles, causing cell
necrosis and lysis in the intestinal villi, followed by progressive
release of Ag ions (Liu et al, 2015). AgNPs are frequently used in
apparel owing to their antimicrobial properties. However, the
release of Ag, in both colloidal and ionic forms, from the fabric
during washing causes its accumulation in the wastewater, leading
to toxicity (Benn and Westerhoff, 2008).

ZnO NPs are readily used in cosmetics and, as such, are a large
constituent of factory run off from the cosmetic industries. These
NPs are toxic to Lolium perenne (ryegrass). ZnO-NP, along with the
ryegrass biomass, has been able to suggestively reduce,
characterized by shrinking the root tips, and highly vacuolated or
collapsed epidermal or cortical cells (Lin and Xing, 2008). However,
a minor reduction in root cells was detected upon exposure to
uncoated alumina NPs (Yang and Watts, 2005).

Future prospects

Recently, there has been a burst of commercial applications for
NPs. However, green synthesis of NPs is still in its infancy. Green
synthesis offers a safe mechanism for producing nontoxic NPs with
additional beneficial effects. Green synthesis has already been
applied in several fields owing to the use of natural alternatives.
Bio-NPs have been used as artificial food colors, strengthening
agents for skincare products, antimicrobial agents embedded in
fabrics, core molecules for drugs, and therapeutic molecules.
However, their global application is limited by technology.
Further research in this nascent field is warranted. Thus, green
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synthesis has the potential to reduce environmental pollution by
employing commercially viable yet safe biomaterials.

Conclusion

NPs are generally used for their antimicrobial properties, which
can act against bacteria, fungi, and certain viruses. This generally
results from the metal component, but bio-NPs also contain other
biomolecules as vital components. The antimicrobial properties of
NPs are used in various industries, such as food packaging, active
agents in skincare products, disease treatment, and drug delivery. It
should be noted that the overuse and extensive deployment of NPs
could lead to toxicity owing to the accumulation of metals and ions
being released. However, lethal effects on humans at the currently
used concentrations have not been reported. In conclusion, green
synthesis is a largely positive and significant venture in all fields of
science, in which the use of environmentally friendly resources and
biodegradable materials in the synthesis of NPs will undoubtedly
lead to an eco-friendly era with reduced industrial and
environmental pollution.
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Introduction: Pneumococcus is an important respiratory pathogen that is
associated with high rates of death in newborn children and the elderly. Given
the disadvantages of current polysaccharide-based vaccines, the most promising
alternative for developing improved vaccines may be to use protein antigens with
different roles in pneumococcus virulence. PspA and PhtD, highly immunogenic
surface proteins expressed by almost all pneumococcal strains, are capable of
eliciting protective immunity against lethal infections.

Methods: In this study using immunoinformatics approaches, we constructed
one fusion construct (called PAD) by fusing the immunodominant regions of
PspA from families 1 & 2 (PA) to the immunodominant regions of PhtD (PD). The
objective of this project was to test the immunogenicity of the fusion protein
PAD and to compare its protective activity against S. pneumoniae infection with
PA or PD alone and a combination of PA and PD. The prediction of
physicochemical properties, antigenicity, allergenicity, toxicity, and 3D-
structure of the constructs, as well as molecular docking with HLA receptor
and immune simulation were performed using computational tools. Finally, mice
were immunized and the serum levels of antibodies/cytokines and functionality
of antibodies in vitro were evaluated after immunization. The mice survival rates
and decrease of bacterial loads in the blood/spleen were examined following the
challenge.

Results: The computational analyses indicated the proposed constructs could be
antigenic, non-allergenic, non-toxic, soluble and able to elicit robust immune
responses. The results of actual animal experiments revealed the candidate
vaccines could induce the mice to produce high levels of antibodies and
cytokines. The complement-mediated bactericidal activity of antibodies was
confirmed and the antibodies provided favorable survival in immunized mice
after bacterial challenge. In general, the experimental results verified the
immunoinformatics studies.
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Conclusion: For the first time this report presents novel peptide-based vaccine
candidates consisting of immunodominant regions of PspA and PhtD antigens.
The obtained findings confirmed that the fusion formulation could be relatively
more efficient than the individual and combination formulations. The results
propose that the fusion protein alone could be used as a serotype-independent
pneumococcal vaccine or as an effective partner protein for a conjugate
polysaccharide vaccine.

KEYWORDS
Streptococcus pneumoniae, pneumococcal surface protein A (PspA), pneumococcal

histidine triad protein D (PhtD), pneumococcal epitope-based vaccine,
immunodominant B and T cell epitopes, immunoinformatics, actual animal

experiments, fusion protein

1 Introduction

Streptococcus pneumoniae (pneumococcus) has remained one
of the main causes of lethal diseases such as pneumonia and
meningitis, and of secondary infections following respiratory viral
diseases including influenza and COVID-19 (Bahadori et al., 2022).
The high morbidity and mortality rates in more than 1 million
cases, particularly in children under 2 years old and the elderly
above 65 years old, are the major driving force for the development
of pneumococcal vaccines (Shafaghi et al., 2023). There are
currently two types of commercial pneumococcal vaccines
comprising of unconjugated or protein-conjugated
polysaccharides, both of which have advantages and
disadvantages (Goulart et al., 2017). The 23-valent polysaccharide
vaccine has the potential to cover many serotypes. However, this
vaccine is weakly immunogenic in high-risk groups of young
children due to the poor immunogenicity of the T cell-
independent antigens (Nguyen et al., 2011). The protein-
polysaccharide conjugate vaccines have been in use for many
years and could lead to more effective immune responses even in
the high-risk populations, but there are many limitations including
high cost, limited serotype coverage, and serotype replacement
following vaccination with these vaccines (Lu et al., 2015). The
antigenic proteins of pneumococcus that are highly conserved and
are expressed on the bacterial surface at different stages of
pathogenesis are expected to be particularly useful as vaccine
antigens. Two of the well-characterized protein candidates are
pneumococcal surface protein A (PspA) and pneumococcal
histidine triad protein D (PhtD) (Plumptre et al., 2013a; Lu
et al., 2015).

PspA is one of the key virulence factors in all clinical isolates of
pneumococcus, which plays important roles including preventing
the deposition of complement and the bactericidal activity of
lactoferrin (Shaper et al., 2004; Mukerji et al., 2012). The PspA
protein possesses 3 main domains: alpha helix domain consisting
of the regions A, A", and B (0.-HD, residues 1-288), proline-rich
domain (region C, residues 289-370), and choline binding domain
(residues 371-571) (Hollingshead et al.,, 2000). The N-terminal

Frontiers in Cellular and Infection Microbiology

alpha helix domain and proline-rich domain are exposed on the
surface and are capable of interacting with the host’s immune
system (Daniels et al., 2010; Vadesilho et al., 2014). The alpha
helical domain is highly immunogenic and variable in sequence
among different strains. The protection appears to be mediated by
epitopes within 100 residues at the N-terminus (region A) and
about 100 residues at the C-terminus (region B) of this domain
(McDaniel et al., 1994; Roche et al., 2003; Vadesilho et al., 2014).
PspA is divided into 3 families including 6 clades according to the
sequence diversity in the B region or clade-defining region (CDR)
(Hollingshead et al., 2000). Family one includes clades 1 & 2,
family two includes classes 3, 4 & 5, and family three includes the
rare clade 6 (Hollingshead et al., 2000). The studies have shown
that more than 95% of the isolated pneumococcal strains belong to
families 1 & 2, which is why efforts for developing PspA-based
vaccines are focused on these 2 families (Converso et al., 2017b;
Mukerji et al., 2018). The cross-reactivity level among different
PspAs depends on the degree of sequence similarity so that there is
a higher degree of cross-reactivity in the same clade (Miyaji et al.,
2002). It has found that the immunity elicited by the 2 main PspA
families are clade dependent (Miyaji et al., 2002; Darrieux et al.,
2008; Goulart et al., 2011), thus it is suggested that the highly
antigenic fragments of all clades should be included in the PspA-
based vaccine (Akbari et al., 2019). Moreover, the A and C regions
of PspA, which possess the more conserved domains, could help to
expand the cross protection (Darrieux et al, 2008; Kristian
et al., 2016).

PhtD is one of the known polyhistidine triad proteins
expressed by all pneumococcal strains and is distinguished by
the presence of 5 copies of the His triad motif (Plumptre et al,
2012). It has been shown that this protein mediates bacterial
adhesion due to its high affinity with zinc, and also can inhibit
complement deposition (Lagousi et al., 2019). The C-terminal
segment of protein PhtD (PhtD-C) is exposed on the bacterial
surface, making it a more immunogenic region (Malekan et al,
2019; Bahadori et al., 2022). The studies have revealed that
vaccination with the truncated derivatives of PhtD-C was more
effective in inducing antibodies and protective immune responses
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in comparison to vaccination with the full length protein
(Plumptre et al., 2013b).

Bioinformatics techniques could help scientists in different biological
areas (Shafaghi et al.,, 2019; Nabizadeh et al., 2020; Bahadori et al., 2021),
especially for anticipation of potential immunoprotective epitopes to
develop vaccine candidates (Tapia et al,, 2016; Fereshteh et al., 2022). In
fact, the tools of immunoinformatics provide benefits in comparison
with traditional vaccinology methods such as lower costs and faster
outcomes (Afshari et al, 2023a). In this study, immunoinformatics and
computational tools were used to design a novel fusion protein with
several peptides from different domains of PspA and PhtD; peptides
from PspA (region A, region B for both families 1 & 2, and region C) and
PhtD-C. In addition to the fusion construct, two individual constructs
corresponding to PspA or PhtD were also constructed. Then, we
investigated whether vaccination with the peptide-based fusion
construct is able to induce more effective protective responses than
vaccination with each of the individual constructs alone or a combination
of them.

2 Materials and methods

The present study was performed in two phases: computational
prediction and experimental verification. Figure 1 shows the
schematic flowchart of this study.

10.3389/fcimb.2023.1271143

2.1 Computational prediction

2.1.1 Retrieval of amino acid sequences of PspA
and PhtD, and preliminary analysis

The amino acid sequences of PspA and PhtD proteins were
extracted from the National Center for Biotechnology Information
(NCBI) database (www.ncbi.nlm.nih.gov/protein). Due to the
diversity of the PspA molecule in different pneumococcal strains,
the amino acid sequences of PspA were retrieved from 123
pneumococcal strains which had unique sequences (Mukerji
et al, 2018). The retrieved accession numbers of PspA protein
sequences are given in Supplementary Table S1. The PhtD protein
sequence from strain R6 (accession number: AAK99711) was also
stored in FASTA format. The possible signal peptide of the proteins
was identified using SignalP server (http://www.cbs.dtu.dk/services/
SignalP/) (Nielsen, 2017). Moreover, the presence of
transmembrane regions in PspA and PhtD-C proteins were
investigated using the TransMembrane Hidden Markov Models
(TMHMM) server (www.cbs.dtu.dk/services/TMHMM-2.0)
(Krogh et al., 2001).

The PspA sequences from 123 strains were classified and
aligned using the Clustal Omega web server (https://
www.ebi.ac.uk/Tools/msa/clustalo/) (Sievers et al., 2011) to
identify sequence similarities and differences. The alignment
results were edited in BioEdit software version 7.1.3.0 and
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ambiguous aligned points were corrected. The phylogenetic tree was
drawn using Molecular Evolutionary Genetics Analysis (MEGA)
software with Maximum likelihood and Neighbor-Joining methods
(Saitou and Nei, 1987) to investigate the relationship between
different strains. Before computational predictions to design a
potential epitope-based vaccine, the Immune Epitope Database
(IEDB; https://www.iedb.org/) was used to find the experimentally
identified epitopes.

2.1.2 Prediction of conformational
(discontinuous) B cell epitopes

Prediction of conformational B cell epitopes requires the three-
dimensional structure of a protein. Since there is no 3D structure for
PspA and PhtD-C proteins in the PDB database, the 3D models of
the proteins were predicted by different servers. These proteins were
modeled in the best way using the iterative threading assembly
refinement (I-TASSER) server (https://zhanglab.ccmb.
med.umich.edu/I-TASSER/) (Yang et al., 2015) or SWISS-
MODEL server (http://swissmodel.expasy.org) (Waterhouse et al.,
2018). The protein structure was constructed with the help of
homology/comparative modeling according to the existence of
homologous templates with sequence identity less than 30% using
I-TASSER server and sequence identity more than 30% with
SWISS-MODEL. The low-quality modeled structures were refined
by the servers ModRefiner (https://zhanglab.ccmb.med.umich.edu/
ModRefiner/) (Xu and Zhang, 2011) and GalaxyRefine (http://
galaxy.seoklab.org/cgi-bin/submit.cgi?type=REFINE) (Shin et al,
2014). The validation of 3D structures was done using
PROCHECK (Laskowski et al.,, 1993) and ERRAT (Colovos and
Yeates, 1993) programs in SAVES server (https://
saves.mbi.ucla.edu/). BIOVIA Discovery Studio Visualizer was
used to display the 3D structure of proteins. Eventually the
conformational epitopes were anticipated based on the 3D
protein structure using the servers Ellipro (http://tools.iedb.org/
ellipro/) (Ponomarenko et al., 2008) and DiscoTope (http://
www.cbs.dtu.dk/services/DiscoTope/) (Kringelum et al., 2012).
The Ellipro server uses the solvent accessibility and flexibility to
identify linear and structural epitopes, and the higher score
indicates more solvent accessibility. The DiscoTope server uses
half-sphere exposure and propensity scores to identify structural B-
cell epitopes.

2.1.3 Prediction of linear B cell and linear
T cell epitopes

Unlike conformational epitopes, which are only recognized by B
cells, linear epitopes are recognized by both B and T lymphocytes.
The linear or continuousB cell epitope is characterized based on
properties such as hydrophilicity, accessibility, flexibility and
antigenicity in a beta-turn region. In the present study, prediction
of linear B-cell epitopes in PspA and PhtD-C proteins were done
using web servers LBTope (http://crdd.osdd.net/raghava/lbtope/
protein.php) (Singh et al., 2013), ABCpred (http://crdd.osdd.net/
raghava/abcpred/) (Saha and Raghava, 2006), IEDB Emini surface
accessibility tool (http://tools.immuneepitope.org/beell/) (Emini
et al,, 1985) and Ellipro. The LBtope server with a prediction
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accuracy of 81% and the ABCpred server with an overall accuracy
of 65.93% predict linear B cell epitopes. The LBtope assigns a value
ranging from 0 to 100% for each predicted epitope, and a higher
value indicates a higher probability of being an epitope. In the
ABCPred, a score closer to 1 indicates a higher probability that the
peptide sequence is an epitope.

Since helper T cells play a role in immunity against extracellular
pathogens such as pneumococci, the prediction of CD4+ T cell
epitopes (MHC-II binding peptides) was performed using MHC-II
prediction tool in IEDB server (http://tools.immuneepitope.org/
mhcii) (Wang et al., 2008) and NetMHCIIpan 4.0 server (http://
www.cbs.dtu.dk/services/NetMHClIIpan/) (Jensen et al., 2018). To
evaluate the immune response against the vaccine candidate in a
mouse model, mouse alleles were investigated in addition to human
alleles. The predictions were performed for 8 common human
alleles HLA-DRB1 (*01:01, *03:01, *04:01, *07:01, *08:01, *11:01,
*13:01, *15:01) and mouse alleles H-2-IAb, H-2-IAd and H-2-IEd.
The IEDB peptides with percentile rank <10.0 and the
NetMHClIpan peptides with rank value <1.0 were considered for
further analysis.

2.1.4 Analysis of epitopic areas of B region of
PspA in different strains: to obtain consensus
epitope sequences

In the consensus sequence approach, the homologous
sequences are analyzed to reach the target sequence. Substitution
of amino acids with similar chemical features (such as positively
charged Lys & Arg or hydrophobic Leu & Val) often does not
significantly affect the structure/function of a protein (Zhang et al.,
20135 Jones et al., 2020). The epitopic areas of B region of PspA in
different families or clades were evaluated to obtain consensus
sequences providing epitopes that facilitate the induction of cross-
reactive antibodies. Consensus sequences for each clade or family
were obtained using the threshold and majority-based selection
methods in BioEdit software. In the threshold-based method, the
residue that has a greater frequency than the user’s chosen threshold
is selected while in the majority-based method, the most common
residue at each position is selected regardless of any threshold.
Swiss-Model server was used for modeling of the initial peptide and
the final peptide containing the consensus sequences.
Superimposition and Root Mean Square Deviation (RMSD)
calculations were carried out with UCSF Chimera software
(Pettersen et al., 2004) to evaluate possible errors in the models.

2.1.5 Designing peptide-based constructs
consisting of PspA and PhtD epitopes

The peptides predicted by different servers consisting of higher
scoring B cell epitopes overlapped with immunodominant T-helper
(Th) cell epitopes were analyzed and eventually the selected peptide
sequences were linked together using flexible linkers (Gly-Gly-Gly-
Ser and Gly-Gly-Ser-Ser-Gly-Gly). In order to efficiently separate
and preserve the independent folding and immunological activities,
flexible linkers were considered to connect adjacent epitopes (Tian
etal., 2013). In addition, the 6xHis-Tag was added at the C-terminal
of the constructs to aid protein purification. Finally, three
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constructs were designed and named PAD (rPspA-PhtD, a
recombinant fusion peptide consisting of PspA and PhtD
epitopes), PA (rPspA, the recombinant peptide consisting of
PspA epitopes), PD (rPhtD, the recombinant peptide consisting
of PhtD epitopes).

2.1.6 Evaluation of the characteristics of
the final constructs

Following designing peptide-based constructs PAD, PA, and
PD, their various physicochemical properties, such as molecular
weight (MW), total number of positive and negative amino acids,
theoretical isoelectric point, instability index, in vitro/in vivo half-
life, average aliphatic index, and average hydropathicity, were
evaluated using ProtParam tool in ExPASy server (http://
web.expasy.org/protparam/) (Gasteiger et al.,, 2005). Moreover,
antigenicity, solubility, allergenicity, and toxicity were investigated
for the designed constructs. The recombinant protein solubility on
overexpression in Escherichia coli was predicted by SOLpro tool in
SCRATCH server (https://scratch.proteomics.ics.uci.edu/)
(Magnan et al., 2009). VaxiJen v2.0 (http://www.ddg-
pharmfac.net/vaxijen/VaxiJen/VaxiJen.html) (Doytchinova and
Flower, 2007) and ANTIGENpro tool of SCRATCH server
(http://scratch.proteomics.ics.uci.edu/) (Magnan et al., 2010) were
utilized for prediction of the antigenicity of peptides. The servers
AllerTOP (http://www.ddg-pharmfac.net/AllerTOP/) (Dimitrov
et al, 2014) and AlgPred (https://www.imtech.res.in/raghava/
algpred/) (Saha and Raghava, 2007) were used for prediction of
the allergenicity of the vaccine candidates. ToxinPred server was
employed to predict toxicity of the constructs (https://
webs.iiitd.edu.in/raghava/toxinpred/index.html) (Gupta
et al., 2013).

2.1.7 Prediction and validation of the tertiary
structure of vaccine candidates

3D structure modeling of the protein constructs was performed
in the best way by Robetta server (http://robetta.bakerlab.org/)
(Kim et al., 2004) based on comparative and ab-initio modeling.
The GalaxyRefine server (http://galaxy.seoklab.org/cgi-bin/
submit.cgi?type=REFINE) (Shin et al, 2014) was used to refine
the structure of the best model. The validation of the models was
carried out by PROCHECK (Laskowski et al., 1993) and ERRAT
(Colovos and Yeates, 1993) at the SAVES server (https://
saves.mbi.ucla.edu/), as well as the ProSA web server (https://
prosa.services.came.sbg.ac.at/prosa.php) (Wiederstein and
Sippl, 2007).

2.1.8 Identification of conformational B cell
epitopes in peptide-based constructs

The structural epitopes which are recognized by antibodies play
a major role in the humoral immunity. Therefore, the developed
protein constructs should have effective conformational epitopes in
their protein domains to induce stronger immunity. The ElliPro
server was employed to identify the structural B-cell epitopes in the
refined models of the epitope-based vaccine candidates, keeping the
default parameters.
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2.1.9 Molecular docking of immunogenic
peptides with HLA-DRB1_01:01

To confirm the binding affinity of the selected immunogenic
regions with MHC-II, molecular docking was performed by
ClusPro web server (https://cluspro.org/login.php) (Kozakov
et al., 2017). The 3D structures of <30-mer peptides
corresponding to the selected epitope-rich regions as the ligand
and the crystal structure of one of the most common alleles, HLA-
DRB1*01:01 (PDB ID: 1AQD), as the receptor were submitted to
the server. The docked complexes were visualized by UCSF
Chimera software. The PDBsum tool (http://www.ebi.ac.uk/
thornton-srv/databases/pdbsum/Generate.html) (Laskowski et al.,
2018) was utilized to obtain details of the interactions between the
peptides and HLA.

2.1.10 Simulation of the immune response
against epitope-based constructs

To evaluate the immune responses to the designed constructs,
the immune-simulation was done with the help of the C-ImmSim
server (https://kraken.iac.rm.cnr.it/C-IMMSIM/) (Rapin et al.,
2010). This server predicts immune interactions in three parts of
the mammalian immune system (bone marrow, thymus, and
tertiary lymphatic organs), using machine learning techniques
and a position-specific scoring matrix (PSSM). Four injections of
the construct were performed at 2-week intervals (on days 0, 14, 28,
and 42). Each time step is 8 hours and the first injection step is at
zero time. The production of cytokines and antibodies as well as the
responses of Thl and Th2 cells were predicted by the server.

2.1.11 Reverse translation, codon
optimization and in silico cloning of
the constructs in pET28a vector

The codon optimization approach was used to enhance the
expression of PAD, PA and PD recombinant proteins. The Java
Codon Adaptation Tool (JCat) (http://www.jcat.de/) (Grote et al,
2005) online server was used for reverse translation and codon
optimization based on codon preference of the expression host E.
coli (K12 strain). In addition, this server prevents unwanted sites for
restriction enzymes, Rho-independent transcription termination,
and prokaryotic ribosome binding. Finally, the optimized gene
sequences for the PAD, PA, and PD, with restriction sites Ncol
and Xhol respectively added to the 5 and 3’ ends, were cloned in
pET28a vectors using SnapGene tool (https://www.snapgene.com/

try-snapgene/).

2.2 Experimental verification

2.2.1 E. coli transformation, expression and
purification of recombinant proteins

The pET28a vector harboring the sequence encoding PAD, PA
or PD was synthesized by Biomatik Corporation (Cambridge, Ont.,
Canada). The recombinant expression vectors (pET28a-PAD,
pET28a-PA, and pET28a-PD) were transferred into E. coli BL21
(DE3) cells, and recombinant clones were identified by colony PCR
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using T7 universal primers (https://www.addgene.org/mol-bio-
reference/sequencing-primers/). Expression of the recombinant
proteins was induced by the addition of 1 mM isopropyl-B-
thiogalactopyranoside (IPTG) for 18 h, and examined by running
on 15% SDS-PAGE and Coomassie Brilliant Blue staining R-250.
The expressed recombinant proteins PAD, PA and PD were
purified using Ni-NTA chromatography under native conditions,
according to the manufacturer’s manual (Qiagen, Hilden,
Germany). Finally, the purified proteins were dialyzed overnight
and then quantified by NanoDrop spectrophotometer at 280 nm.

2.2.2 Immunization of mice

Vaccination schedule and timeline of experimental procedures are
presented in Figure 2. Six- to eight-week old female BALB/c mice were
randomly divided into 5 groups PA, PD, PA+PD, PAD, and control (n =
5 per group). The mice were immunized subcutaneously on days 0, 14,
28 and 42 with 10 ug PA or PD peptide (PA or PD group), 10 pug PA
combined with 10 ug PD peptide (PA+PD group), or 20 pg PAD fusion
peptide (PAD group) formulated in PBS containing Alum adjuvant (1:1
v/v) in a final volume 100 ul per mouse. The negative control group was
injected with the Alum adjuvant in PBS (1:1 v/v). The sera were collected
before each immunization and two weeks after the last immunization
(on days 0, 14, 28, 42, and 56) and stored for further analysis.

10.3389/fcimb.2023.1271143

2.2.3 Assessment of the levels of specific total
immunoglobulin G (IgG) and IgG isotypes

The levels of anti-recombinant protein IgG on days 0, 14, 28, 42,
and 56, and the levels of immunoglobulin G1 and G2a (IgGl and
IgG2a) isotypes two weeks after the 3™ injection were evaluated by
indirect enzyme-linked immunosorbent assay (ELISA) (Fereshteh
et al., 2023). In brief, ELISA microtiter plates (Nanc MaxiSorp,
Thermo Fisher, USA) were coated with 100 pl of purified
recombinant protein PA or PD (0.2 ug/well) and incubated at 4 ©
C overnight. After blocking the plates, 100 pl of diluted anti-sera
(1:100) were added to the wells and then the 1:100,000 dilution of
HRP-conjugated secondary antibodies (Sigma Chemical, St. Louis,
MO, USA) were applied and incubated for one hour. Finally, TMB
substrate (Seramun, Dolgenbrodt, Germany) was added to each well
and the absorbance was read by an ELISA reader (BioTek
Company) at 450 nm.

2.2.4 Evaluation of the levels of cytokines
induced by the vaccine candidates

The titers of cytokines interferon-gamma (IFN-Y), interleukin-4
(IL-4), and interleukin-17A (IL-17A) in the mouse sera two weeks
after the 3™ injection were determined using ELISA kits (Mabtech,
Sweden) in accordance with manufacturers” guidelines.

A
Group Antigen Antigen Alum adjuvant Final volume
(=5) (ng) (n/mouse) with PBS
()]
PA peptide 10 50 100
PD peptide 10 50 100
PA pept%de 10 | - 100
PD peptide 10 |
PAD fusion peptide 20 ‘ 50 100
‘ 2 Control ‘ 50 100
B
15 dose 2% dose 314 dose 4 dose Pneumococcal
Challenge
= ﬁ )5’5 ﬁ ﬁ l
[0 14 28 0 56 70 Days>
S NS ‘ ,
é L t t]_t
I l l lSurvival
ELISA ELISA SBA CFU
IgG) (IgG Isotypes, assay count
Cytokines)

FIGURE 2

Vaccination schedule and timeline of experimental procedures. (A) BALB/c mice were divided into 5 groups PA, PD, PA+PD, PAD, and control (n = 5
per group). (B) The mice were immunized subcutaneously on days 0, 14, 28 and 42. The sera were collected before each injection and 2 weeks after

the last injection and used for further analysis.
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2.2.5 Evaluation of serum bactericidal activity

Two weeks after the 4" injection, the SBA assay was used to
evaluate the activity of anti-recombinant protein antibodies in
killing of pneumococcal strain ATCC 6303. At first the sera of
immunized mice were decomplemented at 56°C for 30 min. Then,
12.5 ul of the bacterial suspension at 10° CFU/ml and 12.5 ul of
infant rabbit serum as a source of the complement were added to
the 96-well microtiter plates containing serially diluted inactivated
serum sample (1:2 to 1:64). After 1 h incubation at 37°C in 5% CO,,
10 ul of each well was cultured on a blood agar plate and incubated
for 24 h at 37°C in 5% CO,. The SBA titer was reported as the
reciprocal of the serum dilution at which >50% of bacteria were
lysed in comparison to the negative control without Ab (Fereshteh
et al., 2023).

2.2.6 Challenge of immunized mice
with S. pneumoniae

After the final immunization, challenge was performed
intraperitoneally with a lethal dose of pneumococcal strain ATCC
6303 and the mortality of mice was monitored for about one week.
One day after the challenge, two mice from each experimental
group were euthanized and blood and spleen samples were collected
to subject to bacterial colony counting on blood agar plates.

2.2.7 Statistical investigations

GraphPad Prism 8 software was used to perform statistical
analysis. Differences in antibody levels were analyzed using two-way
ANOVA and cytokine concentration, bacterial loads, and serum
bactericidal activity were analyzed using one-way ANOVA followed
by Tukey’s multiple comparison test. Kaplan-Meier survival curves
was used for comparison between the control and the immunized
groups (Guyot et al., 2012). P-values of <0.05 were
considered significant.

3 Results
3.1 Immunoinformatics studies

3.1.1 Protein sequences retrieval and
initial analysis

The amino acid sequences of the target proteins were extracted
from the database for computational epitope mapping. Due to the
diversity of the PspA molecule in different strains, PspA amino acid
sequences were retrieved from 123 strains in FASTA format. The
signal peptide of the proteins was separated from the sequences
after prediction using the SignalP server. The TMHMM server
results showed that the candidate sequences did not have any
transmembrane domain. Following aligning of the sequences of A
region of PspAs and drawing the phylogenetic tree, the A region
from the reference strain AC122 was selected as a representative to
determine epitopes of the A region (Supplementary Figure SI,
Supplementary Table S2). CDR sequences of 123 strains were
grouped into clades 1 to 5, and after alignment of the sequences
of each clade, the required corrections were made using BioEdit
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software. Strains with duplicated CDRs were excluded and the
remaining strains with non-duplicated CDRs were used for
further evaluations (Supplementary Table S3). The amino acid
sequence of PhtD strain R6 was extracted in FASTA format
(Supplementary Table S4), and its C-terminal from aa 383 to 853
was chosen for the prediction of epitopes. The investigations
showed that there are experimental epitopes for N-terminal of
PspA protein, while there is no experimental data for C-terminal
of PhtD. The epitopes of the A, B, and C regions of PspAs
previously experimentally identified (Daniels et al., 2010; Singh
et al.,, 2010; Vadesilho et al., 2014; Tamborrini et al., 2015) were
extracted from IEDB database (Supplementary Tables S5-
S7, respectively).

3.1.2 Prediction of B-cell and helper
T-cell epitopes

Before the prediction of the conformational epitopes, the 3D
structure of PspA from strain AC122 was modeled through I-
TASSER server and refined with GalaxyRefine server. Validation of
the model was performed using ProSA Z-score and the result
showed that the Z-score of the structure is -3.88 near to natural
proteins of similar size (Supplementary Figure S2). Strains DBL6A
(Cladel), R6 (Clade2), AC122 (Clade3), EF5668 (Clade4) and
ATCC 6303 (Clade5) were selected as representatives of the 123
strains to determine the range of B region epitopes. Tertiary
structure modeling of B regions of PspA clades 1-5 was
performed using Swiss-Model server based on PMS2 template
with sequence similarity more than 30% (Supplementary Figure
S3). The 3D structure of PhtD-C was predicted through I-TASSER
server and refined with ModRefiner and GalaxyRefine servers
(Supplementary Figure S4). Ramachandran plot demonstrated
that 87.2% of amino acids were located in favorable regions, and
the ERRAT result showed the overall quality factor was 85.23%
(Supplementary Figure S5).

The predicted linear/conformational B cell epitopes and MHC-
II binding epitopes for A region of PspA are shown in
Supplementary Tables S8-59, respectively. For B region of PspAs
in clades 1 to 5, B cell epitopes (Supplementary Tables S10-514) and
MHC-II binding epitopes (Supplementary Table S15) were
predicted and considered for further analysis. The predicted
linear and structural B-cell epitopes, and MHC class II epitopes
for PhtD-C are listed in Supplementary Tables S16-S18,
respectively. In this way, the epitopes were collected to check and
finally select the immune-dominant epitopic regions.

3.1.3 Obtaining the consensus epitope
sequences for B region of PspA in different
pneumococcal strains

Since the B region of PspA varies in different families/clades, the
recognition of consensus epitope sequences capable to cover all
strains from each family or clade could be an ideal immunization
strategy. These consensus antigens could provide epitopes that
facilitate the elicitation of cross-reactive Abs (Nachbagauer and
Palese, 2020). For this purpose, the sequences of B region in
different families/clades were aligned using Clustal Omega
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software and the results were edited in BioEdit software. The
aligned and modified sequences were evaluated to identify
common epitope regions and the 3D structures were considered
to select the final suitable domains. As an example, the selected
epitope locations of the B region of Clade 1 (strain DBL6A) on the
three-dimensional structure are shown in Supplementary Figure S6.
The selection of consensus epitope sequence of region B of Clade 1
and 2 with the help of BioEdit software is given as an example in
Supplementary Figure S7A. Since there was overlap between
different strains of clades 1 and 2 in the amino acids 1-29 of
region B, the consensus sequence was selected for strains of clades 1
and 2 (Cons-Clade 1 + 2; Supplementary Table S19). Another
consensus sequence of the B region only for strains in Clade 1 is
shown as another example in Supplementary Figure S7B. Since
there was no overlap between strains of clades 1 and 2 in the amino
acids 51-76 of B region, the consensus sequence was chosen only for
Clade 1 strains (Cons-Clade 1; Supplementary Table S19). In the
same way, for the other clades, the consensus epitope sequences of B
region were selected, and in the area where there was overlap
between the strains of two clades, the consensus sequence was
considered common (Supplementary Table S19).

The initial peptide and the final peptide containing the
consensus sequence were modeled using the Swiss-Model server
and then structurally checked by the UCSF Chimera program. The
superimposition of the primary structure and the structure
containing consensus sequence was done to avoid the structural
problems of the final peptide (Supplementary Figure S8). The
RMSD between primary and consensus sequence structures was
close to zero, which indicates that despite the amino acid differences

10.3389/fcimb.2023.1271143

there is an overall structural similarity between the peptides and the
structure and folding of the resulting antigen is reliable.

3.1.4 Designing epitope-based constructs PAD,
PA, and PD

The high-scoring B- and T-cell epitopes shared between several
computational prediction servers were considered to predict
immunodominant peptide sequences, and 3D models were
analyzed to select the most suitable domains. The selected final
peptides from PspA (region A, region B for both families 1 & 2,
and region C) and PhtD-C antigens are listed in Table 1. Due to the
size limitation of the final construct, only four of the seven consensus
sequences, which could target different clades, were considered for
the B region of the PspA protein. The selected peptides were linked by
the linkers GGGS (for peptides related to one protein) and GGSSGG
(between peptides related to two proteins PspA and PhtD), which
provide the possibility of rotation. The immunodominant peptides
were placed next to each other in different positions and the features
were evaluated with various servers. Ultimately, the sequences that
had the best characteristics among the different positions of the
peptides were selected for further analysis. Three final constructs
named PAD (fusion construct consisting of PspA and PhtD
epitopes), PA (consisting of PspA epitopes) and PD (consisting of
PhtD epitopes) were designed. A histidine tag was added by a glycine
to the C-terminal end of the designed constructs, which could be
useful for protein purification. The schematic picture of how the
peptides are placed in the final constructs PAD, PA and PD is shown
in Figure 3. The total sequence length of PAD, PA, and PD constructs
was 329, 222 and 109 amino acids, respectively (Table 2).

TABLE 1 Final selected immunodominant peptides of PspA and PhtD for designing the vaccine candidates.

Protein Antigenic region Peptide name & sequence Length
PspA A Region A Peptide
EAPVASQSKAEKDYDAAVKKSEAAKKHYEEVKKKAEDAQKKYDEGQKKTVEKAKREKEASEKIA 64
B Region Cons-Clade 1 + 2
LKEIDESDSEDYIKEGFRVPLQSELDAKR 29
Cons-Clade 1
KLEKDVEYFKNTDGEYTEQYLEAAEK 26
Cons-Clade 3 + 4
ELEKLLDTLDPEGKTQDELDKEAAEAELDKKV 32
Cons-Clade 4 + 5
LTRLEDNLKDAEENNVEDYIKEGLEKAI 28
C Region C Peptide
PAPAPKPEQPAPAPK 15
PhtD C-terminal of PhtD PhtD-C Peptide
SLEDLLATVKYYVEHPNERPHSDNGFGNASDHVQRNKNGQADTNQTEKPNEEK 53
PhtD-C’ Peptide
EKVTDSSIRQNAVETLTGLKSSLLLGTKDNNTISAEVDSLLALLK 45
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3.1.5 Evaluation of the various properties of the
designed constructs

The designed constructs were evaluated and compared with
respect to their physicochemical and immunological properties.
Various features of the constructs were predicted using the
ProtParam tool as represented in Table 2. The molecular weight
of PAD, PA, and PD vaccine constructs was 35.66, 24.34, and 11.94
kDa, with theoretical pI about 5.05, 5.00, and 5.94, respectively. The
instability index of PAD, PA, and PD were predicted as 39.88, 49.82,
and 15.6, respectively. Proteins with an instability index below 40
are taken into account stable and vice versa (Gasteiger et al., 2005).
For epitope-based proteins PAD, PA, and PD, the aliphatic index
respectively was 61.76, 56.40 and 71.56 (indicating that they could
be thermostable), and the GRAVY index respectively was -1.148,
-1.285, and -0.982 (indicating that they are hydrophilic). The half-
life of the protein constructs was calculated to be 30 hours in E. coli,
more than 20 hours in yeast and more than 10 hours in mammals.
Moreover, the antigenicity, solubility, allergenicity and toxicity of
the constructs were investigated as shown in Table 2. The sequences
were analyzed by VaxiJen and ANTIGENpro servers, and the scores
above the threshold indicated that the proteins were antigenic in
nature. Based on the prediction of the solubility upon
overexpression in E. coli, the designed recombinant proteins were
soluble. AlgPred and AllerTOP servers demonstrated that the
protein constructs were non-allergen. The ToxinPred server
showed the non-toxicity of the constructs for humans and

10.3389/fcimb.2023.1271143

animals. The output of these computational analyses revealed that
the proposed constructs passed the evaluations with
satisfactory results.

3.1.6 Modeling and quality assessment of 3D
structures of the constructs

The three-dimensional structures of the protein constructs PAD,
PA, and PD were predicted by Robetta server and refined by the
GalaxyRefine server. The quality evaluation of the models was
accomplished using Ramachandran plot, ERRAT value and ProSA
Z-score. The predicted 3D structures and validation of the models
before and after refinement are represented in Table 3. The
Ramachandran, ProSA Z-score, and ERRAT plots before refinement
and after refinement are depicted in Supplementary Figure S9 and
Figure 4, respectively. The Ramachandran plots demonstrated that in
the primary models PAD, PA, and PD, 89.6%, 92.3,% and 84.9% of
residues were in the favored regions, while in the refined models,
92.5%, 95.6% and 90.3% of residues were in the favored regions,
respectively. The ERRAT values of the crude models PAD, PA, and PD
were predicted as 93.96, 95.14, and 89.24, while the values of the refined
models were calculated as 93.31, 95.54, and 92.13, respectively (higher
score represents the higher quality). The Z-scores obtained by the
ProSA were found to be -5.38, -3.48, and -6.63 in the primary models
PAD, PA, and PD, compared to -5.33, -3.46, and -6.55 in the refined
models, respectively (within the range of scores for natural proteins).
The modeled and validated structures were used for further analysis.
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Schematic diagram of vaccine candidates. PAD, fusion peptide consisting of PspA and PhtD epitopes; PA, peptide consisting of epitopes of PspA

protein; PD, Peptide consisting of epitopes of PhtD protein.
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TABLE 2 Evaluation of physicochemical and immunological properties of the designed constructs.

Sequence . Aliphatic
index

PAD MEAPVASQSKAEKDYDAAVK 329 3569 | 505 49 70 | 39.88 61.76 -1.148
KSEAAKKHYEEVKKKAEDAQKKY
DEGQKKTVEKAKREKEASEKIAgggsEL
EKLLDTLDPEGKTQDELDKEAAEAELD
KKVgggsLTRLEDNLKDAEENNVEDYIKE
GLEKAIgggsLKEIDESDSEDYIKEGFRVPL
QSELDAKRgggsKLEKDVEYFKNTDGEYT
EQYLEAAEKgggsPAPAPKPEQPAPAPKg
g5sggEKVTDSSIRQNAVETLTGLKSSLLLGT
KDNNTISAEVDSLLALLKgggSLEDLLATVKY
YVEHPNERPHSDNGFGNASDHVQRNKNG
QADTNQTEKPNEEKgHHHHHH

Antigenicity
(Vaxiden)

1.0069

Antigenicity
(ANTIGENpro)

0.887445

Solubility
(SOLpro)

0.918234

Allergenicity
(AlgPred/

AllerTOP)

non-
allergenic

Toxicity
(ToxinPred)

non- toxic

PA MEAPVASQSKAEKDYDAAVKKSEAAKKHY 222 2434 500 38 54  49.82 56.40 -1.285
EEVKKKAEDAQKKYDEGQKKTVEKAKRE
KEASEKIAgggsELEKLLDTLDPEGKTQDELDKEA
AEAELDKKVgggsL TRLEDNLKDAEENNVEDYIKE
GLEKAIgggsLKEIDESDSEDYIKEGFRVPLQSELD
AKRgggsKLEKDVEYFKNTDGEYTEQYLEAAEKgg
gsPAPAPKPEQPAPAPKgHHHHHH

1.0392

0.689983

0.896574

non-
allergenic

non- toxic

PD MEKVTDSSIRQNAVETLTGLKSSLLLGTKDNNTISA 109 11.97 5.94 11 16 15.6 71.56 -0.982
EVDSLLALLKgggSLEDLLATVKYYVEHPNERPHSD
NGFGNASDHVQRNKNGQADTNQTEKPNEEKgHHHHHH

0.7390

0.893044

0.876282

non-
allergenic

non- toxic

The linker gggs for peptides related to one protein and the linker ggssgg between peptides related to two proteins (PspA and PhtD) are shown in blue and red, respectively.
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TABLE 3 Predicted 3D structures and quality evaluation of the models before refinement (B.R.) and after refinement (A.R.).

Structure Ramachandran plot ProSA  ERRAT
Most Allowed Disallowed
favored regions regions (%)
regions (%) (%)
B.R. 89.6 10.4 0.0 -5.38 93.96
PAD
AR 92.5 7.1 0.4 -5.33 93.31
B.R. 92.3 7.7 0.0 -3.48 95.14
PA
AR 95.6 4.3 0.0 -3.46 95.54
B.R. 84.9 15.1 0.0 -6.63 89.24
PD
AR 90.3 9.7 0.0 -6.55 92.13

3.1.7 Prediction of structural B cell epitopes in
engineered constructs

Since most of B cell epitopes are discontinuous, the 3D models
of the final designed constructs were analyzed for identification of
the conformational epitopes by the ElliPro server. It was found that
the PAD construct possessed five new epitopes, comprising 20 to 63
residues with the score values of 0.531 to 0.887 (protrusion index).
The PA construct had five new epitopes, comprising 4 to 39 residues
with the score values of 0.592 to 0.792. For the PD construct, three
new epitopes, comprising 19-22 residues were found with a score
value of 0. 636 -0.717. The details of the identified structural
epitopes of the constructs PAD, PA, and PD are given in
Supplementary Table S20. The three-dimensional representation
of the epitopes in the PAD, PA, and PD constructs are shown in
Figure 5, and Supplementary Figures S10-S11, respectively.

Frontiers in Cellular and Infection Microbiology

3.1.8 Further validation using molecular docking
with HLA

The selected immunogenic regions were further validated using
molecular docking with MHC Class II (DRB1*01:01) receptor. Since
the optimal size of peptides binding to the cleft of MHC-II molecules
is approximately 30 residues, the <30-mer peptides of the selected
epitope-rich regions were considered for the molecular docking.
Following the docking process, the complex models ranked
according to the energy level were generated by the ClusPro 2.0
server. The best docked complexes were visualized by Chimera
software as shown in Figure 6. According to the results it appeared
that the peptides interacted favorably with the receptor groove. For
each complex, the lowest interaction energy scores, the number of salt
bridges, hydrogen bonds, and non-bonded contacts formed between
the peptides and the receptor are given in Supplementary Table S21.
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Validation of the final models PAD, PA, and PD after refinement. (A) The Ramachandran plots show that in the refined models PAD, PA, and PD,
92.5%, 95.6% and 90.3% of the residues are located in the favorable areas, respectively. The most favored, allowed, generously allowed and
disallowed regions are shown in red, dark yellow, lighter yellow and white, respectively. (B) The ProSA Z-scores are found to be -5.33, -3.46, and
-6.55 in the refined models PAD, PA, and PD, respectively. The z-scores of proteins determined by NMR or X ray are represented in dark or light
blue, respectively. (C) In the ERRAT plots, the overall quality factors of the refined structures PAD, PA, and PD are 93.31, 95.54, and 92.13,
respectively. The red and yellow colours show the problematic parts while the white colour shows the normal parts in the structure

3.1.9 Immune simulations

In silico immune simulations were performed for the evaluation
of immunogenic profile of the constructs in real life. Based on the
immune-simulation results, the designed constructs are able to
generate appropriate primary, secondary and tertiary responses
(Figure 7 and Supplementary Figures S12-S13 respectively for the
PAD, PA and PD constructs). After the first injection, the initial
response was characterized by an increase in the titer of IgM
antibodies. After the injection of the booster dose, secondary and
tertiary responses were characterized by increased B cell population,
isotype switching, and memory cell formation, as well as increased
immunoglobulin expression (IgM, IgM + IgG, and IgG1 + IgG2).
Moreover, an increase in T helper cells with the development of
memory was observed. The Immune simulations also demonstrated
that the immunizations were able to induce production of IFN-y
which increases the activity of macrophages.

3.1.10 Reverse translation and in silico cloning of
the constructs

To achieve a high-level expression of recombinant proteins, the
codon optimization of the designed constructs was done using the
JCat server based on the codon preference of E. coli strain K12.
Codon optimization can increase protein production by affecting
mRNA stability. The CAI values for the optimized sequences of
PAD, PA and PD were 0.98, 0.98 and 1.0, respectively. As much as
this number is close to 1.0, it indicates a high level of expression in
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the bacterial system. The predicted GC contents for PAD, PA and
PD were 47.82%, 46.54% and 51.07%, respectively, which are in the
optimum range (30-70%) and show the possibility of high
expression of the constructs in E. coli strain K12. The Ncol
(CCATGG) and Xhol (CTCGAG) cleavage sites were inserted
into the 5 and 3’ ends of the optimized PAD, PA and PD
sequences, respectively (Supplementary Table S22). The total
length of the gene sequences of PAD, PA and PD were 998, 677
and 338 nucleotides, respectively. Finally, the adapted vaccine
sequences were placed in the expression vectors pET28a(+)
between the restriction enzymes Ncol and Xhol using the
SnapGene tool. The developed plasmids were designated as
pET28a-PAD, pET28a-PA, and pET28a-PD plasmids
(Supplementary Figures S14).

3.2 Experimental analysis

3.2.1 Expression and purification of recombinant
epitope-based proteins PAD, PA, and PD

The optimized sequences of PAD, PA and PD were synthesized
and cloned into the Ncol and Xhol restriction sites of pET28a
plasmids by Biomatik Company (Canada). The recombinant
plasmids were transferred into E. coli BL21 and the positive
clones were detected by colony PCR using T7 universal primers
(Supplementary Figures S15). The protein expression was
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3D images of structural B cell epitopes of the PAD construct and 2D score chart. (A) The yellow and gray areas represent the structural epitopes and
the other protein segments, respectively. (B) Yellow areas with values above a threshold of 0.5 indicate potential B-cell epitopes

successfully performed in E. coli and the protein purification was
carried out by Ni-NTA chromatography under native conditions.
As shown in Figure 8, the presence of proteins was monitored by
SDS-PAGE, although the proteins PAD and PA showed a little
different mobility on the gel. The calculated MW of PAD and PA
was lower than the MW observed on the SDS-PAGE gel, indicating
that these proteins move more slowly. These differences can be
caused by the different protein characteristics such as the amino
acid composition (high percentage of acidic AA), increased
hydrophilicity (lower GRAVY), or the presence of proline in the
protein. It has been found that the discrepancy between the
calculated and observed MW on the gel reveals a linear
relationship with the content of acidic residues, glutamate (Glu)
and aspartate (Asp), that fits the equation y= 276.5x-31.33 (x
presents the content of Glu and Asp and y presents the average
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AMW per residue) (Guan et al., 2015). The PA and PAD proteins
consist of 222 and 329 residues with 24.32% and 21.27% acidic
residues, respectively. Using the mentioned equation, it may be
possible to conclude that the MW of PA and PAD proteins on SDS-
PAGE gel is approximately 8 and 9 kDa higher than their predicted
MW. In the next step, the purified recombinant proteins PAD, PA,
and PD were used for subsequent In vivo immunogenicity
assessments in mice.

3.2.2 Specific total IgG responses induced by the
vaccine candidates

After the injection with the PAD fusion peptide, the mixture of
PA and PD, and PA or PD alone, the levels of specific IgG produced
against PA or PD were evaluated by indirect ELISA method. The
Figures 9A, B shows IgG titers at 2 weeks after every 4 injections, i.e.
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FIGURE 6

Molecular docking of immunogenic peptides with HLA-DRB1_01:01 molecule (chains A and B). Schematic images of peptide-HLA complexes were
shown using Chimera software. The <30-mer peptides from the selected epitope-rich regions are shown in red. The A and B chains of HLA
molecule are indicated in light green and light blue colors, respectively. The results displayed that the peptides had a favorable interaction with the
receptor groove. (A, B) The peptides are related to the selected immunogenic part of A region of PspA. (C-F) The peptides are the selected B
regions of PspA. (G) The peptide is the selected C region of PspA. (H-J) The peptides are related to the selected immunogenic regions of C-terminal

of PhtD.

on days 14, 28, 42, and 56, in the test mice groups compared to each
other and the control group (Al). The results of anti-PA IgG
responses (Figure 9A) showed that 2 weeks after the first
injection on day 14, the groups PA, PA+PD and PAD had
significant increases in the Ab levels compared to the control
group. Also on day 14, the PA+PD and PAD groups exhibited
0.2- and 0.9-fold increases in the levels of anti-PA IgG compared to
the PA group, respectively. In addition, there was a difference in
term of anti-PA IgG level on day 14 between the PA+PD and PAD
groups with an average of 0.6, indicating the superiority of the PAD
group. Anti-PA IgG levels on day 28 had significant differences
compared to the levels on day 14, while no significant differences
were observed between days 28, 42, and 56 in the test groups.
The data of anti-PD IgG responses (Figure 9B) demonstrated
that 2 weeks after the second injection on day 28, the groups PD, PA
+PD and PAD had significant increases in the Ab levels compared
to the control group. Also on day 28, the PA+PD and PAD groups
showed a 0.2- and 0.4-fold increase in anti-PD IgG responses
compared to the PD group, respectively. There was a slight
difference in term of anti-PD IgG level among the PA+PD and
the PAD groups which showed the superiority of the PAD group.
Anti-PD responses on day 42 showed an increase compared to the
responses on day 28 only in the PA+PD group. On day 56
compared to day 42, there was increases in the anti-PD IgG levels
in the groups PD, PA+D and PAD. These results showed that the

Frontiers in Cellular and Infection Microbiology

antibody responses against PD were increased after the second
injection, and these increases continued following the
next injections.

3.2.3 Assessment of 1gG subclasses

To determine the induction of Th1/Th2 immune responses, the
levels of specific IgG1 and IgG2a against PA or PD were evaluated
two weeks after the third injection. No significant differences were
observed between IgG1l and IgG2a anti-PA antibodies in the mice
groups PA, PA+PD and PAD (Figure 9C). Also, no significant
differences were observed between IgGl and IgG2a anti-PD
antibodies in the PD and PA+PD groups, while in the PAD
group a significant increase was observed in the level of IgGl
compared to IgG2a (**p < 0.01; Figure 9D). The 1gG1/IgG2a ratio
against PA in the groups PA, PA+PD and PAD is almost equal to
one, showing the induction of a balanced Thl and Th2 response
(Supplementary Table $23). The ratio of anti-PD IgG isotypes in the
groups PD, PA+PD and PAD is more than one, indicating the
dominance of Th2 immune response (Supplementary Table 523).

3.2.4 Measurement of cytokine responses

To confirm the induction of Th1/Th2/Th17 responses,
evaluation of the levels of cytokines IFN-y, IL-4 and IL-17 in the
serum of mice groups PD, PA, PA+PD, PAD and control Al was
done two weeks after the third immunization by sandwich ELISA
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FIGURE 7

In silico immune simulation of the PAD construct. (A) Immunoglobulin production in response to injection of the PAD construct (antigens and
immunoglobulin subclasses are represented as black and colored peaks, respectively). (B) Evolution of the B cell population after 4 injections. (C)
Evolution of the T-helper cell population. (D) Analysis of the levels of different cytokines induced by the construct. The cytokines were distinguished

by different colours and the concentration was expressed as ng/ml.

method. As shown in the Figure 10A, the mice groups PD, PA, PA
+PD and PAD showed ~1.4-, 2-, 1.5-, and 1.7-fold increases in IFN-
v levels compared to the control group, respectively. The levels of
IFN-vy in the PA group were increased by 1.4- and 1.2-fold
compared to those in the PD and PA+PD groups, respectively.
However, no significant differences were observed between the PA
and PAD groups, as well as between the PA+PD and PAD groups.
From the results it follows that Th1 cell responses could be activated
by subcutaneous immunization with PA, PD (individually as well as
in combination) and PAD proteins.

As illustrated in Figure 10B, the groups PD, PA, PA+PD and
PAD showed significant (more than 2.5-fold) increases in IL-4
levels compared to the control group. The superiority of the fusion
peptide group among the test groups was observed in terms of IL-4
production. PAD group showed about more than 1-fold increase in
IL-4 level compared to PD and PA+PD groups. As seen in
Figure 10C, the cytokine IL-17A also showed significant increases
in all test groups compared to that in the control group. Among the
test groups, the superiority of the fusion group was also observed in
terms of IL-17A production. The level of IL-17A in the PAD fusion
group showed an increase of more than 1.3-fold compared to that in
the PD and PA+PD groups. According to the results, it was found
that the constructs PA, PD (individually and in combination) and
PAD could activate Th2 and Th17 responses, and among them, the
fusion peptide could enhance these responses more favorably.

Frontiers in Cellular and Infection Microbiology

3.2.5 Antibody-dependent bactericidal assay

The complement-mediated bactericidal activity of antibodies
created against the recombinant proteins in the serum of mice
groups PA, PD, PA+PD and PAD was evaluated by SBA assay 2
weeks after the 4th immunization (Figure 10D). The specific
antibodies in the serum of PA, PA+PD and PAD mice groups
were more effective than those in serum of the PD group. The
bactericidal activity of antibodies in the serum of PD group was
considered in 1:4 dilution in which approximately 50% of the
bacteria are killed compared to the control. The bactericidal
activity of the serum of groups PA, PAD and PA+PD was
considered in 1:16 dilution.

3.2.6 Analysis of mice survival rates and bacterial
loads in the blood and spleen

To assess whether the recombinant proteins are capable of
inducing protective immunity and decreasing bacterial burden in
blood and spleen, an intraperitoneally challenge with a lethal dose
of the ATCC 6303 bacteria was conducted in the mice groups after
the final immunization. The survival of mice was monitored up to
seven days after challenge. The mice of the control group died one
day after the challenge. In the PD group, one mouse died, while all
mice survived in the PA, PA+PD, and PAD groups, as shown in
Figures 11A-D, respectively.
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FIGURE 8

Verification of presence of purified proteins by SDS-PAGE electrophoresis. The calculated MW for the peptide constructs PAD, PA and PD are 35.69,
24.34 and 11.97 kDa, respectively. The calculated MW of PAD and PA is lower than the MW observed on the gel, indicating these proteins move
more slowly. Lane M: protein marker; Lanes 1 to 3: Proteins PD, PA and PAD, respectively.

One day after the challenge, the number of bacteria in the blood
and spleen of the mice were counted and a significant decrease of
bacterial loads (DLs; logl0 CFU/ml or g) was seen in the test groups
compared to the control group. The bacterial loads in the blood of
control mice were about 10° CFU/ml, while there were 10' CFU/ml
of bacteria in the blood of the PD group (DL=7.0; Figure 11E) and
no bacteria in the blood of PA, PA+PD and PAD groups (DL=8.0;
Figure 11E). The results show that PA, PA+D and PAD groups were
more effective in reducing the blood bacterial loads. The bacterial
loads in the spleen of control mice were about 10° CFU/g, while
there were no bacteria in the spleen of the mice groups immunized
with PD, PA, PA+PD and PAD (DL=3.0; Figure 11F).

4 Discussion

The commercial polysaccharide-based pneumococcal vaccines
are expensive and serotype-dependent, and their immunogenicity is
limited to the serotypes included in the vaccines (Norolahi et al,
20205 Bahadori et al, 2022). Therefore, pneumococcal protein
vaccines providing serotype-independent immunity at low cost
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have been considered as interesting alternatives to existing
vaccines (Converso et al., 2020; Masomian et al., 2020). The use
of several protein antigens in a single vaccine, targeting multiple
major bacterial virulence factors, can be a very attractive strategy to
prevent infection (Lu et al, 2015). So far, different studies have
demonstrated that fusion proteins containing several antigens are
more efficient compared with combination formulations and could
facilitate the production/purification process and product quality
control (Nguyen et al., 2011; Goulart et al., 2013).

Recent improvements in immunoinformatics tools could aid in
identifying possible B and T cell epitopes in protein candidates and
speed up the process of developing epitope-based vaccines (Oli
et al., 2020). In recent years, many research groups have developed
innovative vaccine candidates employing immunoinformatics
against various types of pathogens including viruses, bacteria, and
parasites (such as SARS-CoV-2 (Marriam et al., 2023),
Mpycobacterium tuberculosis (Cheng et al., 2022), and Leishmania
donovani (Saha et al., 2022)). The peptide-based vaccines are
attractive alternatives to conventional vaccines since they have a
lower production cost, save time, do not contain the whole
pathogen, and are safer and more specific (Naz et al., 2020).
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FIGURE 9

Immunogenicity of the recombinant proteins. Left figures: The comparison of specific total IgG responses in test and control groups was done
before each injection and 2 weeks after the last injection (days 0, 14, 28, 42, and 56). Mice (n = 5 per group) were vaccinated with PA or PD alone,
PA+PD, PAD or Al adjuvant, and then antisera were examined against PA or PD separately. (A) Anti-PA responses in the groups PA, PA+PD and PAD
were significantly increased after the second, third, or fourth immunization compared to the first immunization. (B) Anti-PD responses in the groups
PD, PA+PD and PAD after each immunization showed significant increases compared to the preceding phase. Right figures: The responses of IgG
isotypes against the peptide PA or PD in the tested mice groups (n = 5) were examined 2 weeks after the third injection. (C) Specific IgGl and IgG2a
subclasses against the PA peptide in the groups PA, PA+PD and PAD did not show significant differences from each other. (D) The IgG1 subclass
against the PD peptide showed 0.6-fold increase compared to IgG2a subclass in the PAD group. Statistical analysis was done using two-way

ANOVA. **p < 0.01

The PspA and PhtD proteins, among the pneumococcal
virulence proteins, are highly immunogenic which are expressed
on all serotypes and have shown very promising results in clinical
studies as vaccine candidates (Converso et al., 2020; Masomian
et al., 2020). The fact that PspAs are diverse in different clinical
isolates may restrict the broad coverage of PspA-derived vaccines
(Goulart et al., 2011). It has been found that the levels of cross-
reactivity among PspAs depends on sequence similarity which is
high within a PspA family and low among different families. In
addition, some studies have shown that the levels of cross-reactivity
and protection depends on the PspA clade (Darrieux et al., 2008;
Goulart et al., 2011; Akbari et al, 2019). Recently, Akbari and
colleagues have produced a PspA-derived fusion vaccine that
contains fragments of the B region of PspA from the five most
common clades (PspAB1-5). The vaccine would appear to have a
significant protective effect against various pneumococcal strains,
suggesting that using fusion proteins harboring B regions from
clades 1-5 may be an effective vaccination strategy. Also, it has been
proposed that the inclusion of the A and C regions of PspA protein
in the vaccine construct could help elicit broadly cross-reactive
antibodies (Akbari et al., 2019). The C-terminal fragment of PhtD
protein is placed on the bacterial surface and Plumptre et al. showed
that recombinant truncated derivatives of this fragment are highly
immunogenic and capable of inducing very high titers of antibodies
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in comparison with the full-length PhtD protein (Plumptre et al,
2013a; Plumptre et al., 2013b).

According to our knowledge, the proteins PspA and PhtD have not
been studied in a fusion form until today, and this study is the first report
evaluating the fusion form of these two proteins as a vaccine candidate
against Streptococcus pneumoniae. In the present study, the
computational approaches were applied for designing potential
peptide-based vaccines including the immunodominant regions of
PspA (from different families) and PhtD proteins. We assessed the A,
B and C regions of the PspA protein to predict the B and T cell epitopes.
B regions from clades 1 to 5 were analyzed to provide wider protective
coverage and decrease the possibility of PspA variants escaping host
immune responses. In addition, the C-terminal of PhtD was analyzed as
a promising immunogenic region for predicting B and Th cell epitopes.
None of the selected epitope-rich regions of these proteins have been
reported before, and this study presents for the first time novel vaccine
candidates consisting of immunodominant regions of PspA and PhtD-C
(a fusion construct of the two proteins and two individual constructs).
Finally, the immunogenicity and protective effects of the constructs were
compared individually, in combination and fusion form in mouse model.

On the basis of the immunoinformatics data of the study, the
high-scoring and overlapping B and Th cell epitopes shared on
multiple servers were taken into account to select the final peptides
for PspA (region A, region B for two families 1 and 2, and region C)
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Evaluation of the levels of cytokines and the bactericidal activity of antibodies. (A-C) Measurement of the cytokines IFN-y, IL-4, and IL-17 in test and
control mice (n = 5 per group) was performed 2 weeks after the 3th injection. (D) The complement-mediated bactericidal activity of anti-
recombinant proteins antibodies was evaluated 2 weeks after the 4th injection (n = 3). The Y-axis is the reverse of the dilution of serum in which
more than 50% of the bacteria are killed compared to the control. The activity of antibodies in the sera of PA, PAD and PA+PD groups was higher
than that in the serum of PD group. There was no significant difference in the serum activity of PA, PAD and PA+PD groups. *p < 0.05, **p < 0.01,

**kp < 0.001 and ****p < 0.0001

and PhtD-C (Table 1). An epitope-rich peptide of 64 amino acids
was selected for the A region of PspA protein. After analyzing the
protein sequence of the B region in different PspAs, it was found
that clades 1 and 4 have the most overlap with other clades, and
hence only consensus epitope sequences of region B corresponding
to clades 1 and 4 were considered in the final construct: Cons-Clade
1 + 2 (29 residues covering clades 1 and 2), Cons-Clade 1 (26 amino
acids covering clade 1), Cons-Clade 3 + 4 (32 residues covering
clades 3 and 4) and Cons-Clade 4 + 5 (28 residues covering clades 4
and 5). Thus, it can be said that all 5 clades can be targeted by
selecting these consensus sequences. To select the epitope in the C
region of PspA, the 15-amino acid peptide PAPAKPEQPAPAPK
was chosen, which had the highest overlap in the epitopes
experimentally identified in recent studies. Approximately 46% of
pneumococcal strains were found to express a copy of the repeat
PKPEQP capable of eliciting protective Abs in animal models
(Daniels et al., 2010), so this important motif was taken into
account in this study. The epitope-rich regions of PhtD-C that
were selected in this study included two peptides from amino acids
648 to 700 and amino acids 782 to 826 (53 and 45 residues in
length, respectively).

In the next step of this research, the final selected peptides were
connected to each other by glycine-rich flexible linkers (GGGS and
GGSSGG) capable of improving solubility and enabling the
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neighboring domains to act freely (Kavoosi et al., 2007; Kar et al,
2020). A histidine tag was added by a glycine to the C-terminal of
the developed constructs to aid protein purification. Finally, two
individual protein constructs (PA: composed of PspA epitopes and
PD: composed of PhtD-C epitopes) and one fusion construct (PAD:
composed of PspA and PhtD-C epitopes) were designed with the
aim of comparing them in the form of individual, combination and
fusion proteins (Figure 3).

The physicochemical and immunological characteristics of the
designed constructs were evaluated using different web servers
(Table 2). The molecular weights of constructs were less than 110
kDa, showing them acceptable for vaccine development because
proteins with MWs below 110 kDa are easier to purify (Sanami
et al,, 2020). The theoretical pI of the constructs indicated that the
constructs are acidic in nature which may be useful for protein
purification (Zhao et al., 2019). The instability index of the PAD or
PD was less than 40, thus they were classified as stable constructs.
While the instability index of the PA was above 40, so the construct
stability should be confirmed in experimental tests. The predicted
aliphatic indexes suggested that the constructs were thermostable
(Tkai, 1980). The GRAVY indexes of the constructs were negative
values which showed the hydrophilic nature of proteins and their
strong interaction with water molecules and therefore their high
solubility (Kyte and Doolittle, 1982). Further predictions revealed
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FIGURE 11

Assessment of mice survival rates and bacterial loads after pneumococcal challenge. (A-D) mice in the control group died one day after the
challenge. The survival rate of mice up to 7 days after challenge in the PD group was 80% and in the PA, PA+PD or PAD groups was 100% (n = 3 per
group). (E, F) Bacterial loads present in blood and spleen tissue of control and immunized mice (n = 2) were counted one day after the challenge.
DLs in the blood were 7.0 Log10 (CFU/ml) for mice immunized with PD and 8.0 Log10 (CFU/ml) for the other three groups. DLs in the spleen of

mice immunized with PD, PA, PA+PD and PAD were 3.0 Log10 (CFU/qg).

that the designed vaccine candidates have a high solubility
percentage upon overexpressed in E. coli, as well as they are
antigenic, non-allergenic and non-toxic.

The primary 3D structures of the vaccine candidates were
modeled using Robetta Server and then refined by GalaxyRefine
software resulting in higher quality 3D models. The quality
assessment of the initial and refined models was conducted using
Ramachandran diagrams, ProSA Z-scores and ERRAT scores. The
obtained results showed that the refined structures possessed better
quality than the initial 3D structures (Table 3). The prediction of B
cell structural epitopes in the final constructs was done using the
ElliPro server after confirming the 3D structures. The server
predicted five and three potential non-linear B-cell epitopes in the
PAD/PA and PD constructs, respectively (Supplementary Table
S20). The results confirm that the vaccine candidates are able to
induce the humoral immune response, which is necessary for
protection against pneumococci. The proposed immunogenic
regions should interact effectively with the HLA molecules for
inducing efficiently immune responses. The potential interaction
between the selected peptides and HLA-DRB1_01:01 was evaluated
by molecular docking analysis. The results confirmed that the
peptides possessed affinity for the HLA receptor (Supplementary
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Table S21). The elicitation of memory B and T cell responses is
considered one of the criteria for effective vaccine candidates
(Bahadori et al., 2022). The immune simulation results showed
that memory cells were increased with each dose of vaccines,
showing the suitability of the constructs. Moreover, it was found
that the IFN-y production was increased following the repeated the
injections. The results showed that the constructs have the potential
to induce humoral and cellular responses providing a basis for
immunity against pneumococcal infections.

In the next step, to ensure high-level expression in E. coli K12,
the reverse translation and codon optimization of the designed
constructs were conducted using the Jcat server. For the optimized
sequence of PAD, PA or PD, the GC content and the CAI value
were favorable for high protein expression in the bacteria. Finally,
for the purpose of in silico cloning, the gene sequences of vaccine
candidates were successfully inserted into the pET28a(+) expression
vectors. Overall, the in silico data showed that the vaccine
candidates may be highly effective against pneumococcal
infections, but in order to confirm these in silico results, further
experimental studies were performed in vitro and in vivo.

The experimental results of expression and purification of PAD,
PA and PD recombinant proteins showed that all three proteins are
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stable. The computational results were confirmed by expressing
PAD, PA and PD recombinant proteins in E. coli BL21 after
induction by IPTG. The computational prediction of the
solubility of PAD, PA and PD proteins was confirmed by their in
vitro purification under native conditions on Ni-NTA column. In
the SDS-PAGE technique, the presence of bands corresponding to
PAD, PA and PD recombinant proteins demonstrated acceptable
expression and codon optimization. The band near 11, 35, or 48
kDa of the protein ladder corresponds to the PD, PA, or PAD
construct, respectively. The predicted MW of PA and PAD are
lower than the apparent MW on SDS-PAGE gel, indicating the slow
movement of these proteins. In a study by Shirai et al., it was shown
that the differences between estimated and apparent MWs could be
due to the GRAVY score (Shirai et al., 2008). Due to the preferential
binding of SDS to hydrophobic parts of the proteins, those that are
more hydrophilic and have a lower GRAVY tend to bind less SDS,
resulting in lower electrophoretic mobility and appearing to have a
higher MW. This research group also demonstrated that the
isoelectric point of a protein could influence the electrophoretic
mobility (Shirai et al., 2008). This confirms what Guan and
colleagues hypothesize, namely that a protein with many charges
is likely to result in repulsion of the SDS charge and subsequently
abnormal mobility on the gel (Guan et al., 2015). Moreover, the
proline content in a protein also should be taken into account as
another cause of greater apparent MW (Scheller et al., 2021). Since
the ring structure of the proline molecule inhibits rotation of the C-
N bond, the presence of proline in a protein can cause a kink in the
secondary structure, leading to the polypeptide being unable to be
fully stretched following reduction and SDS-binding.

In the next step, to check the immunogenic and protective effect
of vaccine candidates, the purified recombinant proteins along with
Alum adjuvant were injected into female BALB/c mice. The Alum
adjuvant mainly induces Th2 responses, leading to increased
production of antigen-specific antibodies (Leroux-Roels, 2010;
Younis et al, 2019). Since pneumococcus is an extracellular
pathogen and a strong Th2 response could be effective against the
infection (Mizrachi-Nebenzahl et al., 2003), Alum was chosen as an
adjuvant in this study. The BALB/c mice produce a stronger
humoral response than other inbred strains, and it has also been
shown that female BALB/c mice can induce regulatory T cells better
than male mice (Elderman et al., 2018). Immunization was done
subcutaneously in the mice groups PD, PA, PA+PD, PAD and Al
(adjuvant control) on days 0, 14, 28 and 42. Drug injection is a
preferred way for drug delivery to achieve the desired effect quickly
and directly. Among the various methods of drug injection,
subcutaneous injection is the one that is applied to the fat layer of
the subcutaneous tissue just under the skin. Because the
subcutaneous tissue possess few blood vessels, the injected drug is
released very slowly with a constant rate of absorption. Therefore, it
is very effective in the administration of drugs such as vaccines,
which require sustained delivery at low doses (Kim et al., 2017).
Two weeks after each immunization, mouse sera were collected and
analyzed for active antibody production against pneumococci and
cytokine production.

In confirmation of the computational predictions, the
experimental results revealed that the PAD, PA and PD
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constructs are non-allergenic and non-toxic, so that no increased
body temperature, decreased weight, allergic reactions,
hypersensitivity or restlessness was observed in the animal models
following the injection of the proteins. In addition, the experimental
data also verified the computational analysis of the antigenicity of
the recombinant proteins. The PAD, PA and PD proteins were able
to increase the levels of IgG antibodies in the test mice groups
compared to the control group, at different injection times
(Figure 9). The anti-PA IgG responses showed an upward trend
after the first injection, and this increase continued after the 2nd
injection, but the responses remained approximately in the same
range two weeks after the 3rd or 4th injections. On the 14th day, a
significant difference in anti-PA IgG responses was observed among
the test groups, with the superiority of the PAD group. The analysis
of anti-PD IgG levels showed that the responses were increased after
the 2nd injection and this increase continued after the subsequent
injections. On the 28th day, a significant difference was observed
among the test groups in terms of anti-PD IgG response, with the
superiority of the PAD group. The anti-PA IgG1/IgG2a serum ratio
in PA, PA+PD and PAD groups is close to one, indicating the
balance between Thl and Th2 responses. The anti-PD IgG1/IgG2a
serum ratio in the PD, PA+PD and PAD groups is greater than one,
showing that the Th2 response is dominant (Supplementary Table
$23). A possible reason for this Th2 polarization could be the use of
Alum adjuvant, which promotes Th2 immune response effective
against extracellular pathogens such as pneumococcus. However,
this polarization might be associated with the nature of antigens or
the immunological pathway. This result is consistent with recent
literature which reported that the PspA or PhtD antigens could
stimulate dominant Th2 responses (Kothari et al., 2015; Malekan
et al., 2019; Afshari et al., 2023b).

In the experimental phase, the levels of cytokines IFN-vy, IL-4
and IL-17A in the immunized mice groups was investigated
(Figure 10) and the results of computational immune simulation
were confirmed. The findings showed that the designed vaccine
candidates were able to induce a combination of Th1, Th2 and Th17
immune responses. Cytokine IFN-y showed a significant difference
in the immunized groups of PA, PD, PA+PD and PAD compared to
the control group. The highest level of IFN-y was induced in the PA
group, although it was not significantly different from the PAD
group. These results show that Th1 cell responses are significantly
activated by subcutaneous immunization with PA, PD (individually
as well as in combination) and PAD proteins. Similarly, IL-4 and IL-
17A cytokines were significantly increased in all immunized groups
compared to the control group. Among the immunized groups, a
significant difference was observed between the PA+PD and PAD
groups, with the superiority of the fusion protein group in terms of
the production of IL-4 and IL-17 cytokines. These results indicate
that Th2 and Th17 responses are activated through subcutaneous
immunization with PA, PD (individually and in combination) and
PAD proteins, and meanwhile the PAD protein fusion activates
these responses more strongly.

Serum bactericidal assay was used to evaluate in vitro the
potential protective effects of vaccine candidates against
pneumococcal strain. In this test, the complement-mediated
killing activity of anti-recombinant proteins antibodies was
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analyzed after the last injection. The activity of Abs in destroying
almost 50% of bacteria compared to the control was considered at a
dilution of 1:16 for the PA, PA+PD or PAD group, and at a dilution
of 1:4 for the PD group (Figure 10D). The results show that these
antibodies could be able to clear the bacteria with the help
of complement.

In this study, the protective effect of epitope-based vaccine
candidates against Streptococcus pneumoniae strain ATCC 6303
was investigated after the final injection. The results of the challenge
showed that the PA construct is more effective than the PD
construct in the survival of mice. The survival rate of mice in the
PA, PA+PD and PAD groups was 100% and complete clearing of
bacteria in blood/spleen was observed one day after the challenge.
While in the PD group, the survival rate was 80%, and the bacterial
loads in the blood was reduced to 10' CFU (DL=7.0), while
complete clearing of bacteria was observed in the spleen.

As seen in the present study, in comparison between individual
constructs, although the PD construct is a suitable vaccine target, it
is not as effective as the PA construct alone as an immunogen and is
not sufficient to provide complete protection against pneumococcal
infections. The different immunoreactivity results of the two
individual formulations PD and PA may be attributed to several
factors, e.g. protein molecular weight, chemical/physical properties,
composition and degradability (Schellekens, 2005). However, the
PD construct played an important role by stimulating the
production of cytokines. It has been found that IL-17 plays a key
role in protecting against pneumococcus by decreasing bacterial
density and colonization in the nasopharynx (Lu et al., 2015). In
general, based on the findings, it can be concluded that the most
effective formulation against pneumococcus is the one containing
both constructs in order to produce broader immune responses. In
the comparison between the combination of constructs and the
fusion construct, it can be said that both formulations were able to
elicit relatively similar protective effects, although the fusion peptide
enhanced Th2 and Th17 responses more favorably. This shows that
in the fusion construct, the addition of peptides to each other has
not changed their structure, and the immunogenic epitopes have
been made available and the antigenic properties of the peptides
have been preserved. Another advantage of the fusion construct was
that it could simplify the process of production/purification of
antigens and facilitate product quality control. Overall, the
existing data confirm that in the vaccine development, a protein
fusion could be more effective than a protein alone or a combination
of proteins.

These results are consistent with those of Nguyena et al., who
found that immunization of mice with FlaB-PspA fusion protein,
compared to immunization with PspA alone or a mixture of PspA
and FlaB, is able to induce more effective mucosal immunity against
pneumococcal infection (Nguyen et al., 2011). The FlaB-PspA
fusion protein had longer half-life, potentiated IgG and IgA
antibody responses, and provided the best protection against
challenge with S. pneumoniae. FlaB-PspA fusion protein
stimulated IL-4 and IFN-y production and significantly enhanced
IL-4 production and Th2 responses, being consistent with the IgG
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subtype responses. Also, our results agree with the results of Lu et al.
that showed PsaA-PspA fusion protein could stimulate production
of high-titered antibodies against S. pneumoniae strains comparable
to each antigen alone (Lu et al., 2015). The PsaA-PspA significantly
reduced bacterial levels in blood/organs and provided a high
survival rate of up to 100% for some strains after intraperitoneal
challenge. The PsaA-PspA fusion protein could induce a much
higher level of IL-17A than the other formulations. Furthermore,
our results are consistent with those of Converso et al., who
reported rPspA-PotD fusion protein could induce an increased
antibody production when compared with the individual proteins
(Converso et al,, 2017a). The rPspA-PotD fusion group presented
the highest secretion of IL-17 which was associated with a reduced
pneumococcal colonization. The rPspA-PotD was able to enhance
phagocytosis, reduce bacterial loads in the nasopharynx and elicit
wide protection against infection.

Moreover, the results of this study reveal the success of
computational tools in designing epitope-based vaccine
candidates, which are consistent with various studies proving the
reliability of immunoinformatics approaches (Ahmadi et al., 2019;
Hasanzadeh et al., 2020; Cheng et al., 2023). In this context, Zhang
et al. designed and evaluated a multi-epitope subunit vaccine
against group B Streptococcus (GBS) infection, and experimental
results consistent with in silico data showed that the proposed
construct is capable of inducing strong immune responses and is an
ideal vaccine candidate against GBS (Zhang et al., 2022).

5 Conclusion

In the present study, the epitope-based vaccine candidate in the
form of a fusion of PspA and PhtD epitopes was compared with the
individual and combination formulations. The obtained findings
confirmed that the fusion formulation was relatively more efficient
and effective than the other formulations, although this issue
requires further studies. The fusion construct was able to produce
a high specific IgG titer and was able to induce a combination of
Th1, Th2 and Th17 immune responses. Also, antisera raised against
the fusion construct had a favorable effect on the mediation of
complement-dependent bacterial killing and provided 100%
survival in immunized mice after bacterial challenge. The
experimental validation results of the designed vaccine candidate
also confirmed the immunoinformatics studies. Overall, it can be
concluded that the fusion construct can be considered as a
promising vaccine candidate against pneumococcal infection with
significant prospects. The next plans for optimizing the vaccine
candidate will be to change the adjuvant, concentration of
immunogen, and injection route/timing, as well as the assessment
of mucosal immunity and the use of different pneumococcus strains
expressing other clades of PspA for investigating the cross-reactive
antibodies responses. Further studies in the future can focus on
other epitope-based fusion constructs consisting of promising
immunogenic antigen candidates for achieving more robust

immune response and protection.
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Corynebacterium bovis
infection after autologous
fat grafting in breast
augmentation: a case report

Xin You', Yao Yao', JianHua Gao and YunJun Liao*

Department of Plastic and Cosmetic Surgery, Nanfang Hospital, Southern Medical University, Guang
Zhou, Guang Dong, China

In this report, we present a case study of a rare human bacterium,
Corynebacterium bovis, which caused an infection in a patient who had
undergone autologous fat-based breast augmentation using cryopreserved fat.
This infection occurred during a secondary fat grafting procedure. To identify the
bacteria causing the infection, we used high-throughput DNA sequencing
technology since this bacterium is seldomly reported in human infections. The
patient was successfully treated with intravenous imipenem. We also discuss
potential factors that may have contributed to this unusual bacterial infection and
propose that DNA sequencing can be a useful tool in cases where standard
culture techniques fail to identify the causative agent. Additionally, we highlight
the importance of further research on the cryopreservation of fat. In summary,
this case highlights the possibility of rare bacterial infections occurring after fat
grafting procedures and emphasizes the importance of identifying the causative
agent through advanced techniques such as DNA sequencing. Further research
is needed to improve our understanding of the risks associated with
cryopreservation of fat and to identify ways to prevent these types of
infections in the future.

KEYWORDS

fat graft, breast augmentation, Corynebacterium bovis, high-throughput DNA
sequencing, bacterial infection

Introduction

Breast augmentation through autologous fat-only grafting is a common procedure in
the fields of plastic and aesthetic surgery. However, postoperative infections can occur and
may lead to unsatisfactory results, including implant loss, breast deformation, and in rare
cases, systemic infections (Groen et al., 2016; Orholt et al., 2020). Corynebacterium bovis, a
bacterium typically associated with bovine mastitis (Ajitkumar et al., 2012), has only been
reported to cause rare infections in humans, with only 14 documented cases to date. These
cases encompass a range of conditions, such as line-related sepsis, ventriculi jugular shunt
nephritis, meningitis, leg ulcer, chronic otitis media, epidural abscess, keratitis, chronic

189 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fcimb.2023.1265872/full
https://www.frontiersin.org/articles/10.3389/fcimb.2023.1265872/full
https://www.frontiersin.org/articles/10.3389/fcimb.2023.1265872/full
https://www.frontiersin.org/articles/10.3389/fcimb.2023.1265872/full
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fcimb.2023.1265872&domain=pdf&date_stamp=2023-12-08
mailto:yunjun1000@sina.com
https://doi.org/10.3389/fcimb.2023.1265872
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#editorial-board
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#editorial-board
https://doi.org/10.3389/fcimb.2023.1265872
https://www.frontiersin.org/journals/cellular-and-infection-microbiology

You et al.

conjunctivitis, shoulder prosthetic joint infection, and infectious
endocarditis ( ; ;
).

Here, we present that a case of a patient who developed a C.

> > >

bovis infection after autologous fat-only breast augmentation and
describes the treatment process, as well as a discussion of possible
causes of the infection. The infection was noted following
asecondary fat grafting with cryopreserved fat from the initial
operation, highlighting the potential risk of cryopreservation in
the transmission of bacteria. To our knowledge, this marks the first
reported case of C. bovis infection in the context of human fat
breast augmentation.

In this paper, we delineate the treatment process for this
uncommon infection and delve into potential sources of the
infection, encompassing aspects like cryopreservation and the
utilization of contaminated instruments during the surgical
procedure. Furthermore, we propose the potential use of DNA
sequencing to identify the causative organism in culture-negative
infections. Our findings highlight the importance of considering
rare bacterial species as potential pathogens in postoperative
infections and suggest the need for further investigation into the
safety of cryopreservation in fat grafting procedures.

In May 2022, a 46-year-old female patient underwent thigh
liposuction and subsequently fat breast augmentation. The
liposuction procedure utilized a 3-mm multiport cannula, which
incorporated several 1 mm sharp side holes and operated at a
suction pressure of -0.75 atm. The duration of the procedure was

FIGURE 1

10.3389/fcimb.2023.1265872

approximately one hour, and the extracted fat was subsequently
subjected to centrifugation at 1200 g for 3 minutes to produce
Coleman fat. A total volume of 800ml of Coleman fat was prepared,
with 300ml of Coleman fat being administered to each breast for
augmentation purposes. The remaining fat was cryopreserved at
-18°C without the inclusion of a cryoprotectant solution. The
patient did not exhibit any discernible symptoms of fever or
infection following the initial liposuction and lipofilling operations.

One month after post-breast augmentation surgery, the patient
underwent a second procedure using residual fat due to
dissatisfaction with the initial outcome. The total filling volume
was 175ml, with 75ml in the left breast and 100ml in the
right breast.

Following the second procedure, the patient experienced
localized redness and swelling at both filling ports, along with
breast pain and swelling. Despite treatment with prednisone and
antibiotics, the symptoms persisted and worsened over time,
leading to referral to our hospital. Despite the absence of
indications of systemic inflammation, notable symptoms of
localized inflammation were observed, including swelling and
pain in both breasts, along with local erythema and the discharge
). Breast
ultrasound detected the presence of multiple areas with no echo

of purulent exudate from the injection port (

in both mammary glands, with the largest measuring 2.2 x 1.9 cm.
Further MRI results revealed the existence of numerous adipose
nodules at varying levels. Additionally, circular anomalous signal
shadows, measuring approximately 2.0 x 2.0 x 1.4 cm, were visible
in the lower quadrant of the right breast, indicative of infection and
).

To determine the causative agents, we employed high-

abscess formation (

throughput DNA sequencing technology. High-throughput DNA

The preoperative photo of the breast, exhibited the existence of edema and indications of localized inflammation at the injection port
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FIGURE 2

The preoperative photos of MRI images, revealed the presence of a circular abnormality measuring 2.0 x 2.0 x 1.4 cm in the right breast

(white arrow)

sequencing is a non-culture-based technique that enables direct

nucleic acid sequencing of clinical samples, enabling the
identification, tracing, detection, and typing of infectious
pathogens through database comparison. Sample was extracted
from the purulent exudate of the injection port and sent for
sequencing. The sequencing analysis yielded a total of twelve
bacterial sequences, while no evidence of fungi, viruses, parasites,
or other pathogens was detected. Upon comparison with the
database, all the bacterial sequences were confirmed as C. bovis.
Due to the absence of residual fat, pathogenic testing was
not possible.

To address the source of infection, we investigated the
sterilization process and storage container that the residual fat
was stored in. The sterilization process was performed in
accordance with standard clinical procedures, and the storage

container was a sterile polypropylene container. However, the fat

FIGURE 3
The photo of final
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was cryopreserved at -18°C without the inclusion of a
cryoprotectant solution. Cryopreservation has been shown to
cause damage to cell membranes and could result in bacterial
contamination due to the formation of ice crystals, which could
facilitate bacterial entry into the cells.

), after
undergoing debridement surgery, the patient was administered

In line with previous literature (

intravenous imipenem for a duration of one week in order to
alleviate the breast infection. The turnaround time for the DNA
sequencing test was five days. During the test, the patient was
administered ceftriaxone and cefuroxime. Upon confirmation of the
C. bovis infection, the patient was switched to imipenem. After the
eight-week follow-up, no discernible clinical or laboratory
indications of infection were detected, and the previously present
)-
The MRI findings at 3 months after the operation indicated a

B .

local redness and swelling in the left breast had resolved (

clinical outcome, signs of local redness and swelling resolved
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notable decrease in the size of the infection site as compared to the
earlier one (Figure 4).

Discussion

Autologous fat grafting for breast augmentation is a common
procedure in cosmetic surgery, but it can lead to various
complications such as pain, hematoma formation, oil cyst
development. Another challenge is that fat grafting has a high
absorption rate and unstable volume retention rate. This can lead to
unsatisfactory results, necessitating additional injections. To avoid
multiple procedures, adipose tissue can be cryopreserved for future
injections. However, there is no universally accepted technique for
cryopreserving fat, although evidence suggests that an effective and
appropriate cryopreservation method can maintain cellular activity
and function (Gal and Pu, 2020).

Unfortunately, the patient in this case developed a C. bovis
infection after the second injection of cryopreserved fat, which was
suspected to be the source of infection. The infection’s likely cause
was the use of cryopreserved fat harvested during the initial
procedure and stored for four weeks before reinjection. The
cryopreservation process involved slowly cooling the adipose
tissue to -30°C before storing it in a refrigerator at the same
temperature without any protective agent added to the fat. This
creates an environment that may promote bacterial growth, as
cryopreservation typically involves slowing down metabolic
processes but does not completely eliminate the presence of
microorganisms. Cryoprotective agents can be added to protect
cells from the damaging effects of ice crystal formation during
freezing. However, the subsequent removal of the protective agent
can be challenging, requiring repeated cleaning, and increasing the
risk of contamination and infection. To mitigate this risk, it’s crucial
to implement proper protocols for cryopreservation, ensuring that
the storage temperature and conditions are not conducive to
microbial proliferation. Moreover, the use of sterile, well-sealed
containers can reduce the risk of contamination during storage.

Moreover, there is also a possibility of infection during the
supplemental injection process. Anytime a needle is inserted into
the skin, there is a risk of introducing bacteria or other harmful

10.3389/fcimb.2023.1265872

pathogens into the body. Proper sterilization and disinfection of all
equipment and the surgical field are vital to minimize this risk. The
surgical team should adhere to stringent aseptic techniques and
ensure that all equipment, including needles, syringes, and other
instruments, are sterile. Although not analyzed in this particular
case, the storage container and the sterilization process for residual
fat should not be overlooked. The choice of storage containers can
impact the integrity of the adipose tissue and the risk of
contamination. Sterilization methods for equipment used during
fat processing and storage should be thoroughly validated to ensure
their effectiveness in eliminating microbial contaminants.
Evaluating the container materials and sterilization procedures as
potential sources of infection should be a part of comprehensive
quality control measures in fat grafting procedures.

Regarding the DNA testing, the authors used fluid from the
pocket for analysis. The absence of residual fat in the patient
prevented pathogenic testing. The authors utilized high-
throughput sequencing technology, which presents a unique
advantage as it enables direct nucleic acid detection in clinical
samples and subsequent comparison with an established database.
For instance, Achermann et al. (2009) identified C. bovis as the
pathogen by sequencing the 16S rRNA gene and comparing it with
the gene database. The turnaround time for this DNA testing was
five days. The turnaround time for the DNA sequencing test was
five days. During the test, the patient was administered ceftriaxone
and cefuroxime. Upon confirmation of the C. bovis infection, the
patient was switched to imipenem.

C. bovis is a Gram-positive, facultatively anaerobic bacterium
that is known to cause infrequent infections in humans. The
etiology of C. bovis infection is often associated with traumatic
injury or the introduction of exogenous medical devices. For
example, Vale et al (Vale and Scott, 1977). found that out of a
case series of six patients with C. bovis infections, two were
associated with traumatic injury and two with the implantation of
heart valves. In addition, Dalal et al. (2008) reported on an 84-year-
old female who acquired a C. bovis infection through a peripherally
inserted central catheter (PICC) following a cerebrovascular
accident. Contact with contaminated cows or their products has
also been identified as a possible source of C. bovis infection. For
instance, Elsheikh et al. (2021) documented a case of persistent

FIGURE 4

The photos of MRl images at 3 months after surgery, revealed the lesion is significantly smaller than before (white arrow).
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bacterial keratitis, where the patient had recent cattle contact,
suggesting that hand-to-eye contact with infected cattle was the
likely mode of transmission. Similarly, Achermann et al. (2009)
described a case of shoulder prosthetic joint infection, where the
author postulated that the infection may have been due to
contaminated milk or the patient’s own skin flora.

This study reports the initial occurrence of C. bovis infection in
a fat breast augmentation case. The etiology of the infection remains
undetermined. The patient denied any exposure to livestock or
contaminated cattle products and had no history of breast trauma.
The preoperative evaluation revealed no signs of HIV infection or
other forms of immunosuppression. Overall, our findings highlight
the importance of considering unusual pathogens and performing
comprehensive diagnostic workups when facing culture-negative
infections. While traditional culture techniques remain the standard
of care for identifying bacterial pathogens, the use of high-
throughput sequencing technology can provide valuable
information in cases of suspected unusual infections, enabling
more targeted antibiotic treatment and potentially preventing
future infections. High-throughput DNA sequencing, despite its
numerous benefits in microbiology and infectious disease diagnosis,
comes with several notable limitations. Firstly, its cost remains
relatively high compared to traditional culture methods, limiting its
adoption in resource-limited settings. The technique is also
complex and requires specialized expertise in molecular biology
and bioinformatics, which may hinder its widespread use.
Turnaround time can be an issue, as it can still take hours to days
to obtain results. Furthermore, the technology’s sensitivity can lead
to false positives, and data interpretation is challenging due to the
vast amount of information generated. Sample quality and
preparation are crucial, and not all healthcare facilities have
access to this technology. Ethical and legal concerns, particularly
regarding patient privacy and data security, can also arise. Despite
these limitations, ongoing advancements may address some of these
issues, and high-throughput sequencing continues to hold promise
for the future of infectious disease diagnosis.

Conclusion

In conclusion, autologous fat grafting remains a popular
cosmetic procedure despite the associated risks of complications.
Our case report highlights the potential risks of using cryopreserved
fat-derived products, which may increase the risk of infection and
adipocyte necrosis. Furthermore, it underscores the importance of
thorough preoperative evaluation and postoperative monitoring for
early identification and treatment of complications. Finally, the use
of high-throughput sequencing technology can be a valuable tool in
diagnosing culture-negative infections and guiding antibiotic
treatment. Further studies are needed to investigate the safety and
efficacy of cryopreservation techniques for autologous fat grafting
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and to identify additional measures to prevent infections in
cosmetic procedures.
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