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Editorial

Novel Antiviral Agents: Synthesis, Molecular Modelling
Studies and Biological Investigation
Simone Brogi 1,2

1 Department of Pharmacy, University of Pisa, Via Bonanno 6, 56126 Pisa, Italy; simone.brogi@unipi.it
2 Bioinformatics Research Center, School of Pharmacy and Pharmaceutical Sciences, Isfahan University of

Medical Sciences, Isfahan 81746-73461, Iran

Representing more than 20% of all deaths occurring worldwide, infectious diseases
remain one of the main factors in both human and animal morbidity and mortality. Approx-
imately one-third of these deaths are attributable to viruses. Accordingly, over the past two
decades, emerging and re-emerging viral agents, including the most recent SARS-CoV-2
and related coronaviruses (SARS and MERS), enteroviruses, Zika virus (ZIKV), and avian
influenza A (H5N1, H1N1, and H7N9) viruses, have posed serious dangers to public health.
Therefore, it is critical to identify novel antiviral drugs, vaccines, therapeutic strategies
primarily based on the repurposing of marketed drugs, and early diagnostic and preven-
tion strategies, considering the likelihood of future outbreaks. Recently, the World Health
Organization (WHO) released a list of pathogens that could cause future pandemics and
outbreaks. This list includes several viruses such as SARS-CoV-2 (COVID-19), Lassa fever,
Ebola virus disease, Crimean-Congo hemorrhagic fever, Marburg virus disease, Middle
East respiratory syndrome (MERS) and severe acute respiratory syndrome (SARS), ZIKV,
Rift Valley fever, Nipah and henipaviral diseases, and Disease X. Furthermore, the WHO
recommended that the scientific community invest in research to develop tests, treatments,
and vaccines for the next outbreak [1].

In this case, computational techniques, such as cutting-edge machine learning methods,
may speed up the development of efficient antivirals and therapeutic approaches. For this
purpose, in July 2022, a Special Issue entitled “Novel Antiviral Agents: Synthesis, Molecular
Modelling Studies and Biological Investigation” was launched, attracting the attention of
researchers in the field. In this Special Issue, 15 papers on the development of antiviral
agents against different types of clinically relevant viruses are published and in particular,
12 original research articles, 2 communication articles, and 1 review article are included.
Accordingly, in this editorial article, we analyze and discuss the published papers, grouping
them according to the research topic.

Starting from the studies conducted to identify possible antiviral agents against
SARS-CoV-2 and related coronavirus species, Varbanov and coworkers synthesized and
evaluated a series of antimicrobial diterenoids as possible anti-coronavirus agents. In
particular, the authors synthesized a series of (+)-ferruginol derivatives using the abi-
etane diterpene as a starting point because of its pharmacological profile, including its
antimicrobial and, most importantly, antiviral activities. Compound C18-functionalized
semisynthetic abietanes were synthesized from readily available methyl dehydroabietate
and (+)-dehydroabietylamine. The resulting compounds were then computationally evalu-
ated to assess the ADMET profile and select the most interesting derivatives for in vitro
tests. Among the synthesized compounds, following the in silico indications, the authors
selected eight compounds to evaluate their antiviral profile against human coronavirus
229E (HCoV-229E, PHE/NCPV-0310051v). The virus was established in the MRC-5 cell
line, and its titers were determined as 50% infectious doses in the cell culture (CCID50/mL).
Interestingly, two novel ferruginol analogs inhibited a cytopathic effect and significantly
decreased viral titers. Notably, the bioactive compounds showed an interesting ADMET
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profile that encourages further research to evaluate possible activities in closely related
virus families because they could have a broad range of antiviral effects [2]. Possible anti-
SARS-CoV-2 agents were identified by Zhang and collaborators using artificial intelligence.
In particular, to improve the performance of the transfer learning model for identifying
SARS-CoV-2 Mpro inhibitors, the researchers adopted a data augmentation technique.
On an external test set, this approach, based on a deep learning technique, appeared to
perform better than Chemprop, random forest, and graph convolutional neural network.
Using the developed computer-based model, naturally and de novo produced compound
libraries were screened. As screening results, by combining this method with other in
silico analyses (e.g., molecular docking and PAINS evaluation), twenty-seven molecules
were submitted to biological evaluation to confirm anti-Mpro activity. Gossypol acetic
acid and hyperoside, two of the selected computational hit compounds, both exhibited
inhibitory activity against SARS-CoV-2 Mpro (gossypol acetic acid IC50 = 67.6 µM; hypero-
side IC50 = 235.8 µM). Despite having micromolar potency, these two compounds provide
useful scaffolds for future drug optimization in the fight against COVID-19. Accordingly,
the findings of this study may offer a useful method for identifying lead compounds to
develop anti-SARS-CoV-2 and other coronavirus agents. Remarkably, artificial intelligence
in drug discovery is increasingly being used, considering the significant advantages in
lowering the costs and time associated with drug research and the development trajectory,
particularly for emerging diseases [3]. Hassan and colleagues used a combined approach
that coupled computer-based and experimental methods to identify potential TMPRSS2
inhibitors. This approach is very interesting because, considering that host proteases are
necessary for coronaviruses to facilitate the entry of the virus into host cells, targeting
the conserved host-based entry process, as opposed to the viral proteins that are con-
stantly changing, may have advantages. Camostat and nafamostat have been identified
as TMPRSS2 inhibitors, showing irreversible binding to the target protein. Considering
the chemical structure of nafamostat, the researchers rationally designed a small series
of related rigid analogs that were evaluated in silico using a molecular docking study
employing the experimentally solved structure of TMPRSS2 (PDB: 7MEQ). The computer-
based evaluation provided the compounds to be prioritized for synthesis. Accordingly, six
of the best predicted molecules were synthesized using pentamidine as a starting point
and experimentally validated in vitro. Four of them showed some bioactivities. Two
compounds effectively inhibited TMPRSS2 in the micromolar range, but they showed
modest activity in cell-based assays. Interestingly, although one compound did not show
appreciable inhibitory activity against TMPRSS2, it exhibited possible cellular activity in a
low micromolar range (IC50 = 10.87 µM) in inhibiting the fusion of membranes, indicating
that another molecular target may be responsible for its effect. Overall, the results of this
investigation provided hit compounds that might be used as a basis for the discovery of
novel viral entry inhibitors with potential usage against coronaviruses [4]. Mohammad
and colleagues developed a virtual screening protocol for identifying possible antiviral
agents targeting SARS-CoV-2 NSP3 macrodomain-1, which plays a crucial role in viruses’
attack on the innate immune system. The authors virtually screened, against the mentioned
target, a library of natural compounds using different computer-based techniques such as
molecular dynamic (MD) simulations (100 ns) coupled to the MM/GBSA calculation for
estimating binding free energies. Among the screened compounds, the authors identified
two promising hit compounds (3,5,7,4′-tetrahydroxyflavanone 3′-(4-hydroxybenzoic acid)
and 2-hydroxy-3-O-beta-glucopyranosyl-benzoic acid), showing a stable binding mode
within the SARS-CoV-2 NSP3 macrodomain-1 binding site, with significant binding affinity
(molecule A ∆Gbind =−61.98± 0.9 kcal/mol; molecule B ∆Gbind =−45.125± 2.8 kcal/mol).
To confirm the predicted activity of the selected drugs, computational bioactivity evaluation
and dissociation constant (KD) measurements were performed for both complexes. The
findings highlighted that these two potential antivirals could block SARS-CoV-2 NSP3
macrodomain-1 functions, thereby directly boosting the host’s immune response [5]. Fi-
nally, in an article featuring communications, Nydegger and coworkers described the
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application of microscale thermophoresis (MST) as a reliable binding assay to be employed
in coronavirus drug discovery. This article is important because considering that new
SARS-CoV-2 mutations keep surfacing as the COVID-19 epidemic spreads, the necessity is
emerging of creating efficient methods to research such variants, as well as the emergence of
future potential coronaviruses. This approach could be helpful in the development of novel
antivirals. The researchers applied MST in three different types of tests: (a) binding of the
SARS-CoV-2 spike receptor binding domain (RBD) to the host target ACE2; (b) binding of
RBD to ACE2 in complex with the amino acid transporter SLC6A20/SIT1 and the mutated
rs61731475 (I529V); and (c) binding of peptide-based agents to RBD as an approach to
preclude virus entry. The findings showed that MST is an extremely accurate method for
investigating protein–ligand and/or protein–protein interactions in anti-coronavirus drug
discovery, indicating that it is a perfect technique for examining viral variations to develop
effective antivirals. Furthermore, the MST approach can be used to examine whether or
not membrane proteins are expressed in intracellular membranes. Notably, the strategy
outlined in this study could be applied to different coronaviruses, including novel viral
variants [6].

Dengue virus (DENV), which has a high global incidence of infections, causes dengue,
an acute febrile illness. No medication is currently available for the treatment of this
disease. Accordingly, Garcia-Ariza and coworkers reported a virtual screening protocol for
identifying indole-containing molecules from natural compounds able to inhibit the DENV
NS5 protein, evaluating its antiviral potential in vitro. To this end, using AutoDock Vina
software, molecular docking on NS5 was performed, and chemical agents with interesting
ADMET properties and pharmacological profile, assessed using the SwissADME web
server, were chosen. NS1 protein expression was measured to assess its preliminary
antiviral activity. Furthermore, NS5 production, utilizing the DENV-2 Huh-7 replicon using
ELISA, and the quantification of viral RNA, using RT-qPCR, were used to assess the impact
on viral genome replication and/or translation. The results of virtual screening identified
15 possible DENV NS5 inhibitors. Among them, the computational hit M78 exhibited a
strong effect on the lifecycle of the DENV-2 virus. Compound M78 tested at a concentration
of 50 µM reduced viral RNA (1.7 times), whereas NS5 protein expression was reduced
by 70%, indicating that the replication and/or translation of the viral genome is strongly
influenced by M78. Accordingly, studies of M78 function in NS5, pre-treatment activity, and
virucidal effects on additional Dengue serotypes and flaviviruses are highly desired [7].

Castro-Amarante and colleagues explored the potential anti-ZIKV effects of the C-
terminal region of the E protein (stem) from DENV. Notably, among flaviviruses, this
region is highly conserved; consequently, it is attractive for developing peptide-based
antiviral agents. Considering that the stem region of the ZIKV and DENV viruses share
this sequence, the purpose of the research was to assess the cross-inhibition of ZIKV by
the stem-based DV2 peptide (419–447), which has previously been demonstrated to inhibit
DENV serotypes. Because the stem regions of the DENV and ZIKV viruses are similar,
the researchers investigated whether the stem-based DV2 peptide (419–447), which has
been demonstrated to inhibit all DENV serotypes, may also inhibit ZIKV. To determine the
antiviral effect of the DV2 peptide against ZIKV, the researchers conducted in vitro and
in vivo experiments. Computer-based methods were used to explore the binding mode of
the DV2 peptide. The findings clearly indicated that the DV2 peptide was able to target
amino acid residues exposed on the surface of the ZIKV envelope (E) protein. The DV2
peptide effectively reduced ZIKV infectivity in the Vero cell line, but had no discernible
harmful effects on eukaryotic cells. Notably, the DV2 peptide also decreased mortality and
morbidity in mice severely infected with a ZIKV strain discovered in Brazil. Overall, the
findings of this work indicated that the DV2 peptide could be a promising agent for treating
ZIKV infections, possibly preventing or reducing neurological impairment in neonates
linked to infection in pregnant women. Moreover, this work provided indications for
developing anti-flavivirus drugs from synthetic stem-based peptides [8].
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Scior and collaborators focused their work on the discovery of possible antiviral
agents against the human influenza A virus. The researchers developed a computer-based
protocol to virtually screen a commercial chemical library containing 660,961 chemical
entities against the drug target of human influenza A virus, neuroaminidase (viral strain
A/Vietnam/1203/2004; H5N1). By applying a series of sequential filters, such as molecular
fingerprints, pharmacophore modeling, molecular docking, and ADMET profile prediction,
virtual screening was performed, taking into account several reference compounds for
neuroaminidase (natural substrate sialic acid, substrate-like DANA, known antivirals
such as peramivir, laninamivir, zanamivir, and oseltamivir). Notably, prior to use, all
computational filtering tools underwent validation. Two of the top compounds currently
have successful patent filings. Accordingly, the identified lead compounds could be used
for further optimization to develop more focused ligands that act as antivirals against the
human influenza A virus [9].

Next, two works published within this Special Issue involved the human immunodefi-
ciency virus (HIV-1) to identify possible anti-HIV agents. In particular, Alvarez-Rivera and
coworkers described the characterization of a bioactive extract polysaccharide peptide (PSP)
from Coriolus versicolor by quantitative proteomic analysis. In THP1 monocytic cells, PSP
showed anti-HIV replicative capabilities, although the antiviral mechanism were not eluci-
dated. Accordingly, the researchers explored the possible mechanisms by which PSP exerts
an anti-HIV profile. In this particular article, the authors investigated the involvement of
PKR and IRE1α in the phosphorylation of cofilin-1 and their HIV-1-restriction functions
in THP1. The infected supernatant was used to evaluate the HIV-1 p24 antigen to assess
PSP’s potential for restriction. Immunoblots were used to test the biomarkers PKR, IRE1α,
and cofilin-1, and proteome biomarkers were validated using RT-qPCR. Furthermore, West-
ern blot analysis was performed to confirm viral entrance and cofilin-1 phosphorylation
using PKR/IRE1 inhibitors. The results demonstrated that treatment with the bioactive
peptide PSP reduced viral infectivity, indicating that cofilin-1 phosphorylation and viral
limitation were controlled by PKR and IRE1, which is reflected in the early entrance phase.
Accordingly, new molecular insights into how UPR, IFN-IP, and cytoskeletal events interact
are provided by the current study. Interestingly, the information presented in the article
suggested that PSP may be utilized as a natural alternative to stop HIV-1 entrance [10]. In a
communication article authored by Zhu and collaborators, the mechanism of the molecu-
lar recognition of the HIV-1 gp120 V3 loop by the coreceptor CXC chemokine receptor 4
(CXCR4) was investigated using a construct containing the V3 loop (full-length). It has been
established that when HIV-1 enters a cell, one of its main coreceptors, CXCR4, is recognized
by the virus through the third variable loop (V3 loop) of the HIV-1 envelope glycoprotein,
gp120. In this study, a disulfide bond was used to covalently connect two ends of the V3
loop, creating a constrained cyclic peptide. Furthermore, an all-D-amino acid analog of
the L-V3 loop peptide was created to test the impact of the altered conformation of the
side-chains of the peptide on CXCR4 recognition. Similar binding recognition was shown
for both of these cyclic L- and D-V3 loop peptides to the CXCR4 receptor, but not to the
CCR5 receptor, indicating their selective interactions with CXCR4. Computational studies
have highlighted that numerous negatively charged Asp and Glu residues on CXCR4
play crucial roles, likely through electrostatic interactions with the positively charged Arg
residues found in these peptides. These findings confirm the flexibility of the HIV-1 gp120
V3 loop-CXCR4 interface for ligands of various chiralities, which may be important for the
virus’s capacity to maintain coreceptor recognition despite mutations at the V3 loop. The
discovery of D-amino acid accommodation by the CXCR4 ligand-binding surface paves
the way for the creation of more stable D-peptide analogs for antiviral use [11].

The foot-and-mouth disease virus (FMDV), a (+)-ssRNA virus that belongs to the Picor-
naviridae family, represents a commercially significant pathogen that affects livestock with
cloven hooves. Theerawatanasirikul and coworkers utilized a computer-based approach to
identify possible inhibitors of FMDV RNA-dependent RNA polymerase (RdRp) (3Dpol).
The authors evaluated 5596 compounds in silico using a blind docking approach against
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3Dpol, and selected 21 compounds with satisfactory predicted binding affinity. The selected
computational hits were tested in vitro, and four compounds (NSC65850, NSC670283 (spiro
compound), NSC217697 (quinoline), and NSC292567 (nigericin)) exhibited dose-dependent
antiviral effects in vitro (BHK-21 cell-based test), showing an EC50 ranging from 0.78 to
3.49 µM. Notably, without affecting FMDV’s primary protease, 3Cpro, these substances
were able to strongly inhibit FMDV 3Dpol activity in the cell-based 3Dpol inhibition ex-
periment with significant IC50 values ranging from 0.8 nM to 0.22 µM. The drugs’ 3Dpol
inhibitory activities were dose dependently commensurate with the reduced viral load
and generation of (−)-ssRNA. Finally, the authors have discovered possible FMDV 3Dpol
inhibitors that bind to the active areas of the enzyme and could prevent viral multiplication.
These substances may be helpful in the treatment of FMDV and other picornaviruses [12].

The lack of therapeutic options for clinical isolates of carbapenem-resistant Pseu-
domonas aeruginosa (CRPA) necessitates the development of novel therapeutic approaches.
Accordingly, Mabrouk and colleagues characterized and evaluated two locally isolated
phages in a hydrogel formulation in vitro and in vivo and directed them against CRPA clin-
ical isolates. Both phages were examined using phenotypic, genomic, in vitro, and rat mod-
els of cutaneous thermal damage caused by Pseudomonas aeruginosa. The two siphoviruses,
vB_Pae_SMP1 and vB_Pae_SMP5, are members of the Caudovirectes class. Each phage
showed an icosahedral head measuring 60 ± 5 nm and a flexible, non-contractile tail mea-
suring 170± 5 nm, with the exception of vB_Pae_SMP5, which had an extra base plate with
a 35 nm fiber visible at the tail’s end. The phage lysate from CRPA propagation was com-
bined with 5% w/v carboxymethylcellulose (CMC), which has a spreadability coefficient of
25 and a titer of 108 PFU/mL, to prepare the hydrogel. In the groups treated with Phage
vB_Pae_SMP1, vB_Pae_SMP5, or a two-phage cocktail, hydrogel cellular subepidermal
granulation tissues with remarkable records of fibroblastic activity and mixed inflammatory
cell infiltrates were present. These tissues also showed records of 17.2%, 25.8%, and 22.2%
dermal mature collagen fibers. Overall, phage vB_Pae_SMP1 or vB_Pae_SMP5, or the
two-phage cocktails made into hydrogels, were effective at controlling CRPA infection in
burn wounds and promoting healing at the injury site, as shown by histological inspection
and a reduction in animal death rate. Thus, each phage lysate or the two-phage cocktail
created as a hydrogel is a useful topical recipe to utilize in burn wounds after severe CRPA
infections. To ensure that the corresponding phage hydrogels are appropriate for clinical
use in humans, more clinical investigations should be conducted [13].

Fabrizi and colleagues described the possible use of pan-genotypic antivirals to treat
hepatitis C virus (HCV) in chronic kidney disease. It is well-established that patients
with chronic renal disease (CKD) often contract HCV. Recent research has shown that
adult populations with chronic HCV are at increased risk of developing CKD. A rela-
tionship between positive anti-HCV serologic status and an elevated incidence of CKD
was shown by combining the findings of longitudinal research (n = 2,299,134 distinct in-
dividuals) in a systematic review with a meta-analysis of clinical investigations (overall
adjusted HR estimated was 1.54 (95% CI, 1.26–1.87), p = 0.0001). Furthermore, accord-
ing to new guidelines, pan-genotypic medications, which are effective against all HCV
genotypes, should be used as the initial HCV therapy because they have the potential
to be both efficient and secure even in the presence of CKD. A paradigm shift in the
treatment of HCV infection has been brought about by the development of direct-acting
antiviral medications. The objective of the selected report was to present the most perti-
nent information regarding pan-genotypic direct-acting antiviral drugs in advanced CKD
(CKD stages 4 or 5). Accordingly, through computerized databases and the gray literature,
the authors gathered studies using several keywords (e.g., ‘Hepatitis C’ AND ‘Chronic
kidney disease’ AND ‘Pan-genotypic agents’). The results of this investigation showed
that glecaprevir/pibrentasvir (GLE/PIB) and sofosbuvir/velpatasvir (SOF/VEL) are the
two most significant pan-genotypic drug combinations for treating HCV in severe CKD.
GLE/PIB combined therapy in CKD stage 4/5 provided SVR12 rates ranging from 86%
to 99%, according to two clinical trials (EXPEDITION-4 and EXPEDITION-5) and other
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“real-world” studies (n = 6). Clinical trials (n = 1) and “real life” studies (n = 6) demonstrat-
ing the effectiveness of SOF/VEL were retrieved. The results showed that the SVR rate in
experiments using the SOF/VEL antiviral combination was 100%. In patients on SOF/VEL,
the dropout rate (caused by AEs) ranged from 0% to 4.8%. Although there are currently
few trials on this topic with small sample sizes, pan-genotypic drug combinations, such as
SOF/VEL and GLE/PIB, seem efficient and secure for treating HCV in progressed CKD.
Studies are being conducted to determine if effective antiviral treatment with direct-acting
antiviral drugs will result in improved survival in individuals with advanced CKD [14].

The WHO global eradication initiatives are aimed at eliminating poliovirus (PV),
the cause of poliomyelitis. Following the elimination of type 2 and 3 wild-type PVs,
vaccine-derived PV and type 1 wild-type PV, remain as an important threat to eradication.
Therefore, antivirals could be used to effectively control a possible outbreak; nonetheless,
no anti-PV medicines are available on the market. In this context, Arita and collaborators
developed a virtual screening of a chemical library of compounds present in edible plant
extracts (6032 extracts) to identify anti-PV agents. The results showed that anti-PV action
was discovered in extracts from seven distinct plant species. Chrysophanol and vanicoside
B (VCB) extracted from Rheum rhaponticum and Fallopia sachalinensis were identified as
promising anti-PV agents. VCB inhibited the activity of PI4KB in vitro (IC50 = 5.0 µM) while
targeted the host PI4KB/OSBP pathway for anti-PV action (EC50 = 9.2 µM). Furthermore,
additional studies are expected to confirm the antiviral potential of VCB. Although the
anti-PV activity was clearly specific to the PI4KB/OSBP pathway, we could not rule out
the possibility that the observed anti-PV activity was influenced by the off-target effect of
VCB (CC50 = 27 µM) that is reflected in a limited therapeutic window (total protection from
infection caused by PV1[Sabin 1] at 20 µM) [15].

Finally, in the last studies to be included in this Editorial article, Manna and collab-
orators presented a review article that explored the antiviral profile of various oxa- and
aza-heterocycles. The main goal of this review article was to explore the biological im-
portance, synthetic pathways, and antiviral activity of these ring structures. Furthermore,
the structure–activity relationship (SAR) of the selected molecules is presented, together
with a list of their key features, to create a useful framework for scientists in the field. The
synergistic findings are crucial for introducing innovative instruments for the next antiviral
drug discovery programs [16].

The Viruses Editorial staff, all the authors and co-authors for their significant contribu-
tions to this Special Issue, and all the reviewers for their work in evaluating the submissions
deserve my sincere gratitude as Guest Editor. The success of the research topic as a whole
was a result of all of these combined efforts. We hope that this subject will assist scientists
in the development of efficient antivirals and serve as a substantial source of knowledge
and inspiration for researchers and students. You may obtain this Special Issue for free
by visiting the following link: https://www.mdpi.com/journal/viruses/special_issues/
novelantiviral_agents.
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Abstract: The abietane diterpene (+)-ferruginol (1), like other natural and semisynthetic abietanes, is
distinguished for its interesting pharmacological properties such as antimicrobial activity, including
antiviral. In this study, selected C18-functionalized semisynthetic abietanes prepared from the
commercially available (+)-dehydroabietylamine or methyl dehydroabietate were tested in vitro
against human coronavirus 229E (HCoV-229E). As a result, a new ferruginol analogue caused a
relevant reduction in virus titer as well as the inhibition of a cytopathic effect. A toxicity prediction
based on in silico analysis was also performed as well as an estimation of bioavailability. This work
demonstrates the antimicrobial and specifically antiviral activity of two tested compounds, making
these molecules interesting for the development of new antivirals.

Keywords: antimicrobial; coronavirus; abietane; dehydroabietylamine; phenol; phthalimide

1. Introduction

Viral diseases are a significant global health problem with millions of infections
annually and insufficient antiviral drugs available. For viruses such as Zika (ZIKV), Ebola
(EBOV), and many others, there is no available explicit antiviral treatment currently [1].
These health problems have led to the (re)evaluating of traditional medical approaches
in order to focus on new molecules or new mechanisms of action. Therefore, naturally
based medicines may be appropriate alternatives for treating viral infections [2]. In fact,
about fifty percent of clinical anti-infective medications, of which one third are antiviral
drugs, include either natural products (NPs), molecules derived from NPs or inspired by
NP structures [3].

Viral respiratory diseases cause life-threatening infections in millions of patients
worldwide every year. Human coronaviruses (HCoVs) are accountable for steady epidemic
outbreaks, thus representing a global public health concern. HCoVs are enveloped, positive
single-stranded RNA viruses which provoke a large portion of upper and middle respira-
tory tract infections, such as cold, bronchitis, and pneumonia. Coronavirus infection can be
especially severe and fatal for newborns, young infants, the elderly, or immunosuppressed
people [4].

The COVID-19 pandemic caused by SARS-CoV-2 has infected more than 700 million
people and caused nearly seven million deaths [5]. At present, few antiviral drugs against
SARS-CoV-2 are in or close to clinical use. These include molnupiravir (Merck), and
Paxlovid (Pfizer). Paxlovid is a combination of the main viral protease Mpro (also known
as 3-chymotrypsin-like protease, 3C-like protease or 3CLpro) inhibitor nirmatrelvir (PF-
07321332) and ritonavir (a CYP3A4 inhibitor that slows down the clearance of nirma-
trelvir) [6]. The potential of drug–drug interactions from ritonavir, however, may limit
its use by many patients [7]. Additionally, it seems that the efficacy of the treatment with
molnupiravir is low since it requires a high intake of pills (40 in 5 days). Given the spread
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and severity of the disease, it is crucial to develop efficient treatments and rapidly available
solutions that can supplement active immunization efforts, which are still challenged by
high viral transmissibility, re-infection, and immune escape variants.

In 2021, Skaltsounis et al. [8] reviewed natural and nature-derived products targeting
human coronaviruses since their discovery in the 1960s, and realized the scarce research
on this subject. However, it is known that a number of diterpenes are potential antiviral
agents, including towards coronaviruses [9]. Very recently, Jantan et al. [10] have reviewed
the antiviral effects of a number of phytochemicals against SARS-CoV-2, including virtual
screening carried out over the last three years.

The abietane-type diterpenoids are naturally occurring compounds isolated from
plants of different families such as Araucariaceae, Cupressaceae, Phyllocladaceae, Pinaceae,
Podocarpaceae, Asteraceae, Celastraceae, Hydrocharitaceae, and Lamiaceae [11]. These metabo-
lites show an extensive range of promising pharmacological activities, including antimi-
crobial properties [11]. Several semisynthetic derivatives have also displayed interesting
pharmacological properties [12]. For example, natural (+)-ferruginol (1) and diacetate (2)
(3β,12-diacetoxyabieta-6,8,11,13-tetraene) have shown important anti-SARS-CoV activities
with a high cytopathogenic effect (CPE) reduction and effective replication inhibition (SARS-
CoV, EC50 = 1.39 and 1.57 µM, respectively, in Vero E6 cells) [13]. Wen et al. (2007) [13]
found that ferruginol (1) did not show inhibition for SARS-CoV 3CL protease (3CLpro),
a key target for antiviral drug design, below 100 µM; later, other researchers reported
significantly better inhibitory effects on 3CLpro (IC50 = 49.6 µM) [14]. Additionally, the
semisynthetic phthalimide ferruginol analogue 3 (Figure 1) has shown anti-dengue and
anti-herpes properties [15], and anti-Zika activity against Brazilian strains [16] as well as
anti-Zika and anti-chikungunya activities against Colombian strains [17]. Carnosic acid (4)
has displayed inhibitory effects on human immunodeficiency virus 1 (HIV-1) protease and
HIV-1 virus [18], and on human respiratory syncytial virus replication [19]. Its semisyn-
thetic analogue 5, however, demonstrated a better anti-herpes profile than carnosic acid
itself [20]. Semisynthetic dehydroabietinol acetate (6) showed mild anti-herpes activity [21].
In recent years, several C19-functionalized abietane-type acids, i.e., jiadifenoic acid C (7),
and its derivatives isolated from Illiciaceae plants (jiadifenoic acids from the roots of Illicium
jiadifengpi) have exhibited important anti-Coxsackie virus B activities [22].
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Based on this background of antimicrobial activities of abietane-type diterpenoids,
in this work, we have extended the knowledge of antiviral activities of several C18-
functionalized ferruginol analogues. The current research aimed to find potential molecules
to inhibit the old coronavirus associated infection as a model for broad-spectrum anticoron-
avirus agents. Thus, we report on the in vitro antiviral study of ferruginol (1), ferruginol
analogues 3 and 12–16 (Scheme 1) against human coronavirus 229E.

9



Viruses 2023, 15, 1342Viruses 2023, 15, x FOR PEER REVIEW 3 of 12 
 

 

 
Scheme 1. Synthetic sequence for the preparation of tested molecules 1, 3, and 12–16. 

2. Materials and Methods 
2.1. Chemistry: General Experimental Procedures 

Specific rotation was measured using a 10 cm cell in a Jasco P-2000 polarimeter in 
DCM. NMR data were collected on a 300 MHz spectrometer. All spectra were recorded in 
CDCl3 as solvent. Reactions were monitored by TLC using Merck silica gel 60 F254 (0.25 
mm-thick) plates. Compounds on TLC plates were visualized under UV light at 254 nm 
and by immersion in a 10% sulfuric acid solution and heating with a heat gun. Purifica-
tions were performed by flash chromatography on Merck silica gel (230–400 mesh). Com-
mercial reagent grade solvents and chemicals were used as purchased. Combined organic 
extracts were washed with brine, dried over anhydrous MgSO4, filtered, and concentrated 
under reduced pressure. 

(+)-Dehydroabietylamine (ca. 60%) was purchased from Aldrich (Saint Louis, MO, 
USA) and (−)-abietic acid >70% from TCI Europe (Zwijndrecht, Belgium). Carbon num-
bering of compounds matched to that of natural products. All known compounds pre-
pared in this work displayed spectroscopic data in agreement with the reported data 
[17,23–25]. Purity of final compound was 95% or higher. Copies of NMR spectra for new 
compounds 15 and 16 are available in the supplementary information. 

2.2. Synthesis 
18-Aminoferruginol or 12-hydroxydehydroabietylamine (14). 
To a stirred yellow suspension of phthalimide 10 (3.5 g, 7.4 mmol) [17] in ethanol (65 

mL) excess hydrazine monohydrate (50%, 2.8 mL, 44.4 mmol) was added, turning it to 
pink. Then, it was refluxed for 5 h. Then, without cooling, a white solid was filtered off 
and washed with fresh ethanol (3 × 20 mL). The filtrate was concentrated to give crude 
amino-phenol 14 (6.7 g). This crude solid was treated with 80 mL of aqueous 2 M NaOH 
and stirred for 2 h 30 min at 700 rpm. The resulting basic solution was neutralized with 
approx. 57.5 mL 10% HCl, and then extracted with dichloromethane (5 × 60 mL). The ex-
tract was dried over MgSO4 and concentrated to give 2.10 g (94%) of amino-phenol 14 as 

Scheme 1. Synthetic sequence for the preparation of tested molecules 1, 3, and 12–16.

2. Materials and Methods
2.1. Chemistry: General Experimental Procedures

Specific rotation was measured using a 10 cm cell in a Jasco P-2000 polarimeter in
DCM. NMR data were collected on a 300 MHz spectrometer. All spectra were recorded
in CDCl3 as solvent. Reactions were monitored by TLC using Merck silica gel 60 F254
(0.25 mm-thick) plates. Compounds on TLC plates were visualized under UV light at
254 nm and by immersion in a 10% sulfuric acid solution and heating with a heat gun.
Purifications were performed by flash chromatography on Merck silica gel (230–400 mesh).
Commercial reagent grade solvents and chemicals were used as purchased. Combined
organic extracts were washed with brine, dried over anhydrous MgSO4, filtered, and
concentrated under reduced pressure.

(+)-Dehydroabietylamine (ca. 60%) was purchased from Aldrich (Saint Louis, MO,
USA) and (−)-abietic acid >70% from TCI Europe (Zwijndrecht, Belgium). Carbon number-
ing of compounds matched to that of natural products. All known compounds prepared
in this work displayed spectroscopic data in agreement with the reported data [17,23–25].
Purity of final compound was 95% or higher. Copies of NMR spectra for new compounds
15 and 16 are available in the supplementary information.

2.2. Synthesis

18-Aminoferruginol or 12-hydroxydehydroabietylamine (14).
To a stirred yellow suspension of phthalimide 10 (3.5 g, 7.4 mmol) [17] in ethanol

(65 mL) excess hydrazine monohydrate (50%, 2.8 mL, 44.4 mmol) was added, turning it to
pink. Then, it was refluxed for 5 h. Then, without cooling, a white solid was filtered off
and washed with fresh ethanol (3 × 20 mL). The filtrate was concentrated to give crude
amino-phenol 14 (6.7 g). This crude solid was treated with 80 mL of aqueous 2 M NaOH
and stirred for 2 h 30 min at 700 rpm. The resulting basic solution was neutralized with
approx. 57.5 mL 10% HCl, and then extracted with dichloromethane (5 × 60 mL). The
extract was dried over MgSO4 and concentrated to give 2.10 g (94%) of amino-phenol 14 as
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a pale solid which was used without further purification with spectral data in agreement
with the reported data [23].

12-Hydroxy-N,N-(3-fluorophthaloyl)dehydroabietylamine (15).
A mixture of 3-fluorophthalic anhydride (120 mg, 0.73 mmol) and 12-hydroxydehydroa

bietylamine 14 (200 mg, 0.66 mmol) in AcOH (2.5 mL) was refluxed for 2.5 h, then cooled
to rt and 30 mL of water was added. The resulting solid was filtered off, washed with
water, and dried under vacuum to give compound 15 (150 mg, 50%) as a beige solid:
[α]20

D–20.5 (c 1.0, CH2Cl2); 1H NMR (300 MHz) δ 7.73–7.62 (2H, m), 7.35 (1H, t, J = 9.0),
6.86 (1H, s), 6.60 (1H, s), 3.67 (1H, d, J = 13.8), 3.49 (1H, d, J = 13.8), 3.10 (1H, sept., J = 6.9),
2.95–2.89 (2H, m), 2.28–2.10 (2H, m), 1.85–1.62 (3H, m), 1.52–1.30 (4H, m), 1.22 (3H, d,
J = 6.9), 1.22 (3H, s), 1.20 (3H, d, J = 6.9), 1.04 (3H, s); 13C NMR (75 MHz) δC 168.1 (d,
JC,F = 3), 165.9 (s), 157.4 (d, JC,F = 264), 150.6 (s), 148.2 (s), 136.4 (d, JC,F = 7.5), 134.2 (d,
JC,F = 1.5), 131.6 (s), 127.2 (s), 126.8 (d), 122.3 (d, JC,F = 20), 119.4 (d, JC,F = 4), 117.7 (d,
JC,F = 12), 110.5 (d), 49.0 (t), 45.1 (d), 39.4 (s), 38.1 (t), 37.5 (s), 36.9 (t), 29.3 (t), 26.8 (d),
25.7 (q), 22.7 (q), 22.6 (q), 19.5 (t), 19.1 (q), 18.5 (t); 19F NMR (282 MHz) δF − 113.0; HRMS
(ESI) m/z 450.2441 [M+1]+, calcd for C28H33FNO3: 450.2444; Anal. calcd. for C28H32FNO3:
C, 74.8; H, 7.2; N, 3.1; Found: C, 74.5; H, 7.3; N, 3.1.

12-Hydroxy-N,N-(4-fluorophthaloyl)dehydroabietylamine (16).
A mixture of 4-fluorophthalic anhydride (332 mg, 1.99 mmol) and 12-hydroxydehydroa

bietylamine 14 (305 mg, 1.01 mmol) in pyridine (2.5 mL) was heated at reflux for 4 h, then
cooled to rt and 15 mL of water was added, followed by extraction with diethyl ether
(5 × 6 mL). The combined extract was washed with 10% HCl (2 × 5 mL), water (2 × 5 mL)
and brine (5 mL), dried over MgSO4, and concentrated under vacuum. The resulting beige
foamy residue (360 mg) was purified by column chromatography eluting with n-hexane-
ethyl acetate 7:3 to give compound 16 (256 mg, 56%) as a pale oil which became a light beige
solid after trituration with n-hexane: [α]20

D–29.6 (c 1.0, CH2Cl2); 1H NMR (300 MHz) δ 7.81
(1H, dd, J = 8.1, 4.5), 7.48 (1H, dd, J = 7.2, 2.1), 7.35 (1H, ddd, J = 8.4, 8.4, 2.2), 6.86 (1H, s),
6.59 (1H, s), 4.58 (1H, s, OH), 3.67 (1H, d, J = 14.0), 3.50 (1H, d, J = 14.0), 3.10 (1H, sept.,
J = 6.9), 2.92–2.89 (2H, m), 2.24–2.06 (2H, m), 1.87–1.59 (4H, m), 1.52–1.30 (4H, m), 1.23 (3H,
d, J = 6.9), 1.21 (3H, d, J = 6.9), 1.21 (3H, s), 1.04 (3H, s); 13C NMR (75 MHz) δC 168.2 (s),
167.9 (d, JC,F = 3), 166.3 (d, JC,F = 255), 150.6 (s), 148.2 (s), 134.8 (d, JC,F = 9), 131.6 (s), 127.7
(d, JC,F = 3), 127.2 (s), 126.8 (d), 125.6 (d, JC,F = 10), 120.9 (d, JC,F = 24), 111.0 (d, JC,F = 25),
110.5 (d), 49.1 (t), 45.1 (d), 39.4 (s), 38.1 (t), 37.5 (s), 36.9 (t), 29.3 (t), 26.8 (d), 25.7 (q), 22.7 (q),
22.6 (q), 19.5 (t), 19.1 (q), 18.5 (t); 19F NMR (282 MHz) δF − 102.0; HRMS (ESI) m/z 450.2431
[M+1]+, calcd for C28H33FNO3: 450.2444; Anal. calcd. for C28H32FNO3: C, 74.8; H, 7.2; N,
3.1; Found: C, 74.4; H, 6.8; N, 2.9.

2.3. Anti-HCoV 229E Assay
2.3.1. Cell Culture and Virus

For virus production and for the antiviral assay MRC-5 human lung fibroblast were
used (ECACC, ref 05090501, Sigma-Merck, Saint Quentin, France). The cells were grown
in antibiotic-free Minimum Essential Medium (MEM, M4655, Sigma-Merck, Saint Quentin,
France) supplemented with 10% fetal calf serum (FCS, CVFSVF00-01, Eurobio, Les Ulis,
France), 2 mM glutamine (G7513, Sigma-Merck, France), 1 mM sodium pyruvate (SH30239.01,
Hyclone GE Healthcare, Logan, UT, USA), and 1 × MEM non-essential amino acids (11140-
035, Gibco Life Technologies) (i.e., growth medium) at 37 ◦C in 5% CO2. For the antiviral
assays the medium was supplemented only with 2% FCS (i.e., maintenance medium). The
cultures were maintained at 33 ◦C in humidified 5% CO2 atmosphere.

The human coronavirus HCoV 229E (PHE/NCPV 0310051v) was produced and quan-
tified in MRC-5 cells. Initial virus titers were calculated as 50% cell-culture infectious doses
(CCID50/mL), defined as the dilution of the virus required to infect 50% of the cell culture,
according to Reed and Muench (1938) [26]. All virus stocks were stored at −70 ◦C until
further use. The infectivity of the viral samples was titrated on 96-well microtiter plates
containing about 80% confluent MRC-5 cells. A volume of 100 µL of serial 10-fold dilutions
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of the virus from 10−1 to 10−3 in DMEM medium with 2% FCS was added to the MRC-5
cells, in 8 replicas. The infected cells were incubated at 33 ◦C in 5% CO2 for 6 days. The
appearance of cytopathogenic effect (CPE) was recorded daily.

The lyophilized compounds were dissolved at 50 mg/mL in DMSO (D8418, Sigma-
Merck, France) at room temperature. Stock solutions of compounds were kept at 4 ◦C
until used. The concentration of DMSO in biological assays was of 0.1%, including in
cell controls.

2.3.2. Cytotoxicity

For cytotoxicity evaluation, MRC-5 cells were seeded at 15 × 103 cells per well in
96-well tissue-culture plates. The DMSO-dissolved compounds were diluted in MEM
complete medium with 2% FCS. At 24 h after the seeding, a limited volume of 100 µL
of each compound were added to the cell monolayers at increasing concentrations (from
3.6–82.7 µM). The plates were then incubated for 72 h at 37 ◦C in a 5% CO2 atmosphere.
For assessment of the cell viability the MTT assay was used [27]. Percentages of survival
compared to control were calculated and the maximal concentration with no cytotoxic
effect was determined. The cytotoxicity assays were performed in triplicates. Values are
presented as means of these independent experiments.

2.3.3. Antiviral Assay

The antiviral activity of the compounds was evaluated using the reduction in the viral
titer and the reduction in the virus-induced cytopathogenic effect (CPE), characterized
mostly by extensive host cell death and degradation of the cell monolayer.

The cells were seeded in 96-well plates at 15,000 cells/well. After 24 h of incubation,
two different multiplicities of infection (MOI) of the virus (viral batch of 22 February 2021,
2.4 × 104 IP/mL) were evaluated, in cascade, with serial dilutions at 1/10 in the cell culture
medium (2% fetal calf serum) containing or not the compound to be tested (at 3 µg/mL
final concentration). Cell plates were emptied, then the cell monolayers were treated with
100 µL of the dilutions (one column per condition, n = 8). An untreated control and a
0.1% DMSO control were added to each plate. The plates were incubated at 33 ◦C for 72 h.
The cytopathic effect of the virus was evaluated by reading the plate under a microscope
(Zeiss, Rueil-Malmaison, France) and the viral titers were determined according to the
Reed and Muench method [26]. The plates were then stained with crystal violet and the
cytopathogenic effect of each well was calculated using a plate reader, measuring the optical
density of each well at 540 nm.

Wells were tested the same way for each assay, including control or blank (n = 8).
The test wells were assessed for the determination of viral CPE post-infection when cell
destruction of infected untreated cultures was at its maximum. The median tissue culture
infectious dose (TCID50) was determined, and titrations were performed in triplicate. Titres
were calculated as (TCID50)/mL. The antiviral assays were performed in triplicates. Classic
tissue culture infectious dose 50% (TCID50/mL) were performed in triplicates of a single
experiment.

2.4. In Silico Simulations
2.4.1. Calculation of Molecular Properties (Drug-Likeness)

The structures of tested compounds were manually drawn in ChemDraw Professional
15.0 software (PerkinElmer Informatics, Inc., Waltham, MA, USA), and the SMILES notation
was obtained for each molecule. To calculate the molecular polar surface area [28] and
the parameters of Lipinski’s rule of five (see Table 1) [29,30], the SMILES notation in
Molinspiration online 2023 software (available from https://www.molinspiration.com/cgi-
bin/properties, accessed on 27 January 2023, Molinspiration Cheminformatics, Slovensky
Grob, Slovak Republic, 2023, https://www.molinspiration.com) was employed.
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Table 1. Molecular properties (drug-likeness) by Molinspiration online software for compounds 1, 3
and 12–16 a,b.

Compound miLog P MW n-HBA n-HBD TPSA Lipinski’s Violation

1 6.41 286.46 1 1 20.23 1
3 7.08 431.58 4 1 59.30 1

12 5.24 302.46 2 2 40.46 1
13 4.33 316.44 3 2 57.53 0
14 4.67 301.47 2 3 46.25 0
15 6.88 449.57 4 1 59.30 1
16 6.25 449.57 4 1 59.30 1

Rule of five not >5 <500 not >10 not >5 1 violation allowed
a Values were calculated using Molinspiration Cheminformatics Online 2023 software (Molinspiration, accessed
on 27 January 2023, Slovensky Grob, Slovak Republic, 2023, http://www.molinspiration.com). b P = partition
coefficient; MW = molecular weight; n-HBA = number of hydrogen bond accepting groups; n-HBD = number of
hydrogen bond donating groups; TPSA = total polar surface area.

2.4.2. Toxicity Prediction (GUSAR)

Compounds 1, 3, and 12–16 were investigated for acute rat toxicity properties in silico
(see Table 2). The acute toxicity in rodent models of the tested compounds were predicted by
GUSAR [31]. The analysis was based on the quantitative neighborhoods of atom descriptors
and the prediction of activity spectra for substances algorithm. It correlates the results with
the SYMYX MDL toxicity database and further classifies the tested compounds according
to the Organization for Economic Co-operation and Development (OECD) manual.

Table 2. Acute rat toxicity prediction by GUSAR (on the Basis of PASS Prediction).

Acute Rat Toxicity Parameters

Compounds

1 3 12 13 14 15 16

Rat LD50 Values

Rat IP a LD50 (mg/kg) 0.00 1820.00 847.50 807.50 607.20 567.60 657.60

Rat IV b LD50 (mg/kg) 0.00 30.90 33.52 34.50 17.84 24.57 32.71

Rat Oral c LD50 (mg/kg) 0.00 1015.00 2175.00 2639.00 2167.00 1385.00 1429.00

Rat SC d LD50 (mg/kg) 0.00 400.80 602.90 295.00 882.00 227.30 420.30

Acute rodent toxicity classification of compounds by OECD project

Rat IP LD50 Classification Class 1 Non-toxic Class 5 Class 5 Class 5 Class 5 Class 5

Rat IV LD50 Classification Class 1 Class 1 Class 3 Class 3 Class 3 Class 3 Class 3

Rat Oral LD50 Classification Class 1 Class 4 Class 5 Class 5 Class 5 Class 4 Class 4

Rat SC LD50 Classification Class 1 Class 4 Class 4 Class 4 Class 4 Class 4 Class 4

a IP—Intraperitoneal route of administration b IV—Intravenous route of administration c Oral—Oral route of
administration d SC—Subcutaneous route of administration.

Toxic doses are expressed as median lethal dose, representing the dose of the com-
pound that is lethal to 50% of the experimental animals exposed to it. The LD50 values are
expressed as the weight of the chemical per unit of body weight (mg/kg). The compounds
were classified based on the toxicity scale used in the Gosselin, Smith and Hodge scale:
class 1 (LD50 ≤ 5 mg/kg) being super toxic, class 2 (5 < LD50 ≤ 50 mg/kg) being extremely
toxic, class 3 (50 < LD50 ≤ 500 mg/kg) being very toxic, class 4 (500 < LD50 ≤ 5000 mg/kg)
being moderately toxic, class 5 (5000 < LD50 ≤ 15,000 mg/kg) being slightly toxic, and
practically non-toxic compounds with LD50 > 15,000 mg/kg [32].

3. Results

The tested compounds 1, 3 and 12–14 are known and were obtained following syn-
thetic routes previously reported, as follows (see above Scheme 1): compounds 1 and
3 following our recently optimized conditions [17] through intermediate 10; meanwhile
compounds 12 and 13 where obtained from intermediate 11 [24]; for the synthesis of
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compound 14 (12-hydroxydehydroabietylamine) we optimized our previous work [23]
starting from 10, changing slightly the protocol to achieve a better yield. Compound
14 was the intermediate for novel compounds 15 and 16. In particular, compounds 1, 3
and 14–16 were obtained from commercially available (+)-dehydroabietylamine, which
by condensation with phthalic anhydride gives phthalimide 8 [17,25]. To make the C-12
phenolic moiety Friedel–Crafts and Baeyer–Villiger reactions were used (Scheme 1). Thus,
Friedel–Crafts acylation of 8 followed by Baeyer–Villiger oxidation gave acetate 10 [25],
which by mild basic methanolysis afforded ferruginol analogue 3 named 18-(phthalimid-2-
yl) ferruginol [17]. By contrast, the treatment with hydrazine of compound 10 furnished
phenol-amine 14 which served as an intermediate for the synthesis of (+)-ferruginol (1),
by deamination [23], and fluorinated phthalimides 15 and 16 by condensation with either
3-fluorophthalic anhydride or 4-fluorophthalic anhydride, respectively. Similarly, starting
from methyl dehydroabietate (9) [21], prepared from (−)-abietic acid by esterification and
aromatization with Pd/C catalyst, followed by Friedel–Crafts reaction and Baeyer–Villiger
oxidation, gave acetate 11 which was first converted into alcohol 12 by reduction with
LiAlH4, and then into keto-alcohol 13 in a three-step sequence [24].

The antiviral activities of the compounds were evaluated against a respiratory virus,
human coronavirus 229E (HCoV 229E). These compounds were investigated at different
concentrations depending on cytotoxicity (Figure 2). The antiviral of the compounds
against HCoV 229E were determined according to the Reed and Muench end-point dilution
method [26] and are shown in Figures 3 and 4 (see below). Three of the compounds
reduced the viral titer, with low to no cytotoxicity at 3 µg/mL (Figure 2). The compound
12 moderately reduced the viral titer with close to 0.5-log, while the compounds 14, 15
and 16 showed significant reduction in the viral titer with approximately 2-logs (Figure 3).
The analysis of the reduction in the viral-induced cytopathogenic effect (CPE) confirmed
the antiviral activity of compound 16 (at 3.0 µg/mL or 6.7 µM), where the cytopathogenic
effect was totally abolished at all the applied MOIs (0.01–0.001). Compounds 3 and 15 also
showed important reductions in the viral titer, similar to the one induced by 16, but they
also induced modification of the cell morphology in photonic microscope observation. The
rest of the compounds also produced important reductions in the viral CPE, but mostly at
lower MOIs (0.001), except jiadifenoic acid C (7) which showed no activity (Figure 4).
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In silico computation is, nowadays, an important part of the drug design development
process. Using the Molinspiration Cheminformatics software (Molinspiration, accessed on
27 January 2023, Slovensky Grob, Slovak Republic, 2023, http://www.molinspiration.com),
through an easily obtained SMILES notation for each molecule, we can calculate certain
very useful molecular properties such as the Lipinski’s rule of five [29]. The compounds
1, 3, 12, 13, 14, 15 and 16 were subjected to this software and we obtained very promising
results of drug-likeness (Table 1).

The computational prediction of compound toxicities in drug design allows the quick
estimation of the lethal doses in animals, and avoids the use of animal experiments.
The rat acute toxicity of the compounds 1, 3, 12, 13, 14, 15 and 16 was predicted by
the in silico software tool GUSAR (General Unrestricted Structure—Activity Relationships,
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version 16.0) [31] on the basis of PASS (Prediction of Activity Spectra for Substances)
technology [33,34]. The quantitative in silico prediction was applied to four different types
of administration: oral, intravenous (IV), intraperitoneal (IP), and subcutaneous (SC). As is
shown in Table 2, the differences in the predicted LD50 values obtained for the four different
routes, based on the structural formulae of the tested compounds, are reported along with
the acute rodent toxicity classification of the compounds. Extreme/super toxicities (class 1)
are documented for compound 1 for all routes of administration, and for compound 3
in the case of intravenous administration, where the value of 0.00 indicates that the com-
pound falls out of the domain of applicability of the proposed route of administration.
Compounds 13, 14, 15 and 16 are to be considered as very toxic (class 3) in the event of
intravenous administration. Depending to the route of administration (mainly IP, oral
and SC) compounds 3–16 were estimated to have moderate (class 4), slight (class 5), and
practically non–toxic behavior based on the calculated LD50 values.
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4. Discussion

Nature provides a huge diversity of chemicals to explore and develop drugs for the
treatment of various ailments including viral diseases; however, it is difficult to estimate
adverse effects since often the available studies are in vitro models [35]. Natural products
and their derivatives against coronavirus have been reviewed recently, showing promising
results [8,36]. To date, most of the studies have focused on SARS-CoV models with pro-
posed mechanisms of action associated with 3CL protease (Mpro) [37]. We reported, in
2016, that several abietane-type diterpenoids exhibited antiviral activity in viral models of
dengue with EC50 < 5.0 µM and herpes with EC50 < 20 µM [15]. The phthalimide-ferruginol
analogue, compound 3, was the most promising and potent. In recent years, we have
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explored the antiviral properties of other semisynthetic abietane diterpenoids, including
compound 3, in models of Brazilian Zika virus [16] and Colombian Zika and Chikungunya
viruses [17]. Ferruginol (1), compound 3 as well as some of the ferruginol analogues herein
studied are characterized by a 2-isopropylphenol moiety which is typical of the monoter-
penoid thymol (2-isopropyl-5-methylphenol). Thymol and its source essential oil have been
also investigated as antiviral agents [38]. The precedent that ferruginol (1) had demon-
strated a high cytopathogenic effect (CPE) reduction and effective replication inhibition
for SARS-CoV (EC50 = 1.39 µM) [13] encouraged us to study this molecule as well as other
readily synthesized analogues in other coronavirus models. Recently, some in silico studies
of abietanes (for example, sugiol or 7-oxoferruginol) have demonstrated the potential inhi-
bition of 3CLpro (Main protease, Mpro) of SARS-CoV-2 [39] and, more importantly, some
extracts of medicinal plants containing abietanes (Rosemary, i.e., (+)-carnosic acid) have
demonstrated anti-SARS-CoV-2 activity in cell assays [40]. Tanshinones are related abietane
diterpenoids first isolated from the roots of Salvia miltiorrhiza “tanshen”, a well-known
Traditional Chinese Medicine [41]. Park et al. [41] investigated, in 2012, several isolated
tanshinones on SARS-CoV 3CLpro with very promising results. Recently, tanshinone IIA
has shown anti-SARS-CoV-2 activity with IC50 of 4.08 ng/µL [42]. The studies in this field
are rising as other semisynthetic abietane derivatives have also shown, very recently, anti-
SARS-CoV-2 pseudovirus activity [43]. Our results with 12-hydroxydehydroabietylamine
(14) and 12-hydroxy-N,N-(4-fluorophthaloyl)dehydroabietylamine (16) point out that these
molecules do reduce the cytopathogenic effect of human CoV 229E and possess molecu-
lar characteristics useful for further studies of drug development such as drug-likeness
and safety. On the one hand, compound 16 is a fluorinated analogue which at 6.7 µM
removed all CPE with a reduction in the viral titer of 2-logs approximately. Its molecular
structure draws only one violation of the well-known Lipinski’s rule of five, in particular,
its calculated partition coefficient which may lead to the design of pro-drugs for enhanced
bioavailability. On the other hand, compound 14, which also reduces the viral titer in
2-logs, follows the Lipinski’s rules and has a reasonably good predicted safety profile of
administration in rats. However, further validation through toxicological reporting will be
needed as well as studies of lead optimization, product formulation and efficacy.

5. Conclusions

In conclusion, our results underline the potential of the ferruginol derivatives and
analogues as antivirals, and particularly in this case of in the treatment of coronavirus
infections. They are accessed in short synthetic sequences in good overall yield from either
the easily available methyl dehydroabietate, via commercial (−)-abietic acid, or commercial
(+)-dehydroabietylamine. They do have druggable features encouraging additional studies
of the mechanism as well other activities in related viruses, as they have demonstrated
broad spectrum antiviral properties.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/v15061342/s1, Figures S1–S8: 1H, 13C, DEPT and 19F NMR
spectra for compounds 15 and 16.
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Abstract: The COVID-19 pandemic caused by SARS-CoV-2 remains a global public health threat
and has prompted the development of antiviral therapies. Artificial intelligence may be one of the
strategies to facilitate drug development for emerging and re-emerging diseases. The main protease
(Mpro) of SARS-CoV-2 is an attractive drug target due to its essential role in the virus life cycle and
high conservation among SARS-CoVs. In this study, we used a data augmentation method to boost
transfer learning model performance in screening for potential inhibitors of SARS-CoV-2 Mpro. This
method appeared to outperform graph convolution neural network, random forest and Chemprop
on an external test set. The fine-tuned model was used to screen for a natural compound library
and a de novo generated compound library. By combination with other in silico analysis methods, a
total of 27 compounds were selected for experimental validation of anti-Mpro activities. Among all
the selected hits, two compounds (gyssypol acetic acid and hyperoside) displayed inhibitory effects
against Mpro with IC50 values of 67.6 µM and 235.8 µM, respectively. The results obtained in this
study may suggest an effective strategy of discovering potential therapeutic leads for SARS-CoV-2
and other coronaviruses.

Keywords: deep learning; SARS-CoV-2 Mpro; transfer learning; drug development; natural compound

1. Introduction

SARS-CoV-2, first reported in the beginning of 2020 [1], has caused over 759 million
confirmed infection cases including 6.8 million deaths as of March of 2023 as reported to
the World Health Organization (WHO). SARS-CoV-2 is a novel coronavirus which shares
79.5% sequence similarity with SARS-CoV [2], both of which belong to the Coronaviridae
family, which contains positive single-stranded encapsulated viruses [3]. The virus genome
contains several open-reading frames (ORFs) that encode four structure proteins (sps),
16 non-structure proteins (nsps) and several accessory proteins [4,5]. Nsp5 is the main
protease (Mpro), which is also known as 3-Chymotrypsin like protease (3CLpro). It has
been characterized as one of the potential druggable targets of SARS-CoV-2 owing to its
essential role in viral replication and transcription [6]. Active Mpro consists of a homodimer
while each protomer has three domains (I–III) [7]. The active site of Mpro locates in the cleft
between domains I and II and features the catalytic Cys-His dyad (Cys145-His41) [8–10].
After ORF1a/b translates into two polyproteins pp1a and pp1ab, Mpro cleavages at 11
distinct sites to release functional polypeptides [6,11,12]. The core recognition sequence
is Leu-Gln↓ (Ser/Ala/Gly) [7,13]. Moreover, the high conservatism of Mpro among coron-
aviruses and the absence of homologues with similar cleavage specificity in humans make
it an attractive target for antiviral drug discovery [14,15].
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Many clinical trials have been initiated in the search for the prevention and treat-
ment of coronavirus disease 2019 (COVID-19). At the time of writing, several vaccines
have been approved by the U.S. Food and Drug Administration (FDA), including ones
by Pfizer/BioNTech, Moderna and Johnson and Johnson/Jassen (JnJ) [16]. There have
also been attempts in preclinical development of multiple formulations of vaccine candi-
dates [17]. However, the continuing mutations in the viral genome may affect the protective
effects of current vaccines. Notably, the emergence of the Omicron (B.1.1.529) VoC which
contains a high number of mutations in the viral spike protein has an increased reinfection
risk [18]. As the pandemic threat continues and vaccines cannot provide complete and
lasting protection [19], the need for antiviral agents to treat infected patients remains. Drug
repurposing, for the advantage of already confirmed clinical profiles data, is considered
to be a fast and low-cost approach to find potential effective therapeutic agents against
COVID-19 [20–22]. At present, there are only three drugs approved by the FDA for the treat-
ment of COVID-19, including Actemra (Tocilizumab), Veklury (Remdesivir) and Olumiant
(baricitinib) [23]. There are several authorized products under an EUA for the clinical treat-
ment of COVID-19 as well, including two anti-viral drugs which are Paxlovid (nirmatrelvir
and ritonavir) and Lagevrio (molnupiravir), three immune modulators, five SARS-CoV-2-
targeting monoclonal antibodies, sedatives and renal replacement therapies. Hundreds of
drugs are undergoing clinical trials for COVID-19, such as favipiravir, lopinavir, ribavirin,
ritonavir, and tocilizumab, which have shown positive effects in vitro [17,24]. Dexametha-
sone and hydroxychloroquine have been withdrawn from treatment options because of the
insignificant protection benefits and serious side effects [24–26].

Drug discovery and development is a time-consuming process in which computa-
tional methods can help speed up the identification and application of drug candidates.
Deep learning techniques have recently received wide attention and been applied to drug
discovery [27]. To facilitate efforts in exploring the chemical space against various thera-
peutic targets for SARS-CoV-2, deep learning combined with computer-aided drug design
(CADD) methodologies such as docking and molecular dynamics simulation have been
extensively used [20,28–35]. However, labeled data scarcity remains a challenge for super-
vised learning due to time-consuming and laborious benchwork testing. To better solve
this problem, transformer pre-training by making use of large amounts of unlabeled data
plus downstream task-specific finetuning has become a powerful architecture for learning
representation of texts, i.e., natural language processing (NLP) [36–40]. Compared with
many previous approaches such as graph neural networks (GNNs), modern transform-
ers display substantial gain of efficiency and throughput [41,42]. Given the availability
of millions of Simplified Molecular-Input Line-Entry system (SMILES) strings, different
molecular property prediction tasks can be tackled by using learned representations of
functional groups and atoms learned by the model [43–45].

In the present study, we used pre-trained ChemBERTa [39] which is based on RoBERTa [37]
transformer implementation from HuggingFace and fine-tuned it on a dataset which contains
over 280,000 molecules screened against SARS-CoV-1 Mpro [29]. Considering the fact that
natural compounds have been sources of pharmacologically active molecules for a long history
and that the de novo design of novel scaffolds might expand the chemical space of active drug
candidates, we made predictions of two libraries, a natural compound library (TargetMol) and a
de novo generated compound library from the literature by Santana et al. [29], to seek molecules
against SARS-CoV-2 Mpro. The predicted active molecules were evaluated using molecular
docking and PAINS filtering. In vitro enzyme activity inhibition experiments were performed
to validate the selected hits.

2. Materials and Methods
2.1. Dataset Preparation

Due to the high sequence similarity (~76%) shared between SARS-CoV-2 Mpro and
SARS-CoV-1 Mpro, we selected a dataset which contains over 280,000 molecules against
SARS-CoV-1 Mpro as the fine-tuning dataset. Obtained from the publication of Santana
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and Silva-Jr [29], it consisted of 629 active molecules and 288,940 inactive molecules.
Based on the fact that one molecule can be represented by more than one SMILES strings,
and that the augmented dataset with enumerated SMILES could help improve model
performance [46], we used the same approach to augment the dataset. Different ra-
tios of SMILES enumeration were calculated with a python script, which is available at
https://github.com/Ebjerrum/SMILES-enumeration (accessed on 1 July 2020).

2.2. Chemical Space Analysis

Morgan fingerprints for each molecule using radius 2 and 2048 bits fingerprint vec-
tors were determined after obtaining the canonical SMILES by rdkit in Python. Then,
t-Distributed Stochastic Neighbor Embedding (t-SNE) clustering analysis was performed
by the scikit-learn package in Python. Data points were reduced from 2048 dimensions to
2 dimensions by t-SNE. All t-SNE parameters were Scikit-learn’s default values.

2.3. Model Performance Evaluation

The fine-tuned model performance was evaluated with five-fold cross-validation.
Scaffold splitting was used to ensure that the training/validation set is more structurally
different, which, as a result, is more challenging for the model. Additionally, an external
independent test dataset which was collected from results of a screening assay against
SARS-CoV-2 Mpro using X-ray crystallography (at Diamond Light Source, Oxfordshire,
United Kingdom) [47] was used. It consisted of 880 molecules with 78 hits. The performance
of Chemprop [48], which is a freely available message passing neural network (MPNN)
(http://chemprop.csail.mit.edu/predict (accessed on 27 October 2021)) on the same dataset,
was also determined for comparison. Various evaluation metrics including area un-
der the receiver–operator characteristic curve (au_roc), area under the precision–recall
curve (au_prc), recall score, accuracy score, precision score and f1 score were calculated.
Recall = TP/(TP + FN). Accuracy = (TP + TN)/(TP + FN + TN + FP).
Precision = TP/(TP + FN). F1 = 2 × recision × Recall/(Precision + Recall). TP, TN, FP and
FN stand for true positive, true negative, false positive and false negative, respectively.
Figures were plotted by matplotlib in Python.

2.4. Compound Libraries and Compounds

The Natural Compound Library obtained from Targetmol (L6000) contains 2364 com-
pounds after 228 compounds with large molecular weight were removed. The de novo
generated compound library of Santana and Silva-Jr contains 66,392 generated molecules.
PF-07321332 and Boceprevir were purchased from MedChemExpress. Compounds T2983,
T3872, T2765, T2950, T2730, T2755, T2957, T3012, T2133, T3227, T1016, T2844, T2775, T1648,
T1400, T1160, T2570, T3232, T5429, T2727, T5497, T1035, T1609, T6S1529, T3149, T3S1612
and TL0006 were purchased from TargetMol.

2.5. PAINS Filtering

All predicted active compounds were submitted to FAF-DRUGS4 server (available at
http://fafdrugs4.mti.univ-paris-diderot.fr (accessed on 25 November 2021)) by evaluating
their physicochemical properties [49]. Molecules with suspicious substructure features
were flagged out by Pan Assay Interference Compounds (PAINS) filter.

2.6. Molecular Docking Protocol

Crystal structures of SARS-CoV-2 Mpro bound with inhibitor PF-07321332 (PDB ID:
7VH8) and inhibitor N3 (PDB ID: 6LU7) were accessed from the RCSB Protein Data Bank.
The Mpro protein and inhibitor ligands were prepared using AutoDockTools by removing
water atoms and adding polar hydrogen atoms and charges. Prepared protein and ligand
files were converted to PDBQT format. Molecular docking was carried out using AutoDock
Vina-1.2.0 software while Mpro in the structure of 7VH8 was used as the docking protein
due to its higher resolution. The redocking of PF-07321332 and N3 was performed in order
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to validate the performance of the docking model; then, the docking model was determined
for the virtual screening process. The grid box center was set at X: −18.217, Y: 17.605,
Z: −25.603 and box dimension was set to X: 20, Y: 26, Z: 24. The binding affinities of the
compounds with Mpro protein were calculated and ranked.

2.7. Protein Expression and Purification of SARS-CoV-2 Mpro

The plasmid pET-28b-SARS-CoV-2-Mpro was a kind gift from Professor George Fu Gao
from the Institute of Microbiology, Chinese Academy of Sciences. The expression plasmid
was transformed into E. coli strain BL21 cells and then cultured in LB medium containing
50 µg/mL kanamycin in a shaking incubator at 37 ◦C. When the cells were grown to an
OD600 of 0.6–0.8, 0.6 mM IPTG was added to the cell culture to induce the protein expression
at 16 ◦C. After 18 h, the cells were harvested by centrifugation at 4000 rpm for 20 min
at 4 ◦C. The cell pellets were washed twice by PBS, resuspended in lysis buffer (50 mM
HEPES, 300 mM NaCl, 10 mM imidazole, pH 7.5), lysed by sonication on ice for 3 s ON time
5 s OFF time for 30 min of total time and then clarified by ultracentrifugation at 18,000 rpm
at 4 ◦C for 40 min to remove debris. The supernatants were then purified by TALON metal
affinity resin and washed with washing buffer (25 mM HEPES, 500 mM NaCl, pH 7.5) to
remove unspecific binding proteins. The His-tagged Mpro was eluted by elution buffer
(25 mM HEPES, 500 mM NaCl, 300 mM imidazole, pH 7.5). His-tagged SUMO protease
(home-made) was added to remove the His-tag, His-tagged SUMO protease and uncleaved
His-tag protein overnight at 4 ◦C. The Mpro was further purified by His60 Ni superflow
resin. The quality of Mpro was checked by SDS-PAGE, and the concentration of Mpro was
determined via a BCA Protein Assay Kit. The purified Mpro was stored in (10 mM Tris-HCl,
1 mM DTT, 1 mM EDTA, 10% glycerol, pH 7.5).

2.8. FRET-Based Mpro Enzyme Activity Inhibition Assay

Fluorescence resonance energy transfer (FRET)-based Mpro enzyme activity inhibition
assay was conducted as follows. First, 5 µL serially diluted concentrations of candidate
compounds were incubated with 35 µL 150 nM Mpro in Assay Buffer (10 mM Tris-Hcl, pH
7.5; 1 mM DTT; 1 mM EDTA; 0.01% Triton X-100) in a 96-well plate at room temperature for
30 min. This was followed with the adding of 10 µL 20 µM fluorogenic substrate (Dabcyl-
KTSAVLQSGFRKME-Edans, P9733-5 mg, purchased from Beyotime) in Assay Buffer on
ice, after which the plate was shaken for 1 min and then transferred to a 37 ◦C incubator for
30 min of incubation. Fluorescence signals (excitation wavelength at 340 nm and emission
wavelength at 490 nm) were measured using a PerkinElmer Envision multimode plate
reader. Experiments were performed in triplicate. Experimental data were plotted by
GraphPad Prism 8.0.

3. Results
3.1. Dataset Preprocessing and Chemical Space Analysis

Because of the highly conserved sequence and the similar substrate binding site of Mpro

between SARS-CoV-1 and SARS-CoV-2, the previously described inhibitors targeting SARS-
CoV-1 Mpro could be used as templates for the design of novel inhibitors against SARS-CoV-
2. Thus, the dataset used for fine-tuning was collected from PubChem (AID:1706) and from
the literature, which contains 629 active molecules and 288,940 inactive molecules [29,50].
Structural relationships between active compounds and inactive compounds using t-SNE
(t-distributed stochastic neighbor embedding) were calculated (Figure 1A). Analysis details
were provided in the Supplementary Information. Data obtained from PubChem were
the result of a QFRET-based biochemical high-throughput screening assay. Two inactive
molecules were dropped due to long SMILES length, which is over 150. Scaffold-based
5-fold split was used to split the data. Due to the high imbalance of the lab dataset, data
augmentation via a SMILES enumeration script was used to create more copies of active
molecules. As shown in Table 1, different ratios of augmentation were conducted for later
comparison to seek the optimum dataset size. To confirm the scaffold differences among
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the five-fold compounds, we also analyzed the structural relationships among the five-fold
molecules using t-SNE (Figure 1B).

1 
 

 
Figure 1. t-Distributed stochastic neighbor embedding (t-SNE) analysis of (A) active molecules
(magenta) and inactive molecules (cyan) of the original dataset; (B) molecules in five subsets;
(C) active molecules in five subsets; (D) molecules in original dataset (cyan) and the independent test
dataset (red).

Table 1. Augmented dataset.

Fold 1 Fold 2 Fold 3 Fold 4 Fold 5

Label 1 0 1 0 1 0 1 0 1 0
Original 142 57,771 75 57,838 168 57,754 164 57,749 80 57,833
Augmentation_10 1420 57,771 750 57,838 1680 57,754 1640 57,749 800 57,833
Augmentation_20 2840 57,771 1500 57,838 3260 57,754 3280 57,749 1600 57,833
Augmentation_80 11,360 57,771 6000 57,838 13,440 57,754 13,120 57,749 6400 57,833

3.2. Performance of the Fine-Tuned Model

We used transfer learning to fine-tune a classification model for Mpro target bioactivity
prediction. A pre-trained ChemBERTa model was downloaded from huggingface. To
compare the performance of the classifier on different datasets, we calculated various eval-
uation scores using five-fold cross-validation. As shown in Table 2, the pre-trained model
using augmented training data displayed better predictive ability on the validation dataset
than no augmented data. An obvious improvement of evaluation scores was observed in
all augmented datasets, especially in datasets with augmented active molecules 20 and
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80 times. In addition, with augmented datasets, the pre-trained model for downstream
task learning outperformed Graph Convolution Neural Network (GCNN) and baseline
model Random Forest (RF).

Table 2. Performance of fine-tuned model, GCNN model and RF on validation dataset.

Model Transfer Learning GCNN Random Forest

Dataset Original Active× 10 Active× 20 Active× 80 Active× 20 Active× 80 Active× 20 Active× 80

mcc 0.06931 0.88577 0.77580 0.97618 0.17995 0.26405 0.47148 0.46608
tp 1.4 1021.4 2294.6 9712 192 2160 948 3792
tn 57787.4 57757.8 57761.6 57755 57489.2 54236.6 57784.2 57783.8
fp 0 29.8 26 32.6 298.4 3551 3.4 3.8
fn 124.4 236.6 219.6 352 232.4 7904 1568 6272
auroc 0.52137 0.96239 0.98226 0.99226 0.76543 0.76389 0.77730 0.77897
auprc 0.03054 0.88366 0.95221 0.98621 0.3119 0.50636 0.52265 0.65047
recall 0.01532 0.80871 0.90753 0.96350 0.08885 0.19786 0.31199 0.31759
accuracy 0.99785 0.99550 0.98794 0.99436 0.95663 0.83353 0.97394 0.90750
precision 0.36667 0.97514 0.98818 0.99568 0.59492 0.84163 0.97671 0.99222
f1 0.02881 0.88391 0.94605 0.97931 0.11763 0.20417 0.38709 0.39592

To assess the model performance more realistically, we also evaluated on an exter-
nal test dataset [47]. The external test dataset contains 880 fragments including 78 hits,
which were screened through a combined mass spectrometry and X-ray approach against
SARS-CoV-2 Mpro. The structural diversity between the training and external datasets
was also analyzed using t-SNE, as shown in Figure 1D. As shown in Table 3, a drop in
performance on the external dataset was observed compared with the performance on
the validation dataset, which was expected because no molecules in the test dataset were
learned by the model before. The F1 score is one of the most meaningful metrics because it
represents the harmonic mean of recall and precision. Datasets with 20 times more active
molecules exhibited the highest f1 score of 0.34793, while GCNN and RF using the same
training dataset only scored 0.0788 and 0.02025, respectively. Au_prc and au_roc were
two other evaluation metrics for imbalanced data, while the former is more sensitive to
the improvements of the positive class, which is a better indicator. In fine-tuned models,
training datasets with 10 and 20 times more active molecules achieved similar au_prc scores,
of 0.28671 and 0.28472, respectively, while the 80 times augmented datasets achieved a
lower au_prc of 0.23152.

Table 3. Performance of fine-tuned model, GCNN model and RF on an external dataset.

Model Transfer Learning GCNN Random Forest

Dataset Original Active× 10 Active× 20 Active× 80 Active× 20 Active× 80 Active× 20 Active× 80

mcc 0 0.30798 0.30973 0.26022 0.05526 0.08691 0.08652 0.08652
tp 0 16.6 22.6 26.2 4.8 11.8 0.8 0.8
tn 802 789.8 774 746.2 787.8 754.2 802 802
fp 0 12.2 28 55.8 14.2 47.8 0 0
fn 78 61.4 55.4 51.8 73.2 66.2 77.2 77.2
auroc 0.50025 0.66905 0.67788 0.68109 0.66972 0.68249 0.68298 0.71836
auprc 0.08868 0.28671 0.28427 0.23152 0.20616 0.23784 0.35956 0.40239
recall 0 0.21282 0.28974 0.39990 0.06154 0.15128 0.01026 0.01026
accuracy 0.72909 0.91636 0.90523 0.87773 0.90068 0.87045 0.91227 0.91227
precision 0 0.58623 0.44416 0.31989 0.13992 0.23694 0.8 0.8
f1 0 0.29778 0.34973 0.32647 0.07880 0.10446 0.02025 0.02025

Having evaluated performances of various models and confirmed the advantages of
data augmentation, we used the whole dataset as training input to compare the prediction
abilities of transfer learning and a freely available classifier chemprop (http://chemprop.
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csail.mit.edu/ (accessed on 27 October 2021)) on this external test dataset. Chemprop could
be used for molecular property prediction through a Message Passing Neural Network
(MPNN), which works directly on a molecular graph [48]. Transfer learning with a 20 times
augmented dataset achieved the highest au_prc of 0.34433, while the AUC-PR of chemprop
was 0.19321. The f1 score of transfer learning using 20 times augmentation data was 0.41321,
while that of chemprop was 0.19048 (Table 4).

Table 4. Performance of fine-tuned model and Chemprop on an external dataset.

Model Input Mcc Auroc Auprc Recall Accuracy Precision f1

Transfer
Learning

Active × 20 0.37804 0.68186 0.34433 0.34359 0.91341 0.51978 0.41321
Active × 80 0.29978 0.68306 0.26118 0.34359 0.89091 0.37632 0.35833

Chemprop original 0.17636 0.68152 0.19321 0.12821 0.90341 0.37037 0.19048

3.3. Prediction of Bioactivities of Natural Compound and De Novo Generated Molecule Libraries

The fine-tuned model using a 20 times augmented dataset was then used for making
predictions of the Targetmol natural compound library and a de novo generated molecule
library. Scoring ranks were the average results of five independent predictions. A total of
385 natural compounds and 66 de novo generated molecules were predicted as bioactive.
The lists of predicted active compounds are provided in Tables S1 and S2. The top ranked
20 compounds from the natural compound library and 20 from the de novo generated
molecule library are shown in Figures 2 and 3, respectively.
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3.4. Molecular Docking Screening

We next submitted all the predicted active compounds to docking simulation using
AutoDock Vina (version1.2.0). Crystal structures of SARS-CoV-2 Mpro in complex with
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inhibitor PF-07321332 (PDB:7VH8) and N3 (PDB:6LU7) were both downloaded from the
Protein Data Bank. PF-07321332 (Paxlovid) is an oral SARS-CoV-2 Mpro inhibitor devel-
oped by Pfizer and has shown positive responses in Phase III trials in combination with
Ritonavir [51]. N3 is a covalent inhibitor of SARS-CoV-2 Mpro derived from the inhibitor
targeting SARS-CoV-1 Mpro [15]. After calculating the binding affinities of the compounds
with Mpro, 46 compounds were selected for further binding pose analysis according to
a cutoff score of −8.5 kcal/mol. After analysis of residue interactions in crystal struc-
tures of Mpro with PF-07321332 and N3, ligand interactions with F140 and E166 were
considered critical for binding with Mpro. Twelve molecules were finally confirmed as
hits due to more than two H-bonds formed with residues F140 and E166. These hits in-
clude 10 natural compounds (T5429, T2727, T5497, T1035, T1609, T6S1529, T3149, T3S1612,
TL0006) and two de novo generated molecules (58353 and 52917). The binding poses of
these hit compounds with Mpro are displayed in Table 5.
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3.5. PAINS Filtering

In the final round of the in silico analysis, we performed PAINS (pan assay interfer-
ence compounds) filtering through a freely available web server FAF-Drugs4 to estimate
potential molecules that may interfere with biological assays [49]. These compounds may
display false positives in screening assays via a number of means and therefore represent
poor choices for drug development [52]. We submitted all predicted active molecules to the
server; 78 natural compounds and 5 de novo generated molecules were flagged as PAINS.
For those natural compounds, among the top 20 predicted hits and 10 high-dock-scoring
hits, T2765 (rosmarinic acid), T2730 (gossypol acetic acid), T3012 (mangiferin), T3227 (dan-
shensu), T2844 (hyperoside), T2775 (baicalin), T3232 (higenamine hydrochloride), T5429
(theaflavin 3,3′-digallate), T2727 (salvianolic acid B), T6S1529 (1,5-Dicaffeoylquinic acid),
T3149 (salvianolic acid C), TL0006 (chicoric acid) and T3242 (breviscapin) were flagged
as PAINS. For those de novo generated molecules, among the top 20 predicted hits and
two high dock-scoring hits, compound 52917, compound 42806, compound 64500 and
compound 58353 were flagged as PAINS. However, virtual filters may not be perfect in
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identifying molecules that interfere with biological assays. Therefore, the judgement of
PAINS should be taken with caution, and experimental confirmation is always necessary
before any ‘problematic’ molecules are discarded.

Table 5. Summary of selected molecules screened against SARS-CoV-2 Mpro with their structures,
binding affinities and interactive residues.

IDs Name Source Structure Docking Score
(kcal/mol)

Mpro Residues Interacting
with Molecules through
H-Bond and Other Types

PF-07321332 - -
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Table 5. Cont.

IDs Name Source Structure Docking Score
(kcal/mol)

Mpro Residues Interacting
with Molecules through
H-Bond and Other Types
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3.5. PAINS Filtering 
In the final round of the in silico analysis, we performed PAINS (pan assay interfer-

ence compounds) filtering through a freely available web server FAF-Drugs4 to estimate 
potential molecules that may interfere with biological assays [49]. These compounds may 
display false positives in screening assays via a number of means and therefore represent 
poor choices for drug development [52]. We submitted all predicted active molecules to 
the server; 78 natural compounds and 5 de novo generated molecules were flagged as 
PAINS. For those natural compounds, among the top 20 predicted hits and 10 high-dock-
scoring hits, T2765 (rosmarinic acid), T2730 (gossypol acetic acid), T3012 (mangiferin), 
T3227 (danshensu), T2844 (hyperoside), T2775 (baicalin), T3232 (higenamine hydrochlo-
ride), T5429 (theaflavin 3,3′-digallate), T2727 (salvianolic acid B), T6S1529 (1,5-
Dicaffeoylquinic acid), T3149 (salvianolic acid C), TL0006 (chicoric acid) and T3242 
(breviscapin) were flagged as PAINS. For those de novo generated molecules, among the 
top 20 predicted hits and two high dock-scoring hits, compound 52917, compound 42806, 
compound 64500 and compound 58353 were flagged as PAINS. However, virtual filters 
may not be perfect in identifying molecules that interfere with biological assays. There-
fore, the judgement of PAINS should be taken with caution, and experimental confirma-
tion is always necessary before any ‘problematic’ molecules are discarded. 

3.6. In Vitro Binding Assay Validation 
In order to validate the in vitro binding activities of selected hits, we purchased 18 

natural compounds from the top 20 scored active compounds predicted by deep learning 
and 9 selected natural compounds screened by molecular docking from Targetmol. PF-
07321332 and Boceprevir were used as positive controls. These 27 compounds were tested 
by SARS-CoV-2 Mpro inhibition assay at concentrations of 200 µM and 40 µM. As shown 
in Figure 4A, except for PF-07321332, only compound T2730 (Gossypol acetic acid) and 
T2844 (Hyperoside) had over 50% inhibitory effects against Mpro catalytic activity at 200 
µM, while all tested compounds exhibited less than 50% inhibitory effects at 40 µM. The 
IC50 values of compounds T2730 and T2844 were further determined in dose-dependent 
studies, which are 67.6 µM and 235.8 µM, respectively. Noteworthily, as many researchers 
have reported that some molecules self-associating into colloidal aggregates is one of the 
most common cause of non-specific inhibition [53,54], we added detergent triton X-100 in 
the experimental solvent; thus, the false positives caused by aggregate-based inhibition 
could be avoided. When treated with and without triton X-100, the inhibitory efficacies of 
the positive control Boceprevir and compound T2730 displayed no obvious differences 
within the experimental error, although a slight decrease in the inhibitory effects of T2844 
when added with triton-X100 was observed. Gossypol acetic acid, a polyphenolic com-
pound isolated form cottonseeds, has been reported to inhibit Bcl-2, Bcl-xL and Mcl-1 
function and have antiproliferative effects on some cancer cells in vitro [55]. Hyperoside, 
a naturally occurring flavonoid compound isolated from Artemisia capillaris, shows my-
ocardial protective, hepatoprotective, anti-redox and anti-inflammatory activities [56]. It 
is also a derivative of quercetin, which was predicted to potentially inhibit SARS-CoV-2 
Mpro [57]. Recently, Dr. Souza’s group has demonstrated a biflavonoid (agathisflavone) 
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3.6. In Vitro Binding Assay Validation

In order to validate the in vitro binding activities of selected hits, we purchased
18 natural compounds from the top 20 scored active compounds predicted by deep learn-
ing and 9 selected natural compounds screened by molecular docking from Targetmol.
PF-07321332 and Boceprevir were used as positive controls. These 27 compounds were
tested by SARS-CoV-2 Mpro inhibition assay at concentrations of 200 µM and 40 µM. As
shown in Figure 4A, except for PF-07321332, only compound T2730 (Gossypol acetic acid)
and T2844 (Hyperoside) had over 50% inhibitory effects against Mpro catalytic activity at
200 µM, while all tested compounds exhibited less than 50% inhibitory effects at 40 µM. The
IC50 values of compounds T2730 and T2844 were further determined in dose-dependent
studies, which are 67.6 µM and 235.8 µM, respectively. Noteworthily, as many researchers
have reported that some molecules self-associating into colloidal aggregates is one of the
most common cause of non-specific inhibition [53,54], we added detergent triton X-100 in
the experimental solvent; thus, the false positives caused by aggregate-based inhibition
could be avoided. When treated with and without triton X-100, the inhibitory efficacies
of the positive control Boceprevir and compound T2730 displayed no obvious differences
within the experimental error, although a slight decrease in the inhibitory effects of T2844
when added with triton-X100 was observed. Gossypol acetic acid, a polyphenolic com-
pound isolated form cottonseeds, has been reported to inhibit Bcl-2, Bcl-xL and Mcl-1
function and have antiproliferative effects on some cancer cells in vitro [55]. Hyperoside,
a naturally occurring flavonoid compound isolated from Artemisia capillaris, shows my-
ocardial protective, hepatoprotective, anti-redox and anti-inflammatory activities [56]. It
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is also a derivative of quercetin, which was predicted to potentially inhibit SARS-CoV-2
Mpro [57]. Recently, Dr. Souza’s group has demonstrated a biflavonoid (agathisflavone)
and two flavonols (myricetin and fisetin) as non-competitive inhibitors of SARS-CoV-2
Mpro, which indicated an interesting potential mode of action of these classes of com-
pounds [58,59]. Further studies to deeper understand the mechanism of actions of these
compounds are essential for chemical design to improve the activity profiles. Taken to-
gether, we have found that two natural compounds showed biological activity against Mpro

in vitro.
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Figure 4. Inhibition of SARS-CoV-2 Mpro. (A) Inhibition percentage of selected compounds at
concentrations of 200 µM. (B) Inhibition percentage of selected compounds at concentrations of
40 µM. (C) Representative curves of Boceprevir, compound T2730 and T2844. All data are from at
least three independent experiments and shown as mean ± SD.

4. Discussion

Artificial intelligence-aided drug design is becoming extensively used especially for
emerging diseases because of its potential advantage in saving the time and cost of the drug
discovery and development process. Here, we used a data augmentation method to boost
transfer learning model performance in the fine-tuned bioactivity prediction task. The
model outperformed GCNN, RF and chemprop. A natural compound library and a de novo
generated molecule library were screened by this fast and efficient model. In combination
with frequently used CADD techniques, such as molecular docking and PAINS-filtering,
this method allowed us to select a group of 27 commercial available compounds for
further experimental validation. Among these experimentally tested compounds, gossypol
acetic acid and hyperoside displayed inhibitory effects against Mpro with IC50 values
of 67.6 µM and 235.8 µM, respectively. Even though these two compounds displayed
only micromolar potency, they still provided valuable scaffolds for further drug design in
searching for treatment of COVID-19. Follow-up cellular assays and in vivo experiments
are also essentially necessary to ensure the efficacy and safety of these compounds and
more deeply understand the mechanism of actions. Overall, our results demonstrated
the feasibility of finding potential candidate compounds using a deep learning method,
and the experimental outcome suggested that these natural products may merit further
biological studies of their potential ability in blocking SARS-CoV-2 infection.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/v15040891/s1, the Fine-tuned model prediction results are pro-
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Abstract: Coronaviruses, including SARS-CoV-2, SARS-CoV, MERS-CoV and influenza A virus,
require the host proteases to mediate viral entry into cells. Rather than targeting the continuously
mutating viral proteins, targeting the conserved host-based entry mechanism could offer advantages.
Nafamostat and camostat were discovered as covalent inhibitors of TMPRSS2 protease involved in
viral entry. To circumvent their limitations, a reversible inhibitor might be required. Considering
nafamostat structure and using pentamidine as a starting point, a small set of structurally diverse
rigid analogues were designed and evaluated in silico to guide selection of compounds to be prepared
for biological evaluation. Based on the results of in silico study, six compounds were prepared and
evaluated in vitro. At the enzyme level, compounds 10–12 triggered potential TMPRSS2 inhibition
with low micromolar IC50 concentrations, but they were less effective in cellular assays. Meanwhile,
compound 14 did not trigger potential TMPRSS2 inhibition at the enzyme level, but it showed
potential cellular activity regarding inhibition of membrane fusion with a low micromolar IC50 value
of 10.87 µM, suggesting its action could be mediated by another molecular target. Furthermore,
in vitro evaluation showed that compound 14 inhibited pseudovirus entry as well as thrombin and
factor Xa. Together, this study presents compound 14 as a hit compound that might serve as a starting
point for developing potential viral entry inhibitors with possible application against coronaviruses.

Keywords: antiviral agents; coronaviruses; viral entry

1. Introduction

Coronaviruses (CoVs) are a family of viruses known to cause respiratory, enteric, and
neurogenic diseases. To date, seven human coronaviruses (hCoVs) are known. The out-
breaks of severe acute respiratory syndrome (SARS-CoV) in 2002, Middle East respiratory
syndrome (MERS-CoV) in 2012, and COVID-19 (SARS-CoV-2) by the end of 2019 highlight
the serious threats of coronaviruses infections. Health emergencies were declared as a
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result of epidemics and/or pandemics caused by these viruses. SARS-CoV emerged in
China and spread to 29 countries, while MERS-CoV was identified in Jordan and spread
in 27 countries with 80% of the reported cases in Saudi Arabia [1,2]. In addition, the new
SARS-CoV-2 that emerged in China and causes COVID-19 has spread globally. As of March
2020, the World Health Organization (WHO) declared COVID-19 as a global pandemic.
It resulted in more than 660 million reported COVID-19 cases and more than six million
reported deaths. The real number is estimated to be much higher as many cases were
not documented. Despite devising vaccines against SARS-CoV-2, they do not provide
enough protection but reduce the risk of developing severe symptoms. Furthermore, such
vaccines become less effective against the emerging variants as SARS-CoV-2 continuously
mutates. Therefore, even vaccinated people are still prone to catch infections especially
when exposed to the emerging viral mutant variants such as omicron, delta and other
variants harboring diverse mutations particularly within spike (s) proteins [3–5]. Unfor-
tunately, at least 65 million people suffer long COVID which is a post-COVID syndrome
characterized by the persistence of SARS-CoV-2 symptoms for weeks or even months after
catching infection [6–8]. Despite some therapeutic agents targeting viral proteins having
been developed, such as those targeting main protease, resistant strains of the continuously
mutating virus might evolve [9,10]. To circumvent these insufficiencies of the currently
available therapeutics targeting the viral proteins that are subjected to mutations, it might
be beneficial to address novel agents relying instead on host-based processes required or
exploited for viral infection [11–13].

In principle, infection by coronaviruses including SARS-CoV, MERS-CoV, SARS-CoV-2,
and influenza A viruses involves a common initial process of viral entry into the cell that
starts with the binding of the viral S protein to the angiotensin-converting enzyme-2 (ACE2)
receptor on the host cells. Subsequently, proteolysis of the S protein by the action of host
proteases leads to viral fusion with the cell and entry of the viral RNA-encoded genome. In
this process, transmembrane protease serine-2 (TMPRSS2) plays a crucial role [14]. Only
subsequent to entry, can the virus recruit normal cellular functions for production of its
proteins and genome to replicate. Accordingly, developing inhibitors of the fusion and
entry steps would protect against new cell infections and would stall the propagation and
replication of the virus. Intercepting such a conserved host-dependent process could offer
more advantages than targeting the continuously mutating viral proteins. In lieu, inhibitors
of the proteolytic activity of TMPRSS2 could be promising inhibitors of viral fusion and
entry, and could be promising host-based targeted therapy against coronaviruses including
SARS-CoV, MERS-CoV, SARS-CoV-2, and influenza A viruses. Such agents would be
expected to circumvent limitation of viral resistance because of viral mutations [15–18].

2. Materials and Methods
2.1. In Silico Docking Study

A molecular docking study was performed using the crystal structure of TMPRSS2
deposited in Protein Data Bank (PDB: 7MEQ) employing standard computational protocols
as described in Supplementary Materials [19–27].

2.2. Chemistry

Compounds 5, 11, and 12 were reported previously [28,29]. Compounds 8–10 were
prepared following well-established chemical reactions as detailed in the Supplemen-
tary Materials.

2.3. Cells and Materials

A pair of previously described 293FT-based reporter cell lines that constitutively ex-
press individual split reporters (DSP1-7 and DSP8-11 proteins, Supplementary Figure S1a)
were maintained in Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal
bovine serum (FBS) and 1 µg/mL puromycin. TMPRSS2 expressing VeroE6 cells (VeroE6-
TMPRSS2) were maintained in Eagle’s minimum essential medium (EMEM) containing
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15% fetal bovine serum (FBS) as described previously [30]. See Supplementary Figure S2
for recombinant enzymes and substrates used in enzyme assays.

2.4. Cell Fusion Assay Using Dual Split Proteins (DSP)

As shown in Supplementary Figure S1b, a DSP-assay was employed to perform
a SARS-CoV-2 S protein/TMPRSS2/ACE2 assay for a quantitative investigation of
ACE2/TMPRSS2-dependant SARS-CoV-2 S protein-mediated membrane fusion (S2TA
assay). Co-transfection assay (CoTF assay) was also applied to investigate TMPRSS2-
independent inhibition of membrane fusion (Supplementary Figure S1c). All tests were
performed according to the reported protocol [31]. Briefly, for the S2TA assay, effector cells
expressing S protein with DSP8-11 and target cells expressing ACE2 and TMPRSS2 with
DSP1-7 were seeded in 10 cm plates and incubated overnight. Cells were treated with
6 µM EnduRen (Promega, WI, USA), a substrate for Renilla luciferase (RL), for 2 h. To
test the effect of the inhibitor, 1 µL of the compound dissolved in DMSO was added to
the 384-well plates (Greiner Bioscience, Frickenhausen, Germany). Next, 50 µL of each
single cell suspension (effector and target cells) was added to the 384-well plates using a
Multidrop dispenser (Thermo Fisher Scientific, MA, USA). After incubation at 37 ◦C in 5%
CO2 for 4 h, RL activity was measured using a Centro xS960 luminometer (Berthold, Bad
Wildbad, Germany). For the CoTF assay, cells expressing DSP1-7 and DSP8-11 were used
to evaluate the effect of compounds on TMPRSS2-independent inhibition of cell fusion
or reduction in measured luminescence and fluorescence that might arise from effect on
DSP reassociation.

2.5. Enzyme Assays

In these assays, TMPRSS2 and thrombin were used at final concentrations of 0.3 and
3 nM, respectively. Factor Xa was used at a final concentration of 3 or 12 nM. Peptides with a
fluorescence quenching pair (Dabcyl and Edans) at both ends were used as substrates for each
enzyme (see Supplemental Figure S2). To test the effect of compounds on enzyme activity,
enzyme and compound were mixed in 90 µL of assay buffer (20 mM Tris-HCl (pH 8.0), 150 mM
NaCl) at 1.25 times the final concentration in a 96-well plate. After incubation for 30 min
at room temperature, 80 µL of the mixture was added to 20 µL of 50 µM substrate solution
prepared from the assay buffer. Fluorescence was read every 5 min at room temperature
using CLARIOstar Plus (BMG LABTECH, Ortenberg, Germany) at an excitation wavelength
of 340 nm and an emission wavelength of 490 nm. The IC50 values of the compound were
calculated using Prism version 9.0 (GraphPad Software, CA, USA).

2.6. Pseudovirus Assay

To produce replication-deficient vesicular stomatitis virus (VSV), BHK cells expressing
T7 RNA polymerase were transfected with T7 promoter-driven expression plasmids for VSV
proteins (pBS-N/pBS-P/pBS-L/pBS-G) and p∆G-Luci (a plasmid encoding VSV genomic
RNA lacking the G gene and encoding firefly luciferase) as described previously [32,33].
At 48 h post-transfection, the supernatants were harvested. The 293T cells were then
transfected with an expression plasmid for S protein or VSV G using calcium phosphate
precipitation. At 16 h post-transfection, cells were infected with replication-deficient VSV
at a multiplicity of infection (MOI) of 1. At 2 h post-infection, cells were washed and
incubated for another 16 h before supernatants containing pseudovirus were harvested. For
the infection assay, VeroE6-TMPRSS2 cells were seeded in 96-well plates (2 × 104 cells/well)
and incubated overnight. Cells were pretreated with inhibitors for 1 h prior to pseudovirus
infection. Luciferase activity was measured 16 h after infection using the Bright-Glo
Luciferase Assay System or ONE-Glo Luciferase Assay System (Promega) and the Centro
xS960 luminometer (Berthold, Bad Wildbad, Germany).
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2.7. Cell Toxicity Assay

To test the toxicity of the compounds, VeroE6-TMPRSS2 cells were treated with the
compounds and cell viability was analyzed using the Celltiter-Glo luminescent cell viability
assay (G7570, Promega) 24 h after treatment according to the manufacturer’s protocol.

3. Results
3.1. Design Rational

Hit discovery and confirmation is an indispensable first step in early drug discov-
ery [34–38]. While a hit compound would show the desired type of activity, its activity
might be of low potential and/or it can possess undesirable effects. Later on, in the
drug discovery and development pipeline, hits might be developed into lead compounds
that are subjected to optimization steps before achieving a preclinical agent. Unless a
hit compound is discovered, it is hard to proceed in this drug discovery pipeline. Such
a hit compound might be discovered through a variety of strategies that might utilize
high-throughput screening, fragment-based methods, focused libraries, or repurposing
molecules, as well as others. In lieu, it might be desirable to identify some hit TMPRSS2
inhibitor compounds to be advanced later in the drug discovery pipeline of new antiviral
agents against coronaviruses.

Repurposing is one the drug discovery strategies that has been successfully ap-
plied [39–42]. Briefly, in such a strategy, compounds or drugs that have been studied
for a certain therapeutic use would be re-investigated for a different therapeutic purpose.
Adopting this method, repurposing of the anticoagulant drug nafamostat (1, Figure 1)
and the anti-acute pancreatitis camostat (2, Figure 1) showed that they can potentially
inhibit TMPRSS2-dependent viral entry, and they underwent clinical trials as possible
COVID-19 treatments [15,17,43–45]. Nevertheless, they suffered drawbacks and limitations
that stalled further advancement. Both nafamostat (1) and camostat (2) are irreversible
covalent TMPRSS2 inhibitors where the ester moiety undergoes nucleophilic attack by
Ser441 amino acid after the initial binding step of the drug within the binding site. While
the ester moiety enables this second step of establishing a covalent bond with the TMPRSS2,
it is also responsible for metabolic liability of nafamostat (1) and camostat (2) proved by
their short plasma half-life of less than 1 and 23.1 min, respectively [15,46,47]. In addition,
covalent inhibitors are notorious for high risk and toxicities because of off-target interac-
tions [48]. Accordingly, rapid metabolic deactivation and off-target inhibition consequences
could be major obstacles for development of covalent TMPRSS2 inhibitors despite their
potent activity. Despite less potency, it might be desirable to identify reversible TMPRSS2
inhibitor hit compounds that would possibly open a gateway for development of a common
treatment for SARS-CoV-2, SARS-CoV, MERS-CoV, and influenza A viruses.

Analysis of structural features of nafamostat (1) and camostat (2) shows that, in
addition to the common central ester group, they contain a common left 4-guanidinophenyl
moiety that might play a critical role in binding to the target protein [43,49,50]. Referring to
X-ray crystal structure (PDB ID: 7MEQ), this 4-guanidinophenyl moiety is found covalently
bound as a result of nucleophilic attack on ester moiety by the Ser441 amino acid of
TMPRSS2. While nafamostat (1) possesses an amidinonaphthyl fragment on the right
of the central ester moiety, camostat (2) has a phenyl moiety bearing a longer aliphatic
substituent. Despite this right moiety being a leaving moiety that is absent in the X-ray
crustal structure, it might affect the first step of ligand binding prior to the subsequent
step of establishing the covalent binding. This might be supported by the found higher
potency of nafamostat relative to camostat [51]. Guanidine and amidine are two closely
related functional groups that differ by only one nitrogen atom. In literature, several amide-
based peptidomimetics incorporating amidine or guanidine functionalities were reported
as TMPRSS2 inhibitors, such as 3-amidinophenylalanyl-derived inhibitor 3 [52,53] and
ketobenzothiazole-containing diguanidine inhibitor 4 [54,55]. However, it is known that
amide-based peptidomimetics, despite being potent inhibitors, have disappointing activity
because of their metabolic liabilities and poor pharmacokinetics [56,57]. In this regard, the
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small molecule non-peptidomimetic inhibitors (AKA class C and D mimetics) offer more
advantages [58–62]. Interestingly, it was found that the small molecules pentamidine (5)
and propamidine (6), in which the right amidinoaryl feature was conserved in the form of
4-amidinophenyl moiety and the left 4-guanidinophenyl moiety was converted also into
4-amidinophenyl moiety while the covalent binding-responsible and metabolically labile
central ester moiety was replaced by flexible alkyl chains of variable lengths, were found to
possess TMPRSS2 inhibitory activity [50,51].
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eight investigated compounds as TMPRSS2 inhibitors (7–14).
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Deployment of in silico methods for drug discovery and design prior to synthesis
and biological evaluation enables efficient utilization of limited resources as it helps to
eliminate the likely-to-fail ligands and directs synthetic and biological evaluation efforts
towards possibly promising compounds. In this regard, it might be helpful to establish a
small focused library of compounds based on available data for in silico investigation prior
to synthesis and in vitro testing [37]. Considering the structural features of nafamostat (1),
camostat (2), amidinophenylalanyl-derived inhibitor 3, and ketobenzothiazole-containing
diguanidine inhibitor 4, coupled with those of pentamidine (5) and propamidine (6), a
small, focused library of eight compounds (7–14, Figure 1) was designed for in silico study
prior to synthesis and evaluation. While the covalent binding-responsible and metabolically
labile central ester moiety no longer exists in pentamidine (5) and propamidine (6), the
flexibility of their central alkyl chain translates into probability of multiple conformers. In
fact, the desired biological activity might be associated with some conformers while other
conformers do not contribute to the desired bioactivity and, even worse, might trigger
undesirable effects and/or toxicity. Therefore, rigidification of flexible moieties might
be helpful if the new structure is conformationally locked in a configuration that mimics
the conformer mediating the desired activity. Accordingly, the six-membered phenyl or
pyridinyl as well as the five-membered furanyl aromatic moieties were introduced as rigid
central moieties replacing the flexible alkyl chains of pentamidine (5) and propamidine
(6). As biological evaluation showed that the size of the central moiety impacts the activity
of pentamidine (5) and propamidine (6) where pentamidine turned out to be more active
than propamidine [51], compounds incorporating the larger three rings-based rigid system
2,6-bisphenylpyridine, were considered as a central moiety to investigate the size impact.
In addition to unsubstituted amidines, the effect of substituent introduction as well as
incorporation of the amidine moiety into a cyclic moiety such as tetrahydropyrimidine
were also considered. Furthermore, the aromatic ring bearing the amidine group in the
terminal right and left moieties varied between the monocyclic phenyl moiety and the
heterobicyclic benzimidazolyl moiety. A literature search showed that most of these
postulated structurally diverse compounds were previously synthesized and explored as
antiparasitic agents [28,29,63,64]. Accordingly, their re-investigation as TMPRSS2 inhibitors
might be considered as a repurposing effort. The established small library was subjected
to in silico study followed by in vitro evaluations to confirm their activity as possible hit
compounds for development of therapeutics against coronaviruses diseases.

3.2. In Silico Evaluation

Prior to preparation and evaluation of members of the established small library, com-
pounds were subjected to in silico evaluation to advance only the structures predicted
to possess the desired bioactivity, and eliminate those likely not active. Accordingly, a
molecular docking study was conducted using the reported crystal structure of TMPRSS2
(PDB ID: 7MEQ) and the docked poses and binding interactions of these compounds within
the substrate binding site of TMPRSS2 were examined. The reported crystal structure of
TMPRSS2 showed that the left 4-guanidinobenzoyl fragment of nafamostat was covalently
bound through the hydrolyzed ester moiety to Ser441, which is one of the TMPRSS2 cat-
alytic triad residues (Asp435, Ser441, and His296). This fragment of nafamostat establishes
a network of favorable interactions that involve the hydrogen bond between its carbonyl
and Gln438 and Gly439 residues in addition to hydrogen bonding interactions between
the guanidine functionality with Asp435, Ser436, Gly464 and Gly472 residues. In fact, the
presence of a guanidinium moiety in a structure of proposed inhibitor was found to be
crucial to the binding with TMPRSS2 [17,65].

While the investigated eight compounds could dock into the substrate binding site
(Figure 2), binding scores of compounds 7–9 possessing the five-membered furan ring as
central moiety coupled with phenyl moiety as the aromatic ring bearing the amidine group
in the terminal right and left moieties were, in general, relatively lower than compounds
10–14 possessing the six-membered phenyl or pyridine containing central moieties coupled
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with benzimidazole as the aromatic ring bearing the amidine group in the terminal right
and left moieties (Table 1). Amongst furan-based compounds 7–9, only compound 7 having
unsubstituted amidines could establish an interaction with one of the catalytic triad amino
acid residues (Asp435). Meanwhile, compounds 8 and 9, in which the amidine is substituted
or incorporated within a cycle, despite a higher binding score relative to compound 7, could
not establish any interaction with the catalytic triad. Interestingly, in silico results showed
that compounds 10–14, possessing the six-membered phenyl or pyridine containing central
moieties and moieties coupled with benzimidazole as the aromatic ring bearing the amidine
groups, could establish one or more favorable interactions with the catalytic triad amino
acid residues (Table 1). Binding scores of compounds 11 and 14, possessing isopropyl-
substituted amidine moieties, were higher than corresponding compounds 10 and 13
possessing unsubstituted amidine moieties. Furthermore, compounds 13 and 14 with
the larger three rings-based system 2,6-bisphenylpyridine central moiety showed higher
binding scores relative to corresponding compounds 10 and 11 having the smaller pyridine
ring as central moiety. As the catalytic triad residues (Asp435, Ser441, and His296) are
crucial for activity of TMPRSS2, a predicted interaction with at least one of these residues
would translate into a significant inhibitory activity, and the established interactions by
compounds 7 and 10–14 with triad residues and other amino acids were further scrutinized.
The catalytic Asp435 was the most frequent triad residue involved in favorable interactions
with compounds 7 and 10–14; specifically, with the amidine moieties. It is noteworthy to
mention that such interaction with Asp435 was amongst the potential interactions detected
in the X-ray crystal structure of TMPRSS2 with the nafamostat fragment (PDB ID: 7MEQ).
However, interaction with Asp435 was not predicted for compound 14, having the highest
docking score, but instead interactions with the other two catalytic triad residues Ser441
and His296 were predicted. Favorable interactions with Ser441 were also predicted for
compounds 12 and 13 while favorable interaction with His296 was the only triad interaction
predicted for compound 11. Meanwhile, Asp435 was the sole triad residue involved in two
favorable interactions with compounds 10 and one favorable interaction with compound 7.
In addition to interactions with triad residues, favorable interactions of the amidine moiety
with Ser436 (for compounds 7, 12, 13, and 14) and Gly464 (for compounds 7 and 10) were
predicted. Such interactions with Ser436 and Gly464 were amongst the potential detected
interactions for the guanidine moiety of nafamostat fragment in the X-ray crystal structure
(PDB ID: 7MEQ).

Based on these results, compounds 8 and 9, which missed all interactions with the
catalytic triad residue were excluded from further biological evaluation. As compounds
7 and 10–14 were predicted to establish a more or less diverse interaction pattern with
one or more catalytic triad residues (one Asp435 interaction for compound 7, two Asp435
interaction for compound 10, Asp435 and Ser441 interactions for compounds 12 and 13,
Ser441 and His296 interactions for compound 14, and one His296 interaction for compound
11) coupled with calculated favorable binding scores, they were advanced to biological
evaluation to assess their inhibitory activity on TMPRSS2.
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Figure 2. Predicted binding modes and interactions of compounds (7–14) within the binding site
of TMPRSS2 (PDB ID: 7MEQ): (A) predicted pose of compound 7 (left) and schematic represen-
tation (right) of established interactions within the active site of TMPRSS2; (B) predicted pose of
compound 8 (left) and schematic representation (right) of established interactions within the active
site of TMPRSS2; (C) predicted pose of compound 9 (left) and schematic representation (right) of
established interactions within the active site of TMPRSS2; (D) predicted pose of compound 10 (left)
and schematic representation (right) of established interactions within the active site of TMPRSS2;
(E) predicted pose of compound 11 (left) and schematic representation (right) of established inter-
actions within the active site of TMPRSS2; (F) predicted pose of compound 12 (left) and schematic
representation (right) of established interactions within the active site of TMPRSS2; (G) predicted
pose of compound 13 (left) and schematic representation (right) of established interactions within
the active site of TMPRSS2; (H) predicted pose of compound 14 (left) and schematic representation
(right) of established interactions within the active site of TMPRSS2.
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Table 1. The docking scores and type of binding interactions of the target compounds (7–14) with the
crystal structure of TMPRSS2 (PDB ID: 7MEQ).

Compound Binding Score 1 Established Interactions

7 −5.7172

Three hydrogen bonds between (Gly464, Cys465, and Ser436) and the protons of one
amidine group.
Hydrogen bond between His279 with a proton of the other amidine group.
Attractive charge between Asp435 and one amidine group.
π-sulfur interaction between Cys465 and the phenyl (linker) group.

8 −6.5412

Hydrogen bond between His279 with protons of one amidine group.
π-σ interaction between Val280 and the phenyl (linker) group.
π-alkyl interaction between Val280 and the furan central ring.
Alkyl interaction between Cys465 and isopropyl substitution on one amidine group.

9 −6.0349

C-H bond between Ser436 and protons of the tetrahydropyrimidine ring.
C-H bond between Gly464 and protons of the tetrahydropyrimidine ring.
π-alkyl interaction between Val280 and the phenyl (linker) group.
Alkyl interaction between Cys465 and the tetrahydropyrimidine ring.

10 −6.2871

Salt bridge between Asp435 and one amidine group.
Three hydrogen bonds between (Asp435, Gly464, and Trp461) and the protons of one
amidine group.
Two hydrogen bonds between His279 and the other amidine group.
Two amide-π stacked interactions between Cys437 and the benzimidazole ring.
Amide-π stacked interactions between Trp461 and the benzimidazole ring.

11 −7.4058

Hydrogen bond between Cys465 with protons of one amidine group.
Hydrogen bond between Gly391 with protons of the other amidine group.
Alkyl interaction between Cys465 and isopropyl substitution on one amidine group.
π-π T-shaped interaction between His296 and the benzimidazole ring.
π -alkyl interaction between Val280 and the benzimidazole ring.

12 −6.4987

Salt bridge between Asp435 and one amidine group.
Two hydrogen bonds between Ser436 and (the same) amidine group.
Hydrogen bond between Ser441 with a proton of the benzimidazole ring.
π-alkyl interaction between Val280 and the benzimidazole ring.

13 −7.6965

Salt bridge between Asp435 and one amidine group.
Hydrogen bond between Ser436 and (the same) amidine group.
Hydrogen bond between Ser441 with a proton of the benzimidazole ring.
Hydrogen bond between His279 with a proton of the other benzimidazole ring.
π-donor hydrogen bond between Thr393 with a proton of the benzimidazole ring.
π-alkyl interaction between Val278 with the (same) benzimidazole ring.
π-σ interaction between Val278 with the (same) benzimidazole ring.
π-alkyl interaction between Val280 and the phenyl (linker) group.
π-alkyl interaction between Val280 and the pyridine central ring.
Amide-π stacked interaction between Cys437 and the benzimidazole ring.

14 −8.4438

Two hydrogen bonds between Ser441 and Ser436 with a proton of one amidine group.
Hydrogen bond between His279 with a proton of the benzimidazole ring.
Two π-alkyl interaction between Val278 with the (same) benzimidazole ring.
π-π interaction between His296 with the (other) benzimidazole ring.
π-alkyl interaction between Val278 with the phenyl (linker) group.
π-alkyl interaction between Val280 with the phenyl (linker) group.
π-alkyl interaction between Val280 with the pyridine central ring.
π-donor hydrogen bond between Thr393 with a proton of the benzimidazole ring.
π-sulfur interaction between Cys281 with the phenyl (linker) group.

1 Binding score was calculated in kcal/mol.

3.3. Chemistry

Synthesis of compounds 7, 13, and 14 was reported previously [28,29]. Synthesis
of compounds 10–12 is outlined in Scheme 1. 4-Amidino-1,2-phenylenediamine deriva-
tives 16 were prepared from commercially available 3,4-diaminobenzonitrile by apply-
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ing Pinner reaction conditions [66]. Bis-Aldehydes 15 were reacted with 4-amidino-1,2-
phenylenediamine derivatives 16 in ethanol in the presence of sodium metabisulphite to
furnish the crude final compounds [67]. After sodium hydroxide treatment, crude com-
pounds were converted to the hydrochloride salt by stirring with ethanolic HCl to furnish
the desired compounds 10–12 as HCl salts.
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3.4. In Vitro Evaluations
3.4.1. TMPRSS2 Inhibition Assay

Based on in silico calculations, compounds 7 and 10–14 that could establish interactions
with one or more of the catalytic triad residues were advanced for in vitro evaluation to
assess their inhibitory activity on TMPRSS2. For comparison, pentamidine and nafamostat
were used as reference standard compounds. While nafamostat, the covalent irreversible
inhibitor showed less than 1 nM IC50 value, pentamidine exhibited nearly 40 µM IC50.
Interestingly, the low micromolar IC50 values of compounds 12 and 10 were comparable to
the reference pentamidine (Table 2), suggesting their potential inhibitory activity against
TMPRSS2. Structurally, both compounds 12 and 10 have 6-amidinobenzimidazol-2-yl
moieties bearing no substituents on the amidine fragment, but compound 12 has the six-
membered phenyl moiety as the molecule’s central moiety instead of the six-membered
pyridine moiety of compound 10. In comparison, compound 11 having the same structure
as compound 10 but having N-isopropyl substituents at the amidine moieties, possessed a
considerably lower potency relative to compound 10. The results showed that increasing
the size of the central moiety of compounds 10 and 11 from the one ring-based pyridine
ring to the three rings-based 2,6-bisphenylpyridine system in compounds 13 and 14 re-
sulted in a high decrease in TMPRSS2 inhibitory activity. Thus, compounds 13 and 14
showed high micromolar IC50 values (Table 2). Comparing results of compounds 13 and 14
considering their structures, it can be inferred that introduction of N-isopropyl substituents
at the amidine moieties (compound 14) resulted in lowering the potency relative to the
N-unsubstituted structure (compound 13). Similarly, compound 7 having the smaller
4-amidinophenyl moiety as left and right moieties coupled with the five-membered furan
ting as a central moiety possessed a low potency reflected by the found high micromolar
IC50 value (Table 2).
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Table 2. Results of in vitro TMPRSS2 enzymatic assay, the two DSP-assays (S2TA and CoTF), and cellular
viability for the selected set of compounds 7, 10–14 and the reference nafamostat and pentamidine.

Compound TMPRSS2
IC50 (µM)

S2TA Assay CoTF Assay
IC50 (µM)% Inhibition 1 IC50 (µM)

7 82.7 39.91 >100 >100
10 5.57 89.53 16.93 37.84
11 >10 2 44.17 >100 >100
12 4.89 55.42 >100 >100
13 72.4 93.98 13.70 37.00
14 >100 97.33 10.87 30.97

Pentamidine 3.98 71.30 32.27 >100
Nafamostat <0.001 89.32 0.007115 >100

1 % Inhibition at 100 µM concentration. 2 Exact IC50 value could not be determined because of the compound’s
fluorescence interference at higher concentrations.

3.4.2. Cell Fusion Assays

To assess the inhibitory effect of compounds 7 and 10–14, the previously developed
SARS-CoV-2 S protein/TMPRSS2/ACE2 assay (S2TA assay) for quantitation of the impact
on ACE2/TMPRSS2-dependant SARS-CoV-2 S protein-mediated membrane fusion utiliz-
ing “Dual Split Protein (DSP)” reporter complex [31] was used (Supplementary Figure S1).
As used target cells encompass DSP1-7 while effector cells encompass DSP8-11, fusion
of effector cells with target cells will bring DSP together, resulting in reassociation to
form functional Renilla luciferase (RL) and green fluorescent protein (GFP), which can be
detected by luminescence or fluorescence. As tested compounds might elicit TMPRSS2-
independent effects on membrane fusion, or affects reassociation of DSP proteins and, thus,
the measured luminescence or fluorescence signals, an assay employing cells co-transfected
with DSP1-7 and DSP8-11 was employed (CoTF assay) to account for the inhibition of
membrane fusion mediated by targets other than TMPRSS2. In addition to compounds
7 and 10–14, pentamidine and nafamostat were used as reference standard compounds.
As compounds 7, 10–14 and pentamidine exhibited micromolar IC50 values, their percent
inhibition values were first assessed at 100 µM concentration. The results are summarized
in Table 2.

The reference compounds pentamidine and nafamostat triggered an inhibition percent
of 71.30 and 89.32%, respectively, at 100 µM concentration, and an IC50 value of 32.27 µM
and 7.1 nM, respectively, in S2TA assay. It was interesting to find that compounds 10,
13 and 14 triggered high inhibition percentages of 89.53, 93.98, and 97.33%, respectively,
which were relatively higher than pentamidine, Table 2. However, the TMPRSS2 enzymatic
assay showed that compound 10 exhibited a comparable IC50 value to that of pentamidine,
while compounds 13 and 14 were impotent TMPRSS2 inhibitors. Since the employed DSP
assay evaluated the inhibitory effect not only on TMPRSS2 but also on various mechanisms
required for membrane fusion of SARS-CoV-2 in cells, it might be possible that compounds
13 and 14 inhibited membrane fusion through other mechanisms. Noteworthy, it was
reported that multiple membrane serine proteases can replace TMPRSS2 for membrane
fusion [68]. Nevertheless, DSP assay can be used to evaluate the effects of compounds
in cellular assay with high throughput and without the use of infectious viral particles,
and various SARS-CoV-2 inhibitors have been found using this assay [30,31,69]. Although
compound 10 has the one ring-based central moiety while compounds 13 and 14 have the
larger three rings-based central moiety, all of them share the presence of a pyridine ring in
the central moiety. Despite predicted close in silico binding scores and the measured close
IC50 value for TMPRSS2 inhibition, compound 12 possessing phenyl-based central moiety
showed modest inhibition percent in DSP assay compared with the corresponding com-
pound 10 possessing pyridine-based central moiety that showed potential activity (Table 2).
This result reinforces the inferred contribution of mechanisms other than TMPRSS2 to
the outcome of the DSP assay. In the case of compound 7 possessing the five-membered
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furan ring as the central moiety which was an impotent TMPRSS2 inhibitor (Table 2), it
showed a low inhibition percent of 39.91%. Meanwhile, compound 11 which differed
from compound 10 only by having isopropyl-substituted amidine moieties and possessed
lower TMPRSS2 potency relative to compound 10, was revealed to elicit a low inhibitory
activity of 44.17% (Table 2). While IC50 values of low ineffective compounds 7, 11 and 12
were above 100 µM, compounds 10, 13 and 14 which triggered high inhibition percentages
elicited better IC50 values than the 32.27 µM IC50 value of the reference reversible TMPRSS2
inhibitor pentamidine. Thus, compounds 10, 13 and 14 possessed the more potent IC50
values of 10.87, 13.70, and 16.93, respectively. Next, evaluation of compounds 7 and 10–14,
pentamidine and nafamostat in CoTF assay, revealed that all of them had more than 100 µM
IC50 values except for compounds 14, 13 and 10 that showed IC50 values of 30.97, 37.00 and
37.84 µM, respectively.

3.4.3. Pseudovirus Entry and Cell Viability Assays

To evaluate the capability of the tested compounds to inhibit viral entry into cells,
SARS-CoV-2 pseudovirus infection was assessed in the presence of compounds 7 and 10–14,
pentamidine and nafamostat. Initially, their percent inhibition values were first assessed at
100 µM concentration before assessing their IC50 values. Cellular viability was assessed to
confirm that inhibition results were not because of cell death. The results are summarized
in Table 3.

Table 3. Results of SARS-CoV-2 pseudovirus entry assays and cell viability of compounds 7, 10–14
and the reference nafamostat and pentamidine.

Compound
SARS-CoV-2 Pseudovirus Cell Viability Inhibition

IC50 (µM)% Inhibition 1 IC50 (µM)

7 2.66 >100 >100
10 19.57 >100 >100
11 27.02 >100 >100
12 17.07 >100 >100
13 20.53 >100 >100
14 77.44 83.66 >100

Pentamidine 69.48 45 >100
Nafamostat 87.34 0.06 >100

1 % Inhibition at 100 µM concentration.

As shown in Table 3, neither the tested compounds, pentamidine or nafamostat
showed potential cytotoxic activity, as IC50 values for inhibition of cellular viabilities
were more than 100 µM. While the standard pentamidine showed 69.48% inhibition of
pseudovirus infection at 100 µM concentration and an IC50 value of 45 µM, only compound
14 showed a considerable 77.44% inhibition at 100 µM concentration and IC50 value of
83.66 µM. All other tested compounds possessed low percentage inhibition values of less
than 21% at the 100 µM concentration. As compound 14 had a disappointing >100 IC50
value for TMPRSS2 in enzymatic assay but considerable activities in cellular DSP and
pseudovirus entry assays, it might be inferred that its inhibitory activity could be mediated
through molecular targets other than TMPRSS2. Meanwhile, the low micromolar TMPRSS2
inhibitory activity found for compounds 10–12 at the enzymatic level is not sufficient to
trigger considerable activity at the cellular level. However, these compounds might serve
as hit starting point compounds for development of more potential inhibitors.

3.4.4. Thrombin and Factor Xa Enzyme Inhibition Assays

Coagulopathy is a serious complication of coronavirus infections including SARS-CoV-2,
SARS-CoV-1, MERS-CoV and others [70,71]. Formation of blood clots might result in
thromboembolism that could be life-threatening. In this regard, a compound that inhibits
thrombin or factor Xa might be double-edged. It might minimize the risk of thromboem-
bolism, yet it might also be associated with a bleeding risk. As for the overlap of TMPRSS2,
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thrombin and factor Xa substrates [72], compounds 7 and 10–14, pentamidine and nafamo-
stat were subjected to enzymatic assays for the inhibition of thrombin and factor Xa to
assess their possible inhibitory effects. The outcome is summarized in Table 4.

Table 4. Results of thrombin and factor Xa enzyme inhibition assays by compounds 7, 10–14 and the
reference nafamostat and pentamidine.

Compound
IC50 (µM)

Thrombin Factor Xa

7 79.1 30.9
10 0.921 5.93
11 >1 1 >1 1

12 0.862 34.1
13 0.929 4.89
14 2.25 >10 1

Pentamidine 1.51 6.22
Nafamostat 0.0341 1.74

1 Exact IC50 value could not be determined because of the compound’s fluorescence interference at higher
concentrations.

While nafamostat inhibited thrombin with a nanomolar IC50 value of 34.1 nM, it
also inhibited factor Xa but with a low micromolar IC50 value of 1.74 µM. Meanwhile,
pentamidine might be relatively less capable of triggering bleeding while still inhibiting
thrombin and factor Xa with a low micromolar IC50 value of 1.51 and 6.22 µM, respectively.
Amongst evaluated compounds, compound 14, which was the most effective inhibitor of
viral infection despite it not being a potential TMPRSS2 inhibitor, possessed comparable
IC50 values to those of pentamidine for the inhibition of thrombin and factor Xa (Table 4).
Compound 13 had greater potential to inhibit thrombin and factor Xa relative to compound
14 but was still comparable to pentamidine. Structurally, compound 13 was relevant to
compound 14 but had unsubstituted amidine moieties. Meanwhile, compounds 10, 11 and
12, which had the most potential amongst tested compounds to inhibit TMPRSS2, showed
submicromolar to low micromolar IC50 values for thrombin inhibition which were still
comparable to pentamidine. However, compounds 10 and 11, having pyridine ring as a
central moiety, were greater potential inhibitors of factor Xa relative to compound 13 having
the central phenyl ring instead of the pyridine. In comparison with compounds 10–14,
compound 7, having the furan ring as a central moiety with the smaller 4-amidinophenyl
moiety as left and right moieties, lacked potential thrombin inhibitory activity and also had
5-fold less potential factor Xa inhibitor relative to pentamidine (Table 4).

4. Discussion

Coronaviruses are notorious for triggering outbreaks of epidemic viral infections
which are characterized by being contagious and morbid such as MERS-CoV, SARS-CoV,
and SARS-CoV-2. Despite the attempted development of vaccines and therapeutics tar-
geting viral proteins, continuous viral mutation raises major issues that challenge such
efforts. As coronaviruses require a conserved host-based mechanism for viral entry, target-
ing this mechanism rather than other viral-dependent mechanisms might offer common
and effective tools against coronaviruses. TMPRSS2 is involved in this process of host-
dependent mechanism of viral entry into the lung epithelial cell in vitro [73] and in vivo [74].
While nafamostat and camostat were discovered as potential TMPRSS2 inhibitors, they are
metabolically labile, covalent inhibitors and, furthermore, failed clinical studies [75–77].
To circumvent limitations of covalent inhibitors and metabolic liability of nafamostat and
camostat, development of a reversible TMPRSS2 inhibitor lacking the central ester group
responsible for metabolic instability and irreversible covalent inhibition might be a promis-
ing strategy despite the anticipated lower potency. Considering similarity of the structural
features of pentamidine with nafamostat, camostat, ketobenzothiazole-containing and
amidinophenylalanine-derived peptidomimetic inhibitors, pentamidine might offer a suit-
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able starting point to develop potential TMPRSS2 inhibitors. However, the central alkyl
chain of pentamidine renders it a flexible molecule with multiple conformers. Structure
rigidification via replacement of the flexible moieties by cyclic fragments would result
in a beneficial conformational lock. To identify new hit molecules, a small set of eight
compounds (7–14) were designed with diverse structural features considering size of the
introduced cyclic central moiety and the terminal aryl moiety bearing the amidine moiety
in addition to the absence/presence of substituents at the amidine moiety or incorporation
into a ring. Considering that the utility of conducting in silico studies in initial steps to
guide the selection of structures more likely to possess desired activity and to reduce the
workload and discovery costs, in silico study was conducted for compounds (7–14) using
the reported crystal structure of TMPRSS2 (PDB ID: 7MEQ). In silico results predicted
that compounds 7–9 incorporating the five-membered furan ring as the central moiety
were less able to establish interactions with residues of the catalytic triad than compounds
10–14 possessing central moieties incorporating a six-membered ring. Meanwhile, com-
pounds 14 and 13 were also able to establish interactions with catalytic triad residues
with calculated good binding scores. Based on interactions and binding scores, in silico
study enabled the filtering-out of compounds 8 and 9 from further consideration. Conse-
quently, compounds 7 and 10–14 were advanced for preparation and in vitro evaluation.
The found in vitro low TMPRSS2 inhibitory activity for TMPRSS2 inhibition by compound
7 possessing the five-membered furan ring-based central moiety was in agreement with
its predicted in silico low binding score. In vitro assay for TMPRSS2 inhibition confirmed
the influential role for the size of the central moiety as compounds 10–12, possessing one
six-membered-based central moieties, had potential low micromolar activity comparable to
pentamidine, while compounds 14 and 13, possessing the larger three rings-based rigid
system 2,6-bisphenylpyridine as central moiety, showed low TMPRSS2 inhibitory activity.
Meanwhile, the presence of N-isopropyl substituents at the amidine moieties had a negative
influence on TMPRSS2 inhibitory activity. As cellular activity is very important, a known
experimental model from the literature for quantification of the inhibitory activity of a
compound on membrane fusion and cell entry employed using DSP was addressed [31].
Surprisingly, compounds 14, 13, despite not being potential TMPRSS2 inhibitors, were the
most active compounds triggering high inhibition percentages and low micromolar IC50
values in the conducted cell-based assay. Meanwhile, compound 10, possessing potentially
low micromolar IC50 for TMPRSS2 inhibition in enzymatic assay was less active, and
compounds 11 and 12, possessing also potential TMPRSS2 inhibitory activity were of low
cellular activity. Considering that this assay evaluated the inhibitory effect not only on
TMPRSS2 but also on various mechanisms involved for membrane fusion of SARS-CoV-2
in cells, coupled with the reported finding that multiple membrane serine proteases can
replace TMPRSS2 for membrane fusion [68], it might be inferred that compounds 14 and
13 might act by mechanisms other than TMPRSS2 inhibition. These findings emphasize
the importance of evaluating the effects of compounds in cellular assay as it can help to
identify potential compounds with different molecular targets. Structure analysis con-
sidering these results revealed that compounds 14, 13, and 11, sharing the presence of
the six-membered pyridine ring in their central moiety, and 14 and 13, having the larger
2,6-bis(phenyl)pyridine moiety, were the most active. Meanwhile, phenyl-based central
moiety afforded the less potent compound 12. To check for activity that might arise from
inhibition of molecular targets other than TMPRSS2, as well as checking for reduction in
measured luminescence and fluorescence that might arise from the effect on DSP reasso-
ciation, a CoTF assay was performed. Compounds 14, 13 and 10 showed IC50 values of
30.97, 37.00 and 37.84 µM in the CoTF assay, respectively. IC50 values for the CoTF assay
were higher than the IC50 values for the TMPRSS2-dependent membrane fusion assay
(S2TA assay), indicating that these compounds have inhibitory effects on membrane fusion,
but their inhibitory activity is possibly accompanied by TMPRSS2-independent inhibition
of membrane fusion or effects on reassociation of reporter DSP proteins. Therefore, the
compounds’ effects on pseudovirus entry and cell viability assays were assessed. All
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tested compounds showed no potential cytotoxic activity. The results showed again that
compound 14, lacking potential TMPRSS2 inhibition, was the most active inhibitor for
pseudovirus entry amongst the tested compounds, while other compounds including the
most effective TMPRSS2 inhibitors 10–12 exhibited low inhibitory activity for pseudovirus
entry. This reinforces the conclusion that compound 14 has an inhibitory activity on viral
entry not associated with TMPRSS2 inhibition. As coagulopathy and formation of blood
clots is a serious complication of coronaviruses infections, inhibition of thrombin and factor
Xa might have some benefits. However, inhibition of thrombin and factor Xa also bears
bleeding risks. Consequently, thrombin and factor Xa inhibition by tested compounds
was checked. Except for compound 7 that did not show potential inhibition of thrombin
and factor Xa, all other tested compounds triggered thrombin and factor Xa inhibition
comparable to the drug pentamidine. Similar to the systemically-used drug pentamidine,
monitoring bleeding risks should be considered upon the use of this class of compounds.
In conclusion, compound 14 might serve as a hit compound that might require further
development into lead compounds against cellular entry of coronaviruses.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/v15051171/s1, new compounds synthesis procedures. Figure S1: Cell-based
membrane fusion assay for SARS-Cov-2 S protein using the DSP reporter; Figure S2: Enzymes and
substrates for enzyme assays.
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Abstract: Among the different drug targets of SARS-CoV-2, a multi-domain protein known as NSP3
is a critical element of the translational and replication machinery. The macrodomain-I, in particular,
has been reported to have an essential role in the viral attack on the innate immune response. In
this study, we explore natural medicinal compounds and identify potential inhibitors to target the
SARS-CoV-2–NSP3 macrodomain-I. Computational modeling and simulation tools were utilized
to investigate the structural-dynamic properties using triplicates of 100 ns MD simulations. In
addition, the MM/GBSA method was used to calculate the total binding free energy of each in-
hibitor bound to macrodomain-I. Two significant hits were identified: 3,5,7,4′-tetrahydroxyflavanone
3′-(4-hydroxybenzoic acid) and 2-hydroxy-3-O-beta-glucopyranosyl-benzoic acid. The structural-
dynamic investigation of both compounds with macrodomain-I revealed stable dynamics and
compact behavior. In addition, the total binding free energy for each complex demonstrated a
robust binding affinity, of ∆G −61.98 ± 0.9 kcal/mol for Compound A, while for Compound B, the
∆G was −45.125 ± 2.8 kcal/mol, indicating the inhibitory potential of these compounds. In silico
bioactivity and dissociation constant (KD) determination for both complexes further validated the
inhibitory potency of each compound. In conclusion, the aforementioned natural products have the
potential to inhibit NSP3, to directly rescue the host immune response. The current study provides
the basis for novel drug development against SARS-CoV-2 and its variants.

Keywords: SARS-CoV-2; NSP3; macrodomain-I; medicinal compounds; computational biology

1. Introduction

The severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) is the causative
agent of COVID-19, which the World Health Organization (WHO) declared a global pan-
demic in March 2020. The SARS-CoV-2 virus has a 29.8 kb positive-sense single-stranded
RNA genome with 14 open reading frames (ORFs) encoding 29 proteins that include four
structural proteins (Envelope (E), Membrane (M), Nucleocapsid (N), and Spike (S) protein),
16 nonstructural proteins (NSPs), and nine accessory proteins [1,2]. Despite the proof-
reading capacity during replication, the rapid spread of the SARS-CoV-2 virus has led
to a high rate of mutations in the viral proteins. This is evident from the emergence of
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new variants since the start of the pandemic, such as D614G [3–5], Alpha (B.1.1.7) [6–8],
Beta (B.1.351) [9], Gamma (P.1) [10], Delta (B.1.617.2) [11], Epsilon (B.1.427), Eta (B.1.525),
Iota (B.1.526) [12], Kappa (B.1.617.1) [13], Mu (B.1.621), Zeta (P.2), and Omicron (B.1.1.529,
BA.1–BA.5 lineages) [14–17], that have been reported around the world [18]. Furthermore,
these SARS-CoV-2 variants and strains have evolved and are more efficient in host cell
entry and evasion of the immune system.

Advances in clinical research have led to a better understanding of SARS-CoV-2,
facilitating the rapid development of a range of vaccines that present considerable efficacy
against severe COVID-19 infection. Nonetheless, the emergence of SARS-CoV-2 variants has
compromised the efficacy of the developed vaccines [19]. One effective method to address
this issue would involve identifying novel small-molecule drug-like ligands against potent
viral protein sites to serve as therapeutic agents for treating and managing SARS-CoV-2
infection. Therefore, drug discovery target studies have investigated several potential drug
targets, such as papain-like protease (PLpro), S-protein, RNA-dependent RNA polymerase
(RdRp), and the nsp10–nsp16 complex [20–22], in addition to the main protease (Mpro),
which was the principal explored target of SARS-CoV-2 [23,24]. Macrodomain I (Mac-I) of
the NSP3 is an attractive therapeutic target for treating SARS-CoV-2 [25,26]. This conserved
macrodomain lies within NSP3, the largest membrane-associated cysteine protease encoded
by the SARS-CoV-2 genome. Mac-I disrupts the innate immune response to increase viral
pathogenesis and virulence, making Mac-I an appealing drug target [25–28].

NSP3 is a multi-domain protein with three Mac-I domains and two SUD-M-like
domains critical in the SARS-CoV-2 translational and replication machinery. Mac-I, also
known as X-domain, is highly conserved, with an ADP-ribose (ADPr)-binding site reported
in many viruses [29,30], and plays an essential role in the viral attack on the innate immune
response. Mac-I functions by hydrolyzing mono-ADP-ribose from target proteins by
reversing the activity of ADP-ribosyltransferases [28,31–33] to counteract the host anti-viral
response of ADP-ribosylation [28]. As a consequence, the role of Mac-I in ADP-ribosylation
is associated with the degree of viral pathogenicity [28,34]. Therefore, blocking the ADPr
binding to Mac-I would decrease viral pathogenicity, as reported for infectious bronchitis
virus (IBV) [29].

Mac-I subverts the host immune response by interfering with the IFN pathway and
dysregulating the signal transducer and activator of transcription 1 (STAT1) [35,36], suggest-
ing a contribution to the cytokine storm phenomenon [37–39]. Consequently, STAT1 is an
in vivo target of SARS-CoV-2 Mac-I, which precisely counteracts its mono-ADP-ribosylation
with human PARP14 [39]. Additionally, previous studies have reported that targeting Mac-I
attenuates NSP3 activity, leading to a significant reduction in viral pathogenesis and an
increase in interferon response and viral neutralization [40].

Considering the importance of Mac-I in SARS-CoV-2 pathogenesis, it is a potential
druggable target for new anti-viral compounds. In a previous report, Brosey et al. screened
PARGi drugs and reported them as effective candidates against Mac-I in SARS-CoV-2 [40].
Further efforts are needed to discover novel broad-spectrum drugs that could efficiently
interact with Mac-I to reduce or block ADPr binding. Drugs with such characteristics
would debilitate SARS-CoV-2 virulence and help increase the sensitivity of the innate im-
mune response. Molecular screening and fragment-based drug design studies would help
discover fragment binders that function as effective Mac-I inhibitors. In this regard, there is
a growing interest in employing computational studies to identify novel small-molecule in-
hibitors. Studies of the chemical composition of natural products are focused on secondary
metabolites, mainly polyphenols that include flavonoids, quercetin, and bibenzyl [41].
Some secondary metabolites exhibit diverse biological activities with potential medicinal
use [42]. These metabolites are flavonoids, which are reported as effective antioxidants and
potent enzyme inhibitors [43].

This report targets the NSP3–Mac-I domain by screening the MPD3 database with
2295 phytochemicals and the East African Natural Compounds Database (EANCDB),
which includes 1875 compounds, to inhibit the Mac-I–ADPr binding site. Furthermore, the
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conformational stability and dynamic features of Mac-I bound to the selected compounds
were tested by subjecting each complex to 100 ns molecular dynamic (MD) simulations
and the molecular mechanics–generalized Born surface area (MM/GBSA) to extract free
binding energies. This study may provide a basis for in vitro and in vivo experiments for
novel drug development, which could inhibit the binding of ADPr to Mac-I and NSP3
activity in SARS-CoV-2 research.

2. Materials and Methods
2.1. Structures, Sequence Retrieval, and Modeling

The Protein Databank (http://www.rcsb.org/ accessed on 21 December 2022) was
used to retrieve the X-ray crystal structure of Mac-I using PDB ID 6W02 [39,44]. The Mac-I
structure was prepared and minimized using Chimera and AMBER simulation packages
using the FF14SB force field. To screen targets against ligand-specific Mac-I, we utilized
compounds from the MPD3 database and the East African Natural Compounds Database
(EANCDB) [45–47].

2.2. Molecular Screening of Medicinal Compound Databases

The MPD3 database with 2295 phytochemicals and 1875 EANCDB compounds were
retrieved, prepared, and filtered to meet Lipinski rules before the screening [48,49]. The
active site information was based on the available X-ray crystal structure of Mac-I–ADPr
(PDB ID: 6W02) for screening. The “structure-based screening module” available online on
Mcule (https://mcule.com/dashboard/ accessed on 21 December 2022) was used to screen
the MPD3 and EANCDB databases. In addition, Lipinski filtration was employed for the
top-scoring compounds, after which the AutoDock Vina algorithm was used for screening
purposes, and the top-selected compounds were chosen for the induced-fit docking (IFD)
approach to remove false positive results [50].

2.3. Molecular Dynamic Simulation (MD)

The top complexes were subjected to molecular simulation using AMBER20 by adding
water around each complex (OPC water model). The OPC water model has been developed
to accurately reproduce various properties of water, including structure, dynamics, and
thermodynamic properties. It has been extensively validated against experimental data,
providing reliable results in many applications. Moreover, the OPC model is transferable
across various conditions, including different temperatures and pressures. The drugs were
extracted from the proteins and parameterized using GAFF. For the whole protein simula-
tion, FF19SB was employed and then subjected to minimization [51–53]. For minimization,
we applied weak harmonic restraints to the protein backbone atoms (Cα, C, N, and O)
while keeping the solvent and ions unrestrained, helping maintain the protein’s secondary
structure during minimization. The initial energy minimization used algorithms such
as steepest descent or conjugate gradient, which help to relax the system and eliminate
close contacts. The following energy minimization step was conducted without restraints
on the entire protein and solvent, allowing for further relaxation and optimization of the
structure. Each minimization was run for 6000 and 4000 steps, respectively. The heating
and equilibration of each complex were performed, followed by the production of 100 ns.
A linear heating method was employed, gradually increasing the system temperature over
a specified time period to ensure a smooth transition to the desired simulation tempera-
ture. Heating was applied to efficiently raise the system temperature, allowing for rapid
equilibration while avoiding abrupt changes that could lead to structural distortions. The
equilibration process started from 0 K and was gradually raised to the desired simulation
temperature of 300 K, ensuring an appropriate starting point and enabling the system to
reach the target temperature for subsequent simulations. Positional restraints were applied
to specific atoms or groups during the equilibration phase to keep them fixed, ensuring
stability while allowing other parts of the system to adapt to the changing temperature and
relax into a suitable configuration. The equilibration phase was carried out for 50 nanosec-
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onds, providing sufficient time for the system to relax, reach equilibrium, and establish
stable interactions at the desired temperature. The constant pH method was used with a
solvent pH set to 7 since we wanted to emulate a simulation at physiological pH. Constant
pH MD simulation allows the protonation state of ionizable groups in a protein to change
during the simulation according to the local electrostatic environment and the actual pH
of the solution [54,55]. The protonation state of amino acid continuously changes, where
the pKa values of the ionizable groups can then be obtained from the distributions of the
protonation states across the time of the MD simulation. The amino acids with two atoms
carrying a proton are aspartate (Asp) and glutamate (Glu). The protonation/deprotonation
percentages of Asp and Glu are presented in the Supplementary Table S1.

For each complex, the simulation was run three times to achieve accuracy and confirm
the reproducibility of the results. The long-range electrostatic interactions were treated with
the particle mesh Ewald algorithm with a 10.0 Å cutoff distance, while the covalent bonds
were treated with the SHAKE algorithm [52,56]. Finally, the CPPTRAJ package was used to
analyze the trajectories, and PMEMD.cuda was used for running the simulations [57].

2.4. Binding Free Energy Calculations

Estimating free energy for the interacting small molecules and the target receptor is
the most widely used practice to determine accurate binding strengths. It is employed for
diverse macromolecule sets such as protein–ligand, protein–protein, or protein–RNA/DNA
to precisely estimate the interacting energy [53–56]. Thus, to determine the binding free
energy, the top two hits were subjected to a molecular simulation MM/GBSA approach
employed using the simulation trajectory [58]. Along with the total binding energy (G), van
der Waal (vdW), electrostatic energy, generalized Born (GB), and ESURF were estimated.

2.5. Determination of Dissociation Constant and Bioactivity for the Top Hits

Quantifying the binding strength by estimating the dissociation constant (KD) using
PRODIGY-LIG (PRODIGY for LIGands) and in silico bioactivity prediction against vari-
ous classes of druggable proteins informs the selection of the final small molecule with
Molinspiration cheminformatics [59].

3. Results
3.1. Macrodomain I Structural Modeling

The SARS-CoV-2 Nsp3 consists of 1945 amino acids with ten functional domains
(Figure 1A), with the Nsp3–Macro domains contributing significantly to inhibit the innate
immune response. The Mac-I domain is 169 residues in length, highly conserved [34],
and plays an essential role in counteracting host-mediated anti-viral ADPr signaling. The
hydrolase activity enables it to remove ADPr from target proteins, and this biochemical
feature is directly associated with the SARS-CoV-2 pathogenicity level [34]. The Mac-I
domain is an attractive drug target, identifying specific small-molecule inhibitors that
would rescue and support the host immune innate response. In our study, we utilized the
X-ray crystal structure of the Mac-I domain (PDB ID: 6W02) (Figure 1B) to identify natural
compounds from the MPD3 and EANCDB natural product databases that can disrupt the
ADPr interactions with Mac-I.

3.2. Discovery of Small-Molecule Inhibitors by Screening Large Libraries

The Mac-I-ADPr binding site was targeted with a multi-step computational screening
approach using the Mcule [60] and AutoDock Vina docking tools. Initially, for MPD3 and
EANCDB, 4170 compounds were retrieved and subjected to ADMET analysis, whereby
2153 compounds obeyed Lipinski’s rule of five. By setting the docking score threshold to
≥−5 kcal/mol, the MPD3 database presented 30 compounds with docking scores ranging
between −8.2 and −10.6 kcal/mol, while the EANCDB showed 112 compounds’ docking
scores between −6.6 and −10.0 kcal/mol [27]. To further narrow down the selection, the
docking threshold was increased to−9.46 kcal/mol, corresponding to the reported score for
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ADPr docking to Mac-I [27]. The increased threshold resulted in three compounds from MPD3
and eight from the EANCDB database with docking scores higher than −9.46 kcal/mol. The
eleven compounds were re-docked with AutoDock Vina with four compounds, resulting in
docking scores to Mac-I higher than −9.46 kcal/mol (Table 1). Furthermore, for the top two
compounds—3,5,7,4′-tetrahydroxyflavanone 3′-(4-hydroxybenzoic acid) (Compound A)
and 2-hydroxy-3-O-beta-glucopyranosyl-benzoic acid (Compound B)—complexes with
Mac-I underwent MD simulations to measure their conformational dynamics and stability.

Viruses 2023, 15, x FOR PEER REVIEW 5 of 15 
 

 

 

Figure 1. (A) Domain structure of NSP3. (B) Cartoon representation of Mac-I (blue) with the bound 

ligand shown in stick form with orange carbons. (C) Two-dimensional structure of the drug show-

ing its interaction with Mac-I. Hydrogen bonds are represented by green dashed lines, and pink 

dashed lines indicate hydrophobic interactions. 

3.2. Discovery of Small-Molecule Inhibitors by Screening Large Libraries 

The Mac-I-ADPr binding site was targeted with a multi-step computational screening 

approach using the Mcule [60] and AutoDock Vina docking tools. Initially, for MPD3 and 

EANCDB, 4170 compounds were retrieved and subjected to ADMET analysis, whereby 

2153 compounds obeyed Lipinski’s rule of five. By setting the docking score threshold to 

≥−5 kcal/mol, the MPD3 database presented 30 compounds with docking scores ranging 

between −8.2 and −10.6 kcal/mol, while the EANCDB showed 112 compounds’ docking 

scores between −6.6 and −10.0 kcal/mol [27]. To further narrow down the selection, the 

docking threshold was increased to −9.46 kcal/mol, corresponding to the reported score 

for ADPr docking to Mac-I [27]. The increased threshold resulted in three compounds 

from MPD3 and eight from the EANCDB database with docking scores higher than −9.46 

kcal/mol. The eleven compounds were re-docked with AutoDock Vina with four com-

pounds, resulting in docking scores to Mac-I higher than −9.46 kcal/mol (Table 1). Further-

more, for the top two compounds—3,5,7,4′-tetrahydroxyflavanone 3′-(4-hydroxybenzoic 

acid) (Compound A) and 2-hydroxy-3-O-beta-glucopyranosyl-benzoic acid (Compound 

B)—complexes with Mac-I underwent MD simulations to measure their conformational 

dynamics and stability. 

Table 1. Top hits identified through muti-step screening and rescoring via the IFD method. The table 

presents the 2D structures, compound names, and docking scores of the top four. 

2D Structure Compound Name IFD Score Identifier 

 

3,5,7,4′-Tetrahydroxy flavanone 3′-(4-hy-

droxybenzoic acid) 
−11.54 A 

Figure 1. (A) Domain structure of NSP3. (B) Cartoon representation of Mac-I (blue) with the bound
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its interaction with Mac-I. Hydrogen bonds are represented by green dashed lines, and pink dashed
lines indicate hydrophobic interactions.

3.3. Binding Modes of the Selected Compounds

3,5,7,4′-Tetrahydroxyflavanone 3′-(4-hydroxybenzoic acid) (Compound A) is an ex-
tract from the moss species Hypnum cupressiforme, commonly known as cypress-leaved
plait-moss. In general, Bryophyta (mosses) are reported to be rich in active metabolites
exhibiting antioxidant, antimicrobial, as well as anti-viral properties (Table 2) [42,61]. Since
Compound A is a polyphenolic compound extracted from Hypnum cupressiforme, it is
expected to have anti-viral and antimicrobial activities. Compound A, with a docking score
of −11.54 kcal/mol, formed three hydrophobic interactions, which included bonds with
Ile1153 and two interactions with Phe1154. In addition, 11 hydrogen bonds were formed
with residues Gly1068, Gly1070, Val1071, Ala1072, Ser1150, Ala1151, Gly1152, Ile1153,
Phe1154, Phe1178, and Asp1179 (Figure 2). 2-hydroxy-3-O-beta-glucopyranosyl-benzoic
acid (Compound B) is extracted from the dried stem and roots of the Strychnos cocculoides
plant (Table 2). Strychnos cocculoides is widely distributed in tropical regions, and in
Tanzanian folk medicine, the root and stem barks are used to treat fevers, stomach pain,
and snake bites [62,63]. The roots are also widely used to alleviate eczema and treat infec-
tions [64]. The interaction pattern of Compound B with Mac-I resulted in two hydrophobic
interactions, including bonds with Ile1153 and Phe1154, while nine hydrogen bonds involv-
ing residues Gly1068, Gly1070, Val1071, Ala1072, Leu1148, Ser1150, Ala1151, and Gly1152
(Figure 3) were formed.
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Table 1. Top hits identified through muti-step screening and rescoring via the IFD method. The table
presents the 2D structures, compound names, and docking scores of the top four.

2D Structure Compound Name IFD Score Identifier
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Figure 2. Interaction pattern of 2-hydroxy-3-O-beta-glucopyranosyl-benzoic acid (Compound B). 

(A) Cartoon representation of Mac-I (blue) and the bound ligand shown in stick form with pink 

carbon atoms. (B) Two-dimensional representation of the drug–Mac-I interactions. Hydrogen bonds 

are represented by green dashed lines; pink dashed lines indicate hydrophobic interactions. 

Figure 2. Interaction pattern of 2-hydroxy-3-O-beta-glucopyranosyl-benzoic acid (Compound B).
(A) Cartoon representation of Mac-I (blue) and the bound ligand shown in stick form with pink
carbon atoms. (B) Two-dimensional representation of the drug–Mac-I interactions. Hydrogen bonds
are represented by green dashed lines; pink dashed lines indicate hydrophobic interactions.
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Figure 3. Interaction pattern of 3,5,7,4′-Tetrahydroxyflavanone 3′-(4-hydroxybenzoic acid) (Com-
pound A). (A) Cartoon representation of Mac-I (blue) and the bound ligand shown in stick form with
purple carbon atoms. (B) Two-dimensional representation of the drug–Mac-I interactions. Hydrogen
bonds are represented by green dashed lines; pink dashed lines indicate hydrophobic interactions.

3.4. Dynamic Stability and Compactness Assessment

The conformational stability and dynamic environment of Mac-I bound to Compounds
A and B were elucidated by running 100 ns MD simulations of the complexes, with the
simulations being run in triplicate to ensure the accuracy of the reproducibility of the
results. The root-mean-square deviation (RMSD) trajectories of the Cα-atoms demonstrated
each system’s dynamic stability and convergence (Figure 4A). The radius of gyration
(Rg) indicates the structural compactness of the Mac-I–ligand complexes as a function of
time (Figure 4B). The structural compactness of the interacting partners reveals essential
information regarding the binding and unbinding events during the MD simulation.
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both the ligands in complex with Mac-I. (B) Structural compactness in a dynamic environment.

The complexes of Mac-I with Compounds A and B demonstrated overall stable struc-
tures (Figure 4A). In the initial stages of Mac-I in complex with Compound A, the structure
converged to 1.2 Å in the first 10 ns. From 10 ns onwards, the complex remained at
equilibrium for the duration of the 100 ns simulation. Furthermore, Runs 1, 2, and 3 of
Mac-I (Figure 4A turquoise) in complex with Compound A demonstrated similar RMSD
atomic configurations. For Mac-I in complex with Compound B (Figure 4A magenta),
the RMSD converged to 1.2 Å in the first 15 ns, after which the complex equilibrated and
averaged 1.0 Å during the 100 ns simulation. The convergence of the second and third
Mac-I–Compound B complex runs showed a similar atomic configuration to the first run,
demonstrating the reliability of the MD simulation. For both Mac-I complexes with natural
products, the RMSD was maintained with no structural perturbation, revealing a stable
binding to the active site residues. Moreover, the average RMSD for both complexes was
1.0 Å, indicating that these ligands form a very stable complex with Mac-I and may inhibit
the Mac-I interaction with ADPr, consequently reducing SARS-CoV-2 pathogenesis.

The Rg values of Mac-I binding to Compounds A and B averaged 15.0 Å in both
duplicate runs (Figure 4B). This resulted from the stable binding of ligands with minimal
unbinding events during the simulation, further corroborated by the RMSD results. The
RG data indicate that Compounds A and B may bind Mac-I more favorably than ADPr.
The structural compactness strongly aligns with the RMSD results, with no significant
variations in the size of the MAC-I complex with Compounds A and B. Consequently, such
robust binding indicates the favorable pharmacological properties of both molecules.

3.5. Estimation of Hydrogen Bonding and Residual Flexibility

Hydrogen bonds (H-bonds) contribute to protein–protein and protein–ligand bind-
ing. The determination of H-bonds is vital to ascertaining the intermolecular interactions
between proteins and the selected ligands. The number of H-bonds formed between
Mac-I and Compounds A and B can estimate the strength of the protein–ligand complex
(Figure 5). The average number of H-bonds in the Compound A–Mac-I complex was
79 bonds, while the Compound B–Mac-I complex demonstrated an average of 77 hydrogen
bonds. The higher number of hydrogen bonds in the Compound A–Mac-I complex than
in the Compound B–Mac-I complex indicated a higher-affinity interaction and potentially
more significant inhibitory effect. The H-bond estimation for Runs 2 and 3 revealed a
similar bonding network with an average of 75 to 90 bonds for each complex. As such,
demonstrating a stable conformation for each system could predict the native binding con-
formation, too. Overall, the results from each replica validate and reproduce the findings,
thus showing the reliability of the results and the anti-viral potential of both compounds.
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Figure 5. H-bonds of Mac-I bound to Compounds A (magenta) and B (fuchsia). The H-bonds were
calculated for each run separately.

The root-mean-square fluctuations (RMSFs) of the Cα-atoms demonstrate the flexi-
bility and average position in a given conformation when the protein is in complex with
a protein or ligand (Figure 6). The complexes demonstrated similar residual flexibility,
except in regions 41–50, 95–110, and 125–135 of Mac-I, which showed a slight fluctuation.
The higher fluctuations may have resulted from the higher conformational sampling in the
Mac-I binding pocket. The Mac-I–Compound B complex demonstrated higher fluctuations
between residues 40 and 45, with the Compound A–Mac-I complex showing higher fluctu-
ations between residues 95–105 and 125–135. The results for Run 2 and 3 aligned with the
results for Run 1, thus showing similar dynamic behavior during simulation. Our findings
showed a very low mean RMSF, demonstrating that the residues of Mac-I in complex
with Compounds A and B conformed to favorable energy minima [65]. These results are
consistent with earlier findings describing low RMSF for the best compounds interacting
with SARS-CoV-2 proteins [50].
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Figure 6. Residue flexibility assessment of Mac-I interacting with Compounds A and B to elucidate
the dynamic environment.

3.6. Binding Free Energy Estimation

The MM/GBSA method is more robust in calculating binding energies than the classi-
cal docking scores. In addition, the MM/GBSA approach is computationally affordable
compared with the costly alchemical-free energy methods. Previous studies have widely
applied this approach to discover potential drug candidates for treating SARS-CoV-2.
Henceforth, we employed the MM/GBSA method in the current study to estimate the
binding free energy of Compound A and B complexes with Mac-I (Table 3). The MM/GBSA
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values were calculated for both MD simulation runs, and the average values were compared
between Compounds A and B in complex with Mac-I.

Table 3. Binding free energy calculated as MM/GBSA of Compounds A and B with SD. All the values
are presented in kcal/mol.

MM/GBSACompound
A-Run 1

Compound
A-Run 2

Compound
A-Run 3 Average SD Compound

B-Run 1
Compound
B-Run 2

Compound
B-Run 3 Average SD

vdW −71.16 −68.44 −64.37 −68.0 3.4 −50.96 −50.96 −51.67 −51.2 0.41

Electrostatic −22.77 −21.72 −21.89 −22.1 0.6 −34.13 −28.76 −21.22 −28.0 6.49

ESURF 23.29 18.78 17.64 19.9 3.0 28.10 24.52 23.78 25.5 2.31

EGB 8.05 10.01 8.85 9.0 1.0 13.83 9.29 4.78 9.3 4.53

∆G Bind −62.59 −61.37 −59.77 −61.2 1.4 −43.16 −47.09 −44.33 −44.9 2.02

Our findings revealed average values of vdW (−68 ± 3.4), electrostatic (−21.1 ± 0.6),
EGB (9.0 ± 1.0), ESURF (19.9 ± 3.0), and the total binding energy ∆G (−61.2 ± 1.4)
kcal/mol for the Compound A–Mac-I complex. For the Compound B–Mac-I complex,
the average values were vdW (−51.2 ± 0.41), electrostatic (−28 ± 6.4), EGB (9.3 ± 4.53),
ESUF (25.5 ± 2.31), and total binding energy ∆G (−44.9 ± 2.02) kcal/mol. These findings
demonstrate that Compound A, with an average ∆G of −61.98 ± 0.9 kcal/mol, is a more
potent natural compound in blocking ADPr binding than Compound B, with an average
∆G of −45.125 ± 2.8 kcal/mol. To further corroborate the above findings, we calculated
Mac-I’s entropic values (∆TS) [65] in complex with Compounds A and B, resulting in a
∆TS of −16.26 and −11.74, respectively. This indicates that Compound A demonstrates a
tighter binding with the Mac-I domain, presenting it as a potential drug to bind Mac-I and
inhibit NSP3 activity.

3.7. In Silico Bioactivity and KD Estimation

The dissociation constant (KD) is the fundamental criterion to elucidate the binding
properties of ligands to proteins. In silico PRODIGY-LIG (PRODIGY for LIGands), a post-
MD simulation, and an MM/GBSA analysis were used to calculate the KD of Compounds
A and B bound to Mac-I (Figure 7A). The Compound A complex with Mac-I showed a
KD of –6.9 kcal/mol, whereas Mac-I–Compound B demonstrated a binding affinity of
−5.8 kcal/mol. The stronger binding affinity of the latter correlates with the MM/GBSA
data calculated from the MD simulations. In addition, in silico bioactivity levels for the
complexes were found to be 0.39 and 0.44, respectively (Figure 7A), showing the strong
potency of both compounds, with Compound A being the most potent.
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4. Conclusions

The current study used computational modeling and simulation tools to target the
Mac-I domain of SARS-CoV-2. Screening of large libraries such as MPD3 and EANCDB
identified two hits: 3,5,7,4′-tetrahydroxyflavanone 3′-(4-hydroxybenzoic acid) (Compound
A) and 2-hydroxy-3-O-beta-glucopyranosyl-benzoic acid (Compound B). These drugs can
potentially bind to Mac-I and inhibit NSP3 activity, thereby directly rescuing the host
immune response. The current study provides a basis for novel drug development against
SARS-CoV-2 and its variants.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/v15091907/s1, Table S1: Time-dependent distribution of protona-
tion and deprotonation states of Aspartate and Glutamate residues.
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D.-Q.W., J.A. and F.A.-M. reviewed and edited the original draft writing. All authors have read and
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Abstract: As the COVID-19 pandemic progresses, new variants of SARS-CoV-2 continue to emerge.
This underscores the need to develop optimized tools to study such variants, along with new
coronaviruses that may arise in the future. Such tools will also be instrumental in the development of
new antiviral drugs. Here, we introduce microscale thermophoresis (MST) as a reliable and versatile
tool for coronavirus research, which we demonstrate through three different applications described
in this report: (1) binding of the SARS-CoV-2 spike receptor binding domain (RBD) to peptides as a
strategy to prevent virus entry, (2) binding of the RBD to the viral receptor ACE2, and (3) binding of
the RBD to ACE2 in complex with the amino acid transporter SLC6A20/SIT1 or its allelic variant
rs61731475 (p.Ile529Val). Our results demonstrate that MST is a highly precise approach to studying
protein–protein and/or protein–ligand interactions in coronavirus research, making it an ideal tool
for studying viral variants and developing antiviral agents. Moreover, as shown in our results, a
unique advantage of the MST assay over other available binding assays is the ability to measure
interactions with membrane proteins in their near-native plasma membrane environment.

Keywords: COVID-19; microscale thermophoresis; SLC6A20 amino acid transporter; antiviral agents

1. Introduction

Coronavirus disease 2019 (COVID-19) is caused by the severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2). This enveloped positive-strand RNA virus, belonging
to the group of β-coronaviruses that infect mammals, is characterized by club-like spike
glycoproteins projecting from its surface [1,2]. The disease emerged in December 2019, with
the first cases observed in Wuhan, China, followed by global spread, resulting in the largest
pandemic so far this century [3–5]. Upon entry into the respiratory tract, one of the major
sites of infection, SARS-CoV2 uses its spike protein receptor binding domain (RBD) to bind
to the angiotensin-converting enzyme-2 (ACE2) receptor, which is located on the surface
of lung epithelial cells. Binding is followed by priming of the spike protein through the
peptidase TMPRSS2, which in turn triggers endocytosis and stimulates virus production
and viral spread. The most common symptoms of COVID-19 are fever, dry cough, dyspnea,
myalgia, and fatigue. Although SARS-CoV-2 infection can be asymptomatic, the disease is
fatal in others, particularly the elderly or people who are immunocompromised [4,6]. As of
April 2023, there have been more than 760 million confirmed cases and nearly 7 million
deaths, according to the World Health Organization [7].

SARS-CoV-2 was the third outbreak of coronaviruses this century. Previously, severe
acute respiratory syndrome coronavirus (SARS-CoV) emerged in 2002 and Middle East
respiratory syndrome (MERS) in 2012. These repeated outbreaks highlight the importance
of having reliable tools at hand to quickly investigate emerging viruses.
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Here, we present and discuss the various applications of a binding assay known as
microscale thermophoresis (MST) and review its suitability for coronavirus research. Briefly,
MST depends on the movement of molecules in a temperature gradient (Figure 1). The rate
of this movement is sensitive to changes in size, charge, and hydration shell. As a result
of the binding of two molecules, the movement rate changes, which can be detected by
MST. To measure changes in movement, one of the binders must be fluorescently labeled.
To determine the binding affinity, a serial dilution of the ligand is generated and assessed
in the capillaries where the binding experiments take place. For each capillary, the initial
fluorescence is measured, then the infrared laser is activated to generate a local temperature
gradient within the capillary (Figure 1a). This causes the labeled binder (e.g., labeled
RBD) to move out of the focal area of the fluorescence detector, resulting in a decrease in
fluorescence (Figure 1b). After switching off the IR laser, the labeled binder moves back into
the focal area and the fluorescence returns to its initial state. A protein (e.g., RBD) that is
bound to a ligand (e.g., a peptide) will exhibit a different rate of motion in response to laser
exposure than an unbound protein because its size, charge, and/or hydration shell will
change after binding. For each dilution, fluorescence is measured at the same time point,
resulting in an affinity curve which is then used to determine the dissociation constant (KD)
(Figure 1c) [8–13].
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Figure 1. (a) Schematic representation of the MST assay. (b) (Upper panel.) Representative MST
trace showing fluorescence measurement upon IR stimulation (On/Off) over the indicated time
period. (Lower panel.) Schematic representation of the response of the proteins in solution upon
IR stimulation. (c) Representative fitting of the fluorescent values obtained for the different ligand
concentrations at a given time point of the MST traces. The figure was created using the BioRender
software (https://www.biorender.com).

There are a variety of alternative biochemical assays that can be used to determine
the dissociation constant (KD) of protein–ligand interactions such as thermal shift as-
say [14], surface plasmon resonance (SPR) [15], circular dichroism [14], isothermal titration
calorimetry [16], small-angle X-ray scattering [17], and nuclear magnetic resonance spec-
trometry [18], among others. Given the wide variety of approaches that exist for affinity
measurements, our goal was to select the method that offered the greatest advantages for
our applications.

Importantly, the techniques mentioned above usually require purified proteins in
relatively large quantities. But it is often costly to purchase these purified proteins, and
the alternative of performing protein purification in-house can be challenging. In addition,
membrane proteins often behave differently when extracted from their natural lipid envi-
ronment. In this regard, a major advantage of the MST assay is that it allows measurements
with crude cell lysates [19,20], thus avoiding harsh protein purification procedures and
also greatly simplifying sample preparation. In addition, MST allows the retention of

67



Viruses 2023, 15, 1432

the natural lipid environment and potential protein binding partners. Thus, MST offers
the possibility of performing affinity measurements in a native lipid bilayer environment,
which distinguishes this approach from the other binding assays mentioned above.

In our study, three different MST approaches were evaluated as resources for coro-
navirus disease investigation. One approach was to use purified RBD protein and to
determine the affinity between RBD and potential peptide ligands as a strategy to prevent
viral RBD binding to ACE2. Another approach was to use cell lysates overexpressing the
membrane protein receptor ACE2, which allows physiologically relevant measurements of
the RBD-ACE2 interaction. In the third approach, we examined the effect of ACE2 interact-
ing partners on RBD-ACE2 binding. For this purpose, we investigated the co-expression of
ACE2 with amino acid transporter SLC6A20 or its allelic variant rs61731475 (p.Ile529Val).

For further information on this versatile MST binding assay, please refer to previ-
ous publications showing a variety of additional applications of this cutting-edge tech-
nique [9–12,21].

2. Materials and Methods
2.1. Labeling of Purified Proteins

RBD (recombinant SARS-CoV-2, S1 subunit protein) was obtained from RayBiotech,
Inc., Peachtree Corners, GA (Lucerna-Chem #230-30162, Luzern, Switzerland) and labeled
according to the protein labeling protocol of NanoTemper Technologies GmbH (Munich,
Germany). The labeling protocol features the N-hydroxy succinimide (NHS) coupling of
the fluorescent dye NT647 (RED-NHS 2nd Generation, NanoTemper # MO-L011). The
fluorescence dye of the kit carries a reactive NHS-ester group that reacts with the primary
amines (i.e., lysine residues) to form a covalent bond. The labeling and the subsequent MST
experiments were performed in PBS-TR (PBS + 0.05% Triton X100).

2.2. Cell Culture and Lysate Preparation

A HEK293 cell line stably expressing pcDNA3-ACE2 (WT)-8his (Addgene # 149268;
Addgene Europe, Teddington, UK) was generated using geneticin (g418) selection. Prior to
MST measurements, cells were washed with PBS, removed with a cell scraper and collected
by centrifugation. The resulting pellets were suspended in PBS-T (PBS + 0.05% Tween-20)
and snap-frozen in liquid nitrogen for 1 min. This was followed by homogenization in
a Teflon-glass homogenizer. Subsequently, the samples were centrifuged at 1500× g for
5 min and the upper milky fractions, which contained membranes and vesicles enriched in
the overexpressed protein, were collected and used for His-tag labeling.

2.3. His-Tag Labeling of Cell Lysate

Labeling of cell lysates was performed according to the protocol of the His-tag labeling
kit RED-tris-NTA 2nd Generation (NanoTemper # MO-L018). The optimal protein con-
centration for labeling the cell lysate was determined by titrating the cell lysate against a
constant dye concentration (25 nM) on MST. The optimal protein concentration used corre-
sponded to the concentration at which the curve began to saturate and was 0.56 mg/mL.
As recommended in the protocol of NanoTemper, PBST-buffer (PBS + 0.05% Tween-20) was
used for the labeling and measurements.

2.4. MST Measurements

The measurements were performed using the RED channel Monolith NT.115 MST
device (NanoTemper Technologies GmbH) and the corresponding Monolith capillaries
(NanoTemper; MO-K022). The data were collected with MO. Control v2 and evaluated
using the MO. Affinity v2.3 Software (NanoTemper).

2.5. Generation of the SLC6A20 Variant I529V (Ile529Val; rs61731475)

For the co-expression experiments with the SLC6A20 amino acid transporter, we pur-
chased the NM_020208 Myc-DDK-tagged-human ORF clone #RC215764 (OriGene; OriGene

68



Viruses 2023, 15, 1432

EU, Herford, Germany). The I529V variant was generated by site-directed mutagenesis
using the standard polymerase chain reaction (PCR)-based approach, as previously de-
scribed [22]. The primer used to generate the SLC6A20_I529V variant had the sequence 5′

CCTGAGCGACTACGTCCTCACGGGGACCC 3′.

2.6. Amino Acid Sequences of the RBD-Binding Peptides That Were Tested with MST

NB001R: RRRRRRFFERHHMVGSCMRAFHQL (24 Residues)
NB001: FFERHHMVGSCMRAFHQL (18 Residues)
NB002: FAHMNWKMQWLQKWQQGK (18 Residues)

3. Results

SARS-CoV-2 relies on the receptor ACE2 to enter cells of the human body such as the
epithelial cells of the lung. The first contact between the virus and the target cell is the
binding of the RBD of the viral spike protein to the extracellular catalytic domain of ACE2.
This entry pathway is an attractive target for the development of antiviral agents that
could bind either the RBD of the viral spike protein or its receptor ACE2 to prevent viral
infection. Given that cell membranes are complex structures, the binding between RBD
and ACE2 is expected to be influenced by a number of factors. These include interacting
proteins, including the amino acid transporter SLC6A20, which is being investigated in our
laboratory.

In the present study, we present three examples to illustrate how MST can be employed
to measure protein–ligand interactions that are relevant in COVID-19 research (Figure 2).
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Figure 2. Applications of MST in coronavirus research. (a) The primary amines of purified RBD were
labeled and a serial dilution of peptides that were predicted to bind RBD were added to perform
MST. (b) C-terminal His-tag ACE2 is overexpressed in HEK293 cells, the ACE2 in the cell lysate was
labeled with His-tag dye, and a serial dilution of RBD was added to perform MST. (c) His-tagged
ACE2 and SLC6A20 were overexpressed in HEK293 cells, the ACE2 in the cell lysate was tagged with
His-tag dye, and a serial dilution of RBD was added to perform MST. The figure was created using
the BioRender software (https://www.biorender.com).

3.1. Determination of the Binding of SARS-CoV-2-S1-RBD to Antiviral Agents

Since the crystal structure of SARS-CoV-2 RBD bound to ACE2 is known [23,24], it is
now possible to design peptides that could prevent the binding of the virus to ACE2. One
strategy is to engineer peptides that can bind to the receptor binding domain of the viral
spike protein in such a way that the ACE2 binding site is occupied and the virus cannot
enter the cell. In silico peptide engineering can provide putative RBD-binding peptides,
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but binding needs to be validated experimentally, for which we used MST as a suitable
assay for peptide screening. To confirm the applicability of MST for this purpose, a series of
putative RBD-binding peptides were tested with MST. The peptides were kindly provided
by Reymond and Gunasekera (see Acknowledgments), who had developed them using in
silico methods. With these experiments, we aimed to validate the binding efficacy of the
designed peptides to RBD, which is a first step towards assessing whether these peptides
could prevent SARS-CoV-2 infection.

When working with nonfluorescent purified proteins (e.g., the spike protein), there
are the following two labeling choices: (1) the unspecific labeling procedure, whereby the
RED-NHS 2nd generation dye binds randomly to primary amides (i.e., lysine residues), and
(2) the specific His-tag labeling procedure which involves labeling to the specific His-tag
site of the expressed protein of interest. Both labeling methods are well established.

Nonspecific labeling of RBD was used in order to test the binding of peptides to RBD
(Figure 2a). As expected from the in silico predictions, our MST results (Figure 3) confirm
the binding of peptide NB001R to the spike protein, with a KD of 2.08 µM (±0.43 µM)
(Figure 3a). The measurements for the different dilutions tested are shown in Figure 3b.
They are based on the MST traces (i.e., the IR-triggered fluorescence changes) shown in
Figure 3c. Similarly, the binding of two other peptides, NB001 and NB002, predicted to bind
RBD, were tested using MST and binding was confirmed (NB001, KD = 1.08 µM (±0.51 µM)
and NB002, KD = 0.94 µM (±0.54 µM) (Supplementary Figure S1)). This demonstrates that
MST is a suitable tool for screening the binding ability of peptides to RBD.
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Figure 3. Binding of SARS-CoV-2-S1-RBD to peptide NB001R. (a) The KD of NB001R and RBD is
2.08 µM. A serial dilution of the peptide from 1 mM–30 nM was used. (b) Representative dose–
response curve. The red bar indicates the selected time point for the dose response used to determine
the KD (c) MST traces.

3.2. Determination of the Binding of SARS-CoV-2-S1-RBD to His-Tag-Labeled ACE2

While binding studies of purified proteins are an appropriate strategy to assess the
interaction of viral spike proteins with potential ligands, a more sophisticated strategy is
required when the ligand of interest is a transmembrane protein such as ACE2. Remark-
ably, in our studies, MST allowed us to assess the binding of transmembrane proteins to
ligands using crude cell lysates. This success is likely due to the fact that the natural lipid
environment of the proteins under study is largely preserved in our crude cell lysate prepa-
rations. For this type of experiment, nonspecific labeling of the protein of interest would
not be a reliable option because it would label any lysine-containing proteins present in
the cell lysate. An alternative approach would be to generate a cell line that overexpresses
a recombinant GFP or RFP version of the protein of interest. However, the insertion of a
bulky fluorescent tag could interfere with the expression or function of the target protein.
For that reason, we preferred the His-tag labeling approach. For this purpose, a stable
HEK293 cell line overexpressing ACE2 containing a His-tag attached to the Cterminus
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was generated, and the His-tag dye was mixed directly with the cell lysates for labeling.
A serial dilution of RBD was added to the different capillaries prior to the MST measure-
ments. As shown in Figure 4a, the KD of membrane-embedded ACE2 to RBD was 37.2 nM
(±10.7 nM). A representative dose–response curve is shown in Figure 4b and MST traces
are shown in Figure 4c. Our results demonstrate that this approach allows for accurate
and reliable binding measurements in the natural lipid environment without the need to
prepare purified protein.
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Figure 4. Binding of SARS-CoV-2-S1-RBD to His-tag-labeled ACE2. (a) The KD of RBD and ACE2
in its natural lipid environment is 37 nM. A serial dilution of RBD from 5 µM–0.15 nM was used.
Each KD value was calculated from dose–response curves obtained in independent experiments
using the stably transfected HEK293 ACE2 His-tag cell line. (b) Representative dose–response curve.
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3.3. Determination of the Binding of SARS-CoV-2-S1-RBD to the ACE2-SLC6A20 Heterodimeric
Complex in the Native Lipid Bilayer Environment

Often, proteins in the cell membrane are not expressed as monomers but form homo-
multimers or heteromultimers with other proteins. It is well-known that complexation of
proteins can alter the ability of protein monomers to interact with their environment [25–27].
Since proteins are usually purified as monomers, this aspect cannot be investigated using
a conventional binding procedure, as ACE2 forms a complex with SLC6A20 (Figure 5c).
However, MST allows working with crude membrane extracts in which a native lipid
environment is present and protein complexes are still intact, making it an ideal tool to
overcome this limitation. This protein complex is of particular interest because SLC6A20
has been shown to have an impact on the outcome of SARS-CoV2 infection [28,29]. In
addition, variants of SLC6A20 are associated with diabetes mellitus [30], which we believe
may also impact the infection efficiency [31]. And recently, the SLC6A20 variant I529V
(Ile529Val; rs61731475) was indeed reported to affect the SARS-CoV-2 clinical outcome in
Italian families [32].

To assess whether the co-expression of SLC6A20 and/or variant I529V together with
ACE2 affects RBD binding, we wanted to investigate whether our MST method could an-
swer this question. For this experiment, the stable cell line expressing ACE2 was transfected
with either an empty vector (control), SLC6A20_WT, or SLC6A20_I529V. As described pre-
viously, measurements were performed with cell lysates after His-tag labeling. The results
were normalized to the control condition (empty vector) to determine the fold change
of KD for complexes of ACE2 with SLC6A20_WT and SLC6A20_I529V. Interestingly, as
shown in Figure 5a, the ACE2-SLC6A20_WT complex exhibited slightly stronger binding
to RBD compared to the control, with a fold change of 0.67 (±0.12), whereas for the ACE2-
SLC6A20_I529V complex there was somewhat weaker binding, with a fold change of 2.03
(±0.33). The representative dose–response curves and MST traces are shown in Figure 5b.
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Figure 5. Binding of SARS-CoV-2-S1-RBD to the ACE2-SLC6A20 heterodimeric complex. (a) Impact
of SLC6A20_WT and SLC6A20_I529V on the binding of ACE2 to RBD. The data shows a stronger
binding of RBD to ACE2-SLC6A20 WT. The SLC20_I529V variant showed a reduction in binding
affinity. A serial dilution of RBD from 5 µM to 0.15 nM was used. Three biological replicates with at
least two technical replicates each were performed. (b) Dose response and MST traces. Top: ACE2 +
empty vector; middle: ACE2 + SLC6A20_WT; bottom: ACE2 + SLC6A20_I529V. (c) Structure of ACE2-
SLC6A20 complex binding to RBD based on PDB ID: 7Y75 (https://www.rcsb.org/structure/7Y75)
(Shen, Y.P., Li, Y.N., Zhang, Y.Y., Yan, R.H., [33]). The figure was created using the BioRender software
(https://www.biorender.com).

These experiments demonstrate that MST enables the study of protein–ligand interac-
tions in the native lipid bilayer environment, including intact protein complexes, and thus
provides in-depth insight into the binding behavior. Of course, the binding of ACE2 to
RBD, as shown in Figure 5c, is only the first step of a complex infection process. Therefore,
further studies are still required using different approaches, such as experiments with
pseudoviruses or the original Wuhan SARS-CoV-2 virus and its variants, to assess whether
SLC6A20 or its genetic variants affect the outcome of SARS-CoV-2 infection.

4. Discussion

In our study, we present several applications of MST that illustrate the versatility of this
approach in coronavirus research and subsequent drug discovery: Binding of peptides to
RBD that may ultimately prevent virus entry, and binding of RBD to ACE2, either alone or
in complex with the amino acid transporter SLC6A20 or its allelic variant SLC6A20_I529V.
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The KD of membrane-embedded ACE2 for RBD was measured to be 37.2 nM (±10.7 nM).
This value falls within a comparable range to the reported value (44.2 nM) based on
measurements using the SPR assay [24]. Although similar results were obtained with both
methods, we believe that MST has distinct advantages: While in SPR, purified RBD is
immobilized on a sensor chip and the ligand, which is purified ACE2, is added at various
concentrations to perform the measurements [24]; in MST, purified RBD is used for the
dilutions and there is no need for purified ACE2, nor is the step of immobilizing RBD
required. Thus, crude membrane extracts of a cell line transiently or stably expressing
ACE2 can be used for the MST experiments without the need for further purification.
His-tag labeling is performed within 30 min, and if ACE2-GFP was used as an alternative,
no labeling was needed at all. Furthermore, working with crude cell lysates is more cost
and time effective. In addition, as mentioned earlier, MST measurements were performed
in the native environment of crude membrane extracts, where the associated lipids and
proteins are likely still embedded in the membrane after cell rupture, allowing binding
affinity to be measured at conditions closer to in vivo, which is in sharp contrast to the SPR
method. In this context, our co-expression studies have shown that the presence of protein
partners such as SLC6A20 can affect the binding affinity of ACE2 for RBD. Therefore,
the absence of the additional partners present in the natural environment of ACE2 could
distort the interpretation of the physiological significance of measurements using only
purified proteins, which further highlights the advantage of the MST approach over other
binding assays.

Because MST allows for the reliable examination of ligand interactions with membrane
proteins in complex with other proteins, we were able to test whether the ACE2-SLC6A20-
WT complex alters the binding affinity of RBD to ACE2 compared with ACE2 alone.
Indeed, our experiments demonstrate that MST is capable of distinguishing subtle changes
in binding affinity, which could be key to interpreting changes in the infectivity rate due to
alterations in the ACE2-SLC6A20 complex. Since our experiments in fact show different KD
values for WT and I529V, this supports our hypothesis of a possible effect of this mutation
on the infectivity of the SARS-CoV2 capacity, as previously hypothesized [28,29].

Interestingly, in contrast to our results, a recent study showed lower RBD binding
for the ACE2-SLC6A20_WT complex with a higher KD value of 63.23 nM [33], whereas
the KD value for ACE2 alone (43.64 nM) was fairly consistent with the KD value obtained
in our study by MST under the same conditions (37 nM, see Figure 4). The difference in
ACE2-SLC6A20_WT binding may be attributed to the different binding method used in
the latter study, namely flow cytometry. During measurement and incubation with RBD,
the cells are still intact in flow cytometry, which means that only ACE2 expressed at the
membrane can bind RBD. Interestingly, the co-expression of ACE2 and SLC6A20_WT was
shown to result in a significant decrease in surface expression of the ACE2-SLC6A20-WT
complex compared with ACE2 alone in the latter study. Consequently, a dramatic 2.1-fold
decrease in maximal binding strength was observed for the ACE2-SLC6A20-WT complex.
While KD values should be independent of maximal binding levels, a lower signal-to-noise
ratio could hinder proper curve fitting and KD determination, which in this case could
potentially explain the differences in KD between MST and flow cytometry methods. In
contrast to flow cytometry, our MST measurements showed similar maximal binding levels
for all overexpressed constructs (Figure 5). This is likely a consequence of using cell lysates
for MST that contain a mixture of surface membrane and cytosolic components, whereas
flow cytometry relies only on proteins expressed on the surface membrane. Finally, it is
worth mentioning that, in the same study, the KD for the binding of the ACE2 N-terminal
peptidase domain to RBD was also measured via biolayer interferometry, yielding a KD
value of 18.4 ± 0.03 nM, which is lower than that determined by MST or flow cytometry.
This result once again highlights the differences that might arise as a consequence of
using purified proteins instead of proteins in their native cellular environment in the
binding study.
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It is also worth noting that another amino acid transporter member of the SLC6 fam-
ily, SLC6A19, forms a complex with ACE2 in enterocytes of the small intestine. There,
SLC6A19 and its genetic variants could influence SARS-CoV-2 infectivity across the intesti-
nal barrier [23,34,35]. Further experiments are needed to clarify whether and how SLC6
amino acid transporters and their allelic variants affect COVID-19 infectivity in different
epithelial tissues.

The strength of MST in virus research is further evidenced by several recent studies.
In one of them, the nonstructural protein 9, an RNA-binding protein essential for viral
replication of SARS-CoV, was the subject [36]. While we measured protein–protein and
peptide–protein interactions, the affinity of a protein–ssDNA interaction was determined
in this study. This further highlights the broad applicability of MST. Another report shows
the protein–protein interaction of nonstructural protein 15, expressed in MERS, with other
nonstructural proteins [37]. Recently, a paper was published in which MST was used to
screen pan-coronaviral major protease inhibitors. Similar to our initial experiments, but
on a much larger scale, in silico experiments revealed promising inhibitors and confirmed
binding affinity with MST [38].

In summary, it can be concluded that, based on our findings on membrane proteins,
MST is a straightforward method to detect protein–protein and protein–peptide interactions
based on changes in molecular weight and hydration shell. While the MST method is
known to be well-suited for measuring the interactions of purified soluble proteins, for
membrane proteins with alternative hydrophobic and hydrophilic domains, purification
of the required amounts of high-quality concentrated material is challenging, and the
resulting protein–detergent complexes compromise the binding events. Therefore, the
strength of our MST approach lies in its ability to perform measurements in crude cell
lysates where membrane proteins can retain their near-natural environment. Moreover,
the influence of co-expressed membrane proteins that form complexes with ACE2 such
as SLC6A20 can be readily studied using our MST approach. The successful use of MST
with crude membrane extracts has also been demonstrated for other SLC solute carriers
such as the H+-coupled oligopeptide transporter PepT1/SLC15A1 [19] and the lysosomal
SLC15A4 peptide/histidine transporter (Hediger et al., unpublished data). This highlights
the versatility of the MST approach for studying membrane proteins, even when expressed
in intracellular membranes. Moreover, the herein-presented approach is likely applicable
to other coronaviruses, including emerging virus variants.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/v15071432/s1, Supplementary Figure S1: Binding of SARS-CoV-
2-S1-RBD to the peptides NB001 and NB002. (a) The KD for the binding of NB001 to RBD is 1.08 µM,
and that for NB002 is 0.94 µM. The following serial dilutions were used for the peptides: NB001R,
1 mM–30 nM; NB001 and NB002, 250 µM–7.6 nM. (b) Representative dose response curves (c) MST
traces. The red bar indicates the selected time point for the dose response used to determine the KD.
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Abstract: Dengue is an acute febrile illness caused by the Dengue virus (DENV), with a high number
of cases worldwide. There is no available treatment that directly affects the virus or the viral cycle.
The objective of this study was to identify a compound derived from natural products that interacts
with the NS5 protein of the dengue virus through virtual screening and evaluate its in vitro antiviral
effect on DENV-2. Molecular docking was performed on NS5 using AutoDock Vina software, and
compounds with physicochemical and pharmacological properties of interest were selected. The
preliminary antiviral effect was evaluated by the expression of the NS1 protein. The effect on
viral genome replication and/or translation was determined by NS5 production using DENV-2
Huh-7 replicon through ELISA and viral RNA quantification using RT-qPCR. The in silico strategy
proved effective in finding a compound (M78) with an indole-like structure and with an effect on the
replication cycle of DENV-2. Treatment at 50 µM reduced the expression of the NS5 protein by 70%
and decreased viral RNA by 1.7 times. M78 is involved in the replication and/or translation of the
viral genome.

Keywords: Dengue virus; natural compounds; NS5 protein; antiviral activity

1. Introduction

Dengue virus (DENV) is a flavivirus transmitted by the bite of female mosquitoes of
the genus Aedes spp., endemic in tropical and subtropical countries worldwide [1]. It is the
causative agent of the infection known as Dengue or break bone fever [2]. Approximately
400 million cases [3] and 22,000 deaths occur worldwide each year due to Dengue [4].
According to the World Health Organization (WHO), the global incidence of Dengue has
dramatically increased in the last decade, and approximately half of the world’s population
is at risk [5].

DENV has four genetically distinct serotypes (DENV 1–4). It is an enveloped virus
with a single-stranded positive-sense RNA genome that encodes three structural proteins
(capsid [C], pre-membrane [prM], and envelope [E]) and seven non-structural proteins
(NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5) [4,6], each of which perform different
functions during the virus infectious cycle. The non-structural proteins are responsible
for viral replication and host immune evasion. The NS5 protein plays an essential role
in viral RNA replication, as the deletion of this protein from the viral genome inhibits
replication [7], making it a promising pharmacological target [8,9]. This protein has two do-
mains, the RNA-dependent RNA polymerase (RdRp) domain at the C-terminal end and
the methyltransferase (Mtase) domain at the N-terminal end. The latter is responsible for
protecting the RNA at the 5′ end of new viral genomes [1].

77



Viruses 2023, 15, 1563

Despite the significant economic and social impact of this disease and the important
advances made against Dengue, there is currently no effective antiviral therapy avail-
able [10–12]. Considering these limitations, it has become increasingly important to con-
tinue the search for molecules, compounds, or drugs that can inhibit enzymatic targets
or essential processes for the replication cycle of the virus. The development and search
for therapeutic molecules, such as direct-acting antivirals (DAA), has been shown to be
a truly effective approach [2]. As a result, the use of computational techniques that have
been employed in other research is considered a strategy of interest. Although DAA have
not been approved for use in treatment of DENV [13], these have shown great promise
in in vitro assays. Furthermore, bioactive agents from natural resources have laid a great
foundation for the design of new therapeutic drugs [14], allowing a return to the use of
traditional medicine to search for treatments for emerging diseases. Similarly, the inno-
vation in the X-ray structures of several DENV proteins has allowed the development of
in silico computational screening strategies [11]. Therefore, the execution of screenings
from databases and docking analysis is promising when selecting an action target, such as
important proteins in the virus’s infectious cycle [15–19], with the viral polymerase NS5
protein standing out among these [7].

In this research, compounds derived from natural products were identified through
virtual screening with an interaction on the NS5 protein. The in vitro antiviral effect of an
indole-type compound, identified here as M78, was evaluated in a DENV-2 infected cellular
model. This evaluation showed that the action is related to intervention during stages of
replication and/or translation of the genome.

2. Materials and Methods
2.1. In Silico Assays
2.1.1. Virtual Screening of Natural Compound Derivatives on DENV NS5 Protein

The structures of NS5 proteins from the four DENV serotypes were obtained as
described by García et al. [20]. The selected cavities for interaction corresponded to the
substrate binding site of its natural substrate, S-adenosyl homocysteine (SAH), located in
the methyltransferase (MTase) domain, and the entrance to the RNA tunnel, present in the
RNA-dependent RNA polymerase (RdRp) domain. The ligands SAH and 68E, crystalized
in the selected cavities, respectively [21], were subjected to re-docking onto their binding
sites to find the coordinates and dimensions of the interaction boxes and obtain a theoretical
value of the binding energy as a starting reference point for the selection of the best natural
compounds with stronger binding on each region. The Root Mean Square Deviation
(RMSD) was calculated as the most commonly used quantitative measure of similarity
between two superimposed atomic coordinates [22]. In total, eight virtual screenings were
performed (two per serotype). To perform this, the library of 190,090 natural compound
derivatives available on the DrugDiscovery@TACC web portal (https://drugdiscovery.
tacc.utexas.edu/#/) (accessed on 20 March 2019) [23] from the Texas Advanced Computing
Center (TACC) was used. It is worth mentioning that all virtual screening calculations
were executed using the AutoDock Vina 1.1 software [24], which is implemented in the
DrugDiscovery@TACC web portal.

2.1.2. Selection of Compounds by Interaction on NS5 of DENV

The compounds were selected based on their ability to bind to NS5 in the four
serotypes of DENV. Predictions of aqueous solubility were performed using the Swis-
sADME web server (http://www.swissadme.ch/) [25]. This server delivers three predic-
tions for this physicochemical descriptor with six possible outcomes: insoluble, poorly
soluble, moderately soluble, soluble, highly soluble, and very highly soluble. We used a
score of 0 for the descriptors of insoluble and poorly soluble, a score of 1 for the descriptors
of moderately soluble and soluble, and a score of 2 for the descriptors of highly soluble
and very highly soluble. Thus, only compounds that obtained a value of two or higher
(by summing the scores of the three predictions provided by the SwissADME server)
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were selected for the next filter. A prediction was made of compliance or violation of the
four Lipinski rules (Molecular weight ≤ 500, LogP ≤ 5, hydrogen bond acceptors ≤ 10,
hydrogen bond donors ≤ 5) [26]; thus, only compounds that had a maximum of one
violation were accepted for the next filter. This prediction was made using the Swis-
sADME server. Prediction of possible toxicological risks using the ProTox-II web server
(http://tox.charite.de/protox_II/) [27], such as hepatotoxicity, carcinogenicity, immuno-
toxicity, mutagenicity, and cytotoxicity, were carried out, and only those compounds that
did not present toxicological risks after the prediction were selected. 3D visualizations of
protein-ligand complexes were performed with the Chimera v1.13.1 program [28].

2.2. In Vitro Assays
2.2.1. Determination of the Cytotoxic Effect of Compounds on Huh-7 Cells

The compounds identified and selected through in silico assays were acquired through
a synthesis service at MolPort (https://www.molport.com/shop/index). Subsequently,
the cytotoxic effect on Huh-7 cells (ATCC HB 8065) was evaluated using the cell viabil-
ity assay, using resazurin as a metabolic indicator. For this purpose, 15,000 cells were
cultured per well in DMEM medium (Dulbecco’s Modified Eagle Medium, Life Tech-
nologies 12100-046, New York, NY, USA), supplemented with 10,000 units/mL of peni-
cillin/streptomycin, 20 mM L-glutamine, and 2% (v/v) heat-inactivated fetal bovine serum
(Eurobio, CVFSVF00-01, Les Ulis, France) in 96-well Multiwell plates (Costar 3590, New
York, NY, USA). The cell monolayer was allowed to stabilize for approximately 24 h at 37 ◦C
and 5% CO2. Subsequently, the cells were treated with the compounds at concentrations
of 12.5, 25, 50, 100, 125, 250, and 500 µM. Cell viability was determined after 24 and 48 h
of compound exposure, using resazurin at a final concentration of 44 µM, incubating for
2 h under the previously described conditions. Finally, absorbance was measured at 603
and 570 nm. The percentage of cell viability was calculated considering the difference
between the absorbances for each treatment and the untreated cell control (CC), using the
following formula:

Cell viability (%) = [Sample absorbance/Control absorbance] × 100 (1)

The mean cytotoxic concentration (CC50) was also established, defined as the concen-
tration at which cell viability decreases by 50%.

2.2.2. Antiviral Screening of Compounds on NS1 Protein Production in DENV-2
Infected Cells

For antiviral screening, 15,000 Huh-7 cells (ATCC HB 8065) were cultured per well
in 96-well Multiwell plates (Costar 3590, New York, NY, USA) under the same conditions
as described in item 2.2.1, and then these were infected with DENV-2 New Guinea for
2 h at a multiplicity of infection (MOI) of 1. The DENV-2 strain used was isolated and
cultivated in C6/36 mosquito cells (ATCC® CRL-1660) and maintained in L-15 medium
supplemented with 10% tryptose and 2% fetal bovine serum, incubated for seven days
at 28 ◦C and stored at −80 ◦C. This strain was provided by the Biomedical Research
Center of the University of Quindío, Colombia. After infection, the supernatant was
removed, and the compounds were added at non-cytotoxic concentrations (between 40 and
100 µM, previously determined) and incubated for 24 h. Mycophenolic acid 20 µM [29]
was used as an inhibition control, and 0.45% DMSO (vehicle) was used as a negative
control. Subsequently, the cells were treated with 4% paraformaldehyde for 30 min and
permeabilized for 5 min with 1X PBS, 0.5% Triton. The cells were then blocked with 5% fetal
bovine serum in 0.05% PBS-Tween for 24 h at 4 ◦C. The primary Monoclonal anti-Dengue
Virus NS1 antibody (SAB2702307 Sigma Aldrich, Saint Louis, MO, USA) (1:1000) was added
and incubated for 1 h and 30 min at 37 ◦C. The secondary antibody, Anti-Mouse IgG (whole
molecule) −Alkaline Phosphatase antibody produced in goats (A3562-Sigma Aldrich), was
then added and incubated for 1 h at 37 ◦C. Finally, the alkaline phosphatase substrate pNPP
(S0942-Sigma Aldrich) was added and incubated for 30 min. Then, NaOH 0.1 M solution
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was added, and absorbance was measured at 405 nm on an Epoch spectrophotometer.
Absorbance values were transformed into percentages of NS1 production and compared to
the viral control (VC), using the following formula:

NS1 production (%) = [Sample absorbance/Control absorbance] × 100 (2)

2.2.3. Determination of the Inhibitory Effect on NS5 Protein on the Expression Using
ELISA Technique

To determine the effect of the compound on protein expression, the production of NS5
was evaluated using the Huh-7 cell line, which carries a DENV-2 subgenomic replicon. The
replicon includes a luciferase reporter gene, a geneticin resistance gene, and the coding
region of NS proteins (NS1 to NS5), allowing for stable expression of these proteins. These
systems contain genetic elements necessary for autonomous genome replication in cells and
have been useful for expressing viral genes in several flaviviruses, including DENV, WNV,
YFV, and TBEV [30]. The cells were cultured in DMEM (Dulbecco’s Modified Eagle Medium,
Life Technologies 12100-046, New York, NY, USA), supplemented with 10,000 units/mL of
penicillin/streptomycin, 20 mM L-glutamine, and 10% (v/v) heat-inactivated fetal bovine
serum. Geneticin G418 (10131-035, Gibco, Grand Island, New York, NY, USA) was added at
a final concentration of 0.2 mg/mL as a selection antibiotic for the transfected cells with the
replicon. This cell line was provided by the Biomedical Research Center of the University
of Quindío, Colombia. To begin, 15,000 Huh-7 DENV-2 replicon cells were cultured per
well in 96-well Multiwell plates (Costar 3590, New York, NY, USA). After reaching 70–80%
confluency, they were treated with compounds that had previously shown an effect on the
viral cycle and were incubated for 24 h at 37 ◦C and 5% CO2. NITD008 compound, an NS5
protein inhibitor [31], was used as a positive control, along with other respective controls.
The cells were treated with 4% paraformaldehyde for 30 min, and permeabilized for 5 min
with a 0.5% PBS 1X Triton X100 solution. Then, the cells were blocked with 5% fetal bovine
serum in 0.05% PBS-Tween for 24 h at 4 ◦C. Then, the cells were treated with primary Anti-
NS5 antibody produced in rabbits (SAB2700025 Sigma Aldrich) (1:10,000) and incubated
for 1 h and 30 min at 37 ◦C. Then, goat anti-rabbit (whole molecule) alkaline phosphatase-
conjugated antibody (A3687-Sigma Aldrich) diluted 1:30,000 was added and incubated
for 1 h at 37 ◦C. Subsequently, alkaline phosphatase substrate (S0942-Sigma Aldrich®)
was added for 1 h at 37 ◦C, followed by the addition of 0.1 M NaOH solution, and the
absorbance was measured at 405 nm using an Epoch spectrophotometer. The absorbance
values were transformed into NS5 production percentage and compared to the viral control,
using the (2) formula. The IC50 was estimated through the dose-response curve, using the
GraphPad Prism 6 software, and the selectivity index (SI) was also predicted by calculating
the ratio between CC50/IC50.

2.2.4. Determination of the Inhibitory Effect on Viral RNA Production of DENV-2

After treatments with the selected compounds on the previously infected Huh-7 cells
with DENV-2, as described above, total RNA extraction was performed using the TRIzol LS
Reagent® (Lot.50867000) following the manufacturer’s recommendations. The concentra-
tion and purity of the RNA were determined by the absorbance ratio at 260 nm and 280 nm,
read on an Epoch spectrophotometer. Subsequently, the amplification of the NS5 protein
gene was performed using the primers DENV 7764 Fwd 5′-CGTCGAGAGAAATATGGTCA
CACC-3′ and DENV 7844 Rev 5′-CCACAATAGTATGACCAGCCT-3′. The endogenous
GAPDH gene was amplified using the primers hGAPDH Fwd 5′-TGTTGCCATCAATGA
CCCCTT-3′ and hGAPDH Rev 5′-CTCCACGACGTACTCAGCG-3′. RT-qPCR was per-
formed using the Power SYBR® Green RNA-to-CTTM 1-Step kit (Ref 4389986, Applied
BiosystemsTM), following the manufacturer’s instructions, for a total reaction volume of
20 µL. As a negative amplification control, a reaction mixture without genetic material
was included. The RT was performed at 48 ◦C for 30 min, enzyme activation at 95 ◦C for
10 min, denaturation for 40 cycles of 95 ◦C for 15 s, and annealing and extension at 60 ◦C
for 1 min. The relative expression of this gene was calculated using the comparative CT
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method (2−∆∆CT) [32], which makes several assumptions, including that the PCR efficiency
is close to 1 and the PCR efficiency of the target gene is similar to that of the internal control
gene, using the following equation:

2−∆∆CT = [(CT gene of interest − CT internal control) Sample A − (CT gene of interest − CT internal control) Sample B]. (3)

2.3. Statistical Analysis

In all cases, treatments were compared with their respective controls. A Shapiro–
Wilk test was performed to evaluate data normality. Parametric data were evaluated
using one-way ANOVA with multiple comparisons test through Dunne’s t method. Non-
parametric data were evaluated using Kruskal–Wallis test, with comparison test through
Dunn’s test. t-test was performed to compare two groups of parametric data, Tukey test
to compare means, and Mann–Whitney U test for two groups of non-parametric data. A
p-value < 0.05 was considered statistically significant. The analyses were performed using
GraphPad Prism 6 software.

3. Results
3.1. The MTase and RdRp Domains Were Validated As Binding Sites

The crystallized structure of NS5 protein from serotype 3, PDB 5JJR, containing two
ligands on the regions of interest of the MTase and RdRp domains (SAH and 68E, re-
spectively), was used to re-dock these two compounds onto the NS5 protein of all DENV
serotypes. The defined dimensions for all boxes were 24 Å in all axes (x, y, and z).

In Figure 1, the re-docking of the SAH and 68E ligands onto the NS5 protein of serotype
3 is presented. As shown, molecular docking was able to approximately reproduce the
crystallographic pose of the control ligands. In the case of PDB 5JJR, a value of 1.2 Å was
obtained for the RMSD between the crystallized SAH ligand and the predicted pose, and
for the case of the 68E ligand present in the RdRp domain, a value of 1.7 Å was obtained
for the RMSD. The calculated interaction energies for SAH was −7.6 kcal/mol, and for 68E
was −8.6 kcal/mol.
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Figure 1. Molecular re-docking of co-crystallized ligands onto NS5 protein of serotype 3 of DENV
(PDB 5JJR). SAH ligand in MTase domain, with an RMSD of 1.2 Å, and 68E ligand in RdRp do-
main, with an RMSD of 1.7 Å. The MTase and RdRp domains are represented in orange and dark
green ribbons, respectively. The crystallized and predicted poses are shown in green and cyan
sticks, respectively.

3.2. Selected Compounds by Interaction on MTase and RdRp of DENV NS5 Protein

Figure 2 shows the steps taken to select compounds from the Zinc Natural Compounds
database that have interaction with the DENV NS5 protein.
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Figure 2. Stages and selection criteria for the selection of natural compounds with potential anti-
DENV activity.

After selecting the binding sites and setting up the interaction boxes used in the com-
pound search, virtual screening was performed. Initially, 190,090 natural compounds were
docked to the two binding sites of interest (MTase and RdRp) in the four serotypes. This
means that a total of eight virtual screenings and approximately 1,520,720 molecular dock-
ings were performed on the NS5 protein models of DENV. The DrugDiscovery@TACC web
portal [23] provided the top 1000 compounds for each screening, and the list was reduced to
8000 natural compounds (4000 for each domain). In order to identify compounds that may
exhibit anti-Dengue effects, only compounds that interacted with the NS5 protein domains
in all Dengue serotypes were selected. After verifying the compounds at each binding site,
a total of 479 compounds were obtained in the MTase domain and 127 compounds were ob-
tained in the RdRp domain in all four serotypes. Finally, physicochemical and toxicological
property screening was performed. The solubility evaluation in aqueous systems allowed
for the selection of 216 compounds for the MTase domain and 69 compounds for the RdRp
domain. Then, the Lipinski rule compliance was checked, resulting in 202 compounds
selected for the MTase domain and all previously identified compounds for the RdRp do-
main. The next analysis was based on the predictions of possible toxicological risks, which
resulted in 67 compounds for the MTase domain and 32 compounds for the RdRp domain.
The final selection of compounds was based on the binding energies. Five compounds
were chosen for the MTase domain, five for the RdRp domain, and five with interaction in
both domains (Table 1). The compounds were named according to the interaction site and
the last two digits of the Zinc code. Based on the results, the compounds were acquired
from Molport (https://www.molport.com/shop/index) (accessed on 30 August 2019) for
synthesis and to begin the in vitro evaluation of the molecules’ activity against DENV-2.

Table 1. Natural compounds identified through virtual screening with interaction in the NS5 protein
of DENV.

Binding Site Zinc Code Assigned Name
Binding Energy (kcal/mol)

DENV-1 DENV-2 DENV-2 DENV-4

Mtase Domain

ZINC08790808 M08 −11.4 −11.4 −11.5 −11.5

ZINC03839432 M32 −11.1 −11.1 −11.1 −11.2

ZINC08791166 M66 −11.4 −11.5 −11.5 −11.4

ZINC35485176 M76 −12.0 −12.1 −12.2 −12.0

ZINC08790178 M78 −12.0 −12.1 −12.2 −12.0

RdRp Domain

ZINC02094107 R07 −9.8 −9.7 −9.8 −9.6

ZINC04085432 R32 −10.1 −10 −10.5 −9.9

ZINC04085246 R46 −9.8 −9.7 −10.1 −9.2

ZINC12884853 R53 −9.8 −9.8 −10.1 −9.3

ZINC20611155 R55 −9.8 −9.6 −9.8 −10.0
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Table 1. Cont.

Binding Site Zinc Code Assigned Name
Binding Energy (kcal/mol)

DENV-1 DENV-2 DENV-2 DENV-4

Both domain

ZINC08790125 MR25
MTase −11.8 −11.9 −12.1 −11.9

RdRp −10.1 −9.8 −10.0 −9.7

ZINC08791241 MR41
MTase −11.2 −11.3 −11.4 −11.3

RdRp −10.0 −9.9 −10.4 −9.4

ZINC12885588 MR88
MTase −11.2 −11.1 −11.3 −11.2

RdRp −10.4 −10.3 −10.8 −10.2

ZINC04086794 MR94
MTase −11.1 −11.2 −11.4 −11.1

RdRp −10.2 −10.4 −10.4 −10.2

ZINC08791299 MR99
MTase −11.3 −11.3 −11.5 −11.3

RdRp −10.2 −10.1 −10.4 −9.9

3.3. Cytotoxic Effect Evaluation of Compounds in Huh-7 Cells

The cytotoxic effect was evaluated for 10 of the 15 identified compounds (M66, M76,
M78, R07, R32, R53, R55, MR25, MR41, and MR94). According to the results, among
the compounds with interaction on the MTase domain, M66 caused a decrease in cell
viability (≥ 50%) at concentrations of 50 and 100 µM, with statistically significant differences
when compared to the control cells (**** p < 0.0001). The estimated CC50 was 44.08 µM. For
compound M76, no effect was observed on cell morphology or metabolism at the highest
concentration evaluated (100 µM) after 24 h of treatment exposure; therefore, CC50 was
not determined. On the other hand, after treatment with compound M78, cellular viability
close to 100% was evidenced at concentrations of 12.5, 25, and 50 µM, while at 100 µM,
damage to the monolayer and therefore loss of viability was observed, with statistically
significant difference when compared to the control cells (**** p < 0.0001), finding a CC50 of
60.77 µM. Regarding the compounds identified with interaction on the RdRp domain, it
was found that compounds R07, R32, and R55 did not reduce cell viability at any of the
evaluated concentrations. On the other hand, treatment with compound R53 reduced cell
viability at all evaluated concentrations, with evident cell death. The determined CC50
for the compound was 30 µM. On the other hand, for compounds with binding in both
domains, CC50 of 70.57 µM was found for MR25 and CC50 of 46.22 µM for MR94, and
no effect was evidenced for MR41 at any of the evaluated concentrations, so CC50 was
considered >100 µM (Table 2).

Table 2. Mean cytotoxic concentration (CC50) of evaluated compounds on Huh-7 cell line.

Compound Structure CC50 (µM)

M66
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(10) compounds previously evaluated, excluding compound R53, which showed higher
toxic effects with a CC50 of 30 µM. This first selection analysis was performed through an
ELISA assay with detection of the DENV NS1 protein. According to these results, there
was a reduction in NS1 production after treatment with eight out of nine compounds
(M66, M76, M78, R07, R32, R55, MR25, MR41), with statistically significant differences
when compared to the viral control (**** p <0.0001), except for treatment with MR94. It is
worth noting that the addition of M78 and MR25 reduced the expression of this protein,
with production rates close to 38% and 45%, respectively. These rates were lower than that 
presented by the inhibition control (mycophenolic acid), which was around 63% (Figure
3).

Figure 3. Percentage of NS1 protein production after treatment with compounds M66, M76, M78, 
R07, R32, R55, MR25, MR41, and MR94 in DENV-2 infected cells, as measured by ELISA. VC: Viral 
control, CC: Cell control, CI: Inhibition control (20 µM mycophenolic acid). Data are represented as 
mean and standard deviation (n = 7). One-way ANOVA analysis indicated statistically significant 
differences between the compounds and viral control (VC) (*** p < 0.001), (* p < 0.1; **** p < 0.0001), 
except for compound MR94. t-test indicated no difference between M78 and MR25 (ns: non-signifi-
cant). 

>100

MR41

Viruses 2023, 15, x FOR PEER REVIEW 9 of 16 
 

 

MR25 

 

>100 

MR41 

 

>100 

MR94 

 

46.22 

3.4. The Compounds Reduce the Production of NS1 Protein in Cells Infected with DENV-2 
The antiviral activity of the compounds was determined for nine (9) out of the ten 

(10) compounds previously evaluated, excluding compound R53, which showed higher 
toxic effects with a CC50 of 30 µM. This first selection analysis was performed through an 
ELISA assay with detection of the DENV NS1 protein. According to these results, there 
was a reduction in NS1 production after treatment with eight out of nine compounds 
(M66, M76, M78, R07, R32, R55, MR25, MR41), with statistically significant differences 
when compared to the viral control (**** p <0.0001), except for treatment with MR94. It is 
worth noting that the addition of M78 and MR25 reduced the expression of this protein, 
with production rates close to 38% and 45%, respectively. These rates were lower than that 
presented by the inhibition control (mycophenolic acid), which was around 63% (Figure 
3). 

 
Figure 3. Percentage of NS1 protein production after treatment with compounds M66, M76, M78, 
R07, R32, R55, MR25, MR41, and MR94 in DENV-2 infected cells, as measured by ELISA. VC: Viral 
control, CC: Cell control, CI: Inhibition control (20 µM mycophenolic acid). Data are represented as 
mean and standard deviation (n = 7). One-way ANOVA analysis indicated statistically significant 
differences between the compounds and viral control (VC) (*** p < 0.001), (* p < 0.1; **** p < 0.0001), 
except for compound MR94. t-test indicated no difference between M78 and MR25 (ns: non-signifi-
cant). 

>100

MR94

Viruses 2023, 15, x FOR PEER REVIEW 9 of 16 
 

 

MR25 

 

>100 

MR41 

 

>100 

MR94 

 

46.22 

3.4. The Compounds Reduce the Production of NS1 Protein in Cells Infected with DENV-2 
The antiviral activity of the compounds was determined for nine (9) out of the ten 

(10) compounds previously evaluated, excluding compound R53, which showed higher 
toxic effects with a CC50 of 30 µM. This first selection analysis was performed through an 
ELISA assay with detection of the DENV NS1 protein. According to these results, there 
was a reduction in NS1 production after treatment with eight out of nine compounds 
(M66, M76, M78, R07, R32, R55, MR25, MR41), with statistically significant differences 
when compared to the viral control (**** p <0.0001), except for treatment with MR94. It is 
worth noting that the addition of M78 and MR25 reduced the expression of this protein, 
with production rates close to 38% and 45%, respectively. These rates were lower than that 
presented by the inhibition control (mycophenolic acid), which was around 63% (Figure 
3). 

 
Figure 3. Percentage of NS1 protein production after treatment with compounds M66, M76, M78, 
R07, R32, R55, MR25, MR41, and MR94 in DENV-2 infected cells, as measured by ELISA. VC: Viral 
control, CC: Cell control, CI: Inhibition control (20 µM mycophenolic acid). Data are represented as 
mean and standard deviation (n = 7). One-way ANOVA analysis indicated statistically significant 
differences between the compounds and viral control (VC) (*** p < 0.001), (* p < 0.1; **** p < 0.0001), 
except for compound MR94. t-test indicated no difference between M78 and MR25 (ns: non-signifi-
cant). 

46.22

84



Viruses 2023, 15, 1563

3.4. The Compounds Reduce the Production of NS1 Protein in Cells Infected with DENV-2

The antiviral activity of the compounds was determined for nine (9) out of the ten (10)
compounds previously evaluated, excluding compound R53, which showed higher toxic
effects with a CC50 of 30 µM. This first selection analysis was performed through an ELISA
assay with detection of the DENV NS1 protein. According to these results, there was a
reduction in NS1 production after treatment with eight out of nine compounds (M66, M76,
M78, R07, R32, R55, MR25, MR41), with statistically significant differences when compared
to the viral control (**** p <0.0001), except for treatment with MR94. It is worth noting that
the addition of M78 and MR25 reduced the expression of this protein, with production
rates close to 38% and 45%, respectively. These rates were lower than that presented by the
inhibition control (mycophenolic acid), which was around 63% (Figure 3).
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Figure 3. Percentage of NS1 protein production after treatment with compounds M66, M76, M78, R07,
R32, R55, MR25, MR41, and MR94 in DENV-2 infected cells, as measured by ELISA. VC: Viral control,
CC: Cell control, CI: Inhibition control (20 µM mycophenolic acid). Data are represented as mean and
standard deviation (n = 7). One-way ANOVA analysis indicated statistically significant differences
between the compounds and viral control (VC) (*** p < 0.001), (* p < 0.1; **** p < 0.0001), except for
compound MR94. t-test indicated no difference between M78 and MR25 (ns: non-significant).

3.5. Compound M78 Affects NS5 Protein Production by Interfering with Genome Replication
and/or Translation

The compound M78 was selected because it showed the greatest reduction in NS1
protein production when compared to the other compounds, decreasing expression by
approximately 60%, according to the previously described results (Figure 3). M78 was
evaluated at lower concentrations to assess its effect on NS5 expression. The ELISA results
are presented in Figure 4, indicating the percentage of protein production and showing
dose-dependent reduction with statistically significant differences when compared to viral
control (VC) (*** p < 0.001). However, treatment with the compound at three different
concentrations reduced protein production to values close to those observed in the positive
inhibition control. Nevertheless, there were statistically significant differences between the
three treatments, indicating a greater effect of M78 at 50 µM, where NS5 production was
close to 30% compared to VC (100%). The IC50 was estimated, with a value of 24.61 µM,
and according the determined CC50, an SI of 2.5 was found.
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Figure 4. Effect of M78 compound on the production of DENV-2 viral protein NS5 in Huh-7 replicon
cells using ELISA assay. CC: Cell control, VC: Viral control, IC: Inhibition control (20 µM Mycopheno-
lic Acid). Data represent mean and standard deviation (n = 8). One-way ANOVA analysis indicates
statistically significant differences between all concentrations of M78 evaluated in relation to viral
control (*** p < 0.001). Tukey test indicates difference between the three M78 treatments, between
12.5 µM and 25 µM (*** p < 0.001), and between 12.5 µM and 50 µM (**** p < 0.0001).

3.6. The M78 Compound Affects The Production of DENV-2 Viral RNA

The results of the antiviral effect and protein expression after treatment with 50 µM of
M78 led to the evaluation of the compound’s action on viral RNA synthesis. The evaluation
showed a decrease in the relative expression of the DENV-2 gene when compared to the
viral control (Figure 5).
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Figure 5. Effect of compound M78 (50 µM) on the production of DENV-2 viral RNA determined
through relative expression levels, by RT-qPCR, normalized using GAPDH. VC: Viral control, IC:
Inhibition control (20 µM Mycophenolic acid). Data represents the median and interquartile range
(n = 8). Kruskal–Wallis test analysis shows statistically significant differences between treatment with
compound M78 and inhibition control (IC) compared to viral control (VC) (*** p < 0.001). Mann–
Whitney test indicates no difference between inhibition control (IC) and M78 (ns: non-significant).

Figure 5 shows the relative expression levels for VC, IC, and M78 treatment. The results
indicate statistically significant difference between treatment with M78 and viral control
(**** p < 0.0001). Based on this, it is possible to state that the expression of the evaluated
gene was reduced 1.7 times due to the compound treatment, with similar behavior to that
of the inhibition control.

4. Discussion

The use of bioinformatics tools for the study of molecular docking has become an
important component in the drug discovery process [33]. Over the past two decades,
computational technologies have played a crucial role in the development of antiviral
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drugs [34]. For DENV, the NS5 protein has been reported as an important target for the
search for new molecules with inhibitory capacity of its function, knowing that it does not
have homologues in the eukaryotic cell, which decreases the probability of toxic effects.
It is highly conserved in flaviviruses, and within this protein, the thumb subdomain in
RdRp plays a crucial role in assisting in the synthesis of viral RNA [2]. Likewise, the MTase
domain has essential enzymatic activity in replication and positively influences polymerase
activity [20,35]. Considering this, the molecules that bind to these sites may hinder confor-
mational changes for RdRp activity [21]. Seeking compounds that bind in these regions
remains an objective, since it has been demonstrated that the development of therapeutic
molecules, such as direct-acting antivirals (DAA), is a truly effective approach [2].

The NS5 structures of the four serotypes were obtained from García et al. These
models include most of the NS5 amino acids from all serotypes, and they are reliable
and comparable based on validation of Z-score values against structures resolved by X-
ray and NMR and torsion angles [20]. Molecular docking with natural compounds was
performed on the SAM and RNA tunnel regions of NS5, after the re-docking of the SAH
and 68E ligands on the NS5 protein of serotype 3. The RMSD values obtained between
the computationally calculated and experimental poses for the control ligands SAH and
68E were 1.0 Å and 0.8 Å, respectively (Figure 1), presenting small values on an atomic
scale. A value equal to 0 indicates identical structures, and as the two structures become
different, its value increases [36], suggesting that the two compared structures are very
close to having the same formation. In other words, this result supports the interaction
coordinates used in the re-docking, indicating that they are suitable in the search for natural
compounds with interaction in DENV NS5, known as the most conserved protein, and
considered a promising pharmacological target due to its fundamental role in replication,
viral RNA methylation, RNA polymerization, and evasion of the host immune system [8].

Molecular docking has become an essential component for drug development and
represents an approach that can aid in therapeutic and pharmaceutical development. The
purpose of evaluating the antiviral potential of compounds derived from natural products
is aimed at their proven success in many pharmacological therapies. As such, and because
they present antiviral properties, they may be an alternative target for drug development
in order to combat the Dengue virus [37]. The binding energies of compounds on NS5
protein were found to be between −9.2 and −12 kcal/mol (Table 1), indicating the global
minimum energy of the complex formed between ligand and receptor [38]. The molecular
docking results suggest that all our compounds have a higher binding site affinity than
their respective controls, based on re-docking (for SAH, this was−7.6 kcal/mol; for 68E this
was −8.6 kcal/mol). This condition was considered as an initial criterion when choosing
the compounds. The binding energy is often used to determine the affinity of biomolecular
interactions and drug efficacy [39]; the more negative the binding affinity, the stronger
the ligand-receptor interaction and the better molecular docking prediction [40]. Further,
predictions of physicochemical and toxicological properties favored the selection of these
compounds. Compliance with Lipinski’s rules was established as an important criterion for
this classification, as higher molecular weight is associated with a lower rate of permeability
in lipid bilayer membranes, and a LogP less than five has approximately a 90% probability
of being orally soluble. When a drug-like molecule satisfies the five fundamental principles,
it exhibits greater pharmacokinetic properties and bioavailability [37], making it feasible
to consider whether the compounds possess possible drug properties and can be used in
the future as candidates [20,41]. Likewise, predicting possible risks favored ordering the
compounds in order to evaluate the most promising ones in vitro. This allowed for the
postulation of 15 candidate compounds for in vitro evaluation in DENV.

The experimental phase began with the determination of the cytotoxicity of 10 of
the 15 identified compounds. The results showed that six of them had CC50 in Huh-7
cells above 100 µM (M76, R07, R32, R55, MR25 and MR41), while the CC50 of the others
were less than or equal to that found for M78 (60.77 µM). No apparent cellular damage
was found up to 50 µM (Supplementary Figure S1) so it was decided to evaluate these
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compounds at lower concentrations relative to the CC50 determined for each one (Table 2).
According to the chemical structure of the compounds, eight out of ten evaluated in vitro
contain a scaffold of five-ring named 7,8,13,13b-tetrahydro-5H-benz [1,2] indolizino [8,7-b]
indole. Indole compounds possess pharmacological potential that has been used as an ex-
cellent scaffold in the discovery of antimicrobial drugs, anticancer agents, antihypertensive,
antiproliferative, and anti-inflammatory agents [42]. The activity of these compounds is
associated with the molecular interactions generated between the indole compound and
the therapeutic target [43], with high affinity, which aids in the development of new biolog-
ically active compounds [44,45]. Medically useful or promising indole compounds span
the entire structural spectrum, from simple indoles to highly complex indole alkaloids [43].
Recent studies have pointed out that these types of structures exhibit an effect against
flaviviruses [46] such as DENV, and other viruses such as HIV and influenza virus [47],
and that fused tricyclic derivatives of indoline and imidazolidinone have action on ZIKV
and DENV infection [48].

The effect of the compounds against DENV was initially evaluated for nine out of
the ten selected compounds (excluding R53) by measuring the expression of DENV-2 NS1
protein, which was used as a model because it is one of the most prevalent serotypes [49].
The results indicated that all compounds, except MR94, reduced NS1 expression when
compared to the viral control (Figure 3). The presence of NS1 confirms Dengue infection
and serves as evidence of successful viral replication [9,50]. Among the compounds, M78
showed better effects by decreasing protein production by over 60% (production close to
38%). In other studies, the detection of DENV-2 NS1 through ELISA also identified that
hydroalcoholic extracts of leaves (UGL) and bark (UGB) from the medicinal species Uncaria
guinanensis reduced the levels of this protein at concentrations of 0.5, 5, and 10 µg/mL [51].
Considering that NS1 is a multifunctional protein essential for virus production, and that,
in infected cells, it is necessary for the formation of virus-induced membrane structures that
serve as replication sites for DENV [52], the findings presented here support the concept of
an antiviral action by the evaluated compounds.

On the other hand, it was found that compound M78 induces a reduction in NS5
expression, with a dose-dependent effect (Figure 4), and a predicted selectivity index (SI) of
2.5 µM, indicating that the compound is effective and selective at this concentration. This
parameter is accepted to express the efficacy of a compound in inhibiting viral replication,
although studies have shown that SI values < 10 have limited antiviral activity, as observed
in the case of OA, a methylated flavone from Oroxylum indicum, with an SI of 2.66 against
DENV-2 [53]. Furthermore, by using the replicon system, which allows studying aspects of
viral replication due to the lack of structural genes [30], it is possible to consider that the
intervention of M78 is directed towards viral replication and/or the expression of proteins
associated with this process [54], which is also evidenced by the reduction in viral RNA
copies (Figure 5), where a 2−∆∆CT value less than 1 indicates a reduction in gene expression
due to the treatment [32], estimating that such reduction was 1.7 times greater compared
to the viral control. Based on the above, we can say that M78 intervenes in the viral cycle
of DENV-2, although the mechanism through which this effect occurs requires further
validation, using complementary techniques that allow for a deeper understanding of the
role of this compound as an antiviral.

Other studies have reported the evaluation of compounds and plant extracts against
DENV-2; among them, it has been indicated that the ethanolic extract of A. calamus root
(Tatanan A) presented a similar effect to that found for M78, related to the intervention in
the initial stage of viral replication, while inhibiting DENV-2 mRNA and protein levels [55].
On the other hand, it has also been published that hirsutine, an alkaloid from Uncaria
rhynchophylla that shares structural similarity with M78 in relation to the indole nucleus,
was identified as a potent anti-DENV compound in the four serotypes, inhibiting viral
particle assembly, budding, or release step, but not translation and viral replication in the
DENV lifecycle [56]. However, we have found a different dynamic for the compound M78,
demonstrating that the compound intervenes in DENV-2 viral replication by acting on RNA
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synthesis and/or translation of the viral genome, causing a decrease in the production of
viral proteins, as we have observed (Figures 4 and 5). Furthermore, considering that indole
is a potent basic pharmacophore present in a wide variety of antiviral agents [45], it is also
known that some indole derivatives have been effective and selective inhibitors of this
virus replication [57]. In this sense, the design of antiviral drugs containing indole is useful
for combating viral infections [42], and furthermore, its application is interesting if this
type of compound is found in natural products, as compounds from these sources have pre-
vented DENV from infiltrating the genome or act by reducing structural and non-structural
proteins that are produced [58]. This supports our findings. The identification of this
naturally occurring compound is interesting, as similar bioactive compounds with antiviral
properties could be combined with existing therapies along with different administration
methods to enhance their efficacy [59].

Furthermore, our results indicate that the in silico strategy used in this research to
search for compounds against Dengue proved to be effective, allowing the identifica-
tion of 15 compounds with interaction in NS5 from DENV-1 to DENV-4 out of a total
of 190,090 evaluated natural compounds. Among them, compound M78 showed in vitro
antiviral activity, highlighting the utility of this methodology for future studies in the
identification of compounds targeting viral targets. The findings suggest that the natural
compound M78 could be considered a candidate for DENV-2. M78 is involved in viral repli-
cation, and it is recommended to study its role in NS5 in more detail, as well as its action in
pre-treatment and its virucidal effect against other Dengue serotypes and flaviviruses. It is
important to note that its chemical structure, for which no other biological activity assays
are currently known, possesses an indole core that could be associated with its antiviral
effect, which increases the interest in further investigating this compound identified here
through virtual screening.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/v15071563/s1, Figure S1: Cell viability of Huh-7 for compound M78,
as measured by resazurin assay.
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Abstract: The C-terminal portion of the E protein, known as stem, is conserved among flaviviruses
and is an important target to peptide-based antiviral strategies. Since the dengue (DENV) and Zika
(ZIKV) viruses share sequences in the stem region, in this study we evaluated the cross-inhibition
of ZIKV by the stem-based DV2 peptide (419–447), which was previously described to inhibit all
DENV serotypes. Thus, the anti-ZIKV effects induced by treatments with the DV2 peptide were
tested in both in vitro and in vivo conditions. Molecular modeling approaches have demonstrated
that the DV2 peptide interacts with amino acid residues exposed on the surface of pre- and postfusion
forms of the ZIKA envelope (E) protein. The peptide did not have any significant cytotoxic effects
on eukaryotic cells but efficiently inhibited ZIKV infectivity in cultivated Vero cells. In addition, the
DV2 peptide reduced morbidity and mortality in mice subjected to lethal challenges with a ZIKV
strain isolated in Brazil. Taken together, the present results support the therapeutic potential of the
DV2 peptide against ZIKV infections and open perspectives for the development and clinical testing
of anti-flavivirus treatments based on synthetic stem-based peptides.

Keywords: Zika virus; peptide; antiviral; DV2 peptide; dengue virus; flavivirus

1. Introduction

The Zika (ZIKV) and dengue (DENV) viruses belong to the Flaviviridae family,
which also includes other clinically important viruses, such as yellow fever virus (YFV),
West Nile virus (WNV), and Japanese encephalitis virus (JEV) [1,2]. DENV infection in
humans has been detected in more than 100 countries, for which observers estimate about
390 million cases and 22,000 deaths by dengue disease worldwide each year [3,4]. On
the other hand, around 1.5 million of ZIKV infections have been reported in more than
70 countries [5]. The Zika virus was probably introduced into Brazil in 2013 [6], where
two years later it was related to the occurrence of neurologic damage in newborn ba-
bies [7]; it was and declared a global health emergency by the World Health Organization
(WHO) in 2016 [8]. Even though ZIKV infections are usually associated with self-limiting
symptoms, severe clinical outcomes may be observed, such as Congenital Zika Syndrome
(CZS) and Guillain-Barré syndrome [9]. In Brazil, between 2015 and 2022, approximately
3707 cases of congenital ZIKV infection were confirmed, of which 1852 were classified
as CZS. Additionally, 31,194 cases of severe dengue were reported in the period from
2020 to 2022 [10]. Thus, the high incidence of these infections over the years and the related
clinical complications illustrate the importance and impact of these diseases on public health.

Several DENV and ZIKV vaccine candidates have been developed and tested under
preclinical and clinical conditions [11,12]. Two tetravalent dengue vaccines have already
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been licensed, Dengvaxia® (Sanofi Pasteur) and QDENGA® (Takeda), which are based on
chimaeric live-attenuated viruses [13]. Moreover, part of the anti-ZIKV vaccine strategies
have evolved into phase I and II clinical trials (Clinical trials: NCT03008122, NCT03014089,
NCT03110770, NCT02996461). The reported results demonstrated that formulations based
on inactivated virus, DNA vaccine, and more recently, lipid nanoparticle-encapsulated
mRNA-based vaccine encoding the prM-E antigens were well-tolerated and immunogenic,
with induction of neutralizing antibodies in immunized individuals [14–19]. However, to
date, none of the anti-ZIKV vaccines have been approved for use in humans. On the other
hand, effective therapeutic strategies may reduce the lethality and morbidity related to
severe forms of DENV and ZIKV infections. In this sense, different natural or synthetically
produced antiviral candidates have also been tested against those arboviruses, including
bioactive compounds from plant extracts, small molecules, or peptides [20–26]. Besides
the high number of studies regarding the discovery of new compounds that have antiviral
activity against those viruses, only a few have been tested in humans. Thus, so far, there
are no specific drugs with proven efficacy against DENV, ZIKV, or other flaviviruses, and
currently available therapies are only palliative [27].

Previous studies have demonstrated that synthetic peptides (<100 amino acid residues)
have antiviral effects, and some of them show features compatible with pharmacological
uses [28]. Furthermore, studies have demonstrated the inhibitory effects of synthetic
peptides against different flaviviruses, such as DENV [29–33], JEV [34], WNV [35], and
more recently, ZIKV [36]. Peptides derived from the proximal stem region of the DENV2 E
protein inhibited viral infectivity under in vitro conditions. In addition, detailed analyses
demonstrated that DENV2-inhibitory peptides act via a two-step mechanism. First, the
peptides bind nonspecifically to the virion membrane at neutral pH using C-terminal
hydrophobic residues; subsequently, at low pH into the endosome, the inhibitory peptides
interact with the postfusion form of the E protein, blocking the membrane fusion step
and, thus, the virus’ infectivity. Specifically, a synthetic peptide named DV2, which was
designed according to the domain III (EDIII) of the stem region of the E protein amino acid
sequence, targets a late step of the viral fusion process and has been reported to inhibit the
infectivity of all DENV serotypes [32,33]. Nonetheless, there is no additional data regarding
the activity of the DV2 peptide on other flaviviruses, as well as on its protective effects
in vivo under experimental conditions.

In the present study, we evaluated the interactions of the DV2 peptide with the ZIKV E
protein using in silico analyses and biological effects data. Experimental data demonstrated
that the DV2 peptide blocks ZIKV infectivity both in cultivated cells and under in vivo
conditions, as demonstrated in immunodeficient mice subjected to lethal challenges with
the virus, without any detected cytotoxic side effects.

2. Materials and Methods
2.1. Ethics Statement

The protocols were approved on 28 March 2016 by the Institutional Animal Care and
Use Committee (CEUA) of the University of São Paulo (protocol number 22/2016) and
were conducted according to the Ethical Principles of Animal Experimentation established
by the Brazilian College of Animal Experimentation.

2.2. Cell Lines and Virus

The Vero CCL-81 cell line was cultured in DMEM supplemented with 10% fetal bovine
serum (FBS) (Life Technologies). Aedes albopictus C6/36 cells were cultured in Leibovitz
L-15 medium (Vitrocell, Campinas, SP, Brazil) supplemented with 2% FBS. ZIKVBR strain
(isolated from a clinical case during the 2015 Brazilian outbreak (isolate = “BeH823339”,
GenBank: KU729217) [37] was propagated in C6/36 cells, concentrated, and titrated as
previously described [38,39].
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2.3. Peptide Synthesis

DV2 (AWDFGSLGGVFTSIGKALHQVFGAIYGAA) and Ph-22 (ACNTIDPRHCGG
GSAETVES)—a synthetic peptide previously generated in the laboratory with no re-
ported activity against ZIKV—were purchased from Biomatik (Piscataway, NJ, USA),
solubilized in dimethylsulfoxide (DMSO) to obtain stock solutions with end concentra-
tions of 2.5 mM and 5 mM, respectively, and stored at −20 ◦C until use. The purity of
the peptides was higher than 95%.

2.4. Cytotoxicity Tests

The cytotoxic effects of the DV2 peptide were evaluated by measuring cell metabolic
activity as well as cell viability. Cell proliferation was assessed using the reagent WST-1
(Roche) according to the manufacturer’s instructions, and the number of live cells was
determined by flow cytometry. Briefly, Vero CCL-81 cell monolayers established in 96-well
plates were incubated at 37 ◦C for 24 h with increasing concentrations of the peptide
ranging from 0.75 to 24 µM. Equivalent volumes of DMSO were used as the control. The
WST-1 reagent was added to the wells, which were then incubated for 1 h at 37 ◦C. The
absorbance was measured using a microplate reader at 440 nm. For flow cytometry analysis,
live/dead aqua fluorescent reactive dye (Invitrogen) was added to the wells after a washing
step for incubation for 30 min. at room temperature. The cells were then acquired on a
LSR FortessaTM cytometer (BD, Franklin Lakes, NJ, USA). The data were analyzed using
FlowJo software (version 10, Tree Star, San Carlo, CA, USA).

2.5. In Silico Docking of the DV2 Peptide

Prediction of the DV2 peptide-binding site on the ZIKV E protein in the postfusion con-
formation was performed using a three-dimensional model built with Modeller v10.1 [40]
based on the structural coordinates from homologous DENV1 (PDB:3G7T) and DENV2
(PDB:1OK8). A total of 100 models were generated, and the selected structure was cho-
sen on the basis of the DOPE score. Peptide docking was performed using CABS-dock
v0.9.18 [41] with both conformations of the ZIKV E protein as docking pairings. Each
simulation generated 10,000 models (from 10 independent trajectories), which were further
reduced to 1000 models on the basis of low-energy selection. The 1000 top-scored models
were then classified into 10 clusters, and the all-atom structures were derived by PD2 [42]
from each cluster’s medoid. The Zika E protein residues involved in the interaction with the
DV2 peptide were identified using the Protein-Ligand Interaction Profiler (PLIP) server [43].
The PyMOL molecular graphics system (DeLano Scientific, San Carlos, CA, USA; DeLano
2002) was used for analyzing the structures and interactions of DV2 and the ZIKV E protein
and for preparing the figures.

2.6. Virus Inhibition Assays

Different concentrations (0.75, 1.5, 3.0, 6.0, and 12 µM) of the DV2 or Ph22 peptides
were incubated with ZIKVBR strain (MOI of 1) for 30 min at 37 ◦C and 5% CO2. The virus-
peptide mixture was transferred to Vero CCL-81 cell monolayers (previously established in
96-flat well plates) and incubated for 1 h at 37 ◦C and 5% CO2. After washing (three times)
with PBS, fresh DMEM supplemented with 2% FBS was added to the cells and incubated
for up to 24 h. The cell culture supernatants were harvested and stored at −80 ◦C. The
virus titers of the cell-free supernatants were determined by plaque assays (PFU/mL), as
previously described [38].

2.7. Flow Cytometry Analyses of ZIKV-Infected Cells

The cell monolayers were washed twice with PBS and trypsinized using 1× Trypsin/EDTA
(Gibco). Cells were fixed/permeabilized using a Cytofix/Cytoperm kit (BD Bioscience),
according to the manufacturer’s instructions, labeled with the 4G2 monoclonal antibody
(Millipore) (10 µg/mL), and incubated with a rabbit anti-mouse IgG antibody coupled
to AF488 (Thermo Fisher Scientific) (final dilution of 1:1000). Flow cytometry analyses
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were performed using an LSR FortessaTM cytometer (BD, Franklin Lakes, NJ, USA). The
data were analyzed using FlowJo software (version 10, Tree Star, San Carlo, CA, USA) to
determine the percentage of infected cells.

2.8. Mice Infection

The AG129 (IFNα/βR−−) (7–8 weeks old) mice used in this study were bred under
specific pathogen-free conditions at the Isogenic Mouse Facility of the Microbiology
Department, University of São Paulo, Brazil. ZIKVBR preparations (100 PFU/animal)
were incubated at 37 ◦C for 30 min. with 12 µM DV2 peptide (n = 5) or equivalent
volumes of DMSO (n = 5), maintaining a final peptide-virus mixture volume of 50 µL
injected per animal. Mice inoculated with ZIKV only (n = 4) and naive animals (n = 3)
were used as the control groups. Naïve AG129 mice were s.c. inoculated with the
peptide/DMSO-virus mixtures and monitored for up to 17 days. Morbidity signs were
quantified on the basis of an arbitrary score scale (healthy, score 0; ruffled fur, score 1;
paralysis, score 2; deformed spinal column, score 3; moribund, score 4) together with
body weight measurements. Serum samples were collected on days 3, 5, 7, and 14 after
infection and stored at −80 ◦C for analysis of viremia. A body weight reduction of
20% was used as a parameter for sacrificing animals in combination with morbidity
evaluation (clinical score of 4).

2.9. Statistical Analysis

Statistical analyses were performed using Prism 6 (GraphPad Software Inc., LA Jolla,
CA, USA). A t-test was used for two-group comparisons, whereas two-way ANOVA
followed by Bonferroni correction was used when the data involved several groups and
more than one variable (concentrations). The log-rank test (Mantel-Cox) was used to
analyze the survival and morbidity data. Differences were considered significant when the
p-value (p) was ≤0.05.

3. Results
3.1. In-Silico Docking Analyses of DV2 with the ZIKV E Protein

In silico docking analyses of the DV2 peptide were carried out with the postfusion
conformation of the ZIKV E protein-binding site using the CABS-dock program. We
used a structural model based on the coordinates of DENV1 and DENV2 proteins as
the input for the program. The best docking complex was selected among those with
the lowest energy parameters; it corresponded to the positioning of the DV2 peptide on
a protein surface rich in hydrophobic and negatively charged amino acids, interacting
with domains I and II (Figure 1). According to the docking simulation, the interaction of
the peptide in the postfusion conformation mainly relies on residues from the conserved
region (419–441) and involves hydrogen bonds, hydrophobic interactions, and salt
bridges. These data are in accordance with previous results and models that describe
the interaction of peptides derived from the membrane-proximal region of the dengue
virus E protein in the postfusion conformation [32]. According to the PLIP program,
11 residues of the DV2 peptide participate in the interactions with ZIKV E protein, 8 in
the conserved region, and only 3 among residues 441–447, reinforcing the notion that the
conserved region is important for binding in the trimeric form. A list of the predicted
interactions for all the residues is shown in Table S1 (Supplementary Materials).

3.2. In Vitro Cytotoxicity and Anti-ZIKV Effects of the DV2 Peptide

Based on the expected interactions among the amino acid residues of DV2 and
ZIKV E proteins, we set up experiments to evaluate the in vitro effects of the peptide on
ZIKV-infected cells. Initially, we determined the cytotoxic effects of DV2 on Vero CCL-81
cells incubated with the peptide for up to 24 h. The DV2 citotoxicity was evaluated
measuring the number of live cells by staining them with a live/dead fluorescent and
determining the cell metabolic activity using the WST-1 reagent. As shown in Figure 2,
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the DV2 peptide did not show any significant cytotoxicity at concentrations ranging
from 0.7 to 24 µM. Similarly, the control (DMSO) tested at equivalent dilutions did not
induce any significant cell death.
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Figure 1. Prediction of DV2 peptide and ZIKV E protein interactions based on in silico docking analyses.
The structural model of ZIKV E protein in postfusion conformation (based on the structural coordinates
from PDBs 3G7T and 1OK8) was used for the analysis. The protein is shown in surface mode highlighting
domain I, II, and III, displayed as red, yellow, and blue colored cartoons, respectively. The DV2 peptide
is represented using a sky-blue-colored cartoon. (a) According to docking results, the peptide interacts
with EDI and EDII, in the postfusion conformation. (b) Detailed view of the interacting residues between
the ZIKV E protein and the DV2 peptide, predicted by the PLIP program. Residues are shown as
colored sticks; sky blue has been used for the DV2 peptide, salmon for DI, and yellow for DII residues.
(c) Representation of residues 420–447 of the DV2 peptide and their interactions with the ZIKV E protein.
The amino acid sequence alignment of the DV2 peptide with the respective sequences of the envelope
protein of ZIKV and DENV (types 1 to 4) is shown below. The residues of the peptide that interact with
the postfusion conformation are highlighted in bold black.
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Figure 2. Cytotoxic effects of the DV2 peptide on eukaryotic cells. Vero CCL-81 cell monolayers were
treated with increasing concentrations (0.75–24 µM) of the DV2 peptide for up to 24 h. Cell samples were
exposed to the peptide solvent (DMSO) at the same volume/dilution (control). (a) Percentage of live
cells obtained by flow cytometry analyses. (b) Cell proliferation measured by metabolic activity using
the WST-1 reagent. Data are presented as mean ± SEM of live cells normalized to the respective control.
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Next, we tested the in vitro antiviral effects of the DV2 peptide. Vero cells were
infected with ZIKV (MOI of 1) in the presence of either the DV2 or the control Ph22
peptides, followed by detection of infected cells and infectious viral particles in the cell
supernatants collected 24 h post infection (hpi). Notably, the DV2 peptide drastically
reduced ZIKV infectivity at concentrations ranging from 3 to 12 µM, as measured by the
number of infected cells (Figure 3a). The anti-ZIKV effects of DV2, compared to that
of the control Ph22 peptide, reached 80% (3 µM) to 97.5% (12 µM) inhibition. Similarly,
determination of the viable viral particles in the culture supernatants of the infected cells
demonstrated that concentrations of 6 and 12 µM of DV2 reduced the number of PFU to
values below the detection limit of the assay (Figure 3b). The inhibitory concentrations
(IC50 and IC90) are listed in Table 1 and Figure S1 (Supplementary Materials).
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Figure 3. The DV2 peptide inhibits ZIKV infectivity in vitro cultured Vero cells. Vero cell monolayers
were infected with ZIKV (MOI = 1.0) in the presence of the DV2 (DV2) or Ph22 (Control) peptides.
The impact of the treatment with the DV2 peptide on virus infection was measured at 24 hpi.
(a) Percentages of infected cells determined by flow cytometry. (b) Viable ZIKV titers (PFU/mL)
determined by plaque assay using culture supernatants of infected cells. Cells incubated with
viruses treated with Ph22, DMSO, or culture medium (NT) were used as negative controls. The data
are presented as mean ± SEM (bars) from three independent experiments. Statistically significant
differences were determined using two-way ANOVA with Bonferroni correction (*** p < 0.001 and
**** p < 0.0001, compared to the DMSO control).

Table 1. DV2 peptide concentrations required to inhibit ZIKV infection by 50% (IC50) or 90% (IC90),
determined by different methods.

IC50 (µM) IC90 (µM)

Flow Cytometry 1 2.647 3.228
Plaque assay 2 1.976 2.696

1 ZIKV infected cells (%), 2 Viable ZIKV titers (PFU/mL).

3.3. Protective Effects of the DV2 Peptide in AG129 Mice Challenged with ZIKV

The in vivo anti-ZIKV effects of the DV2 peptide were determined in AG129 IFNα/βR−/−

mice following s.c. inoculation with a lethal dose of ZIKVBR. As demonstrated in
Figure 4, incubation of ZIKV with the DV2 peptide reduced morbidity signs in infected
animals (Figure 4a–e). DV2 also prevented body weight loss and viremia (Figure 4f,g).
Additionally, we measured the protection conferred by the DV2 peptide against mortality
in ZIKV-infected mice. In contrast to mice inoculated with ZIKV particles in the presence
of DMSO, 80% of mice infected with ZIKV exposed to 12 µM DV2 peptide survived the
lethal challenge (Figure 4h). Taken together, these results support a strong anti-ZIKV
effect of the DV2 peptide both in vitro and in vivo.
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Figure 4. The DV2 peptide induces protection against ZIKV infection in AG129 mice. DV2
(12 µM) was incubated with 100 PFU ZIKVBR for 30 min at 37 ◦C. The virus-peptide mixtures
were s.c. inoculated in AG129 mice. The (a–d) morbidity, (e) clinical score, (f) weight changes,
(g) viremia, and (h) survival were monitored in the infected animals for up to 17 days. The data
are presented as means ±SD of the respective parameters in the different mice groups. Statistical
significance was evaluated using two-way ANOVA followed by Bonferroni correction. Mantel-Cox
test was used to analyze the survival results (*** p < 0.001; **** p < 0.0001; NS, not significant).

4. Discussion

The flavivirus E protein is a surface membrane protein involved in host cell receptor-
binding functions and mediates the fusion of the viral envelope with endosomal mem-
branes. The E protein is composed of three regions: domains I (EDI), II (EDII), and III
(EDIII). EDII preserves the conserved hydrophobic fusion loop required for cell entry,
whereas EDIII interacts with cellular receptors. The E protein is a key target for peptides
capable of halting the infectivity of flaviviruses [44–46], particularly those derived from
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the C-terminal portion of the E protein [29,33,34,36]. This portion, known as stem, is a
membrane-proximal region that plays important roles in the viral fusion process [47,48].
Since the stem region is conserved among flaviviruses [32], stem-based antiviral peptides
are potential candidates for cross-inhibiting the infectivity of flaviviruses.

Here we showed that the DV2 stem-derived peptide (aa 419–447), previously reported
to inhibit the four DENV serotypes [33], was capable of inhibiting ZIKV infection in cell
culture and protected mice against an otherwise lethal challenge with the virus. Interest-
ingly, despite the DV2 peptide being based on the DENV sequence, our in silico docking
analyses showed that N- and C-terminal DV2 residues interact with ZIKV EDI and EDII in
postfusion conformations. Moreover, this interaction is mainly based on residues from the
conserved region (419–441) among the viruses. Accordingly, a two-step mechanism was
initially proposed for the DV2-inhibitory activity against DENV infection. First, DV2 binds
nonspecifically to the viral lipid layers using C-terminal hydrophobic residues, and, once in
the endosome, it specifically interacts with the postfusion form of the E protein (N-terminal
residues) and blocks viral endosome membrane fusion [33]. Thus, we assume that the
ZIKV cross-inhibition effects observed in the presence of the DV2 peptide are similar to
those reported for DENV.

The DV2 peptide was able to inhibit in vitro ZIKV infectivity by more than 95% at
6–12 µM. A previous study demonstrated that the DV2 peptide inhibited the four dengue
types at different molar concentrations, DENV1, IC90 = 0.1 µM; DENV2,
IC90 = 0.3 µM; DENV3, IC90 = 2 µM; and DENV4, IC90 = 0.7 µM. In contrast, peptides
with sequences derived from other flaviviruses (YFV and WNV) did not inhibit DENV
infection [32]. Here, the IC50 (1.98–2.65 µM) or IC90 (2.23–2.7 µM) values established
for ZIKV inhibition were higher than those reported for the DENV types. However, IC
parameters are difficult to compare as these have been shown to be dependent on the
cell line and virus strain. Interestingly, despite the limitations mentioned above, the
IC90 = 2.7 µM value shown here is close to the IC90 found by the authors for DENV3
inhibition, whose stem region has the highest similarity with that of ZIKV (76%) com-
pared with the similarities observed with the stem regions of the other serotypes, DENV1
(52%), DENV2 (55%), and DENV4 (62%). Thus, our in vitro results demonstrate the cross-
antiviral activity of a DENV2-derived peptide with ZIKV, highlighting the potential
application of stem-derived peptides for the control of different flavivirus infections.

The cross-inhibitory activity of flavivirus stem-derived peptides has also been reported
previously. In this context, a 33-residue peptide mimetic to the DENV2 sequence, named
DN59 (412–444), was effective against the four DENV serotypes and WNV (IC50 = 2–5 µM).
The authors suggested that DN59 interacts with the viral lipid membrane, disrupting the
lipid bilayer and forming holes from where the viral RNA exits, irreversibly inactivating
the virions [29]. Similarly, a ZIKV peptide, designated Z2 (aa 421–453), was shown to
disrupt the ZIKV envelope membrane integrity, inhibiting different ZIKV strains, such as
SZ01 (IC50 = 2.6 µM), FLR (IC50 = 4.0 µM), and MR766 (IC50 = 13.9 µM); Z2 also inhibited
DENV2 (IC50 = 4.0 µM) and YFV 17D (IC50 = 5.0 µM) [36]. Another study described a
stem-derived P5 peptide that inhibited JEV as well as ZIKV infections (IC50 = 3.27 µM).
The authors also showed that the equivalent peptide ZP1 (424–445) derived from ZIKV
inhibited ZIKV infection at lower concentrations (IC50 = 1.32 µM) than the JEV-derived
peptide [34]. Thus, our data are in line with the literature and support the cross-inhibition
effects of E protein stem-based peptides against different flaviviruses, raising perspectives
for the development of anti-flavivirus therapies based on the use of synthetic peptides.

Some stem-based peptides have shown in vivo antiviral effects in animal models [34,36].
Here, we used a highly susceptible ZIKV infection animal model, IFNα/βR−/−AG129
mice, to evaluate in vivo DV2-induced protection against ZIKV [49]. Our results showed an
important DV2-mediated protective effect against ZIKV infection based on different in vivo
parameters, including viremia, morbidity, and mortality. Notably, 12 µM of the DV2 peptide
protected most (80%) of the animals from death and prevented weight loss. To our knowledge,
this is the first study to describe the in vivo antiviral effects of the DV2 peptide. In vivo
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anti-ZIKV protection has also been reported for the JEV E protein stem-derived peptide
P5 [34]. The P5 peptide reduced viral load and histopathological damage in the brains of
mice inoculated with ZIKV [34]. Alternatively, the Z2 peptide, derived from the ZIKV E
protein stem region, conferred significant protection (75%) against death and neurologic
symptoms among challenged mice [36]. Collectively, different synthetic peptides derived
from the stem region of the E protein of different flaviviruses represent a potential therapeutic
strategy against infection and, in the case of ZIKV, may avoid or reduce neurological damage
in newborns associated with infection in pregnant women.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/v15040839/s1, Figure S1. Determination of DV2 peptide IC50
values against ZIKV through different techniques. Table S1. Prediction of non-covalent interactions
between the ZIKV E protein and the synthetic DV2 peptide in the postfusion conformation according
to the PLIP tool.
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Abstract: In this study, we describe the input data and processing steps to find antiviral lead
compounds by a virtual screen. Two-dimensional and three-dimensional filters were designed based
on the X-ray crystallographic structures of viral neuraminidase co-crystallized with substrate sialic
acid, substrate-like DANA, and four inhibitors (oseltamivir, zanamivir, laninamivir, and peramivir).
As a result, ligand–receptor interactions were modeled, and those necessary for binding were utilized
as screen filters. Prospective virtual screening (VS) was carried out in a virtual chemical library of
over half a million small organic substances. Orderly filtered moieties were investigated based on
2D- and 3D-predicted binding fingerprints disregarding the “rule-of-five” for drug likeness, and
followed by docking and ADMET profiling. Two-dimensional and three-dimensional screening were
supervised after enriching the dataset with known reference drugs and decoys. All 2D, 3D, and 4D
procedures were calibrated before execution, and were then validated. Presently, two top-ranked
substances underwent successful patent filing. In addition, the study demonstrates how to work
around reported VS pitfalls in detail.

Keywords: influenza; neuraminidase inhibitors; noncompetitive inhibition; virtual screening; ligand
docking; screening pitfalls; screening problems

1. Introduction

Despite world-wide vaccination efforts and “anti-flu” public health prevention cam-
paigns (general hygiene and patient confinement), the influenza disease has never been
controlled due to antigenic drifts or occasional abrupt shifting by gene mutations in the
viruses—in addition to viruses occasionally crossing host–range barriers, thereupon ex-
panding their genetic pools. Hence, as a severe setback, vaccines must be developed in
advance of a forthcoming flu season based on predictions on previously known strains.
Moreover, vaccine production time is a bottleneck, so vaccines are not readily available
during the initial spread of a pandemic. As such, alternative treatments such as novel mini-
antibodies have been proposed [1]. Human influenza A vaccines constitute the cornerstone
of flu prevention while drugs have been developed for monotherapeutic purposes in the
early stages of infection or as a co-medication, such as orally inhaled zanamivir (Relenza™)
or orally administered oseltamivir (Tamiflu™). The latter suffered from complicated multi-
step and resourceful synthetic preparation challenging production and delivery on time.
These setbacks beg for simpler chemical moieties with broad anti-flu activity (against H1N1
and H5N1), as well as the possibility of structural derivatization.

Traditional experimental drug development techniques are based on laborious op-
timization cycles until favorable results are met. In contrast, computational molecular
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simulations—namely virtual screening, scaffold hopping, and drug candidate profiling—
can save time, materials, and human resources. In particular, compound collections allow
the inclusion of huge amounts of chemical substances—either already extant “real world”
substances or non-existing molecules from virtual libraries. In this context, novel scaffolds
against new influenza virus targets have emerged [2].

Three types of viral proteins are located on the influenza virus’ surface: M2, HA, and
NA. Primary sequence variants of the latter two define the subtypes, including human
H1N1 or avian H5N1, etc. The human influenza A neuraminidase (protein name NA, gene
name: na) is similar to the other viral surface glycoprotein hemagglutinin (HA), with com-
plementary functions during the infection process. NA and HA protrude spike-like above
the viral outer envelope, where four NA glycoproteins usually form homotetramers [3].
Mechanistic insight concerning virus-binding specificities to sialyloligosaccharides on hu-
man cells from clinical isolates was published as early as 1989 [4]. Of all nine existing NA
subtypes, only influenza virus types A, B, and C circulate in the human body, specifically
N1 from influenza A virus [5,6]. Originally H5N1 was an avian influenza subtype, but,
after the 2009/10 “bird flu”, this virus has been suspected to be on the brink of zoonosis,
risking a viral pandemic spread among humans [7]. Thus, the N1 protein is a prime and
timely target for antiviral screening.

Human influenza viral neuraminidase extracts sialic acid (N-acetylneuraminic acid)
from the sugar chains of glycoproteins on the human cell membrane surfaces. During
initial infection and subsequent reproduction cycles in the patients’ mucosa cells, this
viral sialidase has two essential functions: (i) it breaks down the mucin in the mucus
layer, thereby facilitating viral entry into upper respiratory epithelial cells; (ii) it enables
the dissemination—i.e., the “budding”—of newly reproduced virus particles from the
host cells. During the last phase of budding, when the new viruses are still attached to
host cell glycoproteins, galactose and sialic acid constitute the last two sugar monomers
in the sialoglycan receptor on the human cell membrane surface. Both are linked by a
glycosidic bond that is enzymatically cleaved by viral NA during budding when detaching
offspring viruses from the human host cell. In contrast, viral HA binds to the terminal
sialic acid residue of human sialoglycan receptors during the initial stage of infection to
attach the incoming virus particle to the host cell surface. However, this HA-mediated
virus–host binding can interfere during the late infection cycle when the multiplicated
new outgoing offsprings are prevented from escaping the cell surface. Thus, the virus
requires the enzymatic intervention of its neuraminidase to enable its separation from the
host cell. The viral neuraminidase belongs to the glucosidase family (EC: 3.2.1.18), and has
an aspartate and glutamate catalytic dyad in the active site that is responsible for cleaving
the glycosidic bond between the hosts’ sialic acid and galactose. Precisely, Glu277 attacks
the glycosidic bond, forming a cationic intermediate (a carbenium-oxonium moiety) in
noncovalent concert with the adjacent Tyr406 [8,9].

The present study describes not only the findings in details, but also the methods
that we used to find drug-like molecules combining computational screening, docking,
and profiling. We also discuss some of the limitations of virtual screening and the pitfalls
to be avoided during virtual screening. Our approach is exemplified by a description
of our discovery of small Fmol and AAmol molecules that are predicted to inhibit the
budding of influenza viral particles. The target biomolecule belongs to the human in-
fluenza A H1N1 virus from the 2009 pandemic outbreak, also known as “Mexican flu”
(A/California/04/2009 (H1N1)), as well as the H5N1 subtype, also known as “bird flu”
(A/Viet Nam/1203/2004 (H5N1). In the meantime, clinical observation has revealed that
H5N1 infection is less common in humans. The motivation for searching for a combination
of virus types is intended to identify conserved scaffolds common to all N1 proteins that
are unlikely to possess intrinsic target preferences or exhibit mutational resistance, i.e.,
complications which lie beyond our scope and are addressed by others [10,11]. Our study
is embedded in the extant literature on ongoing drug research to find new scaffolds for
targeting neuraminidase N1 [11,12].

105



Viruses 2023, 15, 1056

Prior to virtual screening (VS), a pharmacophore model was created upon assessment
of the common binding pattern. To this end, we inspected the known binding modes
of four commercial influenza virus N1 inhibitors (oseltamivir, zanamivir, peramivir, and
laninamivir). Sialic acid was also included in the study as it constitutes the natural compo-
nent of host cell membranes, which is recognized as substrate by the viral neuraminidase
enzyme. Also under scrutiny was structurally related DANA (Figure S1). In addition, a
complete ADMET profile was generated for the two proposed drug-like hits on theoreti-
cal ground.

2. Materials and Methods
2.1. Computer Programs

The following computer programs and web-based general tools were used in this
study: Vega ZZ [13], Pubchem at https://pubchem.ncbi.nlm.nih.gov/ (first accessed on
24 April 2013) [14], Autodock v. 4.2 with AutoDock tools (ADTs) [15], Discovery Studio
v. 4.0 [16], and OpenBabel [17]. In addition, two specialized tools were used for the VS and
ADMET profiling of VS hits: Molecular Operating Environment [18] and ADMET predictor
v. 7.1 [19] at https://www.simulations-plus.com (first accessed on 29 August 2014).

The Brookhaven Protein Data Bank at http://www.rcsb.org/pdb (first accessed on
5 September 2013) [20] was visited to download the target structure N1 [21]. Moreover,
we retrieved crystallized structures of the liganded N2 complex with sialic acid (PDB
entry: 2BAT) [22], oseltamivir (PDB entry: 3CL0) [23], zanamivir (PDB entry: 3TI5) [24],
laninamivir (PDB entry: 3TI4) [24], peramivir (PDB entry: 4MWV) [25], and substrate-
like DANA (PDB entry: 2HTR) [26] as reference ligands with known binding modes
and activities.

The water-accessible surface of the N1 active site was calculated at 4.5 Å and potential
binding patterns with characteristic chemical properties (features) within the site were
identified, i.e., surface locations to form hydrogen bonds, salt bridges, polar regions, and
hydrophobic pockets.

The study design embraced four main procedures: (1) pharmacophore modeling,
(2) drug-like dataset screening, (3) affinity docking, and (4) pharmacokinetic profiling.

1. To determine the pharmacophore patterns, we studied binding mode specificities
and structure–activity relationships (SAR) of hitherto known 3D structure complexes
between influenza virus neuraminidase targets and sialic acid substrates or four
reference antiviral drugs (oseltamivir, zanamivir, laninamivir, and peramivir) to
generate 1D, 2D, and 3D fingerprints used as filters during virtual screening (VS).

2. We also aimed to carry out VS on drug-like compounds by 1D, 2D, and 3D finger-
prints. The method facilitates a fully automated (unsupervised) selection of drug-like
candidates. To this end, 1-, 2-, or 3D filters have to be predefined or are built-in search
tools [27–30]. The input data collection comprises a total of 660,961 small organic
molecules (SOMs) [18]. It is composed of basic commercial structures for next-step
experimental lead optimization and scaffold diversification upon identifying selected
VS hits.

3. The ligand affinities were then calculated to target for the selected VS hits by molecu-
lar docking. The self- or back-docking of reference inhibitors compares their predicted
poses and affinities with observed (crystallographic) data and validates the computa-
tional study, besides docking new molecules to target. The molecular affinities were
compared to the viral neuraminidase target by molecular docking each of the follow-
ing ligands: natural substrates, sialic acid, reference drugs, and VS hits. Interaction
energies and affinities were quantitated by means of the inhibition constant (Ki), and
the results of the computed affinities were compared with experimental Ki values of
reference drugs from the literature.

4. For ADMET profiling, smile codes were created for the VS hits and ADMET data were
assessed using ADMET Predictor software.
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2.2. Virtual Screening

The search for new candidate drugs through VS can be carried out with in-house
molecular databases or public virtual chemical libraries, both of which may store large
amounts of molecules and biological metainformation [31]. Alternatively, researchers took
a closer look at natural sources for agents against the flu [32]. Here, a commercial substance
library with a total of 660,961 chemicals was screened [18]. To cope with the sheer number
of data entries, a stepwise approach was established with four search levels by applying
different data-type complexity and filtering conditions (Figure 1).
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Figure 1. Schematic workflow of the virtual screen. This strategy filters over half a million substances
of variable sizes and compositions. Positive and negative controls were manually added to the virtual
library for screening. Due to funding limitations, only 2 out of 30 candidates could be experimentally
examined for antiviral potency (0.005%, n = 660,961 initial entries). Both hits received patents as
promising therapeutic leads. They constitute under-substituted scaffolds and are labeled AAmol and
Fmol for short 103.

i. Based on molecular overall features, thousands of chemical substances were elim-
inated by of their size (molecular weight), lipophilicity (log P), and toxicity (toxic
groups, SMILES patterns). Such screening methods are termed one-dimensional
(1D) filters.

ii. All molecules which passed the 1D filter were filtered through topological searches
for 2D binding patterns.

iii. Utilizing active conformations of known ligands at the binding site, a pharmacophore
3D filter was designed and a conformational database of the remaining substances
was searched for spatial matches (hits) of atoms, groups, or properties (acidic, basic,
polar, nonpolar, ionic, H-bond etc.).

iv. Finally, the few 3D filter hits were screened by docking simulations, also sometimes
called 4D filtering.

Molecular fingerprints are 2D or 3D binding patterns with numeric thresholds to
determine whether dataset molecules pass or fail these 2D or 3D filters. We used the chemo-
metric feature known as the Tanimoto coefficient to group or cluster similar molecules in
case they exceeded the established similarity threshold (cf. user guide [18]).

To verify if VS can successfully discriminate between target binders and non-binders,
we applied retrospective virtual screening: we enriched our dataset with a small num-
ber of compounds with known antiviral activities (positive controls) or non-activities
(negative controls, also known as decoys). A total of ten positive controls were included: 2-
deoxy-2,3-didehydro-N-acetylneuraminic acid (DANA), oseltamivir, peramivir, zanamivir,

107



Viruses 2023, 15, 1056

laninamivir, sialic acid, BANA113, BANA106, BCX1898, and G20. The first six were ex-
tracted from the aforementioned PDB files whereas the remaining four were taken from a
published source [33]. In addition, 23 negative controls were added from PubChem [14].
First, the following numerical descriptors were calculated for the positive controls: molec-
ular weight; hydrogen bond acceptors (HBAs); hydrogen bond donors (HBDs); acidic,
basic, and hydrophobic atoms; and rotatable bonds (RB). Next, we searched PubChem for
compounds with descriptor values similar to the positive controls but without reported
activities against the neuraminidases of the influenza A virus.

The preparation for retrospective and prospective 2D virtual screening required
four steps: (i) the removal of binding-irrelevant molecular components; (ii) protona-
tion/deprotonation at physiological pH; (iii) the calculation of Gasteiger partial charges;
and (iv) the calculation of TGD-type fingerprints.

The preparation procedures used for the virtual compound library—the Molecular
Operating Environment (MOE) database for retrospective and prospective 3D virtual
screening—differed only in the last step to calculate ligand conformations, whereby a
stochastic algorithm was used under the MOE’s default force field MMFF94x [18]. Its
applicability range not only covers drug-like molecules but also proteins. Three parameters
were set as follows: (i) residual strain energy limits at the local minimum: 10 kcal/mol;
(ii) the maximum number of conformations per molecule: 1000; and (iii) the root mean
square distance (RMSD) threshold to remove duplicates: 0.15.

2.3. Molecular Docking

The target biomolecule was prepared for docking by removing undesired moieties
from the crystal input structure using SPDBV. The protein’s atom partial charges on all
amino acid atoms were computed using the Gasteiger approach of ADT.

All ligand models for docking were preprocessed under Vega ZZ in order to assign
correct bond orders, hybridizations, hydrogen atoms, atom types (Tripos), and partial
charges (Gasteiger), and the protonation/deprotonation state at pH 7.

For flexible ligand docking, default program settings were used under the Lamarckian
genetic algorithm, except for the number of runs (256), elitism (3), and the highest precision
level (25,000,000). The numerous peptide bonds were held rigid in their natural trans
configuration, i.e., they were not allowed to rotate.

2.4. ADMET Profiling

After screening and docking, pharmacokinetic characterization was carried out for
the final candidates. Their experimentally confirmed antiviral activities are reported
elsewhere [34].

Their 3D structures were converted into the SMILE code or mol file format under
Vega ZZ, which were then used as input data for the ADMET predictor™ tool. The user
manual describes the “expanded applicability domain” after including an in-house dataset
from Bayer™. The improvements in the tool became evident “in prospective predictivity of
S+ pKa certainly reflect [the tool´s] expanded applicability domain” [“ . . . ” cited from the
ADMET predictor manual, 23 July 2014, version 7.1].

3. Results
3.1. Binding Pattern and Pharmacophore Modeling

The selected biomolecular target was the three-dimensional structures of the influenza
A virus neuraminidase, corresponding to the viral strain A/Vietnam/1203/2004 (H5N1).
As reference binders for target screening and docking, we retrieved the published crystal
structures of four N1 inhibitor drugs in the complex with the target protein: zanamivir,
oseltamivir, peramivir, and laninamivir (Table 1). In addition, the crystal complex of the
N1 target with natural substrate sialic acid was also retrieved from the Protein Data Bank
(PDB). Specifically, we inspected the following related PDB entries: 3CL2, 2HU0, 3B7E,
3CKZ, 2HTU, 2HTW, 2HTR, and 3NSS.
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Table 1. Input data from the human influenza A virus for 3D model generation from experimentally
observed crystal structures of the reference target protein and ligands. Asterisk (*): the target primary
sequence corresponds to a single-point mutant Iso223Val (I223V) or (**) His274Tyr (H274Y). As an
off-scope effect, these changing amino residues also give knowledge about published resistance
mechanisms [21].

Extracted
3D-Structure PDB Code Types of Molecules and Viruses Resolution

(Å); Year Ref.

Neuraminidase
(target protein) 5NZ4 OS—liganded neuraminidase N1;

unidentified strain; (*) 2.2; 2018 [21]

Sialic Acid (SA) 2BAT SA—N2 complex; influenza A
virus; A/Tokyo/3/1967 (H2N2) 2; 1992 [22]

Oseltamivir (OS) 3CL0
OS—N1 complex; influenza A

virus; influenza A virus; A/Viet
Nam/1203/2004 (H5N1) (**)

2.2; 2008 [23]

Zanamivir (ZA) 3TI5
ZA—N1 complex; influenza A
virus; A/California/04/2009

(H1N1)
1.9; 2011 [24]

Peramivir (PE) 4MWV
PE—N9 complex; influenza H7N9

virus; human-infecting variant
from avian origin

2.0; 2013 [25]

Laninamivir
(LA) 3TI4

LA—N1 complex; influenza A
virus (A/California/04/2009

(H1N1)
1.6; 2011 [24]

DANA 2HTR DANA—N8 complex; influenza A
virus (unspecified strain) 2.5; 2006 [26]

The fundamental tenet of (quantitative) structure–activity relationships declares that
similar chemical structures reflect similar biological activities, although so-called activity
cliffs create exceptions to the rule [35,36]. Therefore, we analyzed the binding modes at
atomic scale of all five reference ligands from Table 1 (Figure 2).
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Figure 2. The endogenous substrate and five competitive reference ligands. The coloration and
2D orientation allows structural comparison by eye. Top row, left to right: sialic acid, DANA, and
oseltamivir; bottom row, left to right: zanamivir, peramivir, and laninamivir. Color coding: white—H
atoms, red—O atoms, blue—N atoms, and other colors—C atoms.
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All reference inhibitor modes of binding are fairly similar to the natural substrate
sialic acid (Table 2). In the Supplemental Material (SM), we document all details on ligand–
receptor interaction patterns (Table S1), which are in line with literature describing essential
residue active conformations for ligand recognition [37]. To be more precise, ionic (and
polar) head group atoms of Glu276, Glu277, Arg292, Asn294, and Ser246 mark the location
of a large cavity. A smaller hydrophobic pocket is surrounded by Arg224 and Ala248. A
larger pocket encompasses hydrophilic and hydrophobic residues Glu119, Asp151, Arg152,
and Glu227. A fourth, negatively charged pocket is composed of residues Arg118, Arg292,
and Arg371 (Figure S1).

Table 2. Synopsis of neuraminidase amino acids which interact with the five reference binders and the
two hits. Residue numbering scheme adopted from PDB entry 3CL0. Residues are grouped to reflect
their spatial packing and ordered from ionic to nonpolar. Abbr.: 3OHprop = tri-hydroxy-propyl;
BB = peptide backbone; IA = interaction.

Residue Sial ac. DANA Osel Zana Pera Lani AAmol Fmol

Arg118 -COO (-) -COO (-) -COO (-) -COO (-) -COO (-) -COO (-) BB amide BB amide

Arg292 -COO (-) -COO (-) -COO (-) -COO (-) -COO (-) -COO (-) -COO (-) -COO (-)

Arg371 -COO (-) -COO (-) -COO (-) -COO (-) -COO (-) -COO (-) acetamido BB amide

Arg152 acetamido acetamido acetamido acetamido acetamido acetamido -COO (-) -COO (-)

Arg224 -
tri-

hydroxy-
propyl

- - - - -COO (-) -COO (-)

Glu276
tri-

hydroxy-
propyl

tri-
hydroxy-
propyl

-
tri-

hydroxy-
propyl

- - - -

Glu277 - - - guanidino Guanidino guanidino - -

Glu119 - - -NH3 (+) guanidino Guanidino guanidino - -

Asp151;
-CH-

not OO

2-hydroxy
on oxane

ring;
- -NH3 (+);

none
guanidino;

none

guanidino;
2-hydroxy

on
cyclopentane

guanidino;
none

amido;
-S-CH3

piper-
azinyl;
none

Ser246 - -
[no IA
with

alkyl ]

tri-
hydroxy-
propyl

-
2,3-dihydroxy-

1-methoxy
propyl

- -

Asn294
tri-

hydroxy-
propyl

same as left
but Gly294
on N2 prot.

-
tri-

hydroxy-
propyl

-
2,3-dihydroxy
−1-methoxy

propyl
- -

Tyr347 -COO (-) - - - acetamido -

Tyr406 ether-O-
in oxane

ether-O-
in pyran – ether-O-

in pyran - ether-O-
in pyran - -

Val149
Ile 427
Pro431

- - - - - - phenyl
di-

methyl-
phenyl

Ala248 -
[no IA tri-
hydroxy-
propyl ]

-alkyl - 2-
ethylbutyl - - -

The X-ray structure of the neuraminidase subtype N2 with co-crystallized sialic acid
indicates that the substrate binds the enzyme in a considerably deformed conformation
due to strong ionic salt- and hydrogen-bonding energies exercised through the substrate’s
anionic carboxylate group. The latter is in contact with three cationic side chains of Arg118,
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Arg282, and Arg371. The N-acetyl group, attached to ring atom C5, maintains polar and
nonpolar contact with Arg152, Trp178, and Ile 222. These interactions help anchor the
substrate to the active site. The C4-OH group of sialic acid hydrogen bonds with the
negatively charged Glu119, Glu227, and Asp151. In docking simulations of the natural
substrate sialic acid, we analyzed the pivotal interactions in the N1 target active site.
Remarkably, there is a concert of strong salt bridges and elaborated networks of polar
hydrogen bonds between the ligand’s anionic carboxylate group and three cationic arginine
residues (Arg118, Arg282, and Arg371). In addition, a fourth arginine Arg152 interacts with
the substrate’s acetamide group. The stabilizing noncovalent hydrogen bond is formed
between anionic glutamate Glu276 and two hydroxyl groups on Carbon atomsC8 and C9
of the ligand´s triol side chain. Of note, Glu276 is conserved in N1 and N2.

It is evident that all five sialic acid analogues share an aliphatic ring, a carboxylic
group, an acetamide, and hydroxyl groups or other oxygenated functions for hydrogen
bond networking. These findings were merged with other findings into the 2D and 3D
fingerprint (pharmacophore) models. Figure S1 exemplifies the graphical analysis for
oseltamivir. Based on the calibration results, pharmacophore model 24 was chosen to
perform the prospective 3D virtual screening. Stereochemical drawings of the reference
ligands (Figure S2) were aligned (superposition) to generate 3D pharmacophore models
(Figure 3; shown in detail in Figure S4). This allowed us to discriminate all 10 active
molecules from the 23 inactive decoys. Moreover, model 24 obtained the best metrics score
during evaluation.
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Figure 3. Three-dimensional stick models of the final hits with antiviral activity. AAmol (left) and
Fmol (right) were selected among tens of final candidates from virtual screening. Fmol has two
protonation siteson the tertiary and secondary amine groups on the piperazine ring. At physiological
pH one is protonated while the carboxyl group is deprotonated. Two inlays show the structural 2D
drawings of AAmol (below) and Fmol (above). The color coding for H, O, N, and S atoms: white, red,
blue, or yellow, respectively. Carbon atoms are beige (AAmol) and light blue (Fmol).

3.2. D Filtering (2D Fingerprint Design)

Several fingerprint models were constructed from the two-dimensional features of
the following ligands: sialic acid (2BAT), oseltamivir (3CL0), peramivir (2HTU), zanamivir
(2B7E), and DANA (2HTR). The fingerprint filter is two-dimensional, so the conformations
of the molecules and the RMSD between them were not included. The molecules were
processed, as indicated in the Methods section. Subsequently, the 2D typed graph distance
(TGD) fingerprints of the chosen molecules were calculated.
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During retrospective virtual screening, all fingerprint models were constructed and
underwent repeated rounds until an optimized outcome from the control test set was
achieved. Finally, one best-scoring model was selected, i.e., that with the highest hit rate to
discriminate between the active and inactive compounds.

3.3. D Filtering (3D Fingerprint Design)

To determine the essential set of 3D structural features to include in the pharmacophore
models, the reference ligands underwent superposition operation, the RMSD values were
calculated, and the overlapping features were deemed pivotal. These “frequently con-
served” ligand substructures were merged to formulate the pharmacophoric models such
that the several initial models were extracted from the co-crystallized ligands (with PDB
codes): sialic acid (2BAT), oseltamivir (3CL0, 2HU0), peramivir (2HTU), zanamivir (2B7E),
and sialic-acid-related DANA (2HTR). Since 3D substructures had been extracted from (3D)
crystal data, all binding-relevant features could be located in 3D spaces (i.e., hydrophobic,
anionic, and cationic chemical substructures) or hydrogen bond donor or acceptor (HBD
or HBA, respectively) groups. Again, pharmacophore models were repeatedly evaluated
against the enriched dataset by retrospective virtual screening. The model with the best
activity vs. nonactivity discrimination capacity (model number 24) was finally selected.

3.4. Prospective 2D VS

The final 2D fingerprint model was applied to screen the 2D data-type version of the
MOE database [18]. This approach reduced the original ~105 chemical entities of the MOE
database to a smaller set by a 2D filter, which runs many thousand-fold faster than 3D
filtering (Figure 1).

3.5. Prospective 3D VS

Pharmacophore model 24 was applied as a 3D filter to screen the 2D VS hits in order
to obtain a final set of ~101 candidates after clustering. To this end, the conformation of the
lowest RMSD value with respect to its underlying pharmacophore model was computed
for each 3D hit. Specifically, the TAT-type fingerprint of each 3D hit was calculated. The
hits were lumped together using the Tanimoto coefficient, and the molecules that exceeded
an arbitrary 85% similarity threshold to other candidates (with an identity match set to
100%) were not included for further study.

Fully automated multi-step VS led to a considerable data size reduction (Figure 1).
After screening, two molecules of the 30 remaining were of limited presence in academic
literature, and thus were worthy of further scrutiny. Hence, the molecular docking of
30 candidates against the viral target led to two high-scoring candidates (Fmol and AAmol).
We kept their nicknames: AA stands for two amino acids and F stands for the other
(dimethyl-) phenyl group (written in Spanish as “Fenil”) (Figure 3). In collaboration with
a biomedical research center (CIBIOR, Metepec, PU, Mexico), they were experimentally
validated as active inhibitors and published together with other inhibitors from studies on
drug repurposing or structure–activity relationships [34].

AAmol, with the chemical name (N-acetyl-phenylalanyl)-methionine, possesses two
amide bonds. It is a dipeptide derivative (Phe and Met), has a total charge of −1 as it takes
a deprotonated carboxylate form in water at pH 7, and interacts with arginine residues
at the binding site. Its molecular mass is 337 Daltons; with an estimated log P = 1.2; a
polar surface area of 183 Å2; a non-PSA of 441.9 Å2; a HBA = 4; HBD = 2; highly flexible
conformations (12 rotatable bonds); and a commercial vendor: Chembridge # 6429718. A
recent review outlined the fundamental principles concerning peptide inhibitors against the
flu [38]. One 24-residue-long oligopeptide binds NA with a micromolar inhibition constant
(Ki = 0.29 mM), and a much smaller octapeptide was designed as a strong nanomolar binder
at the active site where oseltamivir appears, showing one-digit micromolar inhibition
activity in the cell tests. In this context, AAmol, with only two amide bonds, is an even
smaller H1N1 NA inhibitor than all the other reported peptides (4 to 24 residues long) [38].
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Fmol, or 3-[(2,5-dimethyl phenyl) carbamoyl]-2-(piperazin-1-yl) propanoic acid, has
two rings and also contains a monoanionic carboxylate group to interact with the cationic
active site arginine residues. The piperazine ring possesses two potential protonation sites
and exists as a di-cationic species in strongly acidifying media, but the monocationic form
dominates under cellular conditions. With a mono-anionic and cationic center, it is a sort of
zwitterion at pH 7, with a molecular weight = 306 Daltons; a log P = −3.4; a polar surface
area = 142 Å2; a non-PSA of 427.9 Å2; a PSA-to-non-PSA ratio = 1:3; a HBA = 4; a HBD = 3;
flexible conformations (seven rotatable bonds); and a commercial vendor: Life Chemicals
F1278-0516.

3.6. Virtual Library Performance under Fingerprint Model Number 24

Starting with 660,961 entries in the MOE database, the 2D screening yielded 4853 hits
(0.7% of the drug library), whose subsequent conformational calculations were then further
virtually screened through the 3D fingerprint filter (for details, cf. Tables S2–S6 concerning
dataset test characteristics, control structures and decoys, dataset enrichment metrics,
further metrics on positional fit by RMSD, as well as pharmacophore modeling and thus
the associated performance).

In order to score and evaluate the post-3D-filter hits they were docked against the
influenza A virus N1 neuraminidase receptor. For this post-screening ranking by docking
scores only a numeric evaluation of the hits was requested. Specifically, an inspection of
conformational space and steric requirements was not intended for that stage. The study
did not focus on the search for favorable positions or conformations (since the 3D filter
yields very specific steric, electronic, and spatial conformations), but rather on the ranking
of selected hits.

Successful self- or back-docking tests gave reason to assume that the blind docking
of unknown active conformations of the hit ligands will be faithful and biochemically
meaningful (Figure S1 and Table S1). Validation took place with reference ligands extracted
from liganded crystal structures (with the following PDB codes): sialic acid (2BAT), os-
eltamivir (3CL0), oseltamivir (2HUO), peramivir (2HTU), zanamivir (2B7E), and substrate
analog DANA (2HTR). The hits were blind-docked and ranked. The computed inhibition
constant of oseltamivir (Ki = 0.007 µM) lies within the experimental range reported with
PDB entry 3CL0 (0.0001 to 0.008 µM). We add another proof of concept that uses Ki values
for our docking approach (for details on docking precision, see the Discussion section
below). The docked ligand successfully reproduces specific contacts from the experimental
structure—between the acetamido function and conserved arginine Arg152—despite the
changes in docked overall positions which could be expected from scaffold hopping in our
analyses (Figure S1) [39].

3.7. Ligand–Target Docking

The 3D models were curated in the Vega ZZ program [13], and their ionization states
were estimated. A total charge of −1 can be attributed to both AAmol and Fmol (each
with one carboxylate group), while a zwitter form (+1/−1) was ascribed to Fmol, i.e., an
additional tertiary ammonium next to the carboxylate function. At pH 7, the piperazinyl
ring is a mixture of monoaninic > neutral >> dianionic species following the rule of thumb
for the dissociation of (diluted) weak acids or bases: pKa-pH yields the % concentration
for neutral bases (or deprotonated corresponding acidic forms, respectively). At that stage
of work, partial charges were loaded by the Gasteiger approach under Vega ZZ and the
Tripos force field atom types assigned prior to saving in the mol2 file format.

All five reference models could be successfully docked back into their crystal poses
(Tables 1 and 2). For sialic acid (PDB entry: 2BAT), no experimental binding affinities have
been published, but experimental affinity data of the four others have been included in their
PDB entries. The experimental binding constants ranged from 0.1 to 817 nM for oseltamivir
(PDB entry: 3CL0) and from 0.5 to 12 nM for zanamivir (PDB entry: 3TI5). Their computed
best-scoring values from our docking studies lie in the same one-to-three-digit nanomolar
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range (7.5 nM to 363.7 nM). Reported experimental IC50 values of peramivir (PDB entry:
4 MWV) and laninamivir (PDB entry: 3TI4) were 0.4 nM and 0.947 nM, respectively, which
can be compared to their computed nanomolar inhibitory constants of 109.9 nM and
743.1 nM For the two hits under scrutiny, AD4 found the following affinities: (i) AAmol
with a lower one-to-two-digit micromolar range; and (ii) Fmol with an upper nanomolar
range, with the lowest Ki of 0.1 mM and an average value of 0.8 mM for the most populated,
best-scoring (first) cluster. For more details, see the Discussion section below. The final
poses of the blind docking of AAmol and Fmol were compared to the reference complexes
(Figures 4 and 5).
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Figure 4. Structural binding model of AAmol (beige), with co-crystalized oseltamivir (grey) for
reference. The cavity entry lies to the right hand coming from the foreground. Color coding for the
stick models: red, blue, and yellow for O, N, and S atoms, respectively; beige or grey for carbon atoms
of AAmol or oseltamivir, respectively; hydrogen atoms are omitted. The water-accessible protein
surface is also colored: light blue for hydrophilic (polar) residues, orange for hydrophobic (nonpolar),
and white for intermediate polarity.
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Figure 5. Structural models of binding modes for AAmol (beige), Fmol (pink), and co-crystalized
oseltamivir (grey) for reference. Top-down view into the binding cavity. The viewing angle from
Figure 4 is tilted 90◦ for orthogonal viewing. Coloration is shown in Figure 4.

Figure 4 illustrates the equivalent role of three structural features which are shared by
AAmol and oseltamivir. They effectively occupy the same cavity locations: (i) acetamido;
(ii) alkyl-ether (-CH2-O-CH2-) and alkyl thioeter (-CH2-S-CH2-); and (iii) anionic carboxy-
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late groups (-COO(−)). In the figure, both acetamide side chains (i) lie to the rear (topmost).
The methyl group on AAmol (beige) is not visible, occluded by the acetamido group of
oseltamivir which lies in the front. In the middle, both O/S-ether bridges (ii) are fully
visible. The methyl-thioether group belongs to AAmol in the front (foremost, sulfur atom
in yellow). Intriguingly, the three atoms of both carboxyl groups (iii) are in almost perfect
superposition, presumably reflecting their role in ligand recognition as they help bind to
the same cationic residues (Table 2), though only one oxygen atom from each of the COO(−)

groups can be seen (two overlapping rightmost red O atoms). CH-rich (aliphatic) substruc-
tures on both ligands squeeze to the left into the hydrophobic area. The extended lipophilic
pocket remains unoccupied by both binders (cf. Val149, Ile 427, and Pro431 in Table 2).
Figure 5 complements Figure 4 in additionally presenting Fmol and a top-down view on
the entire carboxyl group. Their three atoms (-COO) appear perfectly aligned (Table 2). In
the mid-section, the alkyl ether (oseltamivir) and thioether (AAmol) are fully visible as
well. To the cavity’s side wall, N- and O-free alkyl parts on all ligands meet with more
neutral residues (white surface), while the deeper, more hydrophilic rear (bluish surface)
provides for more affinity for N- and O-rich substructures. The cavity entry coincides with
the viewer’s perspective. Fmol’s dimethylphenyl ring extends between two hydrophobic
areas in the forefront. In this way, it partly occupies the extended lipophilic pocket with
Val149, Ile 427, and Pro431 (Table 2).

The interacting amino acids at the binding site of N1 were inspected in the 3D models
with the docked poses and displayed in a 2D scheme (Figures 6 and 7). In particular,
AAmol’s docking shows that its acetamido group—which is part of the pharmacophore
model—is correctly recognized by the Arg152 of the N1 protein target (Figure 6) [39].
Intriguingly, in Fmol, this amide bond is stabilized by a strong pi-electronic resonance
effect since its nitrogen atom also belongs to the aromatic system of the dimethyl phenyl
aniline substructure. Considering the latter as a sidechain and the remaining molecule part
as the scaffold, the amide group orientation appears reversed to better fit into the cavity
(Figures 5 and 7).
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stick models: pink, red, and blue indicates C, O, and N atoms, respectively; grey ribbons represent
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3.8. ADMET Profiling

This theoretical pharmacokinetic profiling step was carried out as a post-screening
evaluation of hits for early candidate attrition. In the context of long and costly drug
research and development projects (R&D), in silico profiling studies are routinely carried
out (Table 3).

Table 3. Estimated pharmacokinetic data for AAmol and Fmol. Abbreviations: BBB, blood–brain
barrier; CYP, cytochrome P450 enzymes; MRTD, id, atom number of substrate; lethal doses; perm,
permeability; sol, solubility % (m/m); Vd, volume of distribution; w, water. Asterisk (*): even in
its neutral form, Fmol remains hydrophilic, so its log P value becomes negative. Its intramolecular
prototropy causes a zwitterionic form with total charges of +1 and −1 formally summating to zero.
In contrast, AAmol can appear in a buffered solution as an undissociated (neutral) species with a
positive log p value whichreflects its overall lipophilicity.

Name Acidic
pKa

MlogP (Neutral
Form) logD (ionized) Perm Skin Solu w

AAmol 3.8 1.0 −1.6 6.85 0.9

Fmol 11.3; 4.0 −1.6 (*) −1.4 (*) 0.01 4.6

Name pH in w BBB_Filter Vd in L/Kg RuleOf5 CYP_1A2

AAmol 3.24 Low 0.22 0 No (96%)

Fmol 6.89 Low 0.54 0 No (96%)

Name CYP_2C8 CYP_2C8 (id) CYP_2C9 CYP_risk TOX_MRTD

AAmol Yes (73%) S19(992); C20(869);
C4(828) No (56%) 0 Above_3.16

Fmol No (92%) NonSubstrate No (98%) 0 Above_3.16

Name TOX_hERG TOX_ER TOX_rat TOX_skin TOX_biodeg

AAmol No (95%) Nontoxic 2066.07 Nonsensit.
(75%) No (63%)

Fmol No (95%) Nontoxic 941.78 Nonsensit.
(85%) No (96%)
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4. Discussion
4.1. Implications and Limitations for Drug Screening

Computational molecular simulation methods have ushered a new area of drug R&D
in academia and industry. In silico approaches are popular, but currently generalized and
in need of improvement. They are not intended to replace in vitro, ex vivo, or in vivo
studies, but, rather, they should be understood as complementary tools within the drug
discovery cycle. Pharmacophore modeling—specifically, molecular dataset screening for
hits and blind docking of hitherto unknown target binders—is one such in silico approach
which was validated herein by elaborated protocols, namely (i) analyzing binding patterns
of published crystal complexes, (ii) fine-tuning of 2D and 3D filters and dataset enrichment
with active controls and decoys, and (iii) back docking trials of crystalized ligand-target
complexes. Bioassay results have been published to confirm the micromolar antiviral
activities of our final candidates.

In general terms, VS saves time, material, human, and financial resources. However,
this cutting-edge approach requires pre-existing information on drugs, compound libraries,
and biomolecular receptors on an atomic scale. In short, as with any screen, the results are
only as comprehensive as its inputs.

Although the filters used during VS had been selected after testing in the presence of
known active and inactive control structures in order to perform a more selective screen,
not finding hits with nanomolar target affinity does not necessarily jeopardize success,
as high potency ought not to be expected in VS campaigns in general. Pragmatically, the
ultimate goal of VS is to find hits or lead compounds for further research and validation
by means of distinguishing between non-binders and binders—not necessarily between
strong and weak binders (cf. pitfall (i) below).

To the best of our abilities, this VS study concept is designed to avoid known pit-
falls [40]. In particular, we worked around the following setbacks:

Pitfall (i): the success criteria of VS are insufficiently defined; solution (i): focusing on
new scaffolds rather than high target affinities, which would be improved in a subsequent
step of scaffold derivatization (drug profiling with design, synthesis, and testing).

Pitfall (ii): variable water-mediated binding interactions; solution (ii): in analogy with
the situation illustrated in Figure S1 Panel B with reference ligand zanamivir in interaction
with a water moiety, we present the water-mediated AAmol interaction in Figure 6 with
the graphical display of AAmol as a N1 binder.

Pitfall (iii): the rigorous and prospective validation of VS protocols; solution (iii): chal-
lenging our pharmacophore models with positive and negative control molecules in a
virtual test library (Table S3).

Pitfall (iv): overcautious approaches to ‘drug-likeness’; solution (iv): disregarding
the “rule of five”, which is a retro-perspective result of averaged values on a drug sample
(statistics), though it is not a prospective rule which must be followed (i.e., selection bias).
As a direct result, Fmol is an unprecedent case of an aromatic-ring-bearing compound
that is not seen on hitherto known N1 inhibitors. Moreover, the acetamido side chain still
conserved on AAmol was incorporated into a larger substructure and its orientation was
inverted to enhance cavity fitting (Figure 3).

Pitfall (v): one-at-a-time approach; solution (v): limited binding pattern complexity
(2D or 3D filter definition) upon the application of a single active compound for pharma-
cophore generation.

Pitfall (vi): meaningless binding pattern selection for pharmacophore design; solution
(vi): testing the filter capacity to discriminate between active and inactive control molecules.
The former should appear in the hit list VS, while the latter should not, as also shown in
solution (iii).

Pitfall (vii): the data size and structural variety do not reflect an appropriate variety of
chemical spaces; solution (vii): the VS aimed to find new under-substituted scaffolds. Thus,
possible hits with structural variations were searched in a chemical landscape of over half a
million simple small organic compounds, as also shown in solution (i).
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4.2. Implications and Limitations for Ligand–Target Docking

Upon agonist or substrate binding, certain receptor types—such as nuclear steroid
hormones, glucocorticoid receptors, or Cyp P450 enzymes—unfold side chains, backbones,
or even domains in a phenomena called an induced fit [41]. In response to AD4’s treatment
of flexible ligands and rigid body receptors, authors have proposed to act of docking apo-
forms and various liganded complexes to account for spatial differences [42–44]. Others
have used molecular dynamics to adopt new conformations by educated guessing [45,46].
None of the cited solutions were followed here for a two-fold reasoning: (i) the hits are all
smaller in size than the six reference ligands; and (ii) the binding patterns of hits are merely
a subset of those observed in the corresponding crystal complexes (Table 1). As such, no
conformational rearrangements were needed.

AD4 computes free binding energies (∆G) as a crude approximation from linear
scaling on rotatable bonds of the entropy term (∆S). The tool converts these thermody-
namic estimates into inhibition constants (Ki) by applying the thermodynamics formula
Ki = eˆ[∆G/(R*T) ]. Moreover, Ki values are not always close to IC50 values, which depend
on the substrate concentration in the assay. The estimated Ki value for the endogenous sialic
acid substrate lies in a two-digit micromolar range. Referring to the reference compounds,
their micromolar Ki values all lie in one-digit ranges of the best-scoring clusters.

For AAmol, the experimentally determined inhibitor constant was published with
a Ki value of 15 mM [34]. The best value in our docking simulation for AAmol was
Ki = 0.001 mM, with an average value for Ki of 0.12 mM, which is approximately a 100-fold
overestimation of potency. With regard to calculation precision vs. experimental data,
the docking program tutorial states that the numeric results are merely crude estimates
in a wider 100-fold imprecision range (corroborated by private messages from Autodock
scientist Prof. Dr. Stefano Forli, Dept. of Comp Biol, Scripps Research Institute, La Jolla,
CA, USA)—a fact which is overlooked all too often by published AD4 studies which claim
that their numeric result lies in excellent keeping with assay data as a misleading “proof of
concept”. Our proof-of-concept stems from the fact that the acetamido group on AAmol is
recognized, as reported by the crystal complexes.

For Fmol, only a IC50 value was measured against N2, not N1. Given the experimental
settings, the IC50 data of Fmol are not directly comparable to the Ki values. Of note,
IC50 does not reflect directly binding affinities, but could be set on an equal footing by
the Cheng–Prusoff equation, which is, unluckily, in need of additional experimentally
determined parameters.

4.3. Implications and Limitations for ADMET Modeling

The predicted numerical results from ADMET profiling are crude estimates. The
program’s artificial neural network architecture has come under criticism due to variable
degrees of reliability. The latter depends on the applicability range of each ADMET param-
eter, which, in turn, is given by the training set for calibration, i.e., adjusting the outcome
to some experimental (measured) endpoint. To complicate reliability, even closely related
structures—e.g., warfarin and phenprocoumon—fall short of expectations (an unpublished
pitfall during our phenprocoumon research [47]). One explanation for ill-behaving cases
(pitfalls) is that overfitting tends to increment the prediction power, and in the same time
narrows the applicability range to only those entries of the underlying training set used dur-
ing data fitting. As a direct consequence, a trade-off must be arranged for an “in-between
solution. Stray outliers lie in the nature of this method. At the essence of the pros and cons
discussion here, it is safe to presume that VS results do not foresee pharmacokinetic issues
with absorption, distribution, metabolism, excretion, or toxicity.

5. Conclusions

More than half a million small organic compounds from a commercial dataset were
virtually filtered in four stages. One-, two-, and three-dimensional pattern filters were
utilized and verified by enriching the dataset with molecules of known activity or inactivity,
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until the screen could distinguish between the active and inactive controls. A final (4D)
filter was imposed with a ligand–enzyme docking for the best-performing hits from the
virtual screen. Two such top-ranked substances underwent successful patent filing (details
on the experimental validation having been published elsewhere). In line with the present
study design and choice of input data, novel lead compounds were used with simple
under-substituted scaffolds of micromolar target affinities, representing a promising future
of ongoing R&D cycles of synthetic derivation and biochemical testing to develop stronger
and more specific target binders.

6. Patents

The two concluded national patents have the following identification numbers: (i) for
AAmol: MX/E/2017/039727, IMPI no. 352708 (2018); (ii) for Fmol: MX/E/2017/034353,
IMPI no. 352709 (2018).

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/v15051056/s1. Figure S1: Reference ligand interaction. Figure S2:
Stereochemical drawing of natural substrates with the five reference ligands. Figure S3: Ligand
superposition for pharmacophore construction. Figure S4: Pharmacophore model. Table S1: Os-
eltamivir interaction. Table S2: Library test characteristics. Table S3: Control structures. Table S4:
Enrichment factors. Table S5: Positional evaluation (RMSD). Table S6: Pharmacophore models. Table
S7: Performance evaluation [48,49].
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Abstract: Actin depolymerization factor (ADF) cofilin-1 is a key cytoskeleton component that serves
to lessen cortical actin. HIV-1 manipulates cofilin-1 regulation as a pre- and post-entry requisite.
Disruption of ADF signaling is associated with denial of entry. The unfolded protein response (UPR)
marker Inositol-Requiring Enzyme-1α (IRE1α) and interferon-induced protein (IFN-IP) double-
stranded RNA- activated protein kinase (PKR) are reported to overlap with actin components.
In our published findings, Coriolus versicolor bioactive extract polysaccharide peptide (PSP) has
demonstrated anti-HIV replicative properties in THP1 monocytic cells. However, its involvement
towards viral infectivity has not been elucidated before. In the present study, we examined the
roles of PKR and IRE1α in cofilin-1 phosphorylation and its HIV-1 restrictive roles in THP1. HIV-1
p24 antigen was measured through infected supernatant to determine PSP’s restrictive potential.
Quantitative proteomics was performed to analyze cytoskeletal and UPR regulators. PKR, IRE1α,
and cofilin-1 biomarkers were measured through immunoblots. Validation of key proteome markers
was done through RT-qPCR. PKR/IRE1α inhibitors were used to validate viral entry and cofilin-1
phosphorylation through Western blots. Our findings show that PSP treatment before infection leads
to an overall lower infectivity. Additionally, PKR and IRE1α show to be key regulators in cofilin-1
phosphorylation and viral restriction.

Keywords: PSP; HIV; proteomics; cofilin-1; PKR; IRE1α; UPR

1. Introduction

The amount of globally infected individuals (38.4 million as of 2021) has surpassed those
who have access to antiretroviral therapy (28.7 million in 2021) according to the statistics of the
World Health Organization (WHO) and the United Nations Programme on HIV/AIDS. The
corresponding amount has been slowly increasing throughout the years [1,2]. This renders
at least 25% of the HIV-1 infected worldwide population without access to highly active
antiretroviral treatment (HAART). While HAART is used to counteract the devastating effects
of HIV-1, it remains an expensive solution [3,4]. Due to these documented facts, new treatment
therapies co-working with HAART are required to combat HIV-1, as well as to ensure new
preventative methods.

The success of traditional therapies by the 2015 Nobel Prize for an antimalarial treat-
ment from Chinese herbs has renewed the interest in developing new drugs with im-
munomodulatory properties [5]. To that effect, a body of research demonstrates examples
of mushrooms that can be used as a great source of natural compounds [6]. It undertakes
this task by increasing the immunomodulatory response described by ancient Chinese
history [7]. It has been demonstrated by our research group that Coriolus versicolor polysac-
charide peptide (PSP) possesses anti-HIV properties by lowering viral replication by an
average of 61% in a toll-like receptor 4 (TLR4)-dependent manner [8].
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HIV-1 targets CD4+ cells with CXCR4/CCR5 co-receptors such as monocytes/
macrophages, dendritic, and T-helper cells [9–12]. HIV-1 interaction with CD4 remains an
obstacle to viral entry. HIV-CD4/CXCR4/CCR5 activates Rho family GTPases to exchange
GDP for GTP [13,14]. This leads to downstream phosphorylation of ROCK/LIMK-1 to
inactivate actin-depolymerization factor (ADF) cofilin-1. This process is referred to as actin
polymerization (Figure 1A). The strengthening/bundling of cortical actin filaments results
in co-receptor clustering, increasing the probability of interaction towards the HIV-CD4
complex. At this stage, cytoskeleton remodeling effectively blocks entry by acting as a
barrier [15] (Figure 1A). The HIV-CXCR4/CCR5 complex proceeds to recruit phosphatases
to activate cofilin-1. This promotes the breakdown of actin filaments, effectively eliminating
this barrier by actin depolymerization [16,17] (Figure 1B). Among the phosphatases regu-
lating cofilin-1 activation are the slingshot homolog family: SSH1, SSH2, and SSH3 [18,19].
The exact signaling that HIV-1 uses to recruit these phosphatases remains elusive. HIV
co-receptors are G-protein coupled receptors to which it holds influence towards the Gα

subunit [20]. This affinity sets the stages of dephosphorylation and activation resulting
in successful infection (Figure 1B). Interference with either cofilin-1 or its phosphorylated
state from any of the pre-requisite steps leads to denial of entry [21,22].
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Figure 1. Diagram depicting HIV-1 entry during infection in CD4+ cells. (A) Early interaction between
HIV-1 and CD4 receptor initiates activation of guanine nucleotide exchange factors (GEFs) and
subsequently downstream signaling through RhoA/ROCK/LIMK-1. This results in phosphorylation
and inactivation of cofilin-1. Actin dynamics will shift towards the polymerization state leading to
CXCR4/CCR5 co-receptor clustering as the first requirement for viral entry. Filamin A serves as a
linkage factor between CD4 and co-receptors. (B.1) HIV-1 associates with CXCR4/CCR5 in proximity
and triggers downstream dephosphorylation and activation of cofilin-1. This process is carried out
by G-protein coupled receptor signaling, specifically through Gα subunit-mediated phosphatases
such as SSH3. (B.2) Cofilin-1 will begin the breakdown of actin filaments and subsequently lead to
viral fusion as the final entry requirement.
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The cytoskeleton contributes towards morphology, trafficking, migration, and adhe-
sion [23–25], and ultimately acts as a deciding factor for HIV-1 entry [16,18,21,22,26–28].
Among its regulators, the actin binding protein (ABP) gelsolin is considered a strong
influencer over actin dynamics. It holds the same function as cofilin-1, promoting the
breakdown of actin filaments [29,30]. In contrast to its ADF counterpart, it is independent
of HIV-1 signaling. The literature analysis shows that gelsolin overexpression interferes
with the pre-fusion cascade, essentially blocking HIV-1 entry [31,32]. This unique property
makes gelsolin a strong candidate as a restriction inducer. Although precise biological
mechanisms remain elusive, evidence suggests that the endoplasmic reticulum (ER) plays
a vital role in cytoskeleton regulation [33–36]. Aggregations of unfolded proteins due to
cellular stress lead to an unfolded protein response (UPR). This characteristic is attributed
to glucose-regulated protein 78 (GRP78) [37,38]. GRP78 up-regulation triggers ER stress by
the Protein Kinase R-like ER kinase (PERK), activating transcription factor 6α (ATF6) and
inositol requiring enzyme 1α (IRE1α) to decide cell fate. A short or prolonged UPR induces
survival or apoptotic ER stress respectively [37–39], which overlaps with actin filaments
and indirectly dictates the polymerization state [40–43]. Therefore, treatments that can
interfere with HIV-1 depolymerization/polymerization status are pivotal for arresting entry
at the pre- or post-fusion steps respectively.

The UPR aims at restoring cellular homeostasis following physiological stress exerted
on the ER. This also invokes direct control of cytoskeleton re-arrangement in response
to invading microorganisms [44,45]. In recent years, studies have surged to understand
novel UPR overlapping signaling events. This survival mechanism has been shown to
have an influence on the production of type I interferons (IFN) to ward off infections [46].
In a similar manner, it has been postulated that the interferon-induced protein (IFN-IP)
double-stranded RNA-activated protein kinase (PKR) can interact directly with upstream
regulators of cofilin-1 [47,48]. PKR has also been researched to be closely linked with
the UPR [49]. Specifically, a study has shown the RNase activity of IRE1α can directly
activate PKR downstream of TLR4 signaling [50]. The unique properties of PKR range
from an immune response against viral infection to a survival regulator [51–53], but most
importantly it has been linked to the phosphorylation of cofilin-1 (Ser3) [54].

The current study reveals, for the first time, the anti-HIV restrictive properties of
PSP by influencing cofilin-dependent phosphorylation through PKR and IRE1α activation.
Additionally, the identification of de-regulated cytoskeletal and UPR proteins were unveiled.
Our findings establish a distinctive pattern of PSP before infection occurs as well as exerting
control over cytoskeletal components. We show that the overexpression of PKR induced by
PSP leads to a direct correlation to IRE1α and cofilin-1. These observations are based on
our data that inhibition of either IRE1α or PKR rendered the cell vulnerable to infection
by significantly increasing viral entry. These results provide the first insights into PSP’s
restrictive roles through UPR, IFN-IP, and cytoskeletal markers.

2. Materials and Methods
2.1. Cell Culture

THP1-Blue-CD14 derives from the human monocytic THP1 cell line (InvivoGen, San
Diego, CA, USA). These cells carry a reporter plasmid expressing a secreted embryonic
alkaline phosphatase (SEAP) and express all TLRs; however, they only respond to ligands
that are specific for TLR2, TLR1/2, TLR2/6, TLR4, TLR5, and TLR8. Cells were cultured
in Roswell Park Memorial Institute (RPMI) 1640 medium (ATCC, Manassas, VA, USA),
supplemented with 100 U/mL penicillin and 100 µg/mL streptomycin, in addition to 10%
heat-inactivated fetal bovine serum (ATCC, Manassas, VA, USA). Cells were maintained in
T-75 cm2 culturing flasks in a humidified incubator at 37 ◦C and 5% CO2.
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2.2. PSP Extraction and Treatment

PSP supplement tablets consist of the following: 28% polysaccharide-to-peptide ratio
with 60.23 mg/g beta-1,3/1,6-glucan (Mushroom Science, Eugene, OR, USA). To achieve
the extracted working treatment, each tablet is diluted in hot/boiling water (approximately
90–100 ◦C) and centrifuged at 2060× g for 5 min. This cycle is repeated until the supernatant
is free of insoluble residues. Ethanol 80% was used to separate the solution into two phases
and PSP was collected from the light-brown layer. This was followed by washing with
absolute ethanol, centrifugation, and drying with a refrigerator vapor trap (Thermo Fisher
Scientific, Waltham, MA, USA) at −105 ◦C. The extracted treatment can be used directly or
stored at −20 ◦C. A concentration of 200 µg/mL was used and defined after the assessment
of cell activation and cytotoxicity for a 6 day period as previously published [8]. PSP was
added twice during the allotted time (at days 0 and 3) for a period of 72 h, with fresh RPMI
1640 culture media to achieve the desired exposure concentration. Cells were maintained
in T-75 cm2 cultured flasks, in a humidified incubator at 37 ◦C and 5% CO2.

2.3. HIV Stocks and Propagation

HIV-1ME46 (NIH AIDS Reagent Program, Bethesda, MD, USA) virus was propagated
with ex vitro cell culture using peripheral blood mononuclear cells (PBMC) as recom-
mended by the NIH HIV Reagent program’s protocol. Healthy PBMCs were extracted
from blood donors using heparin tubes and subjected to centrifuging at 572× g for 12 min.
Histopaque (Sigma-Aldrich, Saint Louis, MO, USA) was used to separate PBMCs from
plasma and cell debris and subsequently washed with PBS 1X. Cells were cultured in RPMI
1640 (ATCC, Manassas, VA, USA) and incubated in T-75 cm2 flasks in a humidified incuba-
tor at 37 ◦C, 5% CO2. PBMCs were stimulated with 5 µg/mL of phytohemagglutinin and
subjected to 200 µL of HIV-1ME46 after 3 days of stimulation. Infection lasted for a total pe-
riod of 9 days with supplementation of fresh media every 3 days. PBMCs were centrifuged
and HIV particles were measured by analyzing p24 antigens in cell culture supernatant
through quantitative reverse transcription polymerase chain reaction (RT-qPCR).

2.4. HIV Infection

After reaching approximately 80% confluency, THP1-Blue-CD14 were centrifuged and
re-suspended in RPMI 1640 culture medium. Cells were passaged into a T-75 cm2 flask with
fresh media and supplemented with 8 µg/mL hexadimethrine bromide (Sigma-Aldrich,
Saint Louis, MO, USA) to enhance the infection process. Acute infection was achieved by
using a multiplicity of infection (MOI) of 1.4 from dual-tropism HIV-1ME46 (NIH AIDS
Reagent Program, Bethesda, MD, USA) per 1 million healthy cells. HIV-1-infected-THP1
were incubated in a humidified atmosphere at 37 ◦C and 5% CO2 for a period of 24 h and
subsequently washed with fresh culture media. To guarantee equal infection among cells
with or without PSP treatment, infection was carried out in the same flask and then divided
into their respective groups.

2.5. Viral Load Analysis

After 6 days of continuous exposure to PSP, cells were cultured in 12-well plates
(Thermo Fisher Scientific, Waltham, MA, USA) using an optimal density of 3 × 106 cells.
Subsequently, cells were acutely infected with HIV-1ME46 (NIH AIDS Reagents Program,
Bethesda, MD, USA) with an MOI of 1.4 for a period of 24 h. Control group is composed of
THP1 monocytic cells infected with HIV-1. Hexadimethrine bromide (Sigma-Aldrich, Saint
Louis, MO, USA) at a concentration of 8 µg/mL was used for enhancement of infection.
HIV particles were measured by analyzing HIV p24 antigens in cell culture supernatant
after 24 h of infection through RT-qPCR using a COBAS 6800 system (Roche Diagnostics
Corporation, Indianapolis, IN, USA). HIV-specific primers were supplemented in the
HIV-1 Master Mix Reagent 2 kit (Roche Diagnostics Corporation, Indianapolis, IN, USA).
Denaturalization, annealing, extension steps, and cycle numbers were carried out according

125



Viruses 2023, 15, 804

to Roche Diagnostic’s pre-determined protocols. Viral load calculations were determined
as the percentage of total infection used relative to treated and infected cells.

2.6. IRE1α and PKR Inhibition Assays

During inhibition assays, THP1-Blue-CD14 cells were subjected twice (days 0 and
3) to 5-h treatment of either 56.09 nM Imidazolo-oxindole PKR inhibitor C16 (Sigma-
Aldrich, Saint Louis, MO, USA) or 221.8 nM IRE1α Inhibitor III, 4µ8C (Sigma-Aldrich, Saint
Louis, MO, USA) prior to PSP addition and infection. Cells were later exposed twice to PSP
(200 µg/mL) during the same time frame for a total of six days. Dimethyl sulfoxide (DMSO)
at 0.5% was used as a drug diluent during experiments and represents the vehicle group.

2.7. Quantitative Proteomics Experiments by Isobaric Labeling Described Below
2.7.1. Protein Extraction and Digestion

Cells were centrifuged at 321× g for 7 min, after 6 days of continuous PSP exposure
(200 µg/mL). THP1-Blue-CD14 were lysed using a combination of ultrasonic and SDS
lysis buffer composed of 2% SDS w/v and 250 mM NaCl. Additionally, PhosSTOP (Roche,
Madison, WI, USA) phosphatase inhibitors, 2 mM sodium vanadate, an EDTA-free protease
inhibitor cocktail (Promega, Madison, WI, USA), and 50 mM HEPES adjusted at pH 8.5
were added to the mixture for protein effective membrane lysis and protein preservation.
The following were added for each lysate: 5 mM of dithiothreitol (DTT) and 14 mM of
iodoacetamide in the dark for 30 min with the purpose to serve as a reducing and alkylation
agent respectively. Proteins were extracted by methanol and chloroform precipitation.
Subsequently, washes composed of ice-cold acetone were used. Each pellet was left to dry
and afterwards resuspended in a combination of 8 M Urea and 50 mM HEPES (pH 8.5).
Protein concentrations were measured using a bicinchoninic acid assay kit (Thermo Fisher
Scientific, Waltham, MA, USA) and with a spectrophotometer using the Molecular Devices
VersaMax Absorbance Microplate Reader (GMI Trusted Laboratory Solutions, Ramsey, MN,
USA) prior to digestion through proteases. Samples were then diluted with 4 M Urea, and
digested with LysC (Wako, Japan) in a 1:50 enzyme-to-protein ratio overnight. Further
dilutions were carried out with 1.5 M Urea concentration the next day. To finalize the
digestive process, Trypsin (Promega, Madison, WI, USA) was added to a ratio of 1:100
(enzyme to protein) for 6 h at 37 ◦C. Afterwards, 200 µL of 20% formic acid (FA) (adjusted to
pH 2.0) was used to acidify the samples. Each was subjected to C18 solid-phase extraction
(SPE) (Sep-Pak, Waters, Milford, MA, USA).

2.7.2. Tandem Mass Tagging (TMT) Labeling

TMT isobaric labeling was performed using the 6-plex TMT kit (Thermo Fisher Sci-
entific, Waltham, MA, USA). TMT reagents at a concentration of 0.8 mg were dissolved
in 40 µL of dry acetonitrile (Micro BCA, Thermo Fisher Scientific, Waltham, MA, USA),
and 10 µL were added for each 0.2 µg of peptides. These were further dissolved in 100 µL
of 200 mM HEPES, pH 8.5. After 1 h of incubation at room temperature, the reaction
was quenched by adding 8 µL of 5% hydroxylamine. Lastly, each labeled peptide was
combined, acidified with 20 µL of 20% FA (pH∼2.0), and concentrated via C18 SPE on
Sep-Pak cartridges (50 mg bed volume).

2.7.3. Reverse-Phase High-Performance Liquid Chromatography (HPLC)

TMT labeled HIV-infected-THP1 (controls and PSP treated) extracted peptides were
subjected to basic-pH reverse phase fractionation. Peptides were solubilized in buffer
composed of 5% ACN, 50 mM ammonium bicarbonate adjusted to pH 8.0. These samples
were stably separated through HPLC using an Agilent 300Extend-C18 column (Specifica-
tion: 5 µm particles, 4.6 mm i.d. and 220 mm in length). Additionally, the flow rate of the
samples was measured using an Agilent 1100 binary pump for HPLC. This was equipped
with a degasser and a photodiode array detector (Thermo Fisher Scientific, Waltham, MA,
USA), with a 45 min linear gradient ranging from 8–35% acetonitrile in 10 mM ammo-
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nium bicarbonate pH 8.0 (flow rate parameters: 0.8 mL/min). The peptide mixtures were
separated into a total of 96 fractions as a result of this. Subsequently, said fractions were
consolidated into two sets of samples in a checkerboard manner, acidified with 10 µL of
20% FA, and vacuum dried. Each sample was re-dissolved in 5% FA, desalted via StageTip,
dried via vacuum centrifugation, and reconstituted for LC–MS/MS analysis.

2.7.4. Triple Stage Mass Spectrometry (MS3)

During mass spectrometry (MS) experiments, all spectra were acquired on an Oribtrap
Fusion (Thermo Fisher Scientific, Waltham, MA, USA) coupled to an Easy-nLC 1000 (Thermo
Fisher Scientific, Waltham, MA, USA) ultrahigh pressure liquid chromatography (UHPLC)
pump. Peptides were separated on a 100 µm inner diameter column composed of 0.5 cm of
Magic C4 resin (5 µm, 100 Å, Michrom Bioresources, Auburn, CA, USA), followed by 25 cm of
Sepax Technologies GP-C18 resin (1.8 µm, 120 Å, Newark, DE, USA) with a gradient ranging
between 3–25% (ACN, 0.125% FA) in a time course of approximately 180 min.

For all experiments, the instrument was operated in the data-dependent mode. First-
stage MS1 spectra were collected at a resolution of 120,000 using an automated gain control
(AGC) target of 200,000 and a maximum injection time of 100 ms. A selection of the 10 most
intense ions was used for the second stage MS2 approach. Precursors were filtered out
according to relative charge state and monoisotopic peak assignments. These were later
excluded using a dynamic window of 75 s ± 10 ppm and isolated with a quadrupole mass
filter set to a width of 0.5 m/z.

During the second-stage MS2 spectra, the Orbitrap was operated at 60,000 resolutions,
consisting of an AGC target of 50,000 and a maximum injection time of 250 ms. Precursors
were fragmented by high-energy collision dissociation (HCD) at a normalized collision
energy (NCE) of 37.5%.

Lastly, the MS3 approach was performed using the collected spectra during MS2 at an
AGC of 4000, maximum injection time of 150 ms, and collision energy of 35%. The same
Orbitrap parameters as for the MS2 method were used during MS3, with the exception that
the HCD collision energy was increased to 55% to ensure maximal TMT reporter ion yield.
The synchronous-precursor-selection (SPS) was enabled to include up to 3, 6, or 10 MS2
fragment ions in the MS3 scan.

2.7.5. MS3 Data Processing

All data relating to thermo.“raw” files were converted into a readable file format
(mz.XML) through a compilation of in-house software. This was also used to correct
monoisotopic m/z measurements and incorrect peptide charge states that may have surged
during the implementation of these methods. The distribution of MS2 spectra was per-
formed using the SEQUEST algorithm. Each proteome experiment utilized the Human
UniProt database to establish the accession number, gene name, and functions. For every
experiment, reverse protein sequences were included for common contaminants such as
human keratins. During SEQUEST analysis, a 50 ppm precursor ion tolerance was per-
formed, while requiring each peptide’s N/C terminus to have trypsin protease specificity
and allowing up to two missed cleavages. MS2 spectra assignment false discovery rate
(FDR) of less than 1% was achieved by applying the target-decoy database search strategy.

2.7.6. Determination of TMT Reporter Ion Intensities and Quantitative Data Analysis

For quantification, a 0.03 m/z (6-plex TMT) window centered on the theoretical m/z
value of each reporter ion was queried for the nearest signal intensity. Reporter ions were
adjusted to correct for the isotopic impurities of the different TMT reagents (manufacturer
specifications). The signal-to-noise values for all peptides were summed within each TMT
channel, where each was scaled according to the inter-channel differences to account for
differences in sample handling. A total minimum sum of signal-to-noise values greater
than 100 and isolation purity greater than 50% was required for each sample.
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2.8. Western Blot

A concentration of 30 µg of protein samples extracted with RIPA buffer (Thermo Fisher
Scientific, Waltham, MA, USA) was used for SDS-PAGE and transferred to a polyvinyli-
dene difluoride membrane. A protease and phosphatase inhibitor cocktail (Thermo Fisher
Scientific, Waltham, MA, USA) was used during the protein extraction. Protein concen-
trations were measured spectrophotometrically using the Molecular Devices VersaMax
Absorbance Microplate Reader (GMI Trusted Laboratory Solutions, Ramsey, MN, USA).
Bovine serum albumin (Fisher Scientific, Hampton, NH, USA) 5% in 1X TBST served as
the blocking buffer for each membrane. Primary antibody incubation was done overnight
at 4 ◦C in a shaker. The following primary antibodies were used at a 1:1000 dilution:
cofilin-1, p-cofilin-1 (Ser 3), gelsolin, PKR, IRE1α, and GRP78, (Cell Signaling Technologies,
Danvers, MA, USA), pPKR (Thr 446, Abcam, Cambridge, UK). Anti β-Actin (Cell Signaling
Technologies, Danvers, MA, USA) was used as a loading control. Horseradish peroxidase
(HRP)-conjugated secondary antibodies (Cell Signaling Technologies, Danvers, MA, USA)
were used at a dilution of 1:10,000. Protein bands were visualized by chemiluminescence
using the SuperSignal West Femto Maximum Sensitivity Substrate Kit (Thermo Fisher
Scientific, Waltham, MA, USA). All images were analyzed with ImageJ image processing
program version 1.52a (National Institute of Health, Bethesda, MD, USA).

2.9. Quantitative Reverse Transcription PCR

RNA was extracted from cell pellets using the RNeasy Plus Mini Kit (Qiagen, Hilden,
Germany) following the manufacturer’s protocols. RNA quality and concentration were
quantified spectrophotometrically with a NanoDrop 1000 spectrophotometer (Thermo
Fisher Scientific, Waltham, MA, USA). cDNA was reverse transcribed from 1 µg of to-
tal RNA using the iScript cDNA synthesis kit (Bio-Rad, Hercules, CA, USA). Samples
were then processed through RT-qPCR for identification of cofilin-1, gelsolin, and PKR
genes by means of SYBR green assays (Bio-Rad, Hercules, CA, USA) using 500 nM of
primers (Sigma-Aldrich, Saint Louis, MO, USA). Amplification was carried out in a Bio-
Rad CFX96 Touch real time PCR detection system (Bio-Rad, Hercules, CA, USA) using
the following parameters: 15 s at 95 ◦C, 1 min at the gene-specific annealing temper-
ature, and 1 min at 72 ◦C for a total of 40 cycles. The gene-specific primers were as
follows: cofilin-1 forward, 5′-GCTTCTTCTTGATGGCGTCCTTG-3′ and cofilin-1 reverse 5′-
GTCACCTGTGGCTTTGCTGT-3′; gelsolin forward, 5′-CTACCCAGGATGAGGTCGCT-3′

and gelsolin reverse, 5′-GTGCCGCCCTTGTAGATGA-3′; PKR forward, 5′-TCCAACACTG-
GACTCCCTTC-3′; PKR reverse, 5′-TACTGGGGGCATATGGGTAA-3′. The gene expres-
sion level was defined as the threshold cycle number (CT). The mean fold changes in
expression of the target genes were calculated using the comparative CT method (RU,
2∆∆CT). All data were normalized through the quantity of RNA input of 18S forward, 5′-
GGCCCTGTAATTGGAATGAGTC-3′ and 18S reverse, 5′-CCAAGATCCAACTACGAGCTT-
3′, serving as the endogenous control and for normalization.

2.10. MTT Cell Viability Assay for IC50 Determination

The half inhibitory concentration (IC50) for Imidazolo-oxindole PKR inhibitor C16
(Sigma-Aldrich, Saint Louis, MO, USA) and IRE1α Inhibitor III, 4µ8C (Sigma-Aldrich, Saint
Louis, MO, USA) were determined using Thiazolyl Blue Tetrazolium Bromide (Sigma-
Aldrich, Saint Louis, MO, USA) MTT cell cytotoxicity assays. THP1-Blue-CD14 cells were
seeded at a density of 1 × 104 cells per well using a 96-well plate model in biological and
technical triplicates for a period of 24 h. The next day, cells were exposed to either C16 or
4µ8C inhibitor at days 0 and 3 for a total of 6 days to simulate PSP treatments. The range
of concentrations used for C16 and 4µ8C were 0–200 nM and 0–300 nM respectively. On
the sixth day, 5 mg/mL of MTT was added to each sample using 1X PBS which served as
the diluent as stated by Sigma-Aldrich protocols. After 4 h of incubation, the formazan
crystals were dissolved using 100% DMSO. The absorption of the formazan solution was
measured using the Molecular Devices VersaMax Absorbance Microplate Reader (GMI

128



Viruses 2023, 15, 804

Trusted Laboratory Solutions, Ramsey, MN, USA) at a wavelength of 570 nm. Cell viability
was calculated as the percentage of THP1-BLUE-CD14 treated cells relative to positive and
negative controls. MTT IC50 results can be found in Figure S1.

2.11. Statistical Analysis

All data sets are expressed as mean ± S.E.M. for biological triplicates. Statistical
analysis for in vitro studies was performed by using one way analysis of variance (ANOVA)
with post hoc Tukey for multiple comparison groups or unpaired t-test as appropriate for
each experiment, using GraphPad PRISM v9.5.0 (GraphPad Software, San Diego, CA, USA)
statistical power software. A p-value of p ≤ 0.05 was considered as statistically significant.

3. Results
3.1. Isobaric TMT Labeling Quantitative Proteomics Profiling Revealed Differential Regulated
Proteins Associated with Cytoskeletal and ER Stress Function Categories in THP1-Blue-CD14
Cells Treated with PSP

Untreated and PSP (200 µg/mL) treated (24 h) THP1 cells were used in the differential
protein expression analysis. Relative high-throughput estimation of cellular protein abun-
dances and quantitation have been achieved using stable isotope chemical labeling referred
to as TMT labeling of proteins or peptides using MS. This quantitative proteomics approach
has been widely used in our laboratory [55,56] for its high multiplexing capacity and deep
proteome coverage. Proteins relating to cytoskeletal re-arrangement and ER stress UPR
process with p-values ≤ 0.05 (p-value adjusted as false discovery rate) were deemed as
statistically significant and selected for Supplementary Tables S1 and S2 respectively. The
detailed information for accession number, gene symbol, number of spectra counts, protein
name, average expression in control relating to treatment, fold change, and p-value are
included in Tables S1 and S2. Due to the infeasibility to discuss all identified proteins in
the MS data, the selection criteria are based on the significance of the fold change for each
category of signaling markers.

A total of 111 proteins were associated with cytoskeletal functions and were identified
as significantly expressed in PSP-treated cells. From these, 54 upregulated and 57 downreg-
ulated proteins make up the total. Among the differentially expressed proteins, the key
factor of HIV entry involved in cofilin-1 activation, SSH3 was found to be downregulated
(−1.46-fold). Interestingly, the interferon-induced, double-stranded RNA-activated protein
kinase (EIF2AK2), which corresponds to PKR, is found significantly upregulated (2.44 fold).
Actin-binding regulators tropomyosin and tropomodulin are identified as up-regulated
(1.48 and 1.53 folds respectively). These two proteins need special mention since they
are involved in sensing and modulating cofilin’s depolymerization activity [57–59]. In
addition, seven guanine nucleotide exchange factors (GEFs) pertaining to the Rho, Ras,
and Rab families (Table S1) involved in regulating the polymerization state of actin fil-
aments are found de-regulated. An adapter and regulator of actin cytoskeletal, switch
associated protein 70 (SWAP70), had a significant decrease in expression (−1.26). This
marker has been proposed as a diagnostic marker for HIV-1 infection due to its presence in
the membrane surface of HIV-positive cells [60]. Additionally, this protein has close ties
with the GEF family, modulating their activity [61]. This correlates to the decrease in fold
value of the Ras-specific guanine nucleotide release factor RalGPS2 (−1.43). Cytoskeletal
and transport motor proteins such as myosin phosphatase Rho-interactin (MPRIP), uncon-
ventional myosin-XVIIIa (MYO18A), and tubulin-specific chaperone C (TBCC) have been
listed in downregulated states: −1.24-, −1.28- and −1.24-fold respectively. Meanwhile,
unconventional myosin-Ig (MYO1G) is upregulated by 1.34-fold. Phosphatidylinositol
3,4,5-triphosphate dependent Rac exchanger-1 (PREX1) is associated with the Rho family
GTPases of Rac, Ral, and Rho. Additionally, it is a downstream cytoskeletal modulator of
CXCR4 co-receptors relating to viral membrane fusion [35]. This protein is identified as
significantly downregulated (−1.38) in the presence of PSP. This regulation correlates with
its association with the Rho GTPase-activating protein 15 and 17 (−1.29 and −1.37-fold
respectively). Among other HIV-1 entry factors, α-actinin was found to be downregulated
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(−1.20-fold). This protein has been known as a marker for virion fusion. [62]. Other facil-
itators of viral entry, such as microtubule-actin cross linking factor 1 (isoforms 1/2/3/5)
are determined to be downregulated by −1.29-fold in treated cells. These cytoskeletal
components are known for their internalization of HIV-1 capsid interactions during the
early fusion steps [63].

Moreover, MS3 analysis has revealed 28 deregulated proteins (21 up- and seven
downregulated) relating to UPR (Table S2). Among these, associated UPR and ER stress
markers such as protein niban (FAM129A), ER degradation-enhancing alpha-mannosidase-
like protein 1 (EDEM1), and heat shock protein 90-beta (HSP90AB1) were upregulated by
1.35-, 1.25- and 1.16-fold respectively. These markers are known for targeting translational
regulation, misfolded proteins, and chaperone activity respectively [64–66]. In correlation
with the UPR and EDEM1, F-box only protein 6 (FBXO6) is involved in the ER-associated
degradation pathway for misfolded proteins. FBXO6 has also been associated with the
inhibition of chronic ER stress, making it a suitable pro-survival marker [67]. FBOX06
has been significantly present in an upregulated state corresponding to 1.71-fold. PSP
also extends its UPR signaling by positively modulating pro-survival chaperones. A
clear indicator of this involves the upregulation (1.31-fold) of heat shock protein 105 kDa
(HSPH1), which is involved in alleviating protein accumulation [68]. The effect of PSP also
targets markers that possesses duality roles, such as heat-shock protein beta-1 (HSPB1).
The overall levels of this marker were decreased by 1.14-fold. This protein has been
associated as a cytoskeletal regulator and molecular chaperone [69]. Most notably, PSP
treatment led to the significant upregulation of the ER survival chaperone protein disulfide
isomerase (PDI) by a 1.17-fold change. Lastly, the UPR marker serine/threonine-protein
kinase/endoribonuclease IRE1α (ERN1) is significantly overexpressed (1.41-fold).

3.2. PSP Treatment Leads to an Increase in Viral Restriction

Our research group has previously published a significant internal viral inhibition
corresponding to 61% for PSP-treated HIV-infected THP1 and 35.99% PBMC [8]. To further
widen the knowledge of these studies, the external antiviral effect of PSP was evaluated in
THP1 cells. With the goal of determining PSP’s efficacy as an anti-HIV-1 restrictive agent,
THP1 cells were supplemented twice with 200 µg/mL of PSP over a six-day period before
succumbing to HIV-1. Infection was carried out for a total time lapse of 24 h on the sixth day
relative to treated cells. Hexadimethrine bromide at a concentration of 5 µg/mL was added
as an enhancer of infection and a cationic polymer which carries the effect of neutralizing
charge repulsions between viral and cell surface membranes. HIV-1 entry was measured by
analyzing the concentration of HIV-1 core p24 antigen through RT-qPCR in the cell culture
supernatant. Viral load analysis revealed a significant reduction in HIV-mediated entry
by an average of 26% relative to 85.67% in the control group, with a mean difference of
59.67 ± 9.735 (Figure 2). This result correlates to a restriction average of 74% in contribution
to the effects of PSP.
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3.3. Inhibition of PKR and IRE1α Are Associated with an Increase in HIV-1 Entry

Our data indicate that PSP has the potential to restrict HIV-1 entry as well as to induce
the differential regulation of cytoskeletal and UPR proteins. To further investigate the
signaling complex that influences this restrictive pattern, the potential roles of PKR and
the UPR marker IRE1α in HIV-1 entry were studied by subjecting THP1 cells to C16-PKR
and 4µ8C-IRE1α pharmaceutical inhibitors. We hypothesized that inhibition of either the
activation of PKR or the endoribonuclease activity of IRE1α would affect viral entry into
host immune cells. This is based on the overlapping signaling complex with downstream
cytoskeletal effectors as seen in the literature research. Therefore, THP1 cells were treated
twice with either 56.09 nM of C16 or 221.8 nM of 4µ8C for a period of 5 h prior to PSP
treatment and HIV-1 infection. DMSO 0.5% was used as a vehicle control for both blockers.
Viral load analysis has revealed no statistical difference in HIV-1 entry for C16, with
approximately 89.13% relative to 94.1% for the infected control and 93.96% for the DMSO
vehicle group (Figure 3). This correlates to a restrictive percentage of 10.87% for C16-treated
PSP-induced cells. Compared to Figure 2, there was a relative increase in viral entry by
approximately 63.13% in difference. Moreover, 4µ8C-treated PSP-induced cells showed
approximately 69.56% of viral entry (24% restriction relative to the control and vehicle
groups). The effects of 4µ8C can be translated to a 19.57% difference in comparison to
the C16 blocker, contributing to a significant reduction in viral access (Figure 3). Taking
into consideration the data in Figure 2, the inhibition of IRE1α endoribonuclease activity
represents an approximate increment difference of 43.56% in viral entry. The results for both
drugs show an inversely proportional HIV-1 entry and restriction taking place compared
to Figure 2.
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3.4. PSP Induces the Upregulation of Key Cytoskeletal, IFN-IP, and ER Stress Markers

To confirm the regulative patterns obtained through quantitative proteomic analy-
sis results (Tables S1 and S2), we explore the effects of PSP on proteins associated with
overlapping cytoskeletal, IFN-IP signaling, and UPR complexes. The selective protein ex-
pression levels relating to cofilin-1, gelsolin, PKR, GRP78, and IRE1α were evaluated with
Western blot (Figure 4A). Moreover, to grant further insight into PSP’s role in its protein
regulation, we examined the effects of PSP before (PSP/HIV) and after (HIV/PSP) infection.
Immunoblot data showed that there was no statistical difference for the master regulator of
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UPR and ER stress marker, GRP78, between PSP-treated cells and the control (Figure 4B).
However, HIV infection resulted in an increase in protein expression levels for GRP78 of an
average of 1.83-fold. A similar pattern was found in the HIV/PSP group with an increase of
1.60-fold. We observed that PSP lowered GRP78 expression in all instances where treatment
was added alone or before infection, with no significance relative to control. The reverse
effect was seen for HIV alone or after infection.
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Figure 4. Western blot results related to UPR, IFN, and cytoskeletal biomarkers in PSP-treated
THP1 monocytic cells. (A) Representative Western blot data for the protein expression levels of
UPR: (B) GRP78; (C) IRE1α; IFN: (D) PKR; (E) p-PKR; ADF: (F) Cofilin1; (G) p-Cofilin1; and ABP:
(H) Gelsolin signaling. β-Actin was used as a loading control and for normalization of data. Images
were quantified using the ImageJ software (NIH, version 1.52a) by comparing the integrated density
value with the control group. Mean ± SEM and significant difference (*), p ≤ 0.05, (**), p ≤ 0.01,
(***), p ≤ 0.001, (****), p≤ 0.0001 are shown and were determined using one-way ANOVA with Tukey
multiple comparisons test, n = 3. All Western blot images can be found in Figure S2.

The expression patterns for IRE1α were upregulated in all instances for PSP and HIV
infection. The highest statistical significance of a 2.08-fold change was seen for PSP alone
in comparison to every sample group present (Figure 4C). HIV-1 infection demonstrated
the lowest value of a 1.36-fold average relative to the control. In relation to its before and
after infection counterparts, IRE1α expression was significantly higher, amounting to 1.75-
and 1.68-fold respectively. There was no statistical difference reported relating to HIV/PSP
vs. PSP/HIV samples.

Given that PKR has a history of interacting and overlapping with IRE1α and cofilin-1,
we included this marker in our Western blot approaches as a marker of interest (Figure 4D).
Results demonstrated that PSP has a strong influence on total PKR regulative pattern
with a 2.30-fold change vs. the control. Similarly, PKR total expression levels increased
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in all groups, with the highest statistical significance in PSP treatment before and after
infection (4.30- vs. 4.31-fold average respectively). In relation to these two experimental
samples, there was no statistical difference seen between each other. Correspondingly, the
activated and phosphorylated form of PKR at threonine 446 had a similar role to its total
PKR counterpart, favoring upregulation in every group present (Figure 4E). PSP showed
significantly higher activation by 3.79-fold expression in HIV/PSP relative to every group
present. This data suggests an upregulation for both total and phosphorylated forms of
PKR occurring in PSP-treated and infected cells.

ADF cofilin-1 and ABP gelsolin are strong influencers over HIV-1 entry, and it is
for these reasons that they were of particular interest to reveal their regulative state in
PSP-treated cells. A significant increase in cofilin-1 expression was seen in all instances
where PSP was present (Figure 4F). In the present scenario, PSP/HIV had the highest fold
value averaging a 1.76-fold difference before infection. Contrary to the previous results for
the UPR and IFN-IP markers, there was a significant decrease average of a 0.59-fold change
in total cofilin-1 vs. the control for HIV-1 infection. The deactivated/phosphorylated
form of cofilin-1 had a similar pattern to the regulation of IRE1α and PKR. These show a
tendency towards upregulation in every experimental situation (Figure 4G). Viral infection
also demonstrated an increase of a 2.65-fold average of p-cofilin-1 compared to its total
counterpart (Figure 4F). The highest reported fold difference of 3.33-fold was revealed
before infection took place relative to the control. Lastly, immunoblot data for gelsolin
revealed a slight increase in expression levels in all instances where PSP was present with a
1.41-fold difference as the highest in treatment only (Figure 4H). Equivalently to total cofilin-
1 expression, viral infection received a significant decrease of 0.67-fold for cytosolic gelsolin.
In summary, this data showed increased protein expression levels for key cytoskeletal, UPR,
and IFN-IP markers.

3.5. Inhibition of PKR Modulates Cofilin-1 Phosphorylation Expression Patterns

We previously showed that PSP has the capacity to upregulate both total and phos-
phorylated forms of cofilin-1 in addition to a slight increase in the ABP gelsolin. We also
demonstrated that PSP favors upregulation towards the activated and de-activated states
of PKR as well as IRE1α. Our viral load data showed that viral entry increases under a
PKR-inhibited state. Based on these results, it is possible PKR is involved as an upstream
regulator of cofilin-1-mediated phosphorylation, serving as an entryway key factor dur-
ing HIV infection. Therefore, we aim to assess how cofilin-1 and gelsolin are affected by
PKR inhibition. We treated THP1 monocytic cells with 56.09 nM of C16 pharmacological
blocker at PKR threonine 443 and subjected the cells to PSP treatment and infection as
previously done in our experimental methodologies. Immunoblots showed inverse results
to what was observed in PSP-treated cells without any drug intervention. C16 implementa-
tion significantly decreased cofilin-1 phosphorylation similar to that of the control group
(Figure 5B). PSP treatment before infection suffered the lowest downregulation of 0.54-fold
expression vs. control. Interestingly, the total activated form of cofilin-1 resulted in a
significant increase in fold expression for every experimental group present (Figure 5C).
Taking into consideration the results from Figure 4F, every sample group demonstrated
an increase of ± 2-fold with the infection group alone extending this by almost a 5-fold
difference. In an opposite manner compared to p-cofilin-1, the highest expression value
for its activated counterpart was seen with PSP treatment before infection. This expression
amounts to an average of 3.39-fold expression compared to 0.54-fold in phosphorylated
cofilin-1. Similar to the data of p-cofilin-1, ABP gelsolin suffered a significant decrease in
total protein expression levels for every sample group (Figure 5D). A tendency between
these two showed the lowest fold decrease of 0.3 corresponding to PSP treatment before
infection. Gelsolin data showed to be directing its focus in an opposite direction to results
shown in Figure 4H.
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Figure 5. PKR inhibition decreases cofilin-1 phosphorylation and the expression levels relating to 
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cells with or without PSP treatment. (A) Representative Western blot data for the protein expression 
levels of cytoskeletal: (B) pCofilin1; (C) Cofilin1; (D) Gelsolin; and IFN-IP: (E) pPKR; (F) PKR. β-
Actin was used as a loading control and for normalization of data. Images were quantified using the 
ImageJ software (NIH, version 1.52a) by comparing the integrated density value with the control 
group. Mean ± SEM and significant difference (*), p ≤ 0.05, (**), p ≤ 0.01, (***), p ≤ 0.001, (****), p ≤ 
0.0001 are shown and were determined using one-way ANOVA with Tukey multiple comparisons 
test, n = 3. All Western blot images can be found in Figure S2. 
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these signaling components. Cells were treated with 221.8 nM of the endoribonuclease 
blocker 4µ8C for a period of 5 h prior to infection and treatment as previously performed 
in our methodological approaches. Immunoblot assays have revealed a significant 
increase in the phosphorylation activity of cofilin-1 in every experimental group (Figure 
6B). This regulatory behavior resulted in higher fold expression values than C16 data 
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intervention (Figure 4G). THP1 cells before infection demonstrated a ±50% average fold-
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Figure 5. PKR inhibition decreases cofilin-1 phosphorylation and the expression levels relating to
gelsolin. The activation of PKR was suppressed after 56.09 nM of C16 inhibitor in THP1 monocytic
cells with or without PSP treatment. (A) Representative Western blot data for the protein expression
levels of cytoskeletal: (B) pCofilin1; (C) Cofilin1; (D) Gelsolin; and IFN-IP: (E) pPKR; (F) PKR. β-Actin
was used as a loading control and for normalization of data. Images were quantified using the ImageJ
software (NIH, version 1.52a) by comparing the integrated density value with the control group.
Mean ± SEM and significant difference (*), p ≤ 0.05, (**), p ≤ 0.01, (***), p ≤ 0.001, (****), p ≤ 0.0001
are shown and were determined using one-way ANOVA with Tukey multiple comparisons test, n = 3.
All Western blot images can be found in Figure S2.

Lastly, we examined the impact of C16-mediated inhibition on the IFN-IP PKR. As
expected, phosphorylation of PKR significantly decreases with the implementation of C16
for every situation present (Figure 5E). This downward trend was observed to be directly
opposite to PSP-treated cells with no inhibitory conditions from Figure 4E. However, a
significant increase in total PKR was seen for every group present with the highest fold
difference of 8.77 for PSP treatment before viral infection (Figure 5F). The increments
established in total PKR data account for a minimum of 2-folds for all groups with an
exception for HIV/PSP which amounts to an increase of ±1.4-fold compared to our data
from Figure 4D. These results may imply an accumulation of total protein in the cell. In
summary, inhibition of PKR activation significantly decreases cofilin-1 phosphorylation as
well as gelsolin protein expression in an inversely proportional manner. Consequently, the
reduction of PKR phosphorylation leads to an increase in the total protein counterparts of
PKR and cofilin-1.
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3.6. Inhibition of Endoribonuclease Activity of IRE1α Is Associated with De-Regulation for Both
PKR and Cofilin-1 Phosphorylation

Previous studies have shown that the induction of UPR has had a history of cross-
talking with IFNs, specifically PKR [61,63,70]. Additionally, our viral load data have
revealed an increase in HIV-1 entry when IRE1α endoribonuclease activity is blocked
(Figure 3). Since PKR inhibition led to a significant decrease in p-cofilin-1 and inverse
results in its total counterparts (Figure 5), we aim to unveil the potential role of IRE1α in
these signaling components. Cells were treated with 221.8 nM of the endoribonuclease
blocker 4µ8C for a period of 5 h prior to infection and treatment as previously performed
in our methodological approaches. Immunoblot assays have revealed a significant increase
in the phosphorylation activity of cofilin-1 in every experimental group (Figure 6B). This
regulatory behavior resulted in higher fold expression values than C16 data (Figure 5B) but
remained lower in comparison to PSP-treated cells with no drug intervention (Figure 4G).
THP1 cells before infection demonstrated a ±50% average fold-change reduction in the
midst of 4µ8C compared to no drug treatment. Interestingly, total cofilin-1 protein levels
also received an increase in fold change. PSP-treated cells before viral infection obtained
the highest fold value of 2.31 on average compared to the control group (Figure 6C).
According to what we reported in Figures 4F and 5C, 4µ8C triggered elevated levels of
protein expression compared to where no drug was administered but remain lower when
cells were exposed to C16. Gelsolin levels were analogous to our results in Figure 5D,
favoring a significant downward trend for all groups (Figure 6D). The lowest fold value of
0.47 on average was seen for PSP/HIV samples.

In relation to IFN-IP, we sought to investigate the molecular mechanism behind the
regulatory effects of IRE1α and PKR. Our data showed that phosphorylation of PKR had
a similar impact on the protein levels of phosphorylated cofilin-1. The expression values
of p-PKR endure the inhibitory effects of 4µ8C and in this regard, it remained higher than
C16 (Figure 6E). Contrary to what was observed in our data from Figure 4E, this same
regulation was inferior where no drug activity happens. The total counterpart PKR would
maintain elevated levels (Figure 6F) in contrast to no inhibitor (Figure 4D). However, the same
regulatory position did not meet the same standards as its C16 equivalent (Figure 5F), by
experiencing overall lesser protein levels across all experimental groups. When compared to
the total cytoskeletal marker cofilin-1, both markers’ levels increased during 4µ8C inhibition.

To corroborate that the observed results were directly involved with the activity of
4µ8C as well as to validate that our chosen concentration inhibited IRE1α endoribonuclease
activity, the UPR marker X-box-binding protein 1 spliced (XBP1s) was included in our
Western blot approach. XBP1 is a direct splicing effector downstream of the IRE1α endori-
bonuclease signaling cascade [71]. A reduction in XBP1s was observed for all experimental
situations relative to control, insinuating a 4µ8C-mediated inhibition towards the specific
RNase activity of IRE1α (Figure 6G). Taken together, this data is indicating a shift in protein
levels and active roles of PKR and cofilin-1. Most importantly, the inhibition of IRE1α is
showing a linkage and a closely related pattern between these two markers.

3.7. PSP Regulates the Gene Expressions Associated with Cytoskeleton and IFN-IP Signaling

Since both phosphorylated/total protein expressions of PKR and cofilin-1 are highly
overexpressed in PSP-treated cells, we investigated the function of PSP as a regulator
of the genes associated with these two signaling pathways. We hypothesized that the
active shifting of total and phosphorylated forms of these markers, observed in preceding
data, is partially due to the influence of PSP at the gene level. In addition, we decided
to incorporate gelsolin in our dataset due to its seemingly tied role in protein regulation
with PKR. We performed RT-qPCR analysis for PSP-treated cells under all conditions es-
tablished in previous experiments. Supplementation of PSP increased the gene expression
of cofilin-1 in all treated sample groups with PSP/HIV having the highest fold average of
2.25 (Figure 7A). A slight increase was observed for the infection group alone; however, it
proved to have a non-statistical significance compared to the control. Gelsolin has been
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shown to have a similar gene regulative pattern as cofilin-1, where PSP addition incre-
mented the overall levels of this protein (Figure 7B). The gene expression analysis identified
significant upregulation of PKR in all groups present (Figure 7C). Concurrent with our
Western blot experiments, RT-qPCR has revealed a close regulatory pattern for all signaling
markers under PSP presence. Overall, this data opened a new insightful interpretation
for PSP-induced signaling markers. We summarize our findings in Figure 7A–C, as PSP
demonstrates control over PKR and gelsolin at the gene level and most importantly, the
key HIV-1 entry factor, cofilin-1.
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Figure 6. IRE1α modulates downstream phosphorylation activity of PKR and cofilin-1. Endoribonu-
clease activity of IRE1α was suppressed after 221.8 nM of 4µ8C inhibitor in THP1 monocytic cells
with or without PSP treatment. (A) Representative Western blot data for the protein expression
levels of cytoskeletal: (B) pCofilin1; (C) Cofilin1; (D) Gelsolin; IFN-IP: (E) p-PKR; (F) PKR and
UPR: (G) XBP1s. β-Actin was used as a loading control and for normalization of data. Images were
quantified using the ImageJ software (NIH, version 1.52a) by comparing the integrated density
value with the control group. Mean ± SEM and significant difference (*), p ≤ 0.05, (**), p ≤ 0.01,
(***), p ≤ 0.001, (****), p ≤ 0.0001 are shown and were determined using one-way ANOVA with Tukey
multiple comparisons test, n = 3. All Western blot images can be found in Figure S2.
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one-way ANOVA, with Tukey multiple comparisons test, n = 3.

4. Discussion

Natural products have been wildly used in research as remedies to counteract the
effects of diseases, particularly HIV-1. Compounds such as tea polyphenols show great
potential at directly inhibiting HIV-associated malignancies [72]. Other organic substances,
namely high-mannose oligosaccharides amalgamate, have demonstrated potent antiviral
activity by blocking HIV-mediated entry [72,73]. Additional studies have elucidated the
roles of carbohydrate-binding agents originating from plant lectins that significantly impact
viral infection [74]. Having said this, PSP is a natural and commercially accessible sup-
plement from the mushroom Coriolus versicolor. Previously, we published novel findings
elucidating the anti-HIV effects of PSP in in vitro HIV-infected THP1 monocytic cells and
ex vivo PBMCs. PSP has been demonstrated to possess anti-replicative capabilities against
HIV-1 by promoting the upregulation of antiviral chemokines such as RANTES, MIP-1α/β,
and SDF-1α. [8]. These chemokines are known to inhibit viral replication and as a result,
they serve as immune enhancers [75–77]. Our laboratory has pioneered the immunomod-
ulatory properties of PSP through a TLR4 response, giving way to unexplored signaling
pathways that may further explain its immune-boosting factors. Moreover, viral load
results have given insightful meaning to the internal antiviral effects that PSP possesses.
The average inhibition percentage reported in acutely infected THP1 cells was 61%. This
publication served as the basis for proposing this current study since the external role
of PSP on HIV-1 entry currently remains unidentified. In addition to its immunological
effects, PSP has been incorporated as an anti-cancer medication in clinical approaches with
proven efficiency [78]. Due to its natural characteristics, no adverse side effects have been
established with the use of PSP. Our research groups have previously performed cytotoxic
assays which resulted in no significant signs of toxicity at concentrations higher than the
established experimental dose. This essentially confirms the literature research data. Stud-
ies have shown that PSP has the innate ability to significantly increase the total count of
immune cells without the unfavorable side effects seen in HAART [78,79]. Concurrent with
the given history of PSP, other researchers have shown its potentiality with gastral and
esophageal cancers due to its characteristics of showing a superior CD4+ and CD8+ cell
count among other treatments [80].
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The HIV-1 co-receptors CXCR4 and CCR5 signal directly through the cytoskeleton
to promote viral entry into host-immune cells (Figure 1). It has been well-stated in the
literature that HIV-1 requires manipulation of the actin filaments to promote receptor
clustering of CXCR4/CCR5 and increase their spatial orientation and interactions as a pre-
entry requisite. However, these receptors alone are not sufficient for infection to take place
and pose a challenge for efficient fusion and insertion of the viral capsid. This is mainly due
to actin filaments functioning as a physical barrier and blocking HIV-1 entry [16,26–28]. A
second factor that comes into play is membrane fusion between the target cell and the virus
acting as a means for successful infection in a post-entry step manner [16]. The regulator of
these processes can be attributed to cofilin-1 by shifting the actin dynamic complex through
the phases of elongation and breakdown. Specifically, this signaling cascade is modulated
by the inactivity of phosphorylated cofilin-1 and its activated form respectively [81,82].
It is for these reasons that HIV-1 must overcome this restrictive property for successful
infection to occur. Studies have shown that this HIV-induced mechanistic approach has
been postulated as a delicate process. Therefore, interference with either form of cofilin-1
leads towards viral restriction [21,22]. In addition, gelsolin has also been associated as a
deciding factor for HIV-1 entry, given that it shares the same regulation over cytoskeleton
dynamics. Due to this, it is a target of interest in HIV-1 studies.

Given the knowledge of HIV-1 infection, this study investigated the role of PSP in
regulating the ADF cofilin-1 required for viral entry through the IFN-IP and UPR signaling.
We revealed numerous novel aspects of the external function of PSP as a regulator of viral
entry. Among them, we showed that PSP has the potential to hinder HIV-1 entry by an
approximately 74% when subjected to its antiviral effects before infection occurs in our
in vitro model. The current research also highlights the underlying mechanisms by which
PSP induces a shift in the phosphorylation states of PKR and consequently cofilin-1. It has
been postulated in the literature research that both PKR and IRE1α can overlap with each
other [50]. Inhibitory experiments in our dataset and validated with two pharmaceutical
blockers in THP1 cells have confirmed these studies. The present research has demonstrated
that PKR and IRE1α seem to have an established correlation under PSP influence. At the
same time, inhibition of these biomarkers has led to a significant increase in viral entry
for both cases. This suggests that the restrictive nature of PSP is associated with these
two molecular signatures.

In this research, we have applied quantitative proteomics analysis to understand
the mechanistic pathways that are being influenced by PSP. The current data shows that
PSP induces overwhelming deregulation of 111 cytoskeletal as well as 28 proteins per-
taining to the UPR. Among these, crucial proteins such as PKR and IRE1α demonstrate
favorable up-regulatory roles. Other critical components relating to the small GTPase
family specifically required for HIV entry are seen in unfavorable regulatory positions. The
indicated GEFS includes RAB3IP, RAB8B, RALGPS2, RASAL2, RASGRP2, ARHGAP 15
and 17. The functions of the referred GEFS are known to signal the exchange of GDP to
active GTP, upstream of cofilin-1 activity, and result in cytoskeleton remodeling [83–85].
With significant weight, we highlight the downregulation of SSH3 phosphatase, to which
HIV signals through its co-receptor to promote the second phase for capsid fusion [18,19].
This strongly suggests that PSP is signaling toward the regulation of cofilin-1. Additional
evidence suggests that PSP exerts control over actin dynamics through the upregulation of
tropomyosin and tropomodulin, which directly binds and regulates actin-filaments length-
ening [57–59]. Multiple studies have shown that UPR and cytoskeleton signaling overlap
with each other and some of these characteristics can be attributed to the upregulation of
PDI [40–43]. Its overexpression is mainly associated with disulfide bond formation and
protein folding. However, this ER marker is also linked to the direct binding of β-Actin
to regulate cytoskeleton reorganization [86]. Taken together, our proteomics data firmly
implies that PSP has influence over actin dynamics and UPR signaling. Interestingly, a
study has shown the relationship between the cytoskeleton and IFN-IP, particularly with
PKR. The referred research demonstrated that PKR could serve as an upstream regulator of
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cofilin-1. Specifically, PKR can phosphorylate cofilin-1 and render it inactive [54]. Due to
our gathered results and documented facts, we were interested in investigating the specific
regulatory role of cofilin-1 as well as its correlation with PKR. In particular, PSP-treated
cells resulted in an overexpression for both total and phosphorylated forms of cofilin-1
as well as for PKR. Given the literature knowledge that we possess between these two
molecules, we proposed that cofilin-1 regulation is being influenced in some way by PKR
and essentially can serve as a primary restrictive pathway. To challenge this hypothesis,
we directly inhibited the ability for PKR to be activated by either auto-phosphorylation
or indirectly stimulated by other factors such as foreign double-stranded RNAs and the
endoribonuclease activity of IRE1α. Interestingly, PKR inhibition has led to a significant re-
duction of phosphorylation activity of cofilin-1 comparable to the control. On the opposite
side of the spectrum, there was an increase in total cofilin-1 with a superior expression than
PSP-treated cells with no drug intervention. This data suggests that PKR has a strong role
in dictating the active state of ADF/cofilin-1 under the influence of PSP.

The ABP gelsolin is known for its abundance and functions in actin capping and sev-
ering. To date, this cytoskeletal marker shares three isoforms known as plasma (Isoform 1),
cytoplasmic (Isoform 2), and gelsolin-3 [87]. A particular study from Irving et al. has
published that PKR is able to counteract viral entry in the innate immune system by directly
binding and inhibiting gelsolin [88]. This study raised interest in the interactions between
this cytoskeletal marker and PKR since our data reveals both overexpression and restrictive
properties of this IFN-IP. Our quantitative proteomic analysis has given insight into the
downregulation of gelsolin-3. Since cytoplasmic gelsolin is a primary interest in HIV-entry
studies due to its involvement with cytoskeletal events and its role has not been elucidated
in PSP before, we decided to incorporate this marker in our experiments to elucidate its
role in PSP-induced cells. In contrast to gelsolin-3, PSP seems to have some up-regulatory
properties when it comes to its counterpart, showing elevated levels for every experimental
condition. When PKR activity was blocked, gelsolin also showed analogous expressions
in fold change when compared to p-cofilin-1, suggesting that the functional role of PKR
is overlapping with cytoskeletal components. This dataset also serves as an additional
validation marker where our chosen concentration for the C16 drug was effective at inhibit-
ing PKR, given that both gelsolin and p-PKR were affected. When taken together, these
data heavily suggest that PSP-induced overexpression of PKR is extending its reach by
regulating pivotal viral entry components.

It is well known that HIV is recognized by the IFN response and triggers a high
production of type I IFNs [89]. This is also observed when THP1 cells were infected,
which resulted in a 3.4-fold increase. PKR is expressed at relatively low levels under
normal conditions and its transcription begins once type I IFNs are stimulated by viral
replication [90]. This study shows that both PSP and HIV-1 independently trigger a high
expression of PKR with a greater effect seen when both conditions are combined. When
cells were treated with PSP before infection took place, a 4.31-fold average increment of
PKR was seen. This group constitutes the same that partook in our viral load analysis.
Therefore, since PKR has been postulated before as a restrictive factor for viral entry, our
validated results further strengthen these views indicating that PKR plays a major role in
hindering viral entry in THP1 cells.

In recent years, studies on the interactions between UPR and PKR have surged with
the purpose of promoting an anti-pathogenic environment. Among them, NF-κB signaling
and production of type I IFNs have been researched to gain insights into their respective
roles such as survivability and immune response [49,91,92]. Interestingly, a study has also
shown that IRE1α directly activates PKR in response to Chlamydia trachomatis infection
in a TLR4-dependent manner [50]. Having said this, our previously published data stand
out by demonstrating the anti-viral effects of PSP through TLR4 and NF-κB. The present
research has also demonstrated and validated UPR activity for the first time in PSP-treated
cells. Specifically, we saw that PSP highly upregulates the expression of IRE1α by 2 folds
while HIV-1 infection seems to minorly lower this response alone or in combination. Given
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the history of IRE1α in relation to the immune system and PKR, we aim to unveil its specific
role in both viral entry and its association with cofilin-1. The gathered data indicates that
IRE1α can regulate, to an extent, the phosphorylation patterns of both PKR and cofilin-1.
This modulation remains significantly higher than the data seen in the C16-PKR blocker.
However, inhibition of IRE1α also led to a decrease in the activity of p-PKR/p-cofilin-
1 compared to PSP-treated cells with no drug activity. This renders the effects of this
blocker in the middle ground between C16 and PSP non-inhibition, suggesting that PSP-
induced IRE1α can serve as an upstream regulator. A peculiar pattern was observed where
blockage of IRE1α endoribonuclease activity resulted in elevated levels of PKR/cofilin-1
total counterparts similar to C16. Consequently, gelsolin was also affected by a significant
decrease in overall levels comparable to C16 data, suggesting that the overexpression of
PKR is once again affecting the regulation of gelsolin. Since we have a clearer insight
into the roles of IRE1α in PSP treatment, we were interested if PSP is inducing acute or
chronic UPR/ER stress through GRP78. PSP has shown to have no statistical difference in
GRP78 compared to the control group. On the other hand, HIV-1 infection significantly
increases its overall expression across all groups. In hindsight, while HIV-1 shows superior
GRP78 production, an established pattern was observed where PSP actively lowers these
levels in all instances where it is present. This indicates that PSP is favoring acute rather
than chronic ER stress, by counteracting the apoptotic effects of HIV-1 through GRP78
downregulation. This is evident by the effects of PSP addition before HIV infection which
resulted in a 0.81-fold difference compared to 1.83 in the HIV-1 group alone. Additionally,
these data are showing concurrency with previous studies as well as our published data,
which emphasizes the non-toxic effects of PSP.

We also evaluated the effects of PSP at the gene level due to our hypothesis that
accumulation of total PKR and cofilin-1 was due to genetic disturbances. As we expected,
PSP induces the upregulation of cofilin-1, gelsolin, and PKR during RT-qPCR analysis. This
gives weight to our hypothesis that the overwhelming upregulation of these markers was
due to gene influences during inhibitory experiments. In addition, this further explains the
reason for both total and phosphorylated forms of PKR/cofilin-1 being in an up-regulatory
position. Overall, the corresponding results have led us to propose a mechanistic model
that highlights the role of PSP in lowering viral entry through IRE1α and PKR (Figure 8).
The overlapping signaling between IRE1α and PKR would allow the immune system to
implement the necessary conditions to block viral entry. Consequently, this would restrict
HIV-1 at the early entry step due to the overwhelming inactivity of cofilin-1. In general,
the study at hand uncovers potential targetable PSP/UPR/PKR pathways that can be
implemented in broader research with the aim of future therapeutic approaches.

Future Directions

PSP continues to show anti-HIV capabilities by currently targeting both entry and
replicative cycles. Subsequently, to understand its true therapeutic potential, a compre-
hensive study will be conducted on the adaptive immune response. Specifically, future
research will be validated using in vitro/ex vivo models as well as a population consisting
of healthy and HIV-infected subjects.
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Figure 8. Model depicting PSP signaling through a UPR/IFN-induced pathway. HIV-1 infection
results in a chronic ER stress response, while simultaneously dephosphorylating cofilin-1 through
SSH3 phosphatase. This results in actin depolymerization for viral entry. Prior to infection, PSP treat-
ment induces actin polymerization via an acute UPR. PKR mediates downstream phosphorylation of
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5. Conclusions

Our study demonstrated, for the first time, that PSP hinders HIV-1 entry before
infection takes place. Furthermore, we have shown that this restrictive ability is associated
with positive regulation of PKR activation as well as IRE1α endoribonuclease activity.
Consequently, cofilin-1 phosphorylation is also affected by these two signaling markers and
it is reflected in the early entry phase. The present study has provided novel mechanistic
insights between the interplay of UPR, IFN-IP, and cytoskeletal events. Taken together, the
data provided here suggest that PSP has the potential to be used as a natural alternative to
target HIV-1 entry.
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Abstract: Human immunodeficiency virus-1 (HIV-1) recognizes one of its principal coreceptors, CXC
chemokine receptor 4 (CXCR4), on the host cell via the third variable loop (V3 loop) of HIV-1 envelope
glycoprotein gp120 during the viral entry process. Here, the mechanism of the molecular recognition
of HIV-1 gp120 V3 loop by coreceptor CXCR4 was probed by synthetic peptides containing the
full-length V3 loop. The two ends of the V3 loop were covalently linked by a disulfide bond to
form a cyclic peptide with better conformational integrity. In addition, to probe the effect of the
changed side-chain conformations of the peptide on CXCR4 recognition, an all-D-amino acid analog
of the L-V3 loop peptide was generated. Both of these cyclic L- and D-V3 loop peptides displayed
comparable binding recognition to the CXCR4 receptor, but not to another chemokine receptor,
CCR5, suggesting their selective interactions with CXCR4. Molecular modeling studies revealed the
important roles played by many negative-charged Asp and Glu residues on CXCR4 that probably
engaged in favorable electrostatic interactions with the positive-charged Arg residues present in these
peptides. These results support the notion that the HIV-1 gp120 V3 loop-CXCR4 interface is flexible
for ligands of different chiralities, which might be relevant in terms of the ability of the virus to retain
coreceptor recognition despite the mutations at the V3 loop.

Keywords: HIV-1 gp120 V3 loop; chemokine receptor CXCR4; molecular recognition; D-peptide;
HIV-1 entry

1. Introduction

CXC chemokine receptor 4 (CXCR4) belongs to class A G-protein-coupled receptors
(GPCRs) [1]. It has a unique cognate ligand CXC chemokine ligand 12 (CXCL12), also
called stromal-cell-derived factor (SDF-1α) [2,3]. The CXCR4/CXCL12 axis plays important
roles in complex biological processes such as inflammatory response, the mobilization and
homing of hematopoietic stem cells (HSPCs), angiogenesis, and cell survival [4]. CXCR4 is
also shown to be a cell surface receptor of ubiquitin and macrophage migration inhibitory
factor (MIF) and can be partially activated upon interaction [5–7].

In 1996, CXCR4 was identified, along with another chemokine receptor CCR5, as the
long sought after co-receptor for human immunodeficiency virus type 1 (HIV-1) [2,8–10]. It
is thought that the envelope glycoprotein 120 (gp120) of HIV-1 binds the host cell’s primary
receptor CD4 and undergoes conformation changes which expose its third variable loop (V3
loop) to interact with coreceptor CXCR4 or CCR5, triggering further molecular events that
lead to virus–cell membrane fusion and infection [11,12]. The co-receptor usage depends
on the cell tropism of an HIV-1 strain, with CXCR4 as the coreceptor for T-cell-line-tropic
(T-tropic) HIV-1 and CCR5 for macrophage-tropic (M-tropic) HIV-1 [13]. Usually, viruses
using CCR5 as the coreceptor (i.e., R5 viruses) are predominant during the early stage of
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the infection, whereas viruses using CXCR4 (X4 viruses) are often associated with a late
and rapid clinical progression [14,15]. The diverse functions of CXCR4 in physiologies
and pathologies as described above have made it a therapeutic target in intensive drug
discovery research for HIV and other human diseases [16].

For more than two decades, our laboratories have been interested in the stereochem-
istry of CXCR4-ligand recognition and its implication in the molecular mechanism of HIV-1
entry via this coreceptor. In 2002, we reported the original finding that CXCR4 could recog-
nize both L- and D-peptides of identical amino acid sequences but with opposite chirality,
corresponding to the N-terminus of a viral chemokine vMIP-II, which revealed the flexible
stereochemical requirement on the CXCR4-chemokine ligand interface [17]. More recently,
we extended this investigation to the viral ligand of CXCR4, HIV-1 gp120, and found that
L- and D-peptides derived from fragments of HIV-1 gp120 V3 loop, when combined with
another D-peptide derived from vMIP-II to gain higher receptor binding affinity, displayed
nanomolar affinity for CXCR4 and strong antagonistic activities [18,19], which suggested
that the flexible stereochemistry initially observed for the CXCR4-chemokine peptide inter-
face appeared to hold true for the interaction between CXCR4 and HIV-1 gp120 V3 loop
peptide fragments.

Here, in this study, we wanted to further extend the above-described observation
with fragments of HIV-1 gp120 V3 loop to the full-length V3 loop. Two L- and D-peptides
corresponding to the full-length gp120 V3 loop of HIV-1 89.6 (dual-tropic) strain were
chemically synthesized and tested for their interaction with CXCR4 using an anti-CXCR4
antibody competitive binding assay. Both peptides bound CXCR4 with comparable IC50
values. The molecular mechanisms of CXCR4’s interactions with these two peptides were
investigated by molecular dynamics (MD) simulations. These results and their implications
for understanding the mechanisms of the entry of HIV-1 via CXCR4 and its evasion of
antibody detection are discussed.

2. Results and Discussion
2.1. Design of Cyclic L- and D-Peptides Corresponding to the Full-Length V3 Loop of gp120 of the
Dual-Tropic HIV 89.6 Strain

Two cyclic L- and D-peptides containing the amino acid sequence of the entire V3 loop
of gp120 of the HIV-1 89.6 strain were chemically synthesized and examined for CXCR4
competitive binding activity (Figure 1). In these peptides, a disulfide bond commonly used
for peptide cyclization and conformational restraint was introduced between the two Cys
residues with the goal of stabilizing the V3 loop conformation critical for receptor binding.
Both peptides displayed competitive binding to CXCR4 with the IC50 values of 8.95 µM and
7.8 µM, respectively (Figure 2). The CCR5 competitive binding assay was also performed
on these cyclic L- and D-V3 loop peptides. Neither peptides displayed any competitive
binding to CCR5 (Figure 3), suggesting that their CXCR4 binding was selective.

2.2. Molecular Modeling of CXCR4 Interactions with Cyclic L- and D-V3 Loop Peptides

To understand the structural basis of CXCR4 recognition by these peptides of opposite
chirality, molecular modeling of the docking interactions of the peptides with CXCR4 was
conducted using the ROSETTA FlexPepDock procedure. The resulting docking models
were further refined with a 100 ns molecular dynamics (MD) simulation. The final models
revealed that both L- and D-V3 peptides formed a β-hairpin that inserted into CXCR4 and
made contact with nearly all of the seven transmembrane helices (Figure 4). The fragments
of the peptides corresponding to the stem and base regions of the native V3 loop interacted
with the extracellular loops and N-terminus of CXCR4. On the other hand, there were
noticeable differences in the CXCR4 docking modes between L- and D-V3 peptides. The
L-V3 peptide maintained the anti-parallel β-strand conformation during docking into the
receptor, whereas in the D-V3 peptide this anti-parallel β-strand conformation became
distorted, probably due to the changed chirality and, consequently, the changed side-chain
orientation. In addition, the peptide fragments corresponding to the stem and base regions

147



Viruses 2023, 15, 1084

of the native V3 loop extended to helices V and VI for the L-V3 peptide, and to helices IV
and V for the D-V3 peptide.
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To investigate further the binding recognition mechanism of L- and D-V3 peptides
with CXCR4, we employed the PDLD/S-LRA/β method to analyze the contribution of
CXCR4 residue to the binding free energy of the peptide ligands (Figure 5). Many negative-
charged residues, Asp and Glu, on CXCR4 were seen to contribute to the binding free
energy of the receptor and the L- and D-V3 peptides, which seemed to be consistent with
the roles of these negative-charged residues in electrostatic interactions with the many
positive-charged Arg residues in both peptides. On the other hand, the rank orders of
the residue’s contribution to the binding free energy differed between these two peptides,
which was consistent with the observed differences in their receptor binding modes as
described above.
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3. Conclusions

In this study, we investigated the stereochemical mechanism of the molecular recog-
nition of HIV-1 by coreceptor CXCR4 by using synthetic peptide probes containing the
entire V3 loop of gp120, which is the major site of the virus–coreceptor interaction. To help
retain the conformational integrity of the peptide, a disulfide bond that formed between
the two ends of the V3 loop was used to cyclize the peptide. In addition, to probe the effect
of changed side-chain conformations of the peptide on CXCR4 recognition, an all-D-amino
acid analog of the L-V3 loop peptide was generated. Both of these cyclic L- and D-V3 loop
peptides displayed comparable binding recognition to the CXCR4 receptor, but not another
chemokine receptor, CCR5, suggesting their CXCR4-selective interactions. Further molecu-
lar modeling studies revealed the important roles played by many negative-charged Asp
and Glu residues on CXCR4 that probably engaged in favorable electrostatic interactions
with the positive-charged Arg residues present in these peptides. These results are in line
with our recently published data on other V3 loop fragment peptides [19]. Together, they
provide further support to the notion that the seemingly flexible V3 loop-CXCR4 interface
might be implicated in the viral entry and immune evasion mechanisms. Specifically, with
its well-known highly mutable gp120 V3 loop, HIV-1 may evade antibody recognition,
which is conformation-dependent, through conformational changes caused by residual
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mutations reminiscent of the conformational changes caused by residual chirality changes
(i.e., L- to D-amino acid residue conversion). At the same time, because of the flexible
CXCR4 ligand binding surface able to accommodate residual chirality or conformational
changes, HIV-1 can still retain its ability to recognize an important host cell receptor such
as CXCR4 for entry and infection. Such insights may have practical implications on the
rational design of effective antiviral agents. For example, peptides containing D-amino
acids are generally known to be more enzymatically stable than those of L-amino acids.
The accommodation of D-amino acids by the CXCR4 ligand binding surface revealed in
this study provides a basis for the development of additional D-peptide analogs of high
stability for antiviral application.

3.1. Experimental Procedures
3.1.1. Peptide Synthesis

The peptides were synthesized through an Fmoc [N-(9-fluorenyl) methoxycarbonyl]
chemistry solid-phase peptide synthesis approach. Fmoc-Rink Amide AM Resin (loading:
0.272 mmol/g, GL) was used as solid support. Before starting synthesis, resins were swelled
in DCM (dichloromethane) for 20 min. Nα-Fmoc protecting group was removed with a
DMF (N, N-Dimethylformamide) solution of 20% piperidine. 4eq Fmoc-amino acid materi-
als were used in the coupling reaction for 60 min per single reaction. The coupling reagent
was 3.8 eq HCTU (O-(6-Chloro-1-hydrocibenzotriazol-1-yl)-1,1,3,3-tetramethyluronium
hexafluorophosphate) and 8eq DIEA (diisopropylethylamine) dissolved in DMF. When pep-
tide elongating finished, the peptide was cleavage from resins with cleavage mixture which
consisted of TFA (trifluoroacetic acid), phenol, H2O, and TIS (Triisopropylsilane) (88:2:5:5,
v/w/v/v). Crude peptides were precipitated from lysate with ice-cold diethyl ether, cen-
trifuged, and lyophilized. The crude peptides were purified by HPLC (high-performance
liquid chromatography) using a preparative C18 column (water, 5 µm, 10 × 150 mm) and
a linear gradient elution with acetonitrile containing 0.25% TFA. Production peaks were
detected at 220 nm and 254 nm UV. Cyclization of peptides was performed by gentle
stirring at 4 ◦C and oxidizing in air overnight; analytical HPLC (C18 column, Shimadzu,
5 µm, 4.6 × 150 mm) monitored the process of the reaction with 220 nm and 254 nm UV.
The cyclic peptides with an intramolecular disulfide bond were desalted and purified by
preparative HPLC again as mentioned above. The fractions containing target product
were collected and lyophilized. Finally, analytical HPLC and high-resolution ESI-MS with
positive mode were used to characterize purity and molecular weight, respectively, these
results were shown in Supplementary Materials (Figures S1–S4).

3.1.2. Competitive Binding Assay

To evaluate the co-receptor binding affinity of the peptides of interest, competitive
binding assay was performed as we described before [18,20,21]. Stable CXCR4-CHO
and CCR5 cell lines were constructed and cultured in DMEM medium (10% FBS, 100 IU
penicillin, 0.1 mg/mL streptomycin, and 200 µg/mL geneticin). Cells were collected and
seeded into a 96-well plate with 5 × 105 cells/well with 100 µL FACS buffer (PBS with
0.5% BSA and 0.05% NaN3). The monoclonal antibodies used in competitive binding assay
were 12G5 (final concentration 250 ng/mL, Sigma-Aldrich, MO, USA) for CXCR4 and
C-45523 for CCR5 (final concentration 4 µg/mL, R&D systems, USA). The test compounds
with various concentrations were added into each well and then antibody was added.
After incubation for 40 min at 4 ◦C, cells were washed with FACS buffer and centrifugated.
The secondary IgG-FITC (goat anti-mouse IgG, Sigma-Aldrich, MO, USA) antibody was
added into each well and incubated for 30 min at 4 ◦C, then washed twice with FACS
buffer by centrifugation. Fluorescence intensity (485EX/535EM) was measured by using
spectrophotometric microplate reader (PerkinElmer EnVisionTM, Waltham, MA, USA). The
experimental data were collected from at least three independent experiments and analyzed
by Graphpad Prism 8 and presented as means ± standard deviation.
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3.1.3. Peptide-CXCR4 Docking

The template structure of CXCR4 was obtained from the crystal structure (PDB:4RWS),
removing chain B and mutating 187Cys to Asp by PyMOL. Missing residues of CXCR4
crystal structure were modeled with ChimeraX [22–24]. Structures of V3 were built in the
web server of SWISS-MODEL [25–27]. D-V3 was inverted from the V3 we built before
with PyMOL and then relaxed with ROSETTA. The initial complex structures for docking
input were modelled based gp120-CD4-CCR5 cryo-EM structure with PyMOL [28]. The
initial complex structures were relaxed by ROSETTA3 Relax protocol, and the lowest score
out of the outputs was used in next step [29,30]. In order to remove internal clashes that
were outside of the docking interface, the input PDB file was prepacked with side chains
of each monomer before refinement with the prepack mode of FlexPepDock protocol [31].
Next, the prepacked complex structure was used as input to perform the refinement
mode of FlexPepDock with 3000 independent FlexPepDock simulations (producing 3000
output PDB files). To effectively sample the conformational space, a preliminary round of
centroid mode optimization was performed before refinement. Finally, the 30 lowest score
(reweighted term) outputs were selected and analyzed by clustering [32].

3.1.4. MD Simulation

The complex structures of V3-CXCR4 and D-V3-CXCR4 that were generated from
peptide–protein docking were then employed in MD simulation. The bilayer membrane
systems were built by CHARMM-GUI input generator [33]. The peptide–protein complexes
were embedded in POPC lipid bilayer. The CHARMM36m force field parameters were
used in all MD runs. The size of the rectangular water box was adjusted to the structure
and filled with 0.15 M NaCl to neutralize the charges of systems. The CHARMM-GUI
outputs files were used with default parameters for minimization and pre-equilibrium
with Gromacs [34]. MD simulations of each system were performed using a constant
number, pressure, and temperature (NPT) ensemble at 310 K for 100 ns in 2 fs intervals.
The coordinate files of these two complexes after 100 ns MD simulations were provided in
Supplementary Materials.

3.1.5. Binding Free Energy Calculation

MOLARIS-XG 9.15 software was used to calculate the binding free energy. The peptide–
protein complex used in the binding free energy calculation was selected from the last
frame of MD simulations described above. The binding free energy was calculated using
semi-macroscopic protein dipoles Langevin dipoles-linear response approximation/β
(PDLD/S-LRA/β) [35]. The relaxation was performed using the standard MOLARIS
surface constrained all-atom solvent (SCAAS) boundary conditions and the local reaction
field (LRF) long-range treatment. The prot_prot_bind module in MOLARIS-XG 9.15 was
used to conduct the analysis. The peptide of the complex was regarded as group_a, and
the residues within 60 Å of the peptides were taken as group_b.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/v15051084/s1, Figure S1: RP-HPLC analyzed the purity of syn-
thesized L-V3 peptide, Figure S2: ESI-MS determined the molecular weight of synthesized of L-V3
peptide, Figure S3: RP-HPLC analyzed the purity of synthesized D-V3 peptide, Figure S4: ESI-MS
determined the molecular weight of synthesized of D-V3 peptide. File S1: PDB file of L-V3 peptide
bound with CXCR4 after 100 ns MD simulation; File S2: PDB file of D-V3 peptide bound with CXCR4
after 100 ns MD simulation.
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Abstract: Foot-and-mouth disease virus (FMDV), an economically important pathogen of cloven-
hoofed livestock, is a positive-sense, single-stranded RNA virus classified in the Picornaviridae family.
RNA-dependent RNA polymerase (RdRp) of RNA viruses is highly conserved. Compounds that bind
to the RdRp active site can block viral replication. Herein, we combined double virtual screenings
and cell-based antiviral approaches to screen and identify potential inhibitors targeting FMDV RdRp
(3Dpol). From 5596 compounds, the blind- followed by focus-docking filtered 21 candidates fitting in
the 3Dpol active sites. Using the BHK-21 cell-based assay, we found that four compounds—NSC217697
(quinoline), NSC670283 (spiro compound), NSC292567 (nigericin), and NSC65850—demonstrated
dose-dependent antiviral actions in vitro with the EC50 ranging from 0.78 to 3.49 µM. These com-
pounds could significantly block FMDV 3Dpol activity in the cell-based 3Dpol inhibition assay with
small IC50 values ranging from 0.8 nM to 0.22 µM without an effect on FMDV’s main protease,
3Cpro. The 3Dpol inhibition activities of the compounds were consistent with the decreased viral
load and negative-stranded RNA production in a dose-dependent manner. Conclusively, we have
identified potential FMDV 3Dpol inhibitors that bound within the enzyme active sites and blocked
viral replication. These compounds might be beneficial for FMDV or other picornavirus treatment.

Keywords: foot-and-mouth disease virus (FMDV); RNA-dependent RNA polymerase (RdRp); 3D
polymerase (3Dpol); small molecule; virtual screening; antiviral cell-based assay; antiviral agent

1. Introduction

Foot-and-mouth disease (FMD) is a highly contagious disease caused by the foot-and-
mouth disease virus (FMDV). This disease is economically important and affects domestic
livestock with cloven hooves worldwide [1]. FMD control relies on two major strategies:
culling of infected animals and vaccination [2]. FMDV is a member of the Picornaviridae
family, which consists of both animal and human pathogens, such as enterovirus, rhi-
novirus, and poliovirus. The FMDV genome is single-stranded RNA with positive polarity.
Viral RNA synthesis during replication and transcription is achieved by RNA-dependent
RNA polymerase (RdRp) encoded by 3D, so-called 3Dpol [3]. The 3Dpol of picornaviruses
including FMDV and the RdRp of other RNA viruses share a common characteristic [4,5].
The three-dimensional structure of RdRp resembles a cupped right-handed configuration
composed of three subdomains, the so-called thumb, fingers, and palm. The finger sub-
domain has extensions, termed fingertips, that bridge between the finger and the thumb
subdomains to maintain the RdRp active site rearrangement and form the NTP entry site [6].
Therefore, the topology of these subdomains is essential for RdRp’s catalytic activity during
negative-stranded RNA synthesis by holding the RNA template in place, engaging NTPs,
and promoting polymerization. The central region of the 3Dpol contains six conserved
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motifs labelled A, B, C, D, E, and F, which are located mostly in the palm subdomain
and form the template-binding channel with the 3Dpol active site [6]. Inhibition of 3Dpol

activity can prevent viral genome replication. Therefore, because of its critical role in viral
replication, 3Dpol is an attractive target for antiviral drug development.

As FMDV is highly contagious, broad-spectrum antiviral drugs as well as other
novel natural and synthesized compounds might support the outbreak control by reducing
spillover of the spreading virus into the environment. For example, the nucleoside analogue
ribavirin (1-β-d-ribofuranosyl-1,2,4-triazole-3-carboxamide) is an antiviral drug licensed for
the treatment of human and animal viral infections. However, ribavirin resistance caused
by mutations within the RdRp coding sequences have been reported in many RNA viruses.
For instance, poliovirus (PV) has substitution mutations, G64S and L420A, in 3Dpol while
M296I was found in the FMDV 3Dpol [7,8]. Furthermore, a human hepatitis C virus (HCV)
escape mutant contained the mutation Y415 in the NS5B gene [9]. M296 of FMDV 3Dpol is
in the NTP binding site. Thus, alteration at this position may affect nucleotide recognition
by the 3Dpol [10]. Previously, nucleoside analogues including favipiravir (T-705), T-1105
(3-oxo-3,4-dihydro-2-pyrazinecarboxamide derivative), and T-1106 were tested for their
ability to inhibit FMDV infection in vitro and in vivo [11]. T-1105 demonstrated greater
potency than T-705 and T-1106 to inhibit FMDV replication [11,12]. In an experimental
FMDV infection, a high dose of T-1105 at 200 mg/kg twice daily for seven consecutive days
was required to prevent FMD clinical signs and reduce viral shedding [12]. In a guinea pig
model, the prophylactic effect of T-1105 was achieved at a high dose of 400 mg/kg/day
twice daily for five consecutive days to give a similar protective level as the full-dose
vaccination [13]. Thus far, no antiviral agent has been approved for the treatment or
prevention of FMDV infection.

Among antiviral agents, nucleoside-based inhibitors (NIs) are likely to exhibit off-
target effects and reduction in their potency in clinical cases [14]. Small molecules that target
surface cavities or allosteric site of enzymes, so-called non-nucleoside inhibitors (NNIs),
can be either natural or non-natural compounds [15]. Their structures are more flexible
and thus can fit in the nucleotide-binding pocket better than the NIs [16]. Several NNI
compounds have been reported to inhibit the RdRp activities of RNA viruses such as GPC-
N114 in picornaviruses [14], lycorine in MERS-CoV [17], and NITD29 in Zika virus [18].
In addition to RdRp, 3C proteases (3Cpro) are another attractive target for antiviral drug
design as it is present and conserved across several positive-sense, single-stranded RNA
viruses with picornavirus-like 3Cpro supercluster. It has been shown previously that
three dipeptidyl-based synthetic molecules with different interactive chemical groups
including an aldehyde (GC373), a bisulfite adduct (GC376), and an α-ketoamide (GC375)
possessed broad-spectrum, potent antiviral effects [19]. These compounds effectively
inhibited protease (3Cpro or 3CLpro) activities and replication of viruses from the families
Caliciviridae, Coronaviridae, and Picornaviridae, as determined using FRET protease assay
and cell-based assays, respectively.

In this study, we screened small molecules that targeted FMDV 3Dpol by integrating
computer-aided virtual screening and a cell-based antiviral assay to filter for potential
antiviral compounds. We further determined the inhibitory activity of the selected com-
pounds on FMDV 3Dpol using a recently established FMDV minigenome with the green
fluorescence reporter protein in the cell-based 3Dpol inhibition assay [20]. Taken together,
we have identified four 3Dpol inhibitors and demonstrated the mechanism by which the
small molecules could inhibit viral replication in FMDV-infected BHK-21 cells.

2. Materials and Methods
2.1. Virtual Screening of Small Molecules

The crystal structure of FMDV 3Dpol (FMDV RdRp) deposited in the PDB under a
code 1wne.pdb was retrieved (https://www.rcsb.org/structure/1WNE). Upon the 3D
structure’s preparation for the virtual screening, we found that four amino acids (F34, A68,
E144, and K148) on the protein structures differed from the deduced amino acid sequence
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of FMDV O189. Then, homology modeling based on the 3Dpol crystal structure (PDB:
1wne.pdb) was performed on the SWISS-MODEL server (https://swissmodel.expasy.org/,
accessed on 19 April 2021 [20]) to prepare the complete protein structure of O189 3Dpol

previously used for the plasmid construction [20]. The structure quality was evaluated
using MolProbity [21], Q-MEAN [22], and Ramachanadran plotting [23], as described
elsewhere [20]. The FMDV 3Dpol model was prepared for the downstream process with
the removal of ligands and water molecules and addition of hydrogen atoms. Molecular
docking was achieved using the PyRx 0.9.8 virtual screening tool [24].

The compound libraries provided by the Developmental Therapeutics Program (DTP)
Open Repository of the National Cancer Institute (NCI) were queried for a subset of the NCI
repository collection comprising the NCI Diversity Set III, VI and V, and MechDiv3 libraries
containing 5596 freely available models of compounds. Each subset of the compound
models was assigned for docking using the Open Babel software toolbox [25], including
Gasteiger partial charges, addition of hydrogen atoms, optimization of hydrogen bonds,
and removal of atomic clashes, to generate the pdbqt input format.

Virtual screening was performed using AutoDock Vina [26] embedded in the PyRx
0.9.8 virtual screening tool [24]. In the first virtual screening, the small molecules retrieved
from the model libraries were blind-docked onto the 3Dpol structure, which yielded a set
of ligands predicted to bind the 3Dpol active sites or the conserved amino acid residues
important for 3Dpol’s function. Initially, the grid box was set at 65:70:65 (x, y, z dimensions
in Angstroms), and the box was centered at 19.34:31.20:23.25 (x, y, z). The virtual screening
outputs were presented as the predicted free energy in kcal/mol and the exhaustiveness
value for the docking was set to 20. Subsequently, the top-ranked complexes were retrieved
for the latter focus-docking. In the focus-docking, the top-ranked compounds with a
binding energy lower than −8.0 kcal/mol were included, and the dockings were centered
at specific sites or amino acid residues within the FMDV 3Dpol. Three sites on the palm
subdomain of FMDV 3Dpol involved in the nucleotide binding and polymerizations [6]
were selected for the focus-docking. According to the 3D structure of FMDV 3Dpol, site 1 is
composed of D240, Y241, and D245 of Motif A in the loop β8-α9; site 2 comprises M296,
S298, G299, S301, and N307 of Motif B in the loop β9-α11; and site 3 contains Y336, D338,
and D339 of Motif C in the loop β10-β11. The grid box of 25:25:25 was assigned to these
specific sites and centered at 15.50:26.22:15.00 (x, y, z). The promising docking results were
harvested for protein–ligand visualization using Discovery Studio Visualizer, version 2021
(BIOVIA, Dassault Systèmes, San Diego, CA, USA) and UCSF Chimera, version 1.16 (UCSF,
San Francisco, CA, USA).

2.2. Sources and Preparations of Chemicals

The freely available compounds were provided by the Developmental Therapeutics
Program (DTP) Open Repository of the National Cancer Institute (NCI). Ribavirin (Sigma-
Aldrich, St. Louis, MO, USA) and rupintrivir (Sigma-Aldrich, St. Louis, MO, US) were
used as RdRp and non-RdRp inhibitor controls. All compounds were prepared as 10-mM
stock solutions in 100% dimethyl sulfoxide (DMSO) (Sigma-Aldrich, St. Louis, MO, USA),
and stored at −20 ◦C for the following in vitro cell-based experiments.

2.3. Cells and Viruses

Baby Hamster Kidney (BHK−21) cells and HEK-293T cells were obtained from Amer-
ican Type Culture Collection (ATCC®, Manassas, VA, USA). The cells were maintained
in a complete medium containing Minimum Essential Medium (MEM, InvitrogenTM,
Carlsbad, CA, USA), 10% fetal bovine serum (FBS, InvitrogenTM, Carlsbad, CA, USA),
2 mM L-glutamine (InvitrogenTM, Carlsbad, CA, USA), and 1×Antibiotic-Antimycotic
(InvitrogenTM, Carlsbad, CA, USA) at 37 ◦C with 5% CO2. FMDV serotype A (NP05) was
propagated in BHK21 cells at 37 ◦C with 5% CO2 for 24 h. The virus stock with a titer of
1 × 109 TCID50/mL was stored at −80 ◦C in single-use aliquots. All works involving live
FMDV were performed at biosafety level-2 with an enhanced facility.
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2.4. Cytotoxicity Assay

BHK-21 cells were seeded at 1.8 × 104 cells per well into 96-well plates (Corning
Incorporated., Corning, NY, USA) and incubated at 37 ◦C with 5% CO2 overnight. The
spent media was removed, and the cells were washed twice with 1× PBS. The compounds
were serially diluted in serum-free MEM media containing DMSO at a final concentration
of ≤0.1%. The diluted compounds were incubated with the cells or virus and the cells
were further incubated at 37 ◦C for an additional 24 h. Two independent experiments were
performed for all biological assays. Cytotoxicity was determined by measuring cell viability
using MTS solution provided in the CellTiter 96® Aqueous One Solution Cell Proliferation
Assay (Promega, Madison, WI, USA) according to the manufacturer’s instructions. The
absorbance of the solution in the experiment plates was measured at a wavelength of
490 nm using a multi-mode reader (Synergy H1 Hybrid Multi-Mode Reader, BioTek®,
Winooski, VT, USA). Cell viability was calculated using the following formula (1), where
ODtreate denotes the absorbance of the uninfected BHK-21 cell wells containing cells, media,
and compounds; ODcell control denotes the absorbance of the cell control wells containing
cells and media; and ODdmso denotes the absorbance of the vehicle control wells containing
cells, media, and 0.1% DMSO.

[ODtreat − ODcell control]/[ODdmso − ODcell control] × 100 (1)

2.5. Antiviral Activity Assay

The compounds that targeted FMDV 3Dpol in the virtual screening and could inhibit
viral replication were further investigated for the effects on the other processes of viral
infection as mentioned in the previous study [27]. Initially, we investigated the effects of
compounds on viral entry including binding and penetration (pre-viral-entry experiment).
The compound dilutions and FMDV at 10 TCID50 per wells were co-adsorbed onto the
overnight-grown BHK-21 cells in a 96-well plate (Corning Incorporated., Corning, NY,
USA) at 37 ◦C for 2 h. All virus–compound mixtures were removed, and the cells were
washed twice with 1× PBS. Subsequently, fresh media was added to the cells which were
further cultured at 37 ◦C for an additional 22 h. Secondly, in the post-viral-entry experiment,
the BHK-21 cells in the 96-well plate were incubated with 10 TCID50 of FMDV per well at
37 ◦C for 2 h. Then, the cells were washed twice with 1× PBS, before treatment with the
same compound dilutions that were used in the cytotoxicity assay at 37 ◦C for an additional
22 h to inhibit viral replication.

2.6. Immunoperoxidase Monolayer Assay (IPMA)

Immunoperoxidase monolayer assays (IPMA) were conducted as previously de-
scribed [27,28]. Briefly, the BHK-21 cells, including no infection with and without com-
pound and FMDV infection with and without compound, were fixed with cold methanol
at room temperature for 20 min and washed with PBS plus 0.1% Tween 20 (1× PBST,
Sigma Aldrich®, St. Louis, MO, USA). The cells were then incubated with single-chain
variable fragment with Fc fusion protein (scFv-Fc) specific to 3ABC of FMDV [29] at 37 ◦C
for 1 h for viral detection. After primary antibody incubation, the cells were washed
with 1× PBST, and subsequently incubated with the protein G, HRP conjugate (dilution
1:1000, EMD Millipore corporation, Temecula, CA, USA) at 37 ◦C for 1 h. To visualize the
antigen–antibody complex, the cells were stained with DAB substrate (DAKO, Santa Clara,
CA, USA), and the dark-brown color of the infected FMDV cells was observed using a
phase-contrast inverted microscope (Olympus IX73, Tokyo, Japan). The cell images were
analyzed using CellProfiler image analysis v.4.2.0 [29]. The resulting data were used to
calculate the half-maximal effective concentration (EC50). The EC50 value represented the
compound concentration at which the virus infection was reduced by 50% compared to
the DMSO control (FMDV infection with 0.1% DMSO). To analyze the data, the DMSO
control was set at 100% infection, and the EC50 value of each compound was calculated
using GraphPad Software version 9.4.1 (Prism, San Diego, CA, USA). The Z’ factor value
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was analyzed using the following formula (2) to assess the assay performances both within
a plate and across plates.

Z’ factor = 1 − (3 × SD of cell control + 3 × SD of the virus control)/(mean cell control signal −mean virus control signal) (2)

A Z’ factor between 0.5 and 1 indicates an acceptable range.

2.7. Real-Time RT-PCR Assay

The whole viral RNA and negative-strand specific RNA of FMDV were detected and
quantitated using real-time RT-PCR after treatment with the compounds. The BHK-21 cells
were seeded at 1.8 × 105 cells into each well of 24-well plates (Corning Incorporated., Corn-
ing, NY, USA) and cultured overnight. The cells were incubated with 10 TCID50 of FMDV
for 2 h, and the inoculum was removed after viral adsorption. Then, the FMDV-infected
cells were treated with serially diluted compounds at 37 ◦C as mentioned above. At 24 h
post viral infection, intra- and extracellular viral RNA was isolated using Direct-zolTM RNA
MiniPrep (Zymo Research Corporation, Tustin, CA, USA) following the manufacturer’s
instruction. The RNA was quantified using a NanoDropTM 2000c Spectrophotometer
(Thermo Fisher Scientific, Waltham, MA, USA) and used as the templates for cDNA syn-
thesis. The first-strand cDNAs derived from the whole viral RNA were generated using
Random hexamers (InvitrogenTM, Carlsbad, CA, USA) for whole viral RNA quantification.
On the other hand, a primer specific to the negative-stranded RNA within the 3Dpol coding
sequence (5′-AAGGGTTGATTGTTGACA-3′) was employed to amplify the first-strand
cDNA for the negative-stranded RNA quantification [30]. Both cDNA syntheses were
performed with the enzyme SuperScript III Reverse Transcriptase (InvitrogenTM, Carlsbad,
CA, USA) according to the manufacturer’s instructions.

The cDNA templates were subjected to downstream DNA quantification with qPCR
using iTaq Universal SYBR Green Supermix (Bio-Rad Laboratories, Hercules, CA, USA).
The primer sets for the DNA amplifications are listed in Table 1. Briefly, 5 µL mixture
containing 0.5 µL of each target-specific forward and reverse primer was mixed with 2 µL
cDNA and nuclease-free ddH2O up to a final volume of 10 µL. The qPCR amplifications
were conducted in a two-step method: first, denaturation at 95 ◦C for 30 sec, followed by
40 cycles of denaturation at 95 ◦C for 5 sec and annealing/extension at 55 ◦C for 30 sec. A
melting curve was analyzed from 65 ◦C to 95 ◦C with 0.5 ◦C increments using a CFX96
touch Real-Time PCR detection system (Bio-Rad Laboratories, Hercules, CA, USA).

Table 1. Primers used in this study for amplification of FMDV cDNAs.

Primers Sequence (5′–3) cDNA Derived from Tm (◦C) References

FMDV-5′UTRF CTGTTGCTTCGTAGCGGAGC
5′UTR

66.3
[20]FMDV-5′UTRR TCGCGTGTTACCTCGGGGTACC 66.3

FMDV-3DF TAGAGCAGTAGATGTTG Negative strand 58 In this study
FMDV-3DR ATGAACATCATGTTTGAGG 59

Viral RNA expression was determined using the absolute quantification method [27].
A standard curve of DNA derived from the whole viral RNA was generated from the
ten-fold serially diluted plasmid containing FMDV 5′UTR from 10−2 to 10−7 plasmid
molecules/µL. Copy numbers of the DNA were calculated based on the standard curve.
The negative-stranded RNA is normally produced by 3Dpol during viral replication. The
negative-stranded RNA-derived DNA was quantitated based on the delta Ct values (cycle
threshold) by subtracting the Ct values of the virus samples (FMDV-infected BHK-21
cells with compound treatment) from the Ct values of the virus control (FMDV-infected
BHK-21 cells without compound treatment). The data were normalized using the following
Equation (3).

Normalized delta Ct = 1 − (delta Ct of sample)/(Ct of dmso) (3)
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The normalized data from three independent replications are presented as the means± SD
using GraphPad Prism version 9.4.1 (Prism, San Diego, CA, USA).

2.8. Cell-Based 3Dpol Inhibition Assay

Inhibitory effects of the compounds on FMDV 3Dpol were examined using plas-
mid pKLS3_GFP, an FMDV minigenome expressing GFP, and the two helper plasmids
pCAGGS_T7 and pCAGGS_P3 [20]. pKLS3_GFP contains the enhanced green fluorescent
protein (GFP) gene inserted between FMDV O189 5′ and 3′UTRs required for FMDV tran-
scription and translation, while pCAGGS_T7 and pCAGGS_P3 are mammalian protein
expression plasmids containing T7 RNA polymerase and the FMDV P3 region essential for
efficient generation of FMDV RNA, respectively.

The three plasmids were transfected onto the BHK-21 cells as described previously [20].
Briefly, BHK-21 cells were seeded at 1 × 104 cells/well into 96-well plates and incubated
at 37 ◦C overnight. On the transfection day, 40 ng of pKLS3_GFP, 120 ng of pCAGGS_T7,
and 40 ng of pCAGGS_P3 were mixed with 0.6 µL of Fugene® HD (Promega, Madison, WI,
USA) in Opti-MEM™ I Reduced-Serum Medium (Thermo Fisher Scientific, Waltham, MA,
USA) to make a final volume of 50 µL per well. Then, the spent media was removed and
replaced with the transfection mixture and incubated at 37 ◦C for 4 h. Subsequently, the
transfection mixture was removed and replaced with the serially diluted compounds in
Opti-MEMTM I Reduced-Serum Medium (GibcoTM Thermo Fisher Scientific Inc., Waltham,
MA, USA). In the vehicle control well, 0.1% DMSO was added in the wells instead of the
compounds and it also served as the transfection positive control. pKLS3_GFP without
helper plasmid transfection was also included as the plasmid control. The cells were
incubated at 37 ◦C with 5% CO2 and the fluorescent reporter expression signals were
observed at 24–48 h post transfection using a phase-contrast inverted microscope (Olympus
IX73, Tokyo, Japan).

The levels of FMDV 3Dpol activity corresponded to the numbers and intensity of the
bright green fluorescent signal in the positive cells. The background was adjusted for
contrast and brightness only. The fluorescent intensities of the images were measured,
and the background was subtracted from each image using CellProfiler image analysis
v.4.2.0 [29]. The half-maximal inhibitory concentration (IC50) is the concentration at which
the 3Dpol activity was reduced by 50% compared to that of the DMSO control. For the
analysis, the signal of the DMSO control was set at 100% and the IC50 was calculated using
GraphPad Software version 9.4.1 (Prism, San Diego, CA, USA).

2.9. Cell-Based FMDV 3Cpro Inhibition Assay

3Cpro is the main protease crucial for FMDV biology and is an attractive antiviral
target. Therefore, we were interested to know whether these compounds could inhibit
the 3Cpro activity. We determined the effects of the compounds on the main protease
using a cell-based FMDV 3Cpro inhibition assay as described previously [27,31]. Briefly,
HEK-293T cells were grown in 96-well plates at 1 × 103 cells per well. The cells were
maintained in Opti-MEM I Reduced-Serum Medium (GibcoTM Thermo Fisher Scientific
Inc., Waltham, MA, USA). On the next day, the cells were transfected with plasmids pG5Luc
(Promega, Madison, WI, USA) and pBV_3ABCD expressing intact 3Cpro or pBV_mu3ABCD
expressing inactive 3Cpro [32]. The 3ABCD and mu3ABCD genes were inserted between the
Gal4-binding domain and the VP16-activation domain of plasmid pBV (Promega, Madison,
WI, USA). pG5Luc is a reporter plasmid containing the GAL4 binding site upstream of
VP16 and the firefly luciferase reporter gene sequences followed by the downstream Renilla
luciferase gene. The total 10 µL of co-transfection mixtures comprising 0.1 µg pBV_3ABCD
or pBV_mu3ABCD, 0.1 µg pG5Luc, and 0.6 µL Fugene® HD (Promega, Madison, WI,
USA) were incubated with HEK-293 T cells at 37 ◦C for 2 h before adding the diluted
compounds. At 16 h post transfection, the transfected cells were lysed with 20 µL passive
lysis buffer (Promega, Madison, WI, USA) followed by firefly and Renilla luminescence
signal determination using the Dual-Glo Luciferase Assay System (Promega, Madison,
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WI, USA) in a Synergy H1 Hybrid Multi-Mode Microplate Reader (BioTek, Winooski, VT,
USA). The intact 3Cpro expressed from pBV_3ABCD would separate the Gal4-binding
domain from the VP16-activation domain, resulting in no expression of the firefly luciferase
signal. When the compounds could suppress the 3Cpro, the Gal4-binding domain and
the VP16-activation domain were in close proximity. Thus, GAL4 bound to the Gal4-
binding domain and drove the firefly and Renilla luciferase expressions. The data were
recorded as an inverse correlation of the firefly/Renilla luminescent (Fluc/Rluc) signal ratio
from compound-treated wells compared to those obtained from wells transfected with
pBV_mu3ABCD (3Cpro negative control) and pBV16 (empty plasmid control).

3. Results
3.1. Virtual Screening of Small Molecules

We screened compounds from the model libraries to identify novel inhibitors specific
to FMDV 3Dpol (Figure 1). In the initial in silico virtual screening of 5596 NCI com-
pounds, the binding energy ranged from −1.5 to −10.1 kcal/mol. We then used a cut-off
of −8.0 kcal/mol to select the 722 compounds that occupied the enzyme active sites of
FMDV 3Dpol for further focus-docking. The focus-docking was narrowed down to the
specific amino acid residues within the three active sites of the FMDV 3Dpol structure: site 1:
D240, Y241, and D245 of Motif A; site 2: M296, S298, G299, S301, and N307 of Motif B; and
site 3: Y336, D338, and D339 of Motif C. Upon the blind- and focus-virtual screenings, the
21 top-ranked compounds were selected for the following experimental validation. The
binding affinities of the 21 compounds are listed in Figure 1c.
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Figure 1. Virtual screening approach in this study. Schematic diagram of virtual screening starting
from the initial docking to focus-docking (a). The predicted binding affinities of all small molecules,
from which the cut-off was set at −8.0 kcal/mol to filter for the second molecular screening (b). The
twenty-one top-ranking focal compounds chosen for further cell-based experiments (c).

3.2. Dose–Response Analysis on the Cell-Based Antiviral Activity of Small Molecules

First, we tested the cytotoxicity and antiviral activities of the 21 focal compounds
in BHK-21 cells. The cytotoxicity profile of the small compounds in BHK-21 cells was
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determined by measuring the MTS formazan product of living cells. The four compounds
that were not toxic to the BHK-21 cells and had CC50 values in the mid to high micromolar
range (49.91 ± 1.70 µM to >100 µM) were tested in a dose–response manner. Therefore,
the highest non-toxic concentration of each compound was used in the subsequent antivi-
ral activity assay. Among the 21 compounds, NSC217697, NSC670283, NSC292567, and
NSC65850 demonstrated antiviral inhibition at the maximum dose of non-toxic concentra-
tion under the post-viral infection condition using 10 TCID50 of FMDV and observing at
24 hpi.

To validate these findings in a dose-dependent manner, we investigated the antiviral
properties of the four compounds in FMDV-infected BHK-21 cells. In the pre-viral-entry
experiment, unabsorbed FMDV were removed, and the cells were washed with PBS before
adding the fresh media. The four compounds also showed viral inhibition during co-
absorption with the virus on the cell monolayer for 2 h (in Figure S1). High concentrations
of the compounds were required to exert the viral-suppression effects compared to the
same compound examined in the post-viral-entry assay. We assumed that the compounds
still had sufficient potency to reduce FMDV after being removed and washed away.

We next determined whether the candidate compounds had antiviral activity dur-
ing post-viral infection by infecting BHK-21 cells with FMDV at 10 TCID50, followed by
incubating with serial concentrations of each compound. The results showed that the
numbers of positive infected cells were markedly decreased with the increased compound
concentrations in a dose-dependent manner as shown in Figure 2. The vehicle control
(0.1% DMSO) did not influence viral production in the infected cells. NSC217697 and
NSC292567 exhibited great antiviral inhibition of 0.78 ± 0.10 and 0.42 ± 0.08 µM, respec-
tively. NSC670283 and NSC65850 demonstrated good inhibitory effects with the EC50 of
3.38 ± 1.02 and 2.73 ± 0.48 µM, respectively (Table 2). These four compounds showed
antiviral activities greater than ribavirin (the broad-spectrum anti-RdRp nucleoside ana-
logue) and had antiviral potency comparable to rupintrivir (the anti-3Cpro peptidomimetic
drug of human rhinovirus) as shown in Figure 2. In addition, the off-target compounds,
which did not bind to the 3Dpol active site, or bound with the higher binding affinities
(>−8.0 kcal/mol), were also examined for cytotoxicity using MTS and antiviral activities in
the cell-based assay with immunostaining by IPMA. The results showed that the random
or non-target compounds did not inhibit viral replication in both pre- and post-viral entry
as shown in Figure S2.

Furthermore, the EC50 and EC90 values, which are concentrations of compounds
that could reduce 50% and 90% of the viral infectivity, respectively, were determined in
the cell-based assay and IPMA. Both values were calculated using non-linear regression
to determine the SI (selective index) by CC50/EC50. The SIs of the four compounds on
suppression of FMDV infection in BHK-21 cells are shown in Table 2. NSC217697 and
NSC292567 showed SI values >100.

3.3. Functional Interference on FMDV 3Dpol, but Not 3Cpro, by the Candidate Compounds

We further investigated the mechanism by which the compounds inhibited FMDV
3Dpol activity with a cell-based 3Dpol inhibition assay exploiting pKLS3_GFP, an FMDV
minigenome with the GFP gene. pKLS3_GFP contains essential elements of FMDV repli-
cation and the GFP reporter gene while one of the helper plasmids provides functional
FMDV 3Dpol. The numbers of GFP-positive cells and their intensity reflect the 3Dpol activity.
Antiviral replication of the compounds on FMDV 3Dpol was measured as the decreased
GFP intensity and positive cell numbers in the compound treatment well related to those
in the vehicle control well (Figure 3a). The results showed that NSC670283 and NSC292567
could inhibit FMDV 3Dpol activity in nanomolar concentrations with the IC50 equal to
71.00 ± 0.04 nM and 0.8 ± 0.10 nM, respectively, while NSC217697 and NSC65850 also
demonstrated good inhibitions at low micromolar concentrations of 0.22 ± 0.13 µM and
0.13 ± 0.10 µM, respectively (Figure 3a and 3b). All candidate compounds showed in-
hibitory effects greater than ribavirin (IC50 = 2.68 ± 0.37 µM). We also sought to know
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the inhibitory effects of the compounds on other viral proteins, because 3Cpro plays a
major role in picornavirus polyprotein maturation, essential in the viral life cycle. We
further investigated this function by testing the compounds using the cell-based FMDV
3Cpro inhibition assay. The results demonstrated that none of the candidate compounds
showed an effective inhibitory effect on FMDV 3Cpro. Therefore, these data highlighted the
anti-3Dpol activity of the four candidate compounds (Figure 3).

Table 2. The cell-based antiviral activity against FMDV infection and cytotoxicity of compounds in
BHK-21 cells.

Compounds
Cytotoxicity
CC50 (µM)

Antiviral Activity SI
(CC50/EC50)EC50 (µM) EC90 (µM)

NSC217697
6,6′-methylene bis(2,2,4-trimethyl-1,2-dihydroquinoline)

PubChem ID 99342
>100 0.78 ± 0.10 9.52 ± 0.18 >128.20

NSC670283
2,2′-spirobi [3,6,7,8-tetrahydro-1H-

cyclopenta[g]naphthalene]-5,5′-dione
PubChem ID 382634

>100 3.38 ± 1.02 30.45 ± 0.25 >28.65

NSC292567
Pandavir/Nigericin
PubChem ID 4490

49.91 ± 1.70 0.42 ± 0.08 3.85 ± 0.34 >118.83

NSC65850
sodium;5-[[4-[4-[[2,4-diamino-3-[[4-

(carboxymethoxy)phenyl]diazenyl]-5-
methylphenyl]diazenyl]phenyl]phenyl]diazenyl]-2-

hydroxybenzoic acid
PubChem ID 135422251

>100 2.73 ± 0.48 7.19 ± 0.10 >36.63

Ribavirin
PubChem ID 37542 >100 42.89 ± 0.42 393.60 ± 2.56 >2.33

Rupintrivir
PubChem ID 6440352 >100 2.02 ± 0.30 12.05 ± 1.6 >49.50

3.4. Inhibition of FMDV Replication by Small Compounds

We further examined the effects of the four compounds on the viral replication process
by measuring levels of viral loads and negative-stranded RNA synthesis by FMDV 3Dpol

using RT-qPCR (Figure 4). Firstly, we investigated the negative effects of the compounds
on the negative-stranded RNA synthesis at 0.1, 1, 5, 10, 25, and 50 µM (Figure 4). The
results showed that all four compounds could reduce the levels of negative-stranded RNA
in a dose-dependent manner. Secondly, viral copy numbers derived from FMDV-infected
BHK-21 cells treated with serial concentrations of the four compounds were determined to
reveal their inhibition activity on viral loads. The results showed that all compounds had
inhibition activities over 99% at 5 µM (Figure 4). Among the four compounds, NSC217697
appeared to be the most potent inhibitor with an inhibition ratio > 99% at 1 µM. The results
showed that the compounds could actively suppress both viral load and negative-RNA
strand production of 3Dpol. These data confirmed that the four candidate compounds were
potent FMDV 3Dpol inhibitors by inhibiting the viral RNA synthesis function of the enzyme.
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Figure 2. Antiviral activities of the selected compounds against FMDV in cell culture. Four small 
compounds were evaluated in a dose–response manner, and ribavirin (Rbv) and rupintrivir (Rup) 
were used as drug controls. The FMDV-infected cells with or without compound treatment were 
determined using IPMA in which viral antigens in the positive cells were stained with DAB and 
turned brown (a). Graphs of cytotoxicity and antiviral activities of the compounds demonstrating 
percentage of viable cells (black lines) and percentage of viral inhibition (color lines) at different 
concentrations of the compounds (b). The scale bar is 100 µm. 
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Compounds 
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Figure 2. Antiviral activities of the selected compounds against FMDV in cell culture. Four small
compounds were evaluated in a dose–response manner, and ribavirin (Rbv) and rupintrivir (Rup)
were used as drug controls. The FMDV-infected cells with or without compound treatment were
determined using IPMA in which viral antigens in the positive cells were stained with DAB and
turned brown (a). Graphs of cytotoxicity and antiviral activities of the compounds demonstrating
percentage of viable cells (black lines) and percentage of viral inhibition (color lines) at different
concentrations of the compounds (b). The scale bar is 100 µm.
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control. No fluorescent signal was observed in the transfection well containing pKLS3_GFP in the 
absence of the two helper plasmids (plasmid control). The bars are 100 µM (a). The table shows 50% 
inhibitory concentration (IC50) values of the four compounds, ribavirin (Rbv), and rupintrivir (Rup) 
(b). Please note that ribavirin is the RdRp inhibitor and rupintrivir is a 3Cpro inhibitor. 
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Figure 3. Cell-based 3Dpol inhibition assay based on FMDV minigenome expressing green fluorescent
protein. 293T cells were transfected with pKLS3_GFP and two helper plasmids, and then treated
with the selected compounds in a dose-dependent manner. Ribavirin (Rbv) and rupintrivir (Rup)
were used as 3Dpol positive and negative drug controls, respectively, and 0.1% DMSO served as a
vehicle control. No fluorescent signal was observed in the transfection well containing pKLS3_GFP in
the absence of the two helper plasmids (plasmid control). The bars are 100 µM (a). The table shows
50% inhibitory concentration (IC50) values of the four compounds, ribavirin (Rbv), and rupintrivir
(Rup) (b). Please note that ribavirin is the RdRp inhibitor and rupintrivir is a 3Cpro inhibitor.

3.5. The Predicted Interaction of the Small Compounds and the Catalytic Active Sites of FMDV 3Dpol

The focused molecular docking showed that the four compounds occupied the 3Dpol

active sites and they inhibited the 3Dpol function in the cell-based assay. We further
investigated the protein–ligand interactions of the compounds docked to these sites within
the 3Dpol palm and finger subdomains. The protein–ligand interactions are shown in
Figure 5. All compounds properly located to site 1 of the loop β8-α9 and site 3 of the loop
β10-β11 rather than site 2. The binding showed that NSC217697 formed a hydrogen bond
with Y241 and van der Waals bond with D245 of the loop β8-α9 and reacted to D338 with
π-anion. Moreover, this compound could bind to the NTP binding residues (R168, K172,
and R179) of the finger subdomain with alkyl and van der Waals interactions (Figure 5a).
As the catalytic aspartates and NTP binding site play an important role in RNA–3Dpol

interaction, NSC217697 was predicted to bind and inhibit the interaction between RNA
and 3Dpol molecule. NSC670283 is composed of fused bicyclic rings with cyclic ketone.
D338 of motif C reacted to the bicyclic rings with π-anion interaction. Moreover, Y336 also
shared the binding to cyclic ketone with π-sigma bond. The L386, K387, and R388 of motif
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E that are crucial for interacting with the RNA formed π-alkyl/alkyl and π-cation bonds
to the bicyclic rings and H-bonds to the ketone group (Figure 5b). When the ionophore
antibiotic bound to FMDV 3Dpol, NSC292567 formed three hydrogen bonds with D245,
S304, and A116. The Y336 (motif C) of the loop β10-β11 reacted to the compounds by
alkyl interaction, and N307 (motif B) formed van der Waals interactions with NSC292567
(Figure 5c). NSC65850 occupied all three sites and formed van der Waals bonds with D240
and Y241 (site 1), amide-π stacked interactions with S298 (site 2), and hydrogen bonds
with D338 (site 3) (Figure 5d). These predicted interactions showed that the candidate
compounds could structurally interfere with the RNA polymerase activity of FMDV 3Dpol.
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are crucial for interacting with the RNA formed π-alkyl/alkyl and π-cation bonds to the 
bicyclic rings and H-bonds to the ketone group (Figure 5b). When the ionophore antibiotic 
bound to FMDV 3Dpol, NSC292567 formed three hydrogen bonds with D245, S304, and 
A116. The Y336 (motif C) of the loop β10-β11 reacted to the compounds by alkyl interaction, 
and N307 (motif B) formed van der Waals interactions with NSC292567 (Figure 5c). 
NSC65850 occupied all three sites and formed van der Waals bonds with D240 and Y241 
(site 1), amide-π stacked interactions with S298 (site 2), and hydrogen bonds with D338 
(site 3) (Figure 5d). These predicted interactions showed that the candidate compounds 
could structurally interfere with the RNA polymerase activity of FMDV 3Dpol. 

Figure 4. Percent viral copy numbers and the delta Ct values of negative-stranded RNA of FMDV-
infected BHK-21 cells with or without compound treatments. The infected cells were treated with
serial concentrations of the selected compounds to demonstrate the dose-dependent effect. The
selected compounds included NSC670283 (a; red), NSC217697 (b; green), NSC292567 (c; purple),
and NSC65850 (d; blue). The bar graphs were plotted between differential drug concentrations
(X-axis), % viral copy number (left Y-axis), and the normalized delta Ct values of negative-stranded
RNA (right Y-axis). The solid-color bars represent % viral copy numbers and the empty bars are the
normalized delta Cts. The asterisks denote the significance levels with ** meaning a p value of 0.01
and *** a p value of 0.001.
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4. Discussion

RNA-dependent RNA polymerase (RdRp) is the enzyme essential for replication
and transcription processes of RNA viruses including FMDV and other picornaviruses.
Therefore, RdRp is an attractive target for novel inhibitors against RNA viruses. In the
case of FMDV, the crystal structures of RdRp (3Dpol) have been resolved, and are similar
to the right-handed architecture with three conserved subdomains—palm, finger, and
thumb. This characteristic is common among picornaviruses [5,6]. Computational drug
discovery has proven to be a guide for screening new drug candidates, and this method
can directly provide scientific evidence for further in vitro and in vivo testing. In this study,
we optimized the FMDV 3Dpol model for small-molecule screening processes. Initially, we
performed the blind virtual screening of small molecules to filter the 3Dpol binding com-
pounds for the second-round focused docking. The focused molecular docking specified
the compounds that fit the active sites and involved functional areas of FMDV 3Dpol. We
demonstrated that four out of 21 compounds obtained from the double virtual screening
inhibited FMDV at the post-infection stage using a cell-based antiviral assay. Moreover,
these candidates showed good inhibition specific to FMDV 3Dpol activity, but not 3Cpro.
3Dpol is one of the most important enzymes for viral replication processes and it functions
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after viral infection. In our study, ribavirin could inhibit FMDV 3Dpol as it is a well-known
broad-spectrum anti-RNA virus and the complex of FMDV RdRp, RNA template, and
ribavirin triphosphate has been solved and demonstrated [10]. In addition, a ribavirin-
resistant mutant, which contained M296I on the β9-α11 loop adjacent to the active site,
induced misincorporation of guanosine monophosphate into the RNA chain leading to an
error catastrophe [8,10,33]. Therefore, it is suitable to be used as a positive RdRp inhibitor.

We have shown that the four compounds, NSC217697, NSC670283, NSC292567 and
NSC65850, interacted with the active sites of FMDV 3Dpol to inhibit the enzyme function,
and thus markedly reduced synthesis of viral RNA. NSC217697 (6,6′-methylene bis(2,2,4-
trimethyl-1,2-dihydroquinoline)) is a quinoline, which contains fused rings of heterocyclic
compounds. We found that this compound could inhibit FMDV replication after infection.
Moreover, NSC217697 could inhibit 3Dpol with a micromolar concentration, but had no
inhibitory effect on FMDV 3Cpro. This compound was predicted to bind the NTP binding
residues (R168, K172, and R179) in the finger subdomain, which possibly masked an
initiation site in the complex conformation. Recently, quinoline and quinazoline derivatives
have been shown to inhibit SARS-CoV-2 RdRp [34]. We assumed that NSC217697 could be
an allosteric inhibitor of FMDV 3Dpol.

NSC670283 (2,2′-spirobi [3,6,7,8-tetrahydro-1H-cyclopenta[g]naphthalene]-5,5′-dione)
is a spiro compound that contains a fused unit of 1,2,3,6,7,8-hexahydro-5H-cyclopenta[b]na
phthalen-5-one at position 2. This spiro compound has been reported to predictably interact
with hepatitis C virus E2 envelope glycoprotein (HCV E2). It could bind HCV E2 protein as
detected by surface plasmon resonance [35]. According to a viral specificity test, NSC670283
also inhibited RD114 glycoprotein (RD114pp) of endogenous feline retrovirus with IC50
of 3 µM in Huh-7 cells. However, antiviral activity against HCV replication in cell culture
was not determined in the previous study. Indeed, we have shown that NSC670283 reacted
to specific amino acid residues within Motifs C and E and the catalytic aspartic residue
in the palm subdomain of FMDV 3Dpol. This compound could inhibit FMDV replication
as well as FMDV 3Dpol activity with micromolar IC50 and EC50, suggesting a potential
broad-spectrum antiviral.

Among the four compounds, NSC292567 (nigericin or pandavir) demonstrated the
highest binding affinity. This compound is grouped with the ionophore antibiotics, which
have inhibitory activities against drug-resistant strains of Gram-positive bacteria and
coccidian protozoa. It has been used to treat coccidiosis in poultry [36]. During the
global COVID-19 crisis, the ionophore antibiotics were a group of interesting drugs that
were repurposed for antiviral drug development. For example, monesin, a monovalent
cation/proton antiporter, was found to inhibit MERS-CoV [37] and SARS-CoV-2 [38].
Salinomymin could inhibit influenza A and B viruses by blocking endosomal acidification
and interfering with viral matrix protein 2 [39]. In addition, nigericin is an ionophore that
affects lipid-soluble molecules. It increases the permeability of an ion across a biological
membrane as well as the lipid bilayer of the vesicular transport system that functions in
cellular trafficking of protein macromolecules. Picornavirus replication requires maturation
of these membranous vesicles in the vesicular compartment during plus- and minus-strand
RNA syntheses. Disruption of this membranous vesicle by ionophores thus inhibits viral
replication [40]. Nigericin demonstrated a moderate inhibition of SARS-CoV-2 [38]. In
this study, nigericin was ranked in the first place of our virtual screening with a binding
affinity of −10.1 kcal/mol, and it had a good inhibitory effect on FMDV replication with an
EC50 value of 0.42 µM. Moreover, nigericin at 0.8 nM reduced FMDV 3Dpol activity by 50%,
and the anti-3Dpol action of this compound was confirmed by the reduction of negative-
stranded RNA synthesis. In our predicted model study, nigericin could occupy the finger
and palm subdomains of 3Dpol. These results suggest that the ionophore antibiotics could
be potential antivirals against FMDV infection by directly suppressing RNA synthesis
of 3Dpol.

NSC65850 (5-((4′-((2,4-diamino-3-((4-(carboxymethoxy)phenyl)diazenyl)-5-methylph
enyl)diazenyl)[1,1′-biphenyl]-4-yl)diazenyl)-2-hydroxybenzoic acid) is a compound in the
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NCI diversity set III. Thus far, its antimicrobial effect has not been reported in the avail-
able databases. Therefore, we further investigated the physicochemical properties of this
compound. The predicted model based on the SwissAMDE analysis [41] (accessed on 1 Au-
gust 2022) demonstrated that this compound possessed a poor solubility (Log S = −11.83),
Log Po/w of 7.17, low skin permeation (log Kp = −5.14 cm/s), and low GI absorption.
However, its synthetic accessibility score was 4.25, which is moderate for chemical mod-
ification in medicinal chemistry to improve its physicochemical property for druggable
agents. Nonetheless, our experiments in the cell-based assay showed that this compound
could inhibit 3Dpol, but not 3Cpro of FMDV.

5. Conclusions

In conclusion, we have identified novel small-molecule inhibitors of foot-and-mouth
disease virus 3D polymerase with virtual screening and further evaluated their actions in
both virus-infected cells and a direct target to the polymerase protein. We provided evi-
dence that NSC217697 (quinoline compound), NSC670283 (spiro compound), NSC292567
(ionophore antibiotic), and NSC65850 inhibited FMDV replication by binding to 3Dpol

and suppressing viral RNA synthesis. Thus, these compounds can be considered as re-
purposing antiviral agents or as chemical scaffolds for FMDV and other picornavirus
drug development.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/v15010124/s1, Figure S1: Pre-viral entry effect of the selected
compounds (colored lines) and their cytotoxicity (black line). The inhibitory effects of the compounds
on viral infection were presented by color line graphs plotted between % viral inhibition (left
Y-axis) and various concentrations of each compound: NSC217697 (a; green), NSC670283 (b; red),
NSC292567 (c; purple), and NSC65850 (d; blue). The EC50 value of each compound was also shown.
The cytotoxicity of each compound was depicted as a black line graph by plotting differential doses
of each compound (X-axis) against % cell viability (right Y-axis); Figure S2: Non-target compounds
from the blind- and focus- molecular dockings. The compounds with the binding affinities higher
than the cutoff of −8.0 kcal/mol or those that did not bind in the 3Dpol active site were examined
for cytotoxicity using MTS (a). The interactions between the non-target compounds (green pointing
with yellow arrow) and FMDV 3Dpol are demonstrated (b, left panel). The antiviral activities of the
compounds at 50 µM were evaluated in the cell-based pre- and post-viral-entry assays and IPMA
(b, right panel). The scale bar is 100 µm.
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Abstract: The inadequate therapeutic opportunities associated with carbapenem-resistant Pseu-
domonas aeruginosa (CRPA) clinical isolates impose a search for innovative strategies. Therefore,
our study aimed to characterize and evaluate two locally isolated phages formulated in a hydrogel,
both in vitro and in vivo, against CRPA clinical isolates. The two phages were characterized by
genomic, microscopic, phenotypic characterization, genomic analysis, in vitro and in vivo analysis in
a Pseudomonas aeruginosa-infected skin thermal injury rat model. The two siphoviruses belong to class
Caudovirectes and were named vB_Pae_SMP1 and vB_Pae_SMP5. Each phage had an icosahedral
head of 60 ± 5 nm and a flexible, non-contractile tail of 170 ± 5 nm long, while vB_Pae_SMP5 had
an additional base plate containing a 35 nm fiber observed at the end of the tail. The hydrogel was
prepared by mixing 5% w/v carboxymethylcellulose (CMC) into the CRPA propagated phage lysate
containing phage titer 108 PFU/mL, pH of 7.7, and a spreadability coefficient of 25. The groups
were treated with either Phage vB_Pae_SMP1, vB_Pae_SMP5, or a two-phage cocktail hydrogel
cellular subepidermal granulation tissues with abundant records of fibroblastic activity and mixed
inflammatory cell infiltrates and showed 17.2%, 25.8%, and 22.2% records of dermal mature collagen
fibers, respectively. In conclusion, phage vB_Pae_SMP1 or vB_Pae_SMP5, or the two-phage cocktails
formulated as hydrogels, were able to manage the infection of CRPA in burn wounds, and promoted
healing at the injury site, as evidenced by the histopathological examination, as well as a decrease
in animal mortality rate. Therefore, these phage formulae can be considered promising for clinical
investigation in humans for the management of CRPA-associated skin infections.

Keywords: carbapenem-resistant; Pseudomonas aeruginosa; bacteriophage; hydrogel; thermal injury
model; histopathology

1. Introduction

Gram-negative bacterial infections present significant treatment challenges in clinical
settings, imposing limited therapeutic options [1–3]. Although many Gram-negative
bacteria are clinically significant, Pseudomonas (P.) aeruginosa is one of the most common
healthcare-associated pathogens and is considered a major threat by the Centers for Disease
Control [3]. Approximately 51,000 healthcare-associated infections (HAIs) were caused by
the opportunistic pathogen P. aeruginosa each year in the United States (USA) from 2011 to
2014 [3]. P. aeruginosa ranked third among Gram-negative causes of selected HAIs reported
to the National Healthcare Safety Network (NHSN) [1–3].

P. aeruginosa infections are frequently associated with pneumonia, bloodstream, uri-
nary tract, and surgical site infections, as well as significant morbidity and mortality rates.
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They are often difficult to treat due to their intrinsic resistance to many commonly used
antimicrobial drugs. Accordingly, carbapenems have emerged and have been widely used
as crucial antimicrobial agents for the clinical treatment of severe P. aeruginosa infections.
As a result, an increasing problem of carbapenem resistance has been reported, considering
that carbapenem antibiotics are thought to be the final line of defense against extremely
severe multidrug-resistant infections [3–7].

Carbapenem-resistant P. aeruginosa (CRPA) can contribute to an increase in mortality,
prolonged hospital stays, and other issues, including rising medical expenditures [8]. In rare
situations, the only antibiotic that is still effective is colistin. However, colistin’s therapeutic
usage has been constrained by both nephrotoxicity and neurotoxicity [9], and that colistin-
resistant strains have also been reported [9–11]. With treatment failures emerging in tandem
with rising antibiotic resistance worldwide, interest in new treatment options against CRPA
infections has been evoked. One of the most popular alternative treatment options in
studies is bacteriophage therapy [12,13].

Phage therapy is known as the direct application of lytic phages to a patient, targeting
a lysing bacterial pathogen causing a clinically relevant infection [14]. Lytic bacteriophages
are used to treat infections such as upper respiratory tract, abscesses, burns, and wound
infections [15]. In addition, bacteriophages offer several benefits, including the ability
to combat bacterial biofilms and protect the natural microbiota. They are also non-toxic,
inexpensive, and easy to obtain, and hence, they are one of the most promising alternative
options in the treatment of such infections [16].

Although several studies have been carried out to test the lytic activity of various
bacteriophages either alone as phage lysates or as cocktails against clinically relevant
pathogens including P. aeruginosa, they are mostly limited to in vitro examination, and only
a few studies have recently been conducted in vivo [17–21]. In addition, till now no studies
were conducted for pharmaceutical preparation and in vivo evaluation of suitable topical
preparations containing these biologically active phage lysates. Therefore, in this study,
two newly isolated bacteriophages with lytic activity have been evaluated both in vitro
and preclinically, either as lysates or as hydrogel formulae, against a CRPA clinical isolate
that was recovered from severely burned infected patient and showed extensively resistant
(XDR) phenotype.

2. Materials and Methods
2.1. Clinical Bacterial Isolates: Collection, Identification, and Antimicrobial Susceptibility Testing

Three P. aeruginosa clinical isolates were recovered from discharged unidentified
wound exudates of patients who had been admitted to the El-Demerdash Tertiary Care
Hospital, Cairo, Egypt. Based on the hospital records, the respective samples were collected
from unidentified patients suffering from severe burn infections as a routine checkup
for culture and sensitivity. The protocol of this study was approved by the Faculty of
Pharmacy Ain Shams University Research Ethics Committee (Number, ACUC-FP-ASU
RHDIRB2020110301 REC# 41 in September 2021). Using Bergey’s manual of determi-
native bacteriology, isolates were identified macroscopically, microscopically, and bio-
chemically [22]. In addition, bacterial identification was confirmed using the VITEK2
automated system [23]. The isolates were also assessed for their pattern of susceptibility to
amikacin (AK), aztreonam (AT), ciprofloxacin (CIP), levofloxacin (LEV), imipenem (IMP),
and meropenem (MRP) using the Kirby-Bauer disk diffusion according to CLSI guide-
lines [24]. The isolates exhibiting the multidrug-resistant (MDR) and XDR phenotypes
were defined using previously reported international standard criteria [25]. The XDR
isolates that showed a resistance pattern to any of the carbapenems tested were potentially
identified as carbapenem-resistant and were chosen to test their MIC against imipenem
using the CLSI broth microdilution method according to CLSI guidelines, 2021 [24].
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2.2. Phenotypic and Genotypic Detection of Carbapenemase Producers (CPs)

The carbapenemase producer isolates were detected using different phenotypic tests,
including the modified carbapenem inactivation method (mCIM), combined disk test
(CDT), and blue-Carba test (BCT). The genomic DNA from the phenotypically confirmed
XDR CP isolates was isolated using the genomic DNA purification kit (Thermo Fisher
Scientific, Massachusetts, USA) and was utilized as a template for PCR to test for the
five major carbapenemase genes, including blaKPC, gene coding for Klebsiella pneumoniae
carbapenemases (KPC); blaNDM, a gene coded for New Delhi metallo-β-lactamase (NDM);
imipenem-resistant Pseudomonas-type carbapenemases (IMP); blaVIM, a gene coded for
Verona integron-encoded metallo-β-lactamase (VIM); and blaOXA-48, oxacillinase (OXA-48-
like) types as previously described [26].

2.3. Bacteriophage Recovery from Sewage Samples
2.3.1. Isolation of P. aeruginosa-Specific Bacteriophages

The samples were collected from the sewage sources of the specialized Ain Shams
University Hospitals, in Cairo, Egypt. The sewage sources of the respective specimens
were selected based on the probability of incorporating P. aeruginosa and, consequently,
bacteriophages specific against it [27]. All samples were kept at 4 ◦C until processing
and were handled based on their apparent clarity [19]. Samples that were visibly clear
were used as-is, while Wetted cotton and filter paper were used to thoroughly filter turbid
samples [19]. For further processing, only the clear supernatant was preserved. For the
isolation of bacteriophages, CRPA isolates served as the bacterial hosts. A loopful of each
bacterial isolate cultivated on a nutrient agar plate was inoculated into tryptic soy broth
(TSB) and incubated for 6–7 h in a 37 ◦C, 180 rpm shaking water bath. The suspension of
each bacterial isolate was utilized when heavily turbid, with an optical density identical to
a bacterial count of 109 CFU/mL [28]. For isolation of the phage, a double-strength broth
(TSB) was prepared, with 50 µL of 1 M Ca and 25 µL of 0.5 M Mg added in particular [29].
A suspension containing the bacterial host inoculum, the environmental sample, and the
isolation medium with a proportion of 1:1:10, respectively, was incubated overnight at
28 ◦C and 180 rpm [30]. The following day, the co-culture was centrifuged for 20 min at
6000 rpm. The supernatant was agitated vigorously for five minutes after the addition of
chloroform with a ratio of 1:10 [19]. The suspensions were allowed to separate for 4–6 h at
4 ◦C, and the supernatant that formed on top of a plug-like sediment was collected and
re-centrifuged under the same circumstances. The collected lysates were stored at 4 ◦C [30].

2.3.2. Screening for Lytic Activity against CRPA in the Acquired Lysates

A spot test was used to qualitatively screen for anti-CRPA bacteriophages in the fresh
lysates. The procedure was carried out in accordance with Adams’ original description
of the method [31]. The presence of phages active against CRPA was indicated by the
presence of clear inhibition spots [31]. The quantitative plaque assay was next performed
on the lysates that had positive spot test results using the standard double agar overlay
(DAO) method [32]. Plaques were examined and counted the following day. The following
equation was used to calculate the phage titer [33]:

Phage titer in plaque-forming unit per ml (PFU/mL) = number of plaques/volume of lysate infected × dilution factor

2.3.3. Phage Propagation

The same isolation procedure was repeated three times, but each time an aliquot of
the obtained crude phage lysate was used instead of the starting sewage sample. Essen-
tially, propagation was done frequently to maintain a sizable stock of high-titer phage
suspensions [19,34].
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2.4. Characterization of the Isolated Bacteriophages Showing Lytic Activities against CRPA
2.4.1. Host Range

The host range was determined as previously reported [35]. The selected lysates
showing positive spot test results were tested for lytic activity against the remaining three
CRPA isolates and some other clinically relevant pathogens, including three Klebsiella
pneumoniae, six Acinetobacter baumannii, and two Escherichia coli clinical isolates that were
previously collected and identified in our previous study [26].

2.4.2. Morphology of the Isolated Bacteriophages Showing Lytic Activities against CRPA

For microscopical examination, a concentrated phage suspension of each of the chosen
lysates was centrifuged twice at 10,000 rpm for 25 min and was then filtered through a
sterile syringe filter (0.22 mm). After that, 20-mL samples were prepared as instructed
by Kalatzis et al. and examined via a transmission electron microscope (TEM; version
JEOL_JEM_1400 Electron Microscope Nieuw-Vennep, Tokyo, Japan) performed at Cairo
University Research Park, Faculty of Agriculture, Cairo, Egypt.

2.4.3. Molecular Analysis of the Bacteriophage

The bacteriophage lysate was sequenced in an Illumina MiSeq instrument (Illumina,
La Jolla, CA, USA), and the library was prepared by the Nextera XT DNA Library prepa-
ration kit (San Diego, CA, USA). The sequence reads were uploaded into the PATRIC
BRC [36] website (now renamed to BV-BRC, URL: https://www.bv-brc.org/, accessed on
23 October 2022) and analyzed through the metagenomics binning pipeline, which uses the
BV-BRC database for extraction and annotation of both bacterial and viral genomes from
sequence reads [37]. Briefly, reads are assembled by the most optimal assembly tool on the
BV-BRC server (either MetaSPAdes or MEGAHIT). The produced assembled contigs are
further annotated on PATRIC by the default RAST algorithm [38]. The phage genome was
reannotated on the RAST server (https://rast.nmpdr.org, accessed on 23 October 2022) by
the RASTtk pipeline, following the customized phage annotation pipeline [39]. The annota-
tion of every protein-coding gene was further checked and confirmed by BLASTP searches
against the NCBI NR database, filtered for viruses [40] then by PFAM searches in the case
of hypothetical proteins. Curated annotations was generated from the consensus of RAST,
PATRIC, and BLAST hits. The creation of the circular image and comparison with other
reported similar plasmids were performed using the BLAST Ring Image Generator (BRIG)
tool v0.95 (https://sourceforge.net/projects/brig/, accessed on 25 October 2022) [41].

2.5. Formulation of Bacteriophage-Carboxymethyl Cellulose (CMC) Hydrogel

The hydrogel was prepared by mixing 5% w/v CMC (El Nasr Pharmaceutical Chemi-
cals Co. (ADWIC), Cairo, Egypt) in the CRPA propagated phage lysate containing phage
titer 108 PFU/mL (tested hydrogel). To ensure the formation of a homogeneous hydrogel,
CMC was added in portions by sprinkling CMC powder with constant stirring [18]. An-
other 5% w/v CMC in sterile distilled water was formulated as a negative control (control
hydrogel). The hydrogel was prepared with a pH of 7.7 and a spreadability coefficient of
25 measured, as previously reported [42].

2.6. In Vitro Anti-CRPA Activity of the Tested Hydrogels

The anti-CRPA activity of the tested hydrogels was evaluated with the cup-plate
method using Mueller–Hinton agar plates. The CRPA isolate was seeded into a sterilized
growth medium, which was then transferred aseptically into Mueller-Hinton agar plates
to form a double-layer plate [43]. After complete solidification, a sterile cork-borer with a
5 mm diameter was used to make the cups. After that, the prepared cups were filled with
the same volume (about 200 µL) of each of the propagated phage lysates alone (positive
control), tested hydrogels and control hydrogel (negative-control) separately, and then
incubated at 37 ◦C for 24 h. The antimicrobial activity was determined by the presence or
absence of a zone of inhibition around the cups [43].
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2.7. Preclinical Evaluation of the Formulated Tested Hydrogels
2.7.1. Laboratory Animals

Throughout the experiment, female Wistar rats weighing approximately 110–120 g were
used. All animals were housed in open cages and fed an antibiotic-free diet consisting mainly
of 20% protein, 6.5% ash, 5% fiber, and 3.5% fat, with free access to water. They were kept
on an alternating 12 h light-dark cycle and a constant temperature of 25 ◦C adjusted by air
conditioning. Animals were maintained in accordance with the Care and Use of Laboratory
Animals recommendations and ARRIVE guidelines (https://arriveguidelines.org) (accessed
on 23 October 2022) after the study was approved by the Faculty of Pharmacy Ain Shams
University Ethics Committee Number, ACUC-FP-ASU RHDIRB2020110301 REC# 41.

2.7.2. Thermal Injury Model

The thermal injury model was performed according to Sakr et al. [18] with a minor
modification using a rectangular metal bar (2×2 cm and 1 mm thickness) to induce burns
in the backs. The examined animal groups were divided into six control and three test
groups, five rats each, as follows:

Group I: Control, Burned, non-infected, untreated.
Group II: Control, burned, infected, untreated.
Group III: Control, Burned, infected, treated with vehicle (control hydrogel).
Group IV: Burned, infected, treated with tested hydrogel-1 (phage vB_Pae_SMP1)
Group V: Burned, infected, treated with tested hydrogel-2 (phage P5).
Group VI: Burned, infected, treated with phage cocktail hydrogel (Phage vB_Pae_SMP1 +
phage P5).
Group VII: Positive Control, burned, infected, treated with Silver sulfadiazine 1% (Silvirburn®,
MUP Co., Cairo, Egypt).
Group VIII: Positive Control, burned, infected, treated with Collagenase 0.6 IU (Iruxol ®,
Abbott Co., Wiesbaden, Germany).
Group IX: Normal Control, intact, non-infected, untreated.

2.7.3. Treatment

The first application of the tested formulae to the burned skin was at 2 h post-infection.
On the infected burn, a weight of approximately 1 g of hydrogel was applied topically.
The administration of treatment was applied twice daily for 14 days. The survival rate of
animals was recorded three days post-infection. Dead animals were eliminated from the
groups and were only considered when calculating mortality rates. Before the surviving
animals were sacrificed, blood was aseptically withdrawn from the retro-orbital plexus
after lidocaine (4%) local anesthesia [44] and analyzed for bacterial counts, as detailed
below. The animals were euthanized by cervical dislocation, and the dorsal skin at the
site of the wound was also removed immediately after the animals were sacrificed for
histopathological examination [18].

2.7.4. Histopathological Examination

For histopathological examination, dorsal skin samples were flushed and fixed in 10%
neutral-buffered formalin for 72 h, dehydrated in serial ascending grades of ethanol, cleared
in xylene, and then infiltrated with a synthetic paraplast tissue embedding medium [45].
Using a rotatory microtome, 5 µn thick tissue sections were made at the middle zones
of various wound samples to show the different skin layers and then stained with hema-
toxylin and eosin using standard procedures. In a blind manner, tissues were examined for
histopathological changes and, additionally, the content of collagen fibers was quantita-
tively analyzed by Assistant Professor Dr. Mohamed Abdelrazik, Cytology and Histology
Department, Veterinary Medicine, Cairo University, using Masson’s trichrome stain. In this
process, 6 non-overlapping fields were arbitrarily chosen and scanned from the dermal
layers of each sample to determine the relative area percentage of collagen fibers in the
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Masson’s trichrome-stained sections in accordance with Almukainzi et al. [46]. All standard
procedures for sample fixation and staining were carried out as previously reported [47].

2.8. Statistical Analysis

To calculate p-values and standard deviation, data were analyzed using a one-way
ANOVA test using GraphPad Instat-3 software (Graph Pad Software Inc., San Diego, CA,
USA). Results were displayed as corresponding average values ± Standard deviation.

3. Results
3.1. Identification, Antimicrobial Susceptibility, Phenotypic and Genotypic Analysis of the
Recovered P. aeruginosa Isolates

The three isolates were identified as P. aeruginosa PA1, PA2, and PA3, respectively. As
shown in Table 1, the susceptibility pattern demonstrated that all the isolates exhibited
resistance to all the tested antimicrobial agents, including imipenem and meropenem;
therefore, they were categorized as CRPA isolates. The MIC of the three CRPA isolates
against imipenem, as well as the phenotypic tests and the detected carbapenemase genes,
are shown in Table 1.

Table 1. Summary for susceptibility pattern, MIC, phenotypic and genotypic detection of CPs
P. aeruginosa isolates.

Isolate
Code

Susceptibility Pattern MIC of IMP
(µg /mL)

Phenotypic Tests Carbapenemase
GenesAK AT CIP LEV IMP MER CDT mCIM BCT

CRPA1 R R R R R R >1024 − − + blaKPC
CRPA2 R R R R R R >512 − + + blaOXA-48
CRPA3 R R R R R R 32 − + + blaOXA-48

Ak, amikacin; AT, aztreonam; CIP, ciprofloxacin; LEV, levofloxacin, IMP, imipenem; MER, meropenem; MIC, mini-
mum inhibitory concentration; blaKPC, gene coded for Klebsiella pneumoniae carbapenemase (group A beta-
lactamase); blaOXA-48, gene coded for oxacillinase (group D Beta-lactamase), modified carbapenem inactivation
method (mCIM), combined disk test (CDT), and blue-Carba test (BCT).

3.2. Recovery of Bacteriophages and Screening for the Activity against CRPA

Screening 15 sewage samples showed that only two samples (namely, vB_Pae_SMP1
and P5) had a positive spot test against CRPA and, therefore, were chosen for further study.
Plaque assay results showed that all lysates had relatively reproducible, high initial titers
(>108 PFU/mL) (Figure S1). The resulting plaques were clear, circular with regular edges,
small (2–5 mm), and encircled by halos (Figure S2).

3.3. Characterization of the Isolated Bacteriophages Showing Lytic Activities against CRPA
3.3.1. Host Range

The vB_Pae_SMP1 lysate was relatively active against CRPA2 and CRPA3 isolates,
and the vB_Pae_SMP5 lysate was active against CRPA1 and CRPA2 isolates (Table 2). The
two lysates were chosen with isolate CRPA2 for further studies (Figure S3), while none
of the two phage lysates showed lytic activity against any of the remaining 11 clinically
relevant Gram-negative pathogens.

Table 2. Host range of the lytic properties of phages vB_Pae_SMP1 and vB_Pae_SMP5.

Isolate Code Microorganism
Spot Test

Lysate
vB_Pae_SMP1

Lysate
vB_Pae_SMP5

CRPA1 P. aeruginosa − +
CRPA2 P. aeruginosa + +
CRPA3 P. aeruginosa + −
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3.3.2. Morphology of the Bacteriophages vB_Pae_SMP1 and vB_Pae_SMP5 as Presented
by TEM

Phage vB_Pae_SMP1 and vB_Pae_SMP5 each has an icosahedral head of 60 ± 5 nm and
a flexible non-contractile tail of 170 ± 5 nm long, while vB_Pae_SMP5 has an additional base
plate containing a 35 nm fiber observed at the end of the tail (Figure 1a,b). By matching these
observations to the data on the “Viral Zone” website along with the guidelines provided by
the International Committee on Virus Taxonomy (ICTV), it could be suggested that both
phages vB_Pae_SMP1 and vB_Pae_SMP5 fall into the siphoviral morphotype (formerly
family Siphoviridae) of the class Caudoviricetes (formerly order Caudovirales); however,
Phage vB_Pae_SMP5 has features of members of the genus Septimatrevirus (currently a
genus under Caudoviricetes, with no assigned family yet).
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Figure 1. Electron micrograph of bacteriophages; (a) vB_Pae_SMP1, 60 ± 5 nm icosahedral head,
flexible non-contractile tail 170 ± 5 nm long, (b) vB_Pae_SMP5, with an additional base plate
containing 35 nm fiber at the end of the tail.

3.3.3. Phage Lysate Sequencing Results a Complete Genome of Phage vB_Pae_SMP5

High-throughput sequencing of the lysate of phage vB_Pae_SMP5 using the Illumina
MiSeq instrument yielded a consensus sequence of 43,070 bp (in one full contig) with
57 protein-coding genes. The full description of putative functions of the resulting open
reading frames (ORFs) are shown in Table S1. BLASTN [40] alignment showed that the
taxonomy of this phage was Viruses; Duplodnaviria; Heunggongvirae; Uroviricota; Cau-
doviricetes; Septimatrevirus with an alignment score >200 and 98.0% identity. The ge-
nomic and phenotypic characteristics of phage vB_Pae_SMP5 are displayed in Table 3. The
genomic analysis of phage vB_Pae_SMP1 is undergoing. The circular genome map of
vB_Pae_SMP5 is depicted in Figure 2. The genomic sequence of phage vB_Pae_SMP5 has
been deposited in the NIH-funded BV-BRC database, and the BV-BRC accession is 2731619.92
(https://www.bv-brc.org/view/Genome/2731619.92; accessed on 7 December 2022).
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Figure 2. Circular genome map of vB_Pae_SMP5 (Red ring). The BV-BRC accession is 2731619.92. 
The color coding of genes indicates the functional categories of putative proteins: phage and hypo-
thetical proteins (Black), terminase protein (orange); phage helicase (fuchsia); regulatory protein 
(purple); phage endolysin (olive); Phage polymerase (blue); exonuclease (Gray); blue ring is the ref-
erence phage Pseudomonas phage vB_PaeS_SCUT-S4 (NCBI nucleotide accession code MK165658.1). 
The creation of the circular image and comparison with other reported similar plasmids were per-
formed using the BLAST Ring Image Generator (BRIG) tool v0.95 (https://sourceforge.net/pro-
jects/brig/, accessed on 25 October 2022). 

  

Figure 2. Circular genome map of vB_Pae_SMP5 (Red ring). The BV-BRC accession is 2731619.92. The
color coding of genes indicates the functional categories of putative proteins: phage and hypothetical
proteins (Black), terminase protein (orange); phage helicase (fuchsia); regulatory protein (purple);
phage endolysin (olive); Phage polymerase (blue); exonuclease (Gray); blue ring is the reference
phage Pseudomonas phage vB_PaeS_SCUT-S4 (NCBI nucleotide accession code MK165658.1). The
creation of the circular image and comparison with other reported similar plasmids were performed
using the BLAST Ring Image Generator (BRIG) tool v0.95 (https://sourceforge.net/projects/brig/,
accessed on 25 October 2022).
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Table 3. Genomic and phenotypic characterization of the phage vB_Pae_SMP5.

Parameters Phage vB_Pae_SMP5

Molecular type Genomic DNA
Genomic size (bp) 43070 bp
Proteins/ORFs 57 (46 coded by + frames and 11 coded by - frames)
Isolation Source sewage
Host XDR Pseudomonas aeruginosa clinical isolates CRPA1 and CRPA2
Class Caudoviricetes

Family Currently unassigned (formerly Siphoviridae, suggested
Septimatreviridae)

Genus Septimatrevirus
Species unclassified

3.4. In Vitro Anti-CRPA Activity of the Tested Hydrogels

Inhibition zones were observed around the cups containing either phage vB_Pae_SMP1
or vB_Pae_SMP5 lysate (positive control) and around the cups containing either the tested
hydrogel of phage vB_Pae_SMP1 or phage vB_Pae_SMP5 (Figure S4), while no inhibition
zone was detected around the cups containing the control hydrogel (negative control).

3.5. In Vivo Anti-CRPA Activity of the Formulated Tested Hydrogels
3.5.1. Survival Rate

The survival rate of the tested rats for each of the examined groups, calculated until
day 14, is tabulated in Table 4.

Table 4. Percentage of Survival rate of the examined rats.

Group Description Rats Survival %

I Normal Control, intact, non-infected, untreated 100
II Control, Burned, non-infected, untreated 80
III Control, burned, infected, untreated 40
IV Control, Burned, infected, treated with control hydrogel 60
V Burned, infected, treated with Phage 1 hydrogel 100
VI Burned, infected, treated with phage 5 hydrogel 100

VII burned, infected, treated with phage cocktail hydrogel
(vB_Pae_SMP1 + vB_Pae_SMP5) 100

VIII Positive Control, burned, infected, treated with Silverburn® 100
IX Positive Control, burned, infected, treated with Iruxol® 100

3.5.2. Histopathological Examination

Microscopical examination for different skin samples demonstrated the following:
group I revealed normal histological structures of different skin layers, including an appar-
ent intact thin epidermal layer with intact covering epithelium, as well as an intact dermal
layer (Figure 3A,B). It also showed normally distributed collagen fibers (Figure 3A) up
to 32.1% of the mean area percentage of the dermal layer content, as shown in Masson’s
trichrome-stained tissue sections of all the samples (Figures 4 and 3A,B). The group II
samples (burned, non-infected, untreated) showed a wide area of wound gap, covered with
scabs from a necrotic tissue depress with a significant loss and necrosis of the underlying
dermal layer, replaced with newly formed granulation tissue with abundant inflamma-
tory cell infiltrates, fibroblastic proliferation, as well as many congested subcutaneous
blood vessels (BVs) (Figure 3C,D). This group also displayed minimal records of mature
collagen fibers (Figure 4B) up to 10.38% of the mean area percentage of the dermal layer
content (Figure 5). Group III (burned, infected, untreated) demonstrated almost the same
records as the group II samples, with even more severe records of mixed inflammatory
cell infiltrates in dermal and subcutaneous tissue, as well as focal dermal hemorrhagic
patches (Figure 3E,F). This group also showed more minimal records of mature collagen
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fibers (Figure 4C), up to 8.75% of the mean area percentage of the dermal layer content
(Figure 5). Group IV (burned, infected, treated with control hydrogel) demonstrated almost
the same records as group II (Figure 3G,H), also with minimal records of mature collagen
fibers (Figure 4D) up to 10.22% of the mean area percentage of the dermal layer content
(Figure 5). Group V (burned, infected, treated with Phage 1 hydrogel) showed persis-
tent records of ulcerated wound gap with epidermal loss and necrotic tissue depression.
However, highly cellular subepidermal granulation tissues were observed with abundant
records of fibroblastic activity, and mixed inflammatory cell infiltrates (Figure 3I,J). The
group also showed mildly higher records of dermal mature collagen fibers (Figure 4E) up
to 17.2% of the mean area percentage of the dermal layer content (almost twofold more
when compared to Group III Control samples) (Figure 5).
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Figure 3. Demonstrating the light microscopic histopathological features of skin layers and wound
healing process in different groups; (A,B): group I, (C,D): group II, (E,F): group III, (G,H): group IV,
(I,J): group V, (K,L): group VI, (M,N): group VII (O,P): group VIII, (Q,R): group IX. Group codes are
shown in Table 4. (H&E stain). Black arrow: Epidermal layer & wound gap. Star: intact skin dermis.
Red arrow: Inflammatory cell infiltrates. Red star: congested subcutaneous blood vessels. Blue arrow:
Dermal mature collagen fibers. Yellow star: dermal hemorrhagic patches.

The group VI samples (burned, infected, treated with phage 5 hydrogel) showed
persistent records of an ulcerated wound gap with epidermal loss and a necrotic tissue
depression with moderate persistent records of inflammatory cell infiltrates in deep dermal
and subcutaneous layers (Figure 3K,L). However, significant acceleration in dermal mature
collagen fiber formation (Figure 4F) up to 25.8% of the mean area percentage of the dermal
layer content was shown (almost threefold more when compared to the Group III Control
samples) (Figure 5). The group VII samples (burned, infected, treated with phage cocktail
hydrogel (vB_Pae_SMP1 + vB_Pae_SMP5) showed a significantly accelerated wound gap
closure with a complete re-epithelialization with a thick hyperkeratotic epidermal layer. In
addition, there was a significant reduction in inflammatory cell infiltrates with a higher
fibroblastic activity (Figure 3M,N) and a moderate maturation of dermal collagen fibers
(Figure 4G) up to 22.2% of the mean area percentage of the dermal layer content (almost
2.5-fold higher when compared to Group III Control samples) (Figure 5) just like the
positive control group VIII.
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Figure 4. Dermal collagen fibers of different experimental groups; (A), dermal collagen fibers of normal
health tissue group I; (B), group II, (C), group III, (D): group IV, (E), group V, (F), group VI; (G), group VII;
(H), group VIII; (I), group IX, Group codes are shown in Table 4. (Masson’s Trichome stain).

However, the group VIII positive control samples (burned, infected, treated with
Silverburn®) showed almost the same records as the Group VII samples (Figure 3O,P) as
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well as a moderate maturation in dermal collagen fibers (Figure 4H) up to 22% of the mean
area percentage of the dermal layer content (Figure 5). However, group IX, the positive
control (burned, infected, treated with Iruxol®), showed persistent records of a narrow
ulcerated wound gap covered with a scab of a necrotic tissue depress with occasional
records of subepidermal hemorrhagic patches and a significant reduction in inflammatory
cell infiltrates in dermal and subcutaneous layers (Figure 3Q,R) with a moderate maturation
in dermal collagen fibers (Figure 4I) up to 20.6% of the mean area percentage of the dermal
layer content (Figure 5).
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4. Discussion

CRPA has emerged as a serious pathogen on a global scale due to its limited treatment
options and, therefore, is placed in the priority 1-critical category of the World Health
Organization’s global priority pathogens for research and development of novel antimicro-
bials [48]. Accordingly, this situation has encouraged a reconsideration of bacteriophage
therapy as a possible promising treatment option. In fact, several studies have reported
a sporadic rise in the use of antibacterial phage therapy over the course of the past cen-
tury [49–51]. Additionally, there are some advantages that make phage therapy stand
out, including the high host specificity, specific reproduction at the site of infection, the
eligibility of single or rare administration, and the benefit of being effective against other
pan-drug resistant bacteria [52].

Despite studies demonstrating the clinical effectiveness of phages, further research
is still needed in this field due to the information gap regarding the in vivo studies. As
a result, our study aimed to test the lytic activity of two novel isolated bacteriophages
formulated as hydrogels to combat CRPA-infected burns using an appropriate skin animal
model. This was accomplished by isolating three clinical P. aeruginosa from a third-degree
burned patient who is experiencing severe complications and rejection in responding to
several antimicrobial agents employed in treatment. The antibiogram analysis showed
that the respective isolates had a high level of resistance to several antimicrobial agents,
including carbapenems, in addition to the MIC of all isolates revealing that they are all
carbapenem-resistant and hence classified as CR-XDR isolates [25]. Therefore, these isolates
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can undoubtedly cause life-threatening conditions for patients as their colonization of a
burn wound frequently results in a disseminated infection and occasionally septic shock
and mortality. Accordingly, early disclosure of the widespread dissemination of CRPA
with devastating effects within clinical settings is vital for the prompt implementation of
infection control measures [53].

CRPA, a perturbing carbapenem-resistant pathogen, was selected as the bacterial host
for the purpose of isolating phages active against carbapenem-resistant organisms [12,13,53].
Three CRPA isolates were collected from different clinical specimens. They were resistant to
all the antibiotics tested, including imipenem and meropenem. The isolation of the bacterio-
phage was performed by incubating a freshly grown bacterial host with an environmental
sample. Then the bacterial cells were removed, and the suspension was purified using
centrifugation and chloroform treatment. For this purpose, 15 environmental samples
were collected from a hospital sewage source. Only two lysates continued to produce
positive results, suggesting sewage was an outstanding source for phage isolation against
P. aeruginosa [54,55].

Over the course of time, sewage was believed to be an important reservoir of bacte-
riophages infecting P. aeruginosa [54]. The plaque assay offers information on a specific
lysate’s purity, as well as the count of viruses [32,56]. A single pure virus is present if it only
manifests as one type of plaque with similar morphology, size, and shape, while the pres-
ence of multiple viruses is indicated if the plaque assay results in a variety of plaque forms
with different characteristics. Additionally, the numbers for identical plaques are inserted
into a mathematical formula that roughly predicts the count of viruses that were present
in the original lysate in plaque-forming units per ml (PFU/mL) [32,57]. The two phage
suspensions had initial titers that were relatively high and reproducible (>108 PFU/mL).
Plaque morphology may reveal the phage type. Lytic (virulent) phages typically have
clear, transparent plaques, whereas phages with a lysogenic ability (temperate phages)
have opaque, turbid ones [58]. Additionally, some phages produce plaques encircled
by halos. Halos are attributed to the diffusion of bacteriophage depolymerase enzymes,
which are primarily active against bacterial cell walls biofilms [59]. The vB_Pae_SMP1
and vB_Pae_SMP5 plaques were clear, circular, and had regular whole margins. They
were also small (2–5 mm) in diameter, which indicated they were lytic [60]. Additionally,
the plaques with halos surrounding them were seen to increase in size with increasing
the incubation time or after being kept at room temperature for several days, suggesting
an anti-biofilm activity. However, this requires additional testing against organisms that
produce biofilms [61].

Normally, candidates for phage therapy are chosen using strict criteria, such as being
obligate lytic, having a wide host range, and naturally having high stability [62]. As a
result, it was important to investigate some of the phages’ primary characteristics. A
bacteriophage’s host range is restricted to the genus, species, and strains of bacteria that it
can infect [57]. This is undoubtedly essential when using a phage in therapy. As shown in
the results, both vB_Pae_SMP1 and vB_Pae_SMP5 lysates were active against two out of
the three tested XDR P. aeruginosa clinical isolates; however, none of the two lysates showed
lytic activity against any of the remaining 11 clinically relevant Gram-negative pathogens,
which suggested their restricted host range and specificity toward P. aeruginosa isolates.
Therefore, the two lysates were chosen with isolate PA2 for further studies. A phage’s host
range should be constrained to a single species to prevent it from attacking bacteria other
than the disease-causing one, protecting the host’s microbiome. Therefore, a phage with a
restricted host range is preferred in terms of species. However, a phage that infects many,
if not all, strains within this species is advantageous. It suggests that it is suitable for an
empirical application, just like broad-spectrum antibiotics [57]. Furthermore, the traditional
phage isolation technique, which assigns just one host on which phages are supposed to
grow, may contribute to their generally restricted host range [57,63,64].

The morphology of phage particles is primarily used for their typical classification.
However, the discrepancies among numerous bacteriophage with similar morphology but
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divergent genomic content has led to recent proposals to cancel the traditional classification
of having one bacteriophage order Caudovirales with three major families [65]. Currently,
the class Caudoviricetes comprises tailed phage families, most famously the former families
Myoviridae, Siphoviridae, and Podoviridae representing the different tailed morphotypes.
Phages belonging to these morphotypes share icosahedral capsids with double-stranded
(ds) DNA, but their tail shapes vary [66]. Transmission electron microscopy (TEM) ex-
amination is the most significant technique for phage visualization [67]. vB_Pae_SMP1
and vB_Pae_SMP5 phage suspensions were introduced for TEM [28]. The morphological
features of the vB_Pae_SMP1 and vB_Pae_SMP5 virus particles demonstrated that they
seemed to be tailed; hence, they are proposed to be members to class Caudoviricetes.
They have an icosahedral head and lack connectors at the head-to-tail junction. However,
vB_Pae_SMP5 had an extra base plate with a 35 nm fiber noticed at the end of the tail.
These properties excluded the possibility of belonging to the former family Myoviridae [67].
They were marked with a long, flexible non-contractile tail (~170 nm) and an icosahedral
head, ~60 nm in diameter. It was suggested that the vB_Pae_SMP1 most likely belong to
the siphoviruses based on the morphological similarity to the descriptions presented on the
Viral Zone website (“Siphoviridae ViralZone”) and in accordance with the guidelines com-
piled by the International Committee on the Taxonomy of Viruses (ICTV)—ninth report [68].
Phage vB_Pae_SMP5 was genotypically confirmed to belong to the class Caudoviricetes,
genus Septimatrevirus, which is one of the newly established genera with no assigned family
yet, and we propose that it can be considered family Septimatreviridae. Genomic analysis
of vB_Pae_SMP1 is undergoing.

For testing the in vitro effect of the isolated phages formulated as hydrogels on a
CRPA-infected burn, CMC was chosen for our hydrogel preparation. Cellulose is a widely
available biopolymer with distinct properties, most importantly being that it is very water-
soluble and forms superabsorbent hydrogels with excellent mechanical and viscoelastic
properties. Cross-linked CMC-based hydrogels have recently been researched as poten-
tial dermal drug delivery systems for bacteriophages and antibiotics because of these
features [69,70].

The anti-CRPA activity of the tested hydrogel was evaluated using the cup-plate
method. The results showed the formation of inhibition zones around both the positive
control cups containing either phage vB_Pae_SMP1 or vB_Pae_SMP5 lysates and around
the cups containing either the tested hydrogel of phage vB_Pae_SMP1 or vB_Pae_SMP5
while the negative control cups containing the CMC- hydrogel alone exhibited no inhibition
zones indicating the benefit of CMC hydrogel as a vehicle for delivering the bacteriophages
vB_Pae_SMP1 and vB_Pae_SMP5 in a sustained manner [71].

To evaluate the ability of the bacteriophages formulated as hydrogels to alleviate the
pathogenicity of such CRPA isolate (PA2), a thermal injury model was designed in rats in-
fected with the CRPA isolate (PA2). Numerous studies in the literature applying superficial
skin infection in mice/rats have been reported [18,72,73]. The prepared bacteriophage-
hydrogel was applied to the infected burn following the establishment of the infection. The
calculated survival rates for the treated groups were compared to those of other control
groups. Histopathological examination and the percentage of dermal collagen fibers of
the burned infected rat skin were determined as well [18]. Our study’s findings showed
that the tested hydrogel containing the bacteriophages increased the survival rate, as all
the animals given this tested hydrogel survived. These findings come in accordance with
previous studies, which reported a higher survival rate after phage treatment compared to
the control [74–76]. This could be attributed to the beneficial topical use of the phages in
reducing the number of bacteria in the wound and reducing their dissemination at the end
of phage treatment, as previously reported [77]. Additionally, the results revealed that rats
treated with control hydrogel (the vehicle) without the bacteriophages had higher survival
rates than the untreated rats. This could be due to the moisturizing properties of the
hydrogel and its function as a physical barrier that shields the wound, as was mentioned in
a previous study that discussed the benefits of hydrogels in wound care [78].
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The histological examination of various wounded groups showed different degrees of
tissue damage and healing processes. To ensure the reliability of the results and relate the
healing activity entirely to bacteriophage, an additional control group (group IV), aside
from the untreated group, was designed for our study. In this control group (Group IV),
a hydrogel made solely from the vehicle without bacteriophage was topically applied to
the infected burn, and the results were evaluated. In a similar manner, group II, which
had non-infected burns, was utilized to assess the damage produced by XDR P. aeruginosa
infection in the other groups relative to this group. Moreover, another control group
(group III) was designed in which XDR P. aeruginosa infection was induced to the burn and
left untreated. This group was established to investigate the virulence and the properties
of P. aeruginosa pathogenicity, assess its persistent inflammation that delays healing and
boosts antimicrobial tolerance, and the efficacy of topical bacteriophages in the burn-wound
infection model, as previously reported [18,79]. Two groups were designed as positive
controls to be used as references for comparing antibacterial activity and wound healing
properties. In one positive control group (group VIII), the infected burn was treated with
silver sulfadiazine, which is well-known for its antibacterial activity. Silver sulfadiazine
is the topical treatment of choice in severe burns and is used almost globally today in
preference to compounds such as silver nitrate and mafenide acetate [80]. In the other
positive control group (group IX), the infected burn was treated with collagenase due to its
wound-healing properties.

Collagenase, a Clostridium histolyticum-derived enzyme debriding agent, is utilized
in clinical practice to treat infected and surgical wounds [81]. Previous research has found
that collagenase cleans the necrotic tissue of the wound using an enzymatic technique,
accelerates the formation of granulation tissue and subsequent re-epithelialization, and in-
creases the activation of fibroblasts, myofibroblasts, and collagen in rat dermal wounds [80].
Therefore, silver sulfadiazine and collagenase were used in our study as positive controls
for the treatment of rat skin wounds, as reported in several studies [80,82,83]. Our results
revealed that topical application of bacteriophage hydrogel in groups (V, VI, VII) showed
a significant difference (p < 0.05) in suppressing local wound infection and promoting
skin regeneration, as well as higher records and significant acceleration of dermal mature
collagen fiber formation compared to the control group III (burned, infected, untreated)
indicating wound healing process. Thus, our results confirmed that phages could be
promising in preventing wound-associated infections with P. aeruginosa [84]. Our findings
were in accordance with the study conducted by Mendes et al., which proved an epithelial
gap reduction in wounds treated by phages infected by P. aeruginosa and, therefore, was
proof that phages can enhance wound healing as well as combat the infection [85].

Several studies have reported that a topically administered bacteriophage treatment
may be effective in resolving and healing chronic wound infections in animal mod-
els [86–88]. Our findings revealed that the group treated with the phage cocktail (Group VII)
showed more significant accelerated wound gap closure with complete re-epithelialization.
The treatments also resulted in a significant reduction (p < 0.05) in inflammatory cell infil-
trates with higher fibroblastic activity when compared to the other single phage-treated
groups (Group V and Group VI). This could suggest the synergistic activity of using the
phage cocktail compared to using a single phage alone. Phage cocktails have the potential
to target a wider variety of strain-specific microorganisms, and their use is considered a
crucial strategy for limiting the development of bacterial resistance [84]. In fact, Pinto and
his colleagues reported that after just a few hours of monophage therapy, several resistant
bacterial strains had emerged. When compared to monophage therapy, phage cocktails
accelerate the rate of bacterial death and decrease the number of phage-resistant bacterial
mutants [89]. Additionally, a study performed on mice revealed that phage cocktails led
to a significant decrease in wound bioburden, faster wound closure, and greater wound
contraction. Furthermore, in vitro stability studies and in vivo phage titer determination
have shown a correlation between better phage persistence at the wound site and liposomal
entrapment of the phage cocktail [90].
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5. Conclusions

In this, study two lytic phages of the class Caudoviricetes, named VB_Pae_SMP1 and
VB_Pae_SMP5, were isolated from sewage samples, purified and charcaterized. The lytic
activities of the respective phages either each alone or as cocktail were evlauted both in vitro
and in vivo using XDR Pseudomonas aeruginosa-infected skin thermal injury rat model. The
phae VB_Pae_SMP5 was genotypically confirmed to beloged the class Caudoviricetes;
genus Septimatrevirus. Each of the phage lysate or the two-phage cocktail formulated as
a hydrogel for topical treatment has the power to manage the infection of XDR CRPA in
burn wounds and decrease the mortality rate of the tested rats. Additionally, it encourages
healing at the injury site, as evidenced by the histopathological examination where restored
epithelium and activated fibroblasts were noticed. The two phages formulated hydrogels
improved wound healing as well as mortality rates of the tested animals. Therefore, each
of the phage lysate or the two-phage cocktail formulated as a hydrogel is a promising
topical formula for future clinical use in burn wounds caused by severe CRPA infections.
However, further clinical studies should be done to ensure suitability of the respective
phage hydrogels for clinical application in humans.
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shown around the plaques; Figure S3: Spot test of phages vB_Pae_SMP1 and vB_Pae_SMP5 against
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vB_Pae_SMP5.

Author Contributions: Conceptualization, S.S.M., G.R.A., A.S.A.Z., R.K.A. and K.M.A. methodology,
S.S.M., G.R.A., A.S.A.Z., R.K.A. and K.M.A.; writing—original draft preparation, S.S.M., G.R.A. and
A.S.A.Z. writing—review and editing, G.R.A., R.K.A. and K.M.A.; supervision, G.R.A., A.S.A.Z. and
K.M.A. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The protocol of this study was approved by the Faculty of Phar-
macy Ain Shams University Research Ethics Committee (Number, ACUC-FP-ASU RHDIRB2020110301
REC# 41 in September 2021).

Data Availability Statement: The data supporting reported results are found in the manuscript and
supplementary file. The genomic sequence of phage vB_Pae_SMP5 has been deposited in the NIH-
funded BV-BRC database, and the genome will be publicly released upon manuscript publication. The
BV-BRC accession is 2731619.92, and its link is https://www.bv-brc.org/view/Genome/2731619.92.
(accessed on 7 December 2022).

Acknowledgments: The authors acknowledge the Microbiology and Immunology Department,
Faculty of Pharmacy, Ahram Canadian University (ACU), and Ain Shams University (ASU), Egypt,
for providing all the required facilities and support for the accomplishment of this work.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Diekema, D.J.; Hsueh, P.-R.; Mendes, R.E.; Pfaller, M.A.; Rolston, K.V.; Sader, H.S.; Jones, R.N. The Microbiology of Bloodstream

Infection: 20-Year Trends from the SENTRY Antimicrobial Surveillance Program. Antimicrob. Agents Chemother. 2019, 63, e00355-19.
[CrossRef] [PubMed]

2. Weiner, L.M.; Webb, A.K.; Limbago, B.; Dudeck, M.A.; Patel, J.; Kallen, A.J.; Edwards, J.R.; Sievert, D.M. Antimicrobial-Resistant
Pathogens Associated with Healthcare-Associated Infections: Summary of Data Reported to the National Healthcare Safety
Network at the Centers for Disease Control and Prevention, 2011–2014. Infect. Control Hosp. Epidemiol. 2016, 37, 1288–1301.
[CrossRef] [PubMed]

187



Viruses 2022, 14, 2760

3. Kadri, S.S. Key Takeaways from the US CDC’s 2019 Antibiotic Resistance Threats Report for Frontline Providers. Crit. Care Med.
2020, 48, 939–945. [PubMed]

4. Motbainor, H.; Bereded, F.; Mulu, W. Multi-Drug Resistance of Blood Stream, Urinary Tract and Surgical Site Nosocomial
Infections of Acinetobacter baumannii and Pseudomonas aeruginosa among Patients Hospitalized at Felegehiwot Referral Hospital,
Northwest Ethiopia: A Cross-Sectional Study. BMC Infect. Dis. 2020, 20, 92. [CrossRef] [PubMed]

5. Nimer, N.A. Nosocomial Infection and Antibiotic-Resistant Threat in the Middle East. Infect. Drug Resist. 2022, 15, 631. [CrossRef]
[PubMed]

6. Garg, A.; Garg, J.; Kumar, S.; Bhattacharya, A.; Agarwal, S.; Upadhyay, G.C. Molecular Epidemiology & Therapeutic Options of
Carbapenem-Resistant Gram-Negative Bacteria. Indian J. Med. Res. 2019, 149, 285.

7. Paul, M.; Carrara, E.; Retamar, P.; Tängdén, T.; Bitterman, R.; Bonomo, R.A.; De Waele, J.; Daikos, G.L.; Akova, M.; Harbarth, S.
European Society of Clinical Microbiology and Infectious Diseases (ESCMID) Guidelines for the Treatment of Infections Caused
by Multidrug-Resistant Gram-Negative Bacilli (Endorsed by European Society of Intensive Care Medicine). Clin. Microbiol. Infect.
2022, 28, 521–547. [CrossRef]

8. Zhen, X.; Stålsby Lundborg, C.; Sun, X.; Gu, S.; Dong, H. Clinical and Economic Burden of Carbapenem-Resistant Infection or
Colonization Caused by Klebsiella Pneumoniae, Pseudomonas aeruginosa, Acinetobacter baumannii: A Multicenter Study in China.
Antibiotics 2020, 9, 514. [CrossRef]

9. Azimi, L.; Lari, A.R. Colistin-Resistant Pseudomonas aeruginosa Clinical Strains with Defective Biofilm Formation. GMS Hyg. Infect.
Control 2019, 14, 1–6. [CrossRef]

10. Erol, H.B.; Kaskatepe, B. Comparison of the in Vitro Efficacy of Commercial Bacteriophage Cocktails and Isolated Bacteriophage
vB_Pa01 against Carbapenem Resistant Nosocomial Pseudomonas aeruginosa. J. Res. Pharm. 2021, 25, 407–414.

11. Jahangiri, A.; Neshani, A.; Mirhosseini, S.A.; Ghazvini, K.; Zare, H.; Sedighian, H. Synergistic Effect of Two Antimicrobial Peptides,
Nisin and P10 with Conventional Antibiotics against Extensively Drug-Resistant Acinetobacter baumannii and Colistin-Resistant
Pseudomonas aeruginosa Isolates. Microb. Pathog. 2021, 150, 104700. [PubMed]

12. Broncano-Lavado, A.; Santamaría-Corral, G.; Esteban, J.; García-Quintanilla, M. Advances in Bacteriophage Therapy against
Relevant Multidrug-Resistant Pathogens. Antibiotics 2021, 10, 672. [CrossRef] [PubMed]

13. Chen, P.; Liu, Z.; Tan, X.; Wang, H.; Liang, Y.; Kong, Y.; Sun, W.; Sun, L.; Ma, Y.; Lu, H. Bacteriophage Therapy for Empyema
Caused by Carbapenem-Resistant Pseudomonas aeruginosa. Biosci. Trends 2022, 16, 158–162. [PubMed]

14. Fathima, B.; Archer, A.C. Bacteriophage Therapy: Recent Developments and Applications of a Renaissant Weapon. Res. Microbiol.
2021, 172, 103863.

15. Erol, H.B.; Kaskatepe, B. Isolation of newly isolated vb_k1 bacteriophage and investigation of susceptibility on esbl positive
Klebsiella spp. strains. J. Fac. Pharm. Ankara Univ. 2021, 45, 515–523. [CrossRef]

16. Kalelkar, P.P.; Riddick, M.; García, A.J. Biomaterial-Based Antimicrobial Therapies for the Treatment of Bacterial Infections. Nat.
Rev. Mater. 2022, 7, 39–54.

17. Rivera, D.; Moreno-Switt, A.I.; Denes, T.G.; Hudson, L.K.; Peters, T.L.; Samir, R.; Aziz, R.K.; Noben, J.-P.; Wagemans, J.; Dueñas, F.
Novel Salmonella Phage, vB_Sen_STGO-35-1, Characterization and Evaluation in Chicken Meat. Microorganisms 2022, 10, 606.

18. Sakr, M.M.; Elkhatib, W.F.; Aboshanab, K.M.; Mantawy, E.M.; Yassien, M.A.; Hassouna, N.A. In Vivo Evaluation of a Recombinant
N-Acylhomoserine Lactonase Formulated in a Hydrogel Using a Murine Model Infected with MDR Pseudomonas aeruginosa
Clinical Isolate, CCASUP2. AMB Express 2021, 11, 109. [CrossRef]

19. Abd-Allah, I.M.; El-Housseiny, G.S.; Alshahrani, M.Y.; El-Masry, S.S.; Aboshanab, K.M.; Hassouna, N.A. An Anti-MRSA Phage
From Raw Fish Rinse: Stability Evaluation and Production Optimization. Front. Cell. Infect. Microbiol. 2022, 12, 904531. [CrossRef]

20. Camens, S.; Liu, S.; Hon, K.; Bouras, G.S.; Psaltis, A.J.; Wormald, P.-J.; Vreugde, S. Preclinical Development of a Bacteriophage
Cocktail for Treating Multidrug Resistant Pseudomonas aeruginosa Infections. Microorganisms 2021, 9, 2001. [CrossRef]

21. Kim, H.Y.; Chang, R.Y.K.; Morales, S.; Chan, H.K. Bacteriophage-Delivering Hydrogels: Current Progress in Combating Antibiotic
Resistant Bacterial Infection. Antibiotics 2021, 10, 130. [CrossRef] [PubMed]

22. Holt, J.G.; Krieg, N.R.; Sneath, P.H.A. Bergey’s Manual of Determinative Bacterology, 9th ed.; Lippincott Williams and Wilkins:
Baltimore, Maryland, 1994; Available online: https://www.scirp.org/(S(i43dyn45teexjx455qlt3d2q))/reference/ReferencesPapers.
aspx?ReferenceID=42336 (accessed on 7 December 2022).

23. Shetty, N.; Hill, G.; Ridgway, G.L. The Vitek Analyser for Routine Bacterial Identification and Susceptibility Testing: Protocols,
Problems, and Pitfalls. J. Clin. Pathol. 1998, 51, 316–323. [CrossRef] [PubMed]

24. Weinstein, M.P. Performance Standards for Antimicrobial Susceptibility Testing; Clinical and Laboratory Standards Institute: Wayne,
PA, USA, 2021; ISBN 1684401046.

25. Magiorakos, A.; Srinivasan, A.; Carey, R.B.; Carmeli, Y.; Falagas, M.E.; Giske, C.G.; Harbarth, S.; Hindler, J.F.; Kahlmeter, G.;
Olsson-Liljequist, B. Multidrug-resistant, Extensively Drug-resistant and Pandrug-resistant Bacteria: An International Expert
Proposal for Interim Standard Definitions for Acquired Resistance. Clin. Microbiol. Infect. 2012, 18, 268–281. [CrossRef]

26. Mabrouk, S.S.; Abdellatif, G.R.; El-Ansary, M.R.; Aboshanab, K.M.; Ragab, Y.M. Carbapenemase Producers Among Extensive
Drug-Resistant Gram-Negative Pathogens Recovered from Febrile Neutrophilic Patients in Egypt. Infect. Drug Resist. 2020, 13, 3113.
[CrossRef] [PubMed]

27. Wommack, K.E.; Williamson, K.E.; Helton, R.R.; Bench, S.R.; Winget, D.M. Methods for the Isolation of Viruses from Environmental
Samples. In Bacteriophages; Springer: Berlin/Heidelberg, Germany, 2009; pp. 3–14.

188



Viruses 2022, 14, 2760

28. Ackermann, H.-W. Basic Phage Electron Microscopy. In Bacteriophages; Springer: Berlin/Heidelberg, Germany, 2009; pp. 113–126.
29. El-Dougdoug, N.; Nasr-Eldin, M.; Azzam, M.; Mohamed, A.; Hazaa, M. Improving Wastewater Treatment Using Dried Banana

Leaves and Bacteriophage Cocktail. Egypt. J. Bot. 2020, 60, 199–212. [CrossRef]
30. Hussein, Y.S.; El-Masry, S.S.; Faiesal, A.A.; El-Dougdoug, K.A.; Othman, B.A. Physico-chemical properties of some listeria phages.

Arab Univ. J. Agric. Sci. 2019, 27, 175–183. [CrossRef]
31. Adams, M.H. Bacteriophages; Citeseer: 1959; Wiley Interscience: New York, NY, USA; Available online: https://www.scirp.org/

(S(351jmbntvnsjt1aadkposzje))/reference/ReferencesPapers.aspx?ReferenceID=1855130 (accessed on 7 December 2022).
32. Anderson, B.; Rashid, M.H.; Carter, C.; Pasternack, G.; Rajanna, C.; Revazishvili, T.; Dean, T.; Senecal, A.; Sulakvelidze, A.

Enumeration of Bacteriophage Particles: Comparative Analysis of the Traditional Plaque Assay and Real-Time QPCR-and
Nanosight-Based Assays. Bacteriophage 2011, 1, 86–93. [CrossRef]

33. Kropinski, A.M. Bacteriophages, Methods and Protocols, Volume 1: Isolation, Characterization, and Interactions; Clokie, M.R.J., Kropinski,
A.M., Eds.; Part of the book series: Methods in Molecular Biology; Humana Totowa: New York, NY, USA, 2009; Volume 501.
[CrossRef]

34. Carlson, K. Working with Bacteriophages: Common Techniques and Methodological Approaches; CRC Press: Boca Raton, FL, USA, 2005;
Volume 1.

35. Kutter, E. Phage Host Range and Efficiency of Plating. In Bacteriophages; Springer: Berlin/Heidelberg, Germany, 2009; pp. 141–149.
36. Davis, J.J.; Wattam, A.R.; Aziz, R.K.; Brettin, T.; Butler, R.; Butler, R.M.; Chlenski, P.; Conrad, N.; Dickerman, A.; Dietrich, E.M.

The PATRIC Bioinformatics Resource Center: Expanding Data and Analysis Capabilities. Nucleic Acids Res. 2020, 48, D606–D612.
[CrossRef]

37. Parrello, B.; Butler, R.; Chlenski, P.; Pusch, G.D.; Overbeek, R. Supervised Extraction of Near-Complete Genomes from Metage-
nomic Samples: A New Service in PATRIC. PLoS ONE 2021, 16, e0250092. [CrossRef]

38. Aziz, R.K.; Bartels, D.; Best, A.A.; DeJongh, M.; Disz, T.; Edwards, R.A.; Formsma, K.; Gerdes, S.; Glass, E.M.; Kubal, M. The
RAST Server: Rapid Annotations Using Subsystems Technology. BMC Genom. 2008, 9, 75. [CrossRef]

39. McNair, K.; Aziz, R.K.; Pusch, G.D.; Overbeek, R.; Dutilh, B.E.; Edwards, R. Phage Genome Annotation Using the RAST Pipeline.
In Bacteriophages; Springer: Berlin/Heidelberg, Germany, 2018; pp. 231–238.

40. Altschul, S.F.; Gish, W.; Miller, W.; Myers, E.W.; Lipman, D.J. Basic local alignment search tool. J. Mol. Biol. 1990, 215, 403–410.
[CrossRef] [PubMed]

41. Alikhan, N.-F.; Petty, N.K.; Ben Zakour, N.L.; Beatson, S.A. BLAST Ring Image Generator (BRIG): Simple Prokaryote Genome
Comparisons. BMC Genom. 2011, 12, 402. [CrossRef] [PubMed]

42. Khullar, R.; Saini, S.; Seth, N.; Rana, A.C. Emulgels: A Surrogate Approach for Topically Used Hydrophobic Drugs. Int. J. Pharm.
Bio. Sci. 2011, 1, 117–128.

43. Singh, B.; Sharma, S.; Dhiman, A. Design of Antibiotic Containing Hydrogel Wound Dressings: Biomedical Properties and
Histological Study of Wound Healing. Int. J. Pharm. 2013, 457, 82–91. [CrossRef] [PubMed]

44. Moustafa, P.E.; Abdelkader, N.F.; El Awdan, S.A.; El-Shabrawy, O.A.; Zaki, H.F. Liraglutide Ameliorated Peripheral Neuropathy in
Diabetic Rats: Involvement of Oxidative Stress, Inflammation and Extracellular Matrix Remodeling. J. Neurochem. 2018, 146, 173–185.
[CrossRef]

45. Werner, M.; Chott, A.; Fabiano, A.; Battifora, H. Effect of Formalin Tissue Fixation and Processing on Immunohistochemistry.
Am. J. Surg. Pathol. 2000, 24, 1016–1019. [CrossRef]

46. Almukainzi, M.; El-Masry, T.A.; Negm, W.A.; Elekhnawy, E.; Saleh, A.; Sayed, A.E.; Khattab, M.A.; Abdelkader, D.H. Gentiopicro-
side PLGA Nanospheres: Fabrication, in Vitro Characterization, Antimicrobial Action, and in Vivo Effect for Enhancing Wound
Healing in Diabetic Rats. Int. J. Nanomed. 2022, 17, 1203. [CrossRef]

47. Culling, C.F.A. Handbook of Histopathological and Histochemical Techniques: Including Museum Techniques; Butterworth-Heinemann:
Oxford, UK, 2013; ISBN 1483164799.

48. Shrivastava, S.R.; Shrivastava, P.S.; Ramasamy, J. World Health Organization Releases Global Priority List of Antibiotic-Resistant
Bacteria to Guide Research, Discovery, and Development of New Antibiotics. J. Med. Soc. 2018, 32, 76. [CrossRef]

49. Abedon, S.T.; García, P.; Mullany, P.; Aminov, R. Phage Therapy: Past, Present and Future. Front. Microbiol. 2017, 8, 981. [CrossRef]
50. Jennes, S.; Merabishvili, M.; Soentjens, P.; Pang, K.W.; Rose, T.; Keersebilck, E.; Soete, O.; François, P.-M.; Teodorescu, S.; Verween,

G. Use of Bacteriophages in the Treatment of Colistin-Only-Sensitive Pseudomonas aeruginosa Septicaemia in a Patient with Acute
Kidney Injury—A Case Report. Crit. Care 2017, 21, 129. [CrossRef]

51. Nir-Paz, R.; Gelman, D.; Khouri, A.; Sisson, B.M.; Fackler, J.; Alkalay-Oren, S.; Khalifa, L.; Rimon, A.; Yerushalmy, O.; Bader, R.
Successful Treatment of Antibiotic-Resistant, Poly-Microbial Bone Infection with Bacteriophages and Antibiotics Combination.
Clin. Infect. Dis. 2019, 69, 2015–2018. [PubMed]

52. Domingo-Calap, P.; Delgado-Martínez, J. Bacteriophages: Protagonists of a Post-Antibiotic Era. Antibiotics 2018, 7, 66. [CrossRef]
[PubMed]

53. Laurie, C.D.; Hogan, B.K.; Murray, C.K.; Loo, F.L.; Hospenthal, D.R.; Cancio, L.C.; Kim, S.H.; Renz, E.M.; Barillo, D.; Holcomb, J.B.
Contribution of Bacterial and Viral Infections to Attributable Mortality in Patients with Severe Burns: An Autopsy Series. Burns
2010, 36, 773–779.

54. Chen, F.; Cheng, X.; Li, J.; Yuan, X.; Huang, X.; Lian, M.; Li, W.; Huang, T.; Xie, Y.; Liu, J. Novel Lytic Phages Protect Cells and
Mice against Pseudomonas aeruginosa Infection. J. Virol. 2021, 95, e01832-20. [CrossRef]

189



Viruses 2022, 14, 2760

55. Aghaee, B.L.; Mirzaei, M.K.; Alikhani, M.Y.; Mojtahedi, A. Sewage and Sewage-Contaminated Environments Are the Most
Prominent Sources to Isolate Phages against Pseudomonas aeruginosa. BMC Microbiol. 2021, 21, 132. [CrossRef]

56. Bhat, T.; Cao, A.; Yin, J. Virus-like Particles: Measures and Biological Functions. Viruses 2022, 14, 383.
57. Hyman, P. Phages for Phage Therapy: Isolation, Characterization, and Host Range Breadth. Pharmaceuticals 2019, 12, 35. [CrossRef]
58. Park, D.-W.; Lim, G.; Lee, Y.; Park, J.-H. Characteristics of Lytic Phage vB_EcoM-ECP26 and Reduction of Shiga-Toxin Producing

Escherichia coli on Produce Romaine. Appl. Biol. Chem. 2020, 63, 19.
59. Vukotic, G.; Obradovic, M.; Novovic, K.; Di Luca, M.; Jovcic, B.; Fira, D.; Neve, H.; Kojic, M.; McAuliffe, O. Characterization,

Antibiofilm, and Depolymerizing Activity of Two Phages Active on Carbapenem-Resistant Acinetobacter baumannii. Front. Med.
2020, 7, 426. [CrossRef]

60. Duc, H.M.; Son, H.M.; Ngan, P.H.; Sato, J.; Masuda, Y.; Honjoh, K.; Miyamoto, T. Isolation and Application of Bacteriophages
Alone or in Combination with Nisin against Planktonic and Biofilm Cells of Staphylococcus aureus. Appl. Microbiol. Biotechnol.
2020, 104, 5145–5158. [CrossRef]

61. Dakheel, K.H.; Rahim, R.A.; Neela, V.K.; Al-Obaidi, J.R.; Hun, T.G.; Isa, M.N.M.; Yusoff, K. Genomic Analyses of Two Novel
Biofilm-Degrading Methicillin-Resistant Staphylococcus Aureus Phages. BMC Microbiol. 2019, 19, 114. [CrossRef] [PubMed]

62. Klumpp, J.; Loessner, M.J. Listeria Phages: Genomes, Evolution, and Application. Bacteriophage 2013, 3, e26861. [PubMed]
63. Ross, A.; Ward, S.; Hyman, P. More Is Better: Selecting for Broad Host Range Bacteriophages. Front. Microbiol. 2016, 7, 1352.

[PubMed]
64. de Jonge, P.A.; Nobrega, F.L.; Brouns, S.J.J.; Dutilh, B.E. Molecular and Evolutionary Determinants of Bacteriophage Host Range.

Trends Microbiol. 2019, 27, 51–63.
65. Turner, D.; Kropinski, A.M.; Adriaenssens, E.M. A Roadmap for Genome-Based Phage Taxonomy. Viruses 2021, 13, 506.
66. Othman, B.A.; Askora, A.; Abo-Senna, A.S.M. Isolation and Characterization of a Siphoviridae Phage Infecting Bacillus megaterium

from a Heavily Trafficked Holy Site in Saudi Arabia. Folia Microbiol. 2015, 60, 289–295.
67. Ackermann, H.-W. Bacteriophage Electron Microscopy. Adv. Virus Res. 2012, 82, 1–32.
68. King, A.M.Q.; Lefkowitz, E.; Adams, M.J.; Carstens, E.B. Virus Taxonomy: Ninth Report of the International Committee on Taxonomy of

Viruses; Elsevier: Amsterdam, The Netherlands, 2011; Volume 9, ISBN 0123846854.
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Abstract: Background: Hepatitis C virus (HCV) is still common in patients with chronic kidney
disease. It has been recently discovered that chronic HCV is a risk factor for increased incidence
of CKD in the adult general population. According to a systematic review with a meta-analysis of
clinical studies, pooling results of longitudinal studies (n = 2,299,134 unique patients) demonstrated
an association between positive anti-HCV serologic status and increased incidence of CKD; the
summary estimate for adjusted HR across the surveys was 1.54 (95% CI, 1.26; 1.87), (p < 0.0001). The
introduction of direct-acting antiviral drugs (DAAs) has caused a paradigm shift in the management
of HCV infection; recent guidelines recommend pan-genotypic drugs (i.e., drugs effective on all HCV
genotypes) as the first-choice therapy for HCV, and these promise to be effective and safe even in the
context of chronic kidney disease. Aim: The purpose of this narrative review is to show the most
important data on pan-genotypic DAAs in advanced CKD (CKD stage 4/5). Methods: We recruited
studies by electronic databases and grey literature. Numerous key-words (‘Hepatitis C’ AND ‘Chronic
kidney disease’ AND ‘Pan-genotypic agents’, among others) were adopted. Results: The most impor-
tant pan-genotypic combinations for HCV in advanced CKD are glecaprevir/pibrentasvir (GLE/PIB)
and sofosbuvir/velpatasvir (SOF/VEL). Two clinical trials (EXPEDITION-4 and EXPEDITION-5) and
some ‘real-world’ studies (n = 6) reported that GLE/PIB combinations in CKD stage 4/5 gave SVR12
rates ranging between 86 and 99%. We retrieved clinical trials (n = 1) and ‘real life’ studies (n = 6)
showing the performance of SOF/VEL; according to our pooled analysis, the summary estimate of
SVR rate was 100% in studies adopting SOF/VEL antiviral combinations. The drop-out rate (due to
AEs) in patients on SOF/VEL ranged between 0 and 4.8%. Conclusions: Pan-genotypic combinations,
such as GLE/PIB and SOF/VEL, appear effective and safe for HCV in advanced CKD, even if a
limited number of studies with small sample sizes currently exist on this issue. Studies are under
way to assess whether successful antiviral therapy with DAAs will translate into better survival in
patients with advanced CKD.

Keywords: dialysis; end-stage kidney disease; hepatitis C virus; sofosbuvir; sustained viral response

1. Introduction

HCV was identified in 1989; since then, HCV has emerged as a major public health
problem [1]. According to Polaris models, there was a global prevalence of HCV RNA-
positive patients of 0.7% (95% UI, 0.7%; 0.9%), corresponding to 56.8 million (95% UI, 55.2;
67.8) infections on January 1, 2020 [2]. In 2020, an estimated 641,1000 (95% CI, 623,000;
765,000) individuals started antiviral treatment. Chronic HCV infection can lead to liver
cirrhosis, hepatic failure, and hepatocellular carcinoma in patients with or without kidney
disease. After identification of HCV, a high frequency of serum anti-HCV antibodies and
HCV ribonucleic acids (RNA) has been found in patients with chronic kidney disease [1].
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The relationship between chronic kidney disease and HCV infection is bi-directional;
HCV infection is both a cause and consequence of chronic kidney disease [1]. According
to a systematic review with a meta-analysis of clinical studies, pooling results of longitu-
dinal studies (n = 15 studies, n = 2,299,134 unique patients) demonstrated an association
between positive anti-HCV serologic status and increased incidence of CKD; the summary
estimate for adjusted HR across the surveys was 1.54 (95% CI, 1.26; 1.87) (p < 0.0001).
However, between-study heterogeneity was observed (Q value by chi-squared test 500.3,
p < 0.0001) [3].

The introduction of direct-acting antiviral agents (DAAs) has created a paradigm
shift in the management of infection by HCV [1,4]. More recently, WHO recommended
the adoption of pan-genotypic DAAs in order to support the campaign to eliminate HCV
infection all over the world [4]. Genotype-specific DAAs have a limited antiviral spectrum
of activity and frequently need ribavirin, which is commonly associated with important
side-effects. Pan-genotypic regimens offer oral administration, eliminate the need for
genotype testing, and provide favourable efficacy and tolerability. There is poor evidence in
the medical literature concerning tolerability and effectiveness of pan-genotypic DAAs in
end-stage renal disease [1]. The aim of this narrative review is to provide information on the
efficacy and safety of pan-genotypic regimens of DAAs for patients with advanced CKD.

2. Materials and Methods
2.1. Information Sources and Search Strategy

Studies were identified by searching electronic databases and sources of grey literature.
The literature search was applied to PubMed MEDLINE, EMBASE, and Google Scholar.
The following key words were adopted: (‘Hepatitis C Virus’ OR ‘HCV’ OR ‘Hepatitis C’)
AND (‘Chronic Kidney Disease’ OR ‘End-stage kidney disease’ OR ‘Renal Insufficiency’
OR ‘Renal failure’ or ‘Renal impairment’) AND (‘Direct-acting antiviral agents’ OR ‘DAAs’
OR ‘Pan-genotypic agents’ OR ‘Sofosbuvir’ OR ‘Velpatasvir’).

2.2. Statistical Methods

We performed pooled quantitative summary estimates of the sustained viral response
(SVR) and discontinuation rates of antiviral therapies (pan-genotypic DAAs for HCV in
advanced CKD) across individual studies using the inverse-variance method. A random-
effects meta-analysis was conducted [5,6]. Outcomes were analysed on an intention-to-treat
basis; all patients enrolled in these studies were included for the calculation of the response
rate, whereas patients without an end-point were categorized as failures.

Observational studies that compared the all-cause mortality in anti-HCV positive
patients who received antiviral therapy compared with those who did not were also
retrieved. The aRR was obtained in each study by multivariate analysis to find the impact
of antiviral therapy per se on death rate, irrespective of the role of covariates. Pooled RRs
and their 95% CIs were estimated by the weighted inverse of their variance. Heterogeneity
was evaluated using Der Simonian and Laird’s Q test and quantified by calculating the
proportion of the total variance attributable to between-study variance (Ri). We computed
both fixed- and random-effects models but used the latter in case of large heterogeneity.
We adopted HEpiMA, a novel software program that carries out a complete study of
heterogeneity of study effects [6]. Novel and useful estimators of heterogeneity, such as
Ri and CVB were used. Heterogeneity was considered substantial if Ri was ≥ 0.75. A
two-sided p-value of <0.05 was considered statistically significant.

3. Results
3.1. Epidemiology

Abundant information exists on the epidemiology of hepatitis C virus infection in
patients with end-stage renal disease. In 2012–2015, anti-HCV antibody prevalence among
prevalent HD patients in the DOPPS was 9.9% overall (21 countries all over the world);
it ranged from 4.1% in Belgium to 20.1% across the Gulf Cooperation Council Countries
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(GCCC; Bahrain, Kuwait, Oman, Qatar, Saudi Arabia, and United Arab Emirates), whereas
>8% of patients receiving HD in China, Italy, Japan, Russia, and Spain were anti-HCV
positive [7].

Another survey was conducted among Medicare beneficiaries with HCV undergoing
haemodialysis in the United States (2005–2016). A total of 291,663 patients on haemodialysis
were enrolled. The prevalence of HCV in patients on haemodialysis was greater than in
individuals not on HD (4.2 vs. <1%) [8].

Evidence on the prevalence and incidence rates of HCV among patients on long-term
dialysis in the emerging world was not satisfactory—several studies with small sample
sizes have been published, and recorded prevalence rates of up to around 80% [9–12]. Some
systematic reviews have been made on this point; Harfouche et al. collected data from
289 studies (n = 106, 463 unique patients) and found a regional pooled mean estimate of
29.2% (95% CI, 25.6%; 32.8%) for HCV antibody prevalence among patients on long-term
haemodialysis in the Middle East and North Africa (MENA) [10].

3.2. Natural History of HCV Infection

It is difficult to make a detailed evaluation of the natural history of HCV infection in
patients with chronic kidney disease, particularly those on maintenance dialysis. Various
reasons explain this—the natural history of HCV usually spans decades in patients with
intact kidneys, whereas dialysis patients have limited life expectancies. In fact, patients
with chronic kidney disease have higher morbidity and mortality than the general popu-
lation, due to aging and comorbidities. HCV infection is frequently asymptomatic, with
an apparently indolent course even in patients with advanced chronic kidney disease.
Aminotransferase values are lower in patients on maintenance dialysis; thus, it is not easy
to recognise the occurrence of liver disease on the grounds of biochemical abnormalities. A
total of 506 patients undergoing regular dialysis in northern Italy (Lombardy) were tested
by anti-HCV ELISA and PCR assays for the detection of anti-HCV antibodies and HCV
RNA in serum, respectively. Serum transaminase values were significantly greater in HCV
RNA-positive than HCV RNA-negative patients, 19.3 ± 1.6 vs. 15.7 ± 1.6 (p = 0.008) and
22.8 ± 1.7 vs. 16.1 ± 1.7 (p = 0.0001). According to logistic regression analysis, detectable
HCV RNA in serum was a strong predictor of raised AST (p = 0.0001) and ALT (p = 0.000001)
values [13].

The current availability of direct-acting antiviral agents, which are considered to be
safe and have high efficacy, precludes the implementation of large observational studies
and prolonged follow-up to assess the course of chronic HCV infection in end-stage kidney
disease. It has been stated that survival in most patients with stage 1 and 2 CKD is not
different from that observed in the general population with intact kidneys. Survival in
patients with CKD stages 3–5 is lower than that observed in the general population, and
some information has been recently accumulated on the link between positive anti-HCV
serologic status and the death rate in the dialysis population. Death can be considered
a reliable endpoint in the context of observational studies evaluating the course of HCV
over time in patients with intact kidneys or end-stage kidney disease, and some clinical
studies have carried out such analyses. We recently conducted a systematic review with
a meta-analysis of observational studies (n = 23 studies; n = 574,081 patients on long-
term dialysis). We found that positive anti-HCV serologic status was an independent and
significant risk factor for death in the dialysis population. The overall estimate for adjusted
mortality (all-cause death risk) with HCV was 1.26 (95% CI, 1.18; 1.34) (p < 0.0001) [14]. We
performed stratified analyses to assess the causes of the increased death risk. The summary
estimate for adjusted mortality (liver disease-related mortality) was 5.05 (95% CI, 2.53;
10.0) (p < 0.0001). The overall estimate for cardiovascular death risk was 1.18 (95% CI,
1.085; 1.29) (p < 0.0001). Using meta-regression, we observed that the relationship between
positive anti-HCV serologic status and all-cause death risk was more evident in surveys
with a larger size (p < 0.0001), higher proportion of diabetics (p = 0.0005), and HCV-positive
patients (p = 0.001) [14].
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The latest report on this issue was published a few months ago by Ko and coworkers.
After adjusting for potential confounding factors, the multivariate Cox regression resulted
in a significant association between serum HCV RNA-positive status and death rate in a
cohort of haemodialysis patients who started chronic HD after 2002 (AHR, 1.48; 95% CI,
1.13; 1.93, p = 0.005). The study group in such a report was large (n = 1,437 patients on
maintenance HD in Hiroshima, Japan) [15].

3.3. Antiviral Therapy of HCV and Its Purpose (Pan-Genotypic Regimens)

The purpose of antiviral therapy of HCV was the achievement of SVR12. SVR12 is
the elimination of HCV RNA from serum which persists at least 12 weeks after completing
antiviral therapy [16]. Antiviral treatment was indicated for patients showing anti-HCV
antibody and detectable HCV RNA in serum. Solid evidence in the medical literature exists,
suggesting that the achievement of SVR12 (‘the cure’) was associated with better survival
and quality of life in patients with intact kidneys [17]. Patients with chronic kidney disease,
HCV/HIV co-infection, and HCV/HBV co-infection who have had previous unsuccessful
DAA regimens were defined as “special populations”, where the antiviral approach was
biased by low efficacy and safety (due to high rate of co-infections and comorbidities).
It appears now that DAAs have abolished the notion of ‘special populations’ and pan-
genotypic regimens promise to be effective and safe, even in this context. Pan-genotypic
agents need only minimal monitoring and this encourages a test-and-treat approach as the
focus of HCV management moves toward global elimination (with simplified protocols).

3.4. Natural History of HCV, HD Population, and Antivirals

The evidence in the medical literature supporting the antiviral treatment of HCV in
patients receiving long-term dialysis is poor. Prior to the advent of DAAs, IFN-based
regimens were the standard of care for the antiviral treatment of HCV. Clinicians had been
reluctant to adopt IFN-based regimens for HCV in patients on maintenance dialysis, due to
limited efficacy and low tolerability of IFN-based regimens in the haemodialysis setting.
The effectiveness and tolerability of combined antiviral therapy (pegylated interferon plus
ribavirin) in patients on regular dialysis had been addressed in a meta-analysis of clinical
studies. We identified eleven clinical studies (n = 287 unique patients) and the summary
estimate for SVR and drop-out rate was 0.60 (95% CI, 0.47; 0.71) and 0.18 (95% CI, 0.08; 0.35),
respectively. The most common source of drop-out was anaemia (11/46 = 23%) [18]. The
limited efficacy and tolerability of combined antiviral therapy in the dialysis population
meant that only a minority of dialysis patients were ‘cured’ with such approach.

To date, a few studies with small sample sizes have recorded higher survival rates
in haemodialysis patients who received antiviral therapy compared with HCV-infected
patients on HD who did not receive it. Goodkin and colleagues [19] evaluated the Dialysis
Outcomes and Practice Patterns Study; 49,762 patients on long-term haemodialysis in
12 countries were enrolled (1996–2011), and survival and other clinical parameters were
reviewed over a median 1.4 year per study phase. There were 4,735 (9.5%) patients with
HCV infection and 4589 (96.9%) of them had a history of a prescription of antivirals. In the
group of HCV-infected patients with an overlapping propensity for antiviral treatment,
there was no difference regarding the death rate among patients who received antiviral
treatment who died and those who did not (Table 1). The adjusted mortality risk (aHR for
mortality) was 0.47 (95% CI, 0.17; 1.26, NS).
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Table 1. The impact of antiviral therapy upon survival in HCV-positive patients who received
antiviral therapy: univariate analysis.

Study Reference Year Death Rate
(Treated)

Death Rate
(Untreated) p Country

Goodkin D, et al. 2013 4/42 (9.5%) 638/3,307 (21%) NS USA

Hsu Y, et al. 2015 7/134 (5.2%) 581/2,097 (27.7%) 0.0001 Taiwan

Soderholm J, et al. 2018 11/45 (24%) 124/223 (56%) 0.0001 Sweden

Chen Y, et al. 2019 61/482 (12.7%) 648/1,928 (33.6%) 0.0001 Taiwan

Perez de Josè A, et al. 2021 13/124 (10.5%) 10/15 (67%) 0.0001 Spain

Soderholm and coworkers [20] gave antiviral treatment to 45 of 268 patients on long-
term haemodialysis with chronic HCV. Antiviral treatment was associated with a favourable
outcome; the death rate was lower during the study period for treated patients than for
untreated patients (p = 0.0001) (Table 1). According to their multivariate analysis, kidney
transplant (aOR, 2.97, 95% CI, 1.64; 5.37, p = 0.0001), acute kidney failure before renal
replacement therapy (aOR, 2.518, 95% CI, 1.39; 4.54, p = 0.002), and antiviral treatment
(aOR, 3.54, 95% CI, 1.63; 7.79, p = 0.001) were independent predictors of improved survival
in patients on maintenance haemodialysis with chronic HCV. Age at HD initiation was
linked to lower survival (aOR, 0.968, 95% CI, 0.94; 0.98, p = 0.004).

Hsu and colleagues [21] worked on the National Health Insurance program in Tai-
wan and investigated whether interferon-based treatment was associated with improved
survival in ESRD with HCV infection. In their cohort of HCV-infected patients (n = 2231),
134 (6.01%) patients received interferon and 2097 (93.9%) did not; the mean follow-up
duration was 3.22 years (Table 1). The aHR for mortality was 3.91 (95% CI, 0.54; 28.1) in the
untreated HCV cohort. In the subset of patients with HCV and without cirrhosis, patients
who did not receive IFN-based therapy had a greater risk of death in comparison with the
treated group (aHR, 6.31, 95% CI, 1.57; 25.4). In the subgroup of HCV-infected patients
with cirrhosis and/or liver cancer, no differences in the risk of death occurred between
those who received IFN or not (NS).

Chen and coworkers [22] made a large nationwide retrospective cohort study
(n = 93,894 Taiwanese adults diagnosed with stage 1–5 CKD and without HBV infec-
tion) and used propensity score-matched and competing risk analyses to evaluate the
long-term patient survival (death rate) of anti-HCV therapy, especially interferon-based
therapy, in CKD patients. They observed that the treated cohort had a 29% (95% CI, 0.54;
0.92) (p = 0.011) decrease in death compared with the untreated cohort.

The last report on this topic was published by Perez de Josè and coworkers [23]. They
retrieved a large cohort of patients with HCV-related mixed cryoglobulinemia. At baseline,
mean serum creatinine and GFR were 1.4 mg/dL and 56 mL/min, respectively, and mean
proteinuria was 2.1 gr/day. Overall, 100 patients underwent antiviral therapy with DAAs,
24 with IFN plus ribavirin, and 15 remained untreated. The death rate was greater in
those patients who did not receive antiviral therapy (Table 1) compared with patients who
underwent therapy for HCV; patients treated with DAAs had reduced mortality, aHR, 0.12
(95% CI, 0.04; 0.40, p < 0.001).

All the studies reported in Table 1 performed multivariate analysis in order to assess
a significant and independent relationship between death rate and antiviral therapy. On
the grounds of our meta-analysis of observational studies (random-effects model) [5,6], the
pooled adjusted RR was 0.66 (95% CI, 0.52; 0.84, p < 0.001) (Figure 1). The results obtained
with the fixed-and the random-effects models were similar (Figure 1); however, there was
some heterogeneity (Ri = 0.82, CV_between 1.07). Further study is needed to make more
definitive conclusions.
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3.5. Pan-Genotypic DAAs (Sofosbuvir)

Sofosbuvir was approved in 2013 and is now the backbone of the most commonly
used DAA regimens. SOF is an oral nucleoside analogue and potent inhibitor of the
NS5B RNA-dependent RNA polymerase. Upon oral administration, SOF is metabolized
(at liver level) to 2′-deoxy-2′-alpha-fluoro-beta-C-methyluridine-5′-monophophate, which
undergoes conversion to the active triphosphate form (GS-461203). SOF acts as a HCV RNA
chain terminator by inhibiting NS5B RNA-dependent RNA polymerase, which is essential
for the replication of the HCV RNA viral genome (Figure 2). The dephosphorylation of
GS-461203 produces an inactive metabolite (GS-331007) that undergoes large clearance by
the kidneys. The administration of a single full-dose of SOF reported a greater plasma
AUC in individuals with CKD stage 5 (1.33-fold) and CKD stage 4 (2.73-fold) than in
patients with an estimated GFR > 80 mL/min/1.73 m2. In addition, the administration of
a single full dose of SOF revealed that the plasma AUC of GS-331007 were 5.6-fold and
6.83-fold higher in patients with CKD stages 4 and 5, respectively, than those with intact
kidneys [24]. A pharmacokinetic study with SOF at a dose of 400 mg per day or 400 mg
thrice weekly for 12–24 weeks in patients undergoing long-term haemodialysis did not
result in SOF accumulation between HD sessions or throughout the treatment course [25].
At the beginning, SOF use had not been recommended in patients with end-stage renal
disease due to the fear of accumulation of SOF or its active metabolites. Since then, several
studies reported satisfactory efficacy and tolerability regarding SOF use in advanced CKD.
In November 2019, the US FDA amended the package inserts for sofosbuvir-containing
regimens to allow use in patients with renal disease, including those with CKD stage 4 and
5 and those on dialysis.

197



Viruses 2022, 14, 2570

Viruses 2022, 14, x FOR PEER REVIEW 7 of 12 
 

 

stage 4 and 5. Serum creatinine levels should be carefully monitored during therapy with 
SOF in the CKD population [26].  

2) Dephosphorylation of GS-461203 resulting in GS-331007 (inactive metabolite)

1) Sofosbuvir- activation (in hepatocytes) to triphosphate GS-461203 by hydrolysis of the 
carboxylate ester (by enzymes cathepsin A or carboxylesterase 1), followed by cleaving of the 
phosphoramidate by the enzyme histidine triad nucleotide-binding protein 1 (HINT1), and 
subsequent repeated phosphorylation 

3) GS-331007 clearance by kidneys (80%), 
feces (14%), or respiration (2.5%)

4) Pharmacokinetic study (SOF, 400 mg/day or 400 mg x3/weekly for 12-24 
weeks) in patients on long-term HD: no accumulation of plasma levels of SOF 
or GS-331007 with either regimen between HD procedures or throughout the
treatment course  

Figure 2. Sofosbuvir: metabolism in advanced kidney impairment and structure. 
3.6. Pan-Genotypic DAAs (Glecaprevir/Pibrentasvir) 

EXPEDITION-4 was a phase III multi-center open-label trial to assess the efficacy and 
safety of antiviral therapy for HCV (combined therapy of the NS3/4A protease inhibitor 
glecaprevir and the NS5A inhibitor pibrentasvir) for 12 weeks in adults with HCV infec-
tion and HCV genotype 1, 2, 3, 4, 5, or 6 and compensated liver disease (with or without 
cirrhosis) [27]. All patients in the study group had chronic kidney disease stages 4/5 (di-
alysis-dependent or not). The primary endpoint was the sustained viral response, 12 
weeks after the end of treatment. There were 104 patients in the study group, 52% had 
genotype 1 infection, 16% had genotype 2 infection, 11% had genotype 3 infection, 19% 
had genotype 4 infection, and 2% had genotype 5 and 6 infections. The frequency of SVR 
was 98% (102/104) (95% CI, 95%; 100%), according to ITT analysis. Two patients failed to 
achieve SVR12 because of early discontinuation and loss to follow-up. SAEs were noted 
in 24% (25/104) of patients; none of the SAEs were considered by the study investigators 
to be drug related. Four patients discontinued the study due to adverse events, three of 
them had SVR. Some (20%, 21/104) patients complained of itching. EXPEDITION-5 is a 
phase III trial aimed to assess efficacy and safety of glecaprevir/pibrentasvir by oral route 
(300/120 mg daily, consisting of three tablets of 100/40 mg each), once a day for 8 to 16 
weeks. A total of 101 patients with CKD stages 3b–5 were recruited. Fifty-five per cent of 
patients had HCV genotype 1 infection, 27% had genotype 2 infection, 15% had genotype 
3 infection, and 4% had genotype 4; there were no patients with HCV genotype 5 or 6 
infections. The SVR12 rate was 97% (98/101, 95% CI, 91.6; 99) by ITT. Serious AEs were 
reported in 12% of patients; none were related to the study drug [28].  

Figure 2. Sofosbuvir: metabolism in advanced kidney impairment and structure.

A systematic review of the medical literature with a meta-analysis of clinical studies
has been recently published with the aim to assess the effectiveness and tolerability of
SOF-based regimens in patients with advanced CKD (CKD stage 4 and 5, including patients
receiving long-term haemodialysis). The primary end-point was the frequency of sustained
viral response (as a measure of efficacy); the secondary outcomes were the rates of SAEs
and drop-out due to AEs (as measures of tolerability). We identified 30 clinical studies
(n = 1537 unique patients). The overall frequency of SVR12 was 0.99 (95% CI, 0.97; 1.0,
I2 = 99.8%); the pooled frequency of SAEs was 0.09 (95% CI, 0.05; 0.13, I2 = 84.3%). Some
(n = 6; 69 unique patients) clinical studies reported eGFR values at the beginning and end
of antiviral therapy, and no consistent changes were recorded [26]. The conclusion of the
authors was that SOF-based regimens appear safe and effective even in patients with CKD
stage 4 and 5. Serum creatinine levels should be carefully monitored during therapy with
SOF in the CKD population [26].

3.6. Pan-Genotypic DAAs (Glecaprevir/Pibrentasvir)

EXPEDITION-4 was a phase III multi-center open-label trial to assess the efficacy and
safety of antiviral therapy for HCV (combined therapy of the NS3/4A protease inhibitor
glecaprevir and the NS5A inhibitor pibrentasvir) for 12 weeks in adults with HCV infection
and HCV genotype 1, 2, 3, 4, 5, or 6 and compensated liver disease (with or without
cirrhosis) [27]. All patients in the study group had chronic kidney disease stages 4/5
(dialysis-dependent or not). The primary endpoint was the sustained viral response,
12 weeks after the end of treatment. There were 104 patients in the study group, 52% had
genotype 1 infection, 16% had genotype 2 infection, 11% had genotype 3 infection, 19%
had genotype 4 infection, and 2% had genotype 5 and 6 infections. The frequency of SVR
was 98% (102/104) (95% CI, 95%; 100%), according to ITT analysis. Two patients failed to
achieve SVR12 because of early discontinuation and loss to follow-up. SAEs were noted in
24% (25/104) of patients; none of the SAEs were considered by the study investigators to be
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drug related. Four patients discontinued the study due to adverse events, three of them had
SVR. Some (20%, 21/104) patients complained of itching. EXPEDITION-5 is a phase III trial
aimed to assess efficacy and safety of glecaprevir/pibrentasvir by oral route (300/120 mg
daily, consisting of three tablets of 100/40 mg each), once a day for 8 to 16 weeks. A total
of 101 patients with CKD stages 3b–5 were recruited. Fifty-five per cent of patients had
HCV genotype 1 infection, 27% had genotype 2 infection, 15% had genotype 3 infection,
and 4% had genotype 4; there were no patients with HCV genotype 5 or 6 infections. The
SVR12 rate was 97% (98/101, 95% CI, 91.6; 99) by ITT. Serious AEs were reported in 12% of
patients; none were related to the study drug [28].

Some ‘real-life’ studies have also been published in patients with advanced CKD and
showed SVR12 rates similar to those observed in EXPEDITION-4 and EXPEDITION-5 trials
(Table 2) [29–34]. The most common side-effect was pruritus (range, 0–61%), but it was
mild in most patients. The frequency of AEs resulting in discontinuation of therapy was
extremely low (Table 2). The most frequent causes of discontinuation of therapy due to
AEs were pruritus (n = 3) and raised serum creatinine (n = 2). Other reasons were cerebral
infarction (n = 1), fungal peritonitis (n = 1), patient preference (n = 1), and cardiomyopathy
(n = 1).

Table 2. Pan-genotypic agents (GLE/PIB) for HCV in advanced CKD: real-life studies.

Study Reference Year SVR Rate
AEs Resulting

in Drug
Discontinuation

Country Study Design

Suda G, et al. 2019 26/27 (96.3%) 2 (7.4%) Japan Prospective

Atsukawa M, et al. 2019 140/141 (99.3%) 3 (7.2%) Japan Prospective

Yen H, et al. 2020 42/44 (95.5%) 1 (2.3%) Taiwan Retrospective

Yap D, et al. 2020 18/21 (85.7%) 1 (4%) Hong
Kong/Taiwan Prospective

Liu C, et al. 2020 107/108 (99%) 2 (3%) Taiwan Retrospective

Stein K, et al. 2022 29/33 (87.9%) 0% Germany Prospective

3.7. Pan-Genotypic DAAs (Sofosbuvir/Velpatasvir)

Borgia et al. performed a phase II single-arm study to treat 59 patients with genotype
1–6 HCV infection on long-term haemodialysis (n = 54) or peritoneal dialysis (n = 5) [35].
These patients received SOF/VEL (400/100 mg) once daily for 12 weeks. HCV-infected
patients who were treatment-naïve or treatment-experienced with compensated cirrhosis or
without cirrhosis were included. Out of 59 patients, 56 achieved SVR12 (95% CI, 86–99%).
There were three patients who did not achieve SVR12: two had virological relapse (at post-
treatment 4) and one of them prematurely discontinued antiviral treatment. Another patient
died from suicide after obtaining SVR12. Most patients experienced an adverse event
(80%), the majority of which were mild or moderate in severity. No patients prematurely
discontinued SOF/VEL due to AEs.

Some real-world studies [36–42] and meta-analyses [43] have been published regarding
SOF-VEL for HCV in ESRD (Tables 3 and 4). The SVR12 rates ranged between 89 and 100%
in patients with advanced CKD, according to ITT analysis. Our pooled analysis of clinical
studies showed that the summary estimate of SVR rates after pan-genotypic antiviral
therapy (SOF/VEL) in ESRD was 1.0 (95% CI, 1.0; 1.0) (Table 5). The most common adverse
event was nausea (reported in five studies), followed by headache (in three reports). Some
patients (n = 7) showed early discontinuation of therapy due to AEs, and the causes were
weakness (n = 1), anaemia (n = 1), dizziness (n = 1), and gastrointestinal disorders (n = 4).
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Table 3. Studies on SOF/VEL in advanced CKD: characteristics of study patients (and viral response).

Study Reference Year Study Size SVR Rate Age, years Males, n Country

Borgia S, et al. 2019 59 56/59 (94.9%) 60 (33; 91) 35 (59%) Canada

Gohel K, et al. 2020 3 3/3 (100%) 46.5 NA India

Mostafi M, et al. 2020 44 44/44 (100%) 43.7 ± 12 NA Bangladesh

Gaur N, et al. 2020 31 30/31 (96.8%) 39.8 ± 10.8 24 (77.5%) India

Yu M, et al. 2021 105 94/105 (89.5%) 66.2 ± 10 54 (51.4%) Taiwan

Taneja S, et al. 2021 51 49/51 (96%) 42.8 ± 14.6 41 (80.4%) India

Liu C, et al. 2022 191 181/191 (94.8%) 65 (23; 95) 104 (54.5%) Taiwan

Table 4. Studies on SOF/VEL in advanced CKD: characteristics of study patients (and drop-out rate).

Study HBsAg, n HCV
Genotype 1, n Cirrhosis, n

Treatment-
Naïve,

n
Diabetics, n

Drop-Out
Rate (Due to

AEs), n

Borgia S, et al. NA 27 (45.8%) 17 (28.8%) 46 (77.9%) 19 (32%) 0

Gohel K, et al. NA NA 0 3 (100%) NA 0

Mostafi M, et al. 0 NA 10 (23%) 44 (100%) 28 (63.6%) 0

Gaur N, et al. 6 (19.3%) 21 (67.7%) 3 (9.6%) 31 (100%) 6 (19%) 0

Yu M, et al. 8 (7.6%) 46 (43.8%) 37 (35.2%) NA 65 (61.9%) 5/105 (4.8%)

Taneja S, et al. NA 15 (79%) 10 (19.6%) 43 (84.3%) NA 0

Liu C, et al. 5 (2.6%) 112 (58.6%) 27 (14.1%) 175 (91.6%) NA 2/191 (1%)

Table 5. Pooled SVR rate after antiviral therapy with pan-genotypic DAAs (SOF/VEL) in advanced
CKD. Test for heterogeneity: Chi2 = 32.13, df = 6 (p < 0.0001), I2 = 81.3%. Test for overall effect:
Z = 2716.6 (p < 0.0001).

Weight (%) SVR Rate (SE)
SVR Rate (Random-Effects

Model)
95% CI

Year

Borgia A, et al. 0.02 0.94 (0.0286) 0.95 (0.89; 1.01) 2019

Gohel K, et al. 49.95 1 (0.0001) 1.0 (1.00; 1.00) 2020

Mostafi M, et al. 49.95 1 (0.0001) 1.0 (1.00; 1.00) 2020

Gaur N, et al. 0.01 0.96 (0.0352) 0.96 (0.89; 1.03) 2020

Yu M, et al. 0.01 0.89 (0.0305) 0.89 (0.83; 0.95) 2021

Taneja S, et al. 0.02 0.96 (0.0270) 0.96 (0.91; 0.97) 2021

Liu C, et al. 0.05 0.94 (0.0170) 0.94 (0.91; 0.97) 2022

Total (95% CI) 100.00 1.0 (1.00; 1.00)

No data have been currently published on the antiviral combination of sofosbu-
vir/velpatasvir/voxilaprevir (SOF/VEL/VOX) in patients with advanced CKD.

4. Conclusions

Patients with advanced CKD have been defined a ‘special population’ or ‘difficult-
to-treat population’, where antiviral therapy has historically been unable to generate
high efficacy and safety. DAA-based regimens have revolutionized the management of
HCV, and recommended DAA regimens can vary in duration, dosing frequency, pill

200



Viruses 2022, 14, 2570

burden, and co-administration of ribavirin. Pan-genotypic drugs allow the simplification
of the management of HCV. These drugs reduce the need for pre-treatment testing, and
consequently, the time between HCV diagnosis and therapy initiation is shortened. Pan-
genotypic agents promise to be safe and effective, even in patients with advanced CKD,
and more studies are needed to confirm and expand such pieces of evidence. An important
limitation of the present narrative review was the limited number of included studies and
the small number of patients overall. Research aimed to assess whether successful antiviral
therapy with DAAs will improve survival of patients with advanced CKD is in progress.
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AH Arterial hypertension
AUC Area under curve
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CKD Chronic kidney disease
CLD Chronic liver disease
COPD Chronic obstructive pulmonary disease
CVD Cardiovascular disease
DAAs Direct acting antiviral agents
DM Diabetes mellitus
eGFR Estimated glomerular filtration rate
ESRD End-stage renal disease
GLE Glecaprevir
HBsAg Hepatitis B virus antigen
HCV Hepatitis C virus
HCW Health care worker
HD Haemodialysis
IFN Interferon
ITT Intention-to-treat
KDIGO Kidney Disease: Improving Global Outcomes
NA Not available
PD Peritoneal dialysis
PIB Pibrentasvir
RRT Renal replacement therapy
SAE Severe adverse event
SE Standard error
SOF Sofosbuvir
SVR Sustained virological response
VEL Velpatasvir
VOX Voxilaprevir
WHO World Health Organization
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Abstract: Poliovirus (PV) is the causative agent of poliomyelitis and is a target of the global eradication
programs of the World Health Organization (WHO). After eradication of type 2 and 3 wild-type PVs,
vaccine-derived PV remains a substantial threat against the eradication as well as type 1 wild-type
PV. Antivirals could serve as an effective means to suppress the outbreak; however, no anti-PV drugs
have been approved at present. Here, we screened for effective anti-PV compounds in a library of
edible plant extracts (a total of 6032 extracts). We found anti-PV activity in the extracts of seven
different plant species. We isolated chrysophanol and vanicoside B (VCB) as the identities of the
anti-PV activities of the extracts of Rheum rhaponticum and Fallopia sachalinensis, respectively. VCB
targeted the host PI4KB/OSBP pathway for its anti-PV activity (EC50 = 9.2 µM) with an inhibitory
effect on in vitro PI4KB activity (IC50 = 5.0 µM). This work offers new insights into the anti-PV activity
in edible plants that may serve as potent antivirals for PV infection.

Keywords: virus; picornavirus; enterovirus; antiviral; edible plant; PI4KB

1. Introduction

Poliovirus (PV) is a small non-enveloped virus with a positive-sense single-stranded
RNA genome of about 7500 nt belonging to the family Picornaviridae, including poliovirus
(PV, species Enterovirus C) [1]. PV is the causative agent of poliomyelitis, which mainly
affects children under 5 years of age, and is a target of global eradication by the World
Health Organization (WHO). Through vaccination programs of the Global Polio Eradication
Initiative beginning in 1988 with a live oral PV vaccine (OPV) and/or an inactivated PV
vaccine (IPV), type 2 and 3 wild-type PVs (WPVs) have been eradicated (declared in 2015
and 2019, respectively), and only Pakistan and Afghanistan remain as endemic countries
of type 1 WPV as of 2022. However, circulating vaccine-derived PV (cVDPV) remains
a substantial threat against the eradication (724 cases in 2022), especially type 2 cVDPV
that emerged after the global cessation of type 2 OPV in 2016 [2], as well as type 1 WPV
(30 cases in 2022) [3]. Transmission of PV could be re-established by the importation of the
following strains: polio cases by type 1 WPV in Malawai in 2021 and Mozambique in 2022,
a case by type 2 cVDPV, and the silent circulation in the United States of America and [4]
the United Kingdom in 2022 [5]. To interrupt PV circulation, only an OPV campaign for a
potentially susceptible population in the area could serve as the effective mean at present
(in case of an outbreak response in Israel, the target population was children under 10 years
of age who have received at least one dose of IPV) [6]. In addition to conventional OPV,
novel OPV type 2 (nOPV2), which was designed to have more genetic stability than type
2 OPV and to decrease the risk of VDPV [7], is available for the outbreak response under
Emergency Use Listing of the WHO authorized in 2020. Currently, nOPV2 has mainly been
used in African countries since 2021 (reviewed in [8]).
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In the global eradication, antivirals for PV are anticipated to serve as an effective means
to suppress cVDPV outbreaks and to treat patients chronically infected with PV [9,10]. As
the candidate compounds, direct-acting antivirals targeting viral capsid proteins (inhibitors
of viral binding/uncoating steps), proteases (viral 2A and 3C/3CD proteins), helicase
(viral 2C protein), and polymerase (viral 3D protein) have been reported (reviewed in [11]).
Host-targeting antivirals have also been reported, including inhibitors for host GBF1 (a
guanine-nucleotide exchange factor) [12,13], eIF4A (protein synthesis) [14], HSP90 (folding
of viral capsid proteins) [15], DHODH (de novo pyrimidine synthesis) [16–18], ribosome
(protein synthesis) [19], PI4KB (phosphatidylinositol 4-monophosphate production) [20–27],
and OSBP (exchanger of cholesterol and phosphatidylinositol 4-monophosphate) [28–32].
However, there is no antiviral available for PV infection at present.

Target population of PV is mainly for children under five years of age as well as other
enteroviruses (EVs) [33,34]; therefore, safety is one of the major challenges for the antiviral
development [10]. In a previous study, a highly active anti-EV compound (EC50 = 2.0 µM)
was isolated from avocado [35], suggesting that edible plants provide a promising source
for potent anti-EV compounds. Here, we isolated anti-PV compounds from edible plants,
Rheum rhaponticum and Fallopia sachalinensis, and analyzed the potency and the mechanism
of action of their isolated compounds.

2. Materials and Methods

Cells. Cells were cultured as monolayers in Dulbecco’s modified Eagle medium
(DMEM, FUJIFILM Wako Pure Chemical Corporation, Osaka, JPN, 044-29765) supple-
mented with 10% foetal calf serum (FCS). RD cells (human rhabdomyosarcoma cells) were
used for the titration of PV and evaluation of anti-PV activity of plant extracts. HEK293 cells
(human embryonic kidney cells) were used for the production of type 1 PV pseudovirus
(PV1pv). A PI4KB-knockout RD cell line (RD[∆PI4KB]) was used to evaluate the antiviral
effects of plant extracts targeting PI4KB/OSBP-independent viral replication [36].

Viruses. Type 1 PV Sabin 1 strain (PV1[Sabin 1]) (GenBank: AY184219), type 3 PV Sabin
3 strain (PV3[Sabin 3]) (GenBank: AY184221), EV-A71 (Nagoya) (GenBank: AB482183),
and EV-D68 (Fermon) (GenBank: AY426531) were used for the screening of plant extracts.
Luciferase-encoding Sendai virus (SeV-luc) was a kind gift from Atsushi Kato. PV1pv
mutants were produced with a firefly luciferase-encoding type 1 PV Mahoney strain
(PV1[Mahoney]) (GenBank: V01149) replicon and the capsid proteins of PV1(Mahoney) [37].
The PV1pv mutants used in this study are as follows: an enviroxime (PI4KB inhibitor)-
resistant mutant (with a G5318A [3A-Ala70Thr] mutation)[21], a guanidine hydrochloride
(GuaHCl) (viral 2C helicase inhibitor)-resistant mutant (with a U4614A [2C-Phe164Tyr]
mutation) [38], a brefeldin A (GBF1 inhibitor)-resistant mutant (with a G4361A [2C-Val80Ile]
mutation and a C5190U [3A-Ala27Val] mutation) [39], a rupintrivir (viral 3C protease
inhibitor)-resistant mutant (with a G5819A [3C-Gly128Ser] mutation) [40], a disoxaril (viral
capsid-binding uncoating inhibitor)-resistant mutant (with an A3059U [VP1-Ile194Phe]
mutation)[41], the ∆PI4KB-resistant [−2C] mutant (a PI4KB/OSBP-independent mutant)
(with a U3623C [2A-Phe80Leu] mutation, a U3881C [2B-Phe17Leu] mutation, a G3892U [2B-
Gln20His] mutation, an A5269U [3A-Glu53Asp] mutation, and an A5270U [3A-Arg54Trp]
mutation) [36]. Plasmids for the rupintrivir-resistant mutant and the disoxaril-resistant
mutant were constructed in this study as below.

Chemicals. Chrysophanol and vanicoside B (VCB) were obtained from the roots of R.
rhaponticum and of F. sachalinensis, respectively (purity >95% determined by NMR, HPLC).
MDL-860 was a kind gift from Angel S. Galabov (purity >99.5%, determined by NMR) [42].

General methods for molecular cloning. Escherichia coli strain XL10gold (Agilent
Technologies, Inc., Santa Clara, CA, USA) was used for the preparation of plasmids. PCR
was performed using KOD Plus DNA polymerase (TOYOBO CO., LTD., Osaka, Japan).
DNA sequencing was performed using a BigDye Terminator v3.1 cycle sequencing ready
reaction kit (Thermo Fisher Scientific Inc., Waltham, MA, USA) and then analyzed with a
3500xL genetic analyzer (Thermo Fisher Scientific Inc., Waltham, MA, USA).
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Plasmids:
Rupintrivir-resistant PV replicon. A resistant mutation to rupintrivir was introduced

into a plasmid encoding the cDNA of a PV replicon (pPV-Fluc mc) [43], by PCR with primer
set 1.

Primer set 1:
5′-GGATATCTAAATCTCAGTGGGCGCCAAAC-3′

5′-GTTTGGCGCCCACTGAGATTTAGATATCC-3′

Disoxaril-resistant PV capsid expression vector. A resistant mutation to disoxaril was
introduced into a plasmid expression vector for the capsid protein of PV1(Mahoney) [37],
by PCR with primer set 2.

Primer set 2:
5′-CAGCTCCAGCCCGGTTCTCGGTACCGTATG-3′

5′-CATACGGTACCGAGAACCGGGCTGGAGCTG-3′

Edible plant extract library. A plant extract library was prepared in the Research
Center for Medicinal Plant Resources (NIBIOHN), by the methanol extraction of dried and
pulverized plant materials, with evaporation, dissolution in DMSO, and filtration. The
concentration of the final DMSO solution was adjusted to 40 mg/mL for all extracts. This
plant extract library is a collection of extracts from a wide range of wild plants in Japan,
which can be widely used not only in drug discovery but also in the life sciences field,
such as health food development. All the original plants in the library are annotated with
information on whether or not they have been eaten by humans. The presence of food
experience in the original plant reflects the safety of the extract for human beings, which is
useful information for drug discovery. We selected samples from this library derived from
the original plants with food experience and used them in this study.

Screening for anti-PV compounds from edible plant extract library. RD cells
(2.0 × 104 cells per well in 50 µL medium) were cultured in 96-well plates, and then
infected with PV1(Sabin 1) (2000 50% cell culture infectious dose [CCID50]) in the presence
of a plant extract (final 0.2 mg/mL) (total 200 µL/well). The cells were incubated at 37 ◦C,
and then observed for CPE at 1, 2, 3, and 7 days post-infection (p.i.).

Measurement of cytotoxicity and anti-PV activity of compounds. For the measurement
of cytotoxicity, RD cells (8 × 103 cells per well in 20 µL medium) were cultured at 37 ◦C
in 384-well plates (781,080, Greiner Bio-One, Kremsmünster, Austria), followed by the
addition of 20 µL of a compound solution at an indicated final concentration. The cells
were incubated at 37 ◦C for 7 h or 2 days and then the cell viability was measured by using
a CellTiter-Glo 2.0 Cell Viability Assay kit (G9241, Promega Corporation, Madison, WI,
USA) using a 2030 ARVO X luminometer (PerkinElmer, Waltham, MA, USA). The 50%
cytotoxic concentration (CC50) values were determined by a nonlinear regression analysis
of the dose–response curves.

For the measurement of anti-PV activity with PV1pv, RD cells (8 × 103 cells per well
in 20 µL of medium) in 384-well plates (781,080, Greiner Bio-One, Kremsmünster, Austria)
were inoculated with 10 µL of PV1pv (800 infectious units [IU]) and 10 µL of compound
solution at an indicated final concentration. The cells were incubated at 37 ◦C for 7 h.
Luciferase activity in the infected cells was measured at 7 h p.i. with the Steady-Glo
luciferase assay system (Promega Corporation, Madison, WI, USA) using a 2030 ARVO X
luminometer (PerkinElmer, Waltham, MA, USA). The 50% effective concentration (EC50)
values were determined via a nonlinear regression analysis of the dose–response curves.

For the measurement of anti-PV activity of VCB, RD cells (2.8 × 104 cells per well in
50 µL of medium) were cultured in 96-well plates, and then infected with PV1(Sabin 1)
(100 CCID50), EV-A71(Nagoya) (1000 CCID50), and EV-D68(Fermon) (104 CCID50) in the
presence of VCB at an indicated final concentration (total 200 µL/well). The cells were
incubated at 37 ◦C for 2 days (for PV), 35 ◦C for 4 days (for EV-A71), or 33 ◦C for 4 days
(for EV-D68). The cells were then fixed and stained with formalin and crystal violet (final
concentration of 5% and 0.25%, respectively).
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Measurement of inhibitory effect of compounds on in vitro PI4KB activity. The in vitro
activity of purified GST-PI4KB (PV5277, Thermo Fisher Scientific Inc., Waltham, MA, USA)
was evaluated by using an ADP-Glo Lipid Kinase Systems kit (Promega Corporation,
Madison, WI, USA) as previously described. In a total 5.5 µL reaction solution, the PI4KB
activity of 32 ng of purified GST-PI4KB (final concentration of 48 nM) with lipid substrates
(0.025 mg/mL of phosphatidylinositol and 0.075 mg/mL or phosphatidylserine) and
25 µM of ATP was measured in the presence or the absence of compounds. The net signals
of the mock-treated samples were taken as 100% of the PI4KB activity. The 50% inhibitory
concentration (IC50) values of the compounds were determined by nonlinear regression
analyses of the dose–response curves.

Statistical analysis. The results of the experiments are shown as means with standard
deviations. Values of p < 0.05 by one-tailed t tests were considered to indicate a significant
difference, and were indicated by asterisks (* p < 0.05, ** p < 0.01, *** p < 0.001).

3. Results
3.1. Screening of Edible Plant Extracts for Anti-PV Activity

We screened a total of 6032 edible plant extracts for anti-PV activity in RD cells as
that previously performed for the screening for anti-EV-D68 activity [35] (Figure 1). The
plant extracts were added to the RD cells (final concentration of 0.2 mg/mL), and then
infected with PV1(Sabin 1) at a multiplicity of infection (MOI) of 0.1. The extracts that
completely protected the cells from the viral infection after 1 day post-infection (p.i.) were
identified as initial hit extracts. We identified 8 hit extracts, which consisted of 7 plant
species. In this study, we focused on the identification of the identity of the antiviral effects
in R. rhaponticum and F. sachalinensis, among the hits for availability of the plant materials.

Viruses 2023, 15, x FOR PEER REVIEW 5 of 16 
 

 

 

 

Figure 1. Summary of the screening of anti-PV compound from edible plant extract library. 

3.2. Purification and Structure Determination of Anti-PV Compound in R. Rhaponticum 

Methanolic extracts of R. rhaponticum (Polygonaceae) root was partitioned with n-hex-

ane, ethyl acetate, n-buthanol, and water, successively. The n-hexane layer was purified 

via silica-gel column chromatography, then, HPLC to give chrysophanol (21 mg) [44], 

and 6-O-methylemodin (4.2 mg) [45] (Figure 2). The ethyl acetate layer was separated by 

silica-gel column chromatography and HPLC (Supplementary data 1), repeatedly, to ob-

tain rhapontigenin (3.7 mg) [46], trans-resveratrol (3.1 mg) [47], pulmatin (0.9 mg) [48], 4-

methylresveratrol-3-glucopyranoside (6.5 mg) [49], -viniferin (4.2 mg) [50], -viniferin 

(11.9 mg) [51], and deoxyrhapontigenin (3.0 mg) [46]. Their chemical structures were de-

termined by NMR and LC/MS (Supplementary data 2). The major active component in 

the active fractions was revealed to be chrysophanol (Figure 2A). Chrysophanol has been 

reported as the anti-PV component of an Australian medicinal plant Dianella longifolia, 

and targets the early stage of PV infection [52]. The antiviral effect of chrysophanol was 

specific to PV; no antiviral effect was observed on the infection of EV-A71 or EV-D68 (Fig-

ure S1). The EC50 of chrysophanol for type 1 PV pseudovirus (PV1pv) infection was 8.0 M; 

however, the infection could be suppressed only moderately even at 790 M (12% of that 

in mock-treated cells), (Figure 2B). Consistent with a previous report, a disoxaril (viral 

capsid-binding uncoating inhibitor)-resistant mutant showed substantial resistance to pu-

rified chrysophanol (Figure 2B). This suggested that chrysophanol was the major identity 

for the anti-PV activity of the Rheum rhaponticum extract and targeted the PV capsid pro-

tein. 

Figure 1. Summary of the screening of anti-PV compound from edible plant extract library.

3.2. Purification and Structure Determination of Anti-PV Compound in R. Rhaponticum

Methanolic extracts of R. rhaponticum (Polygonaceae) root was partitioned with
n-hexane, ethyl acetate, n-buthanol, and water, successively. The n-hexane layer was puri-
fied via silica-gel column chromatography, then, HPLC to give chrysophanol (21 mg) [44],
and 6-O-methylemodin (4.2 mg) [45] (Figure 2). The ethyl acetate layer was separated
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by silica-gel column chromatography and HPLC (Supplementary data 1), repeatedly, to
obtain rhapontigenin (3.7 mg) [46], trans-resveratrol (3.1 mg) [47], pulmatin (0.9 mg) [48],
4-methylresveratrol-3-glucopyranoside (6.5 mg) [49], ε-viniferin (4.2 mg) [50], δ-viniferin
(11.9 mg) [51], and deoxyrhapontigenin (3.0 mg) [46]. Their chemical structures were
determined by NMR and LC/MS (Supplementary data 2). The major active component
in the active fractions was revealed to be chrysophanol (Figure 2A). Chrysophanol has
been reported as the anti-PV component of an Australian medicinal plant Dianella longifolia,
and targets the early stage of PV infection [52]. The antiviral effect of chrysophanol was
specific to PV; no antiviral effect was observed on the infection of EV-A71 or EV-D68
(Figure S1). The EC50 of chrysophanol for type 1 PV pseudovirus (PV1pv) infection was
8.0 µM; however, the infection could be suppressed only moderately even at 790 µM (12%
of that in mock-treated cells), (Figure 2B). Consistent with a previous report, a disoxaril
(viral capsid-binding uncoating inhibitor)-resistant mutant showed substantial resistance
to purified chrysophanol (Figure 2B). This suggested that chrysophanol was the major
identity for the anti-PV activity of the Rheum rhaponticum extract and targeted the PV
capsid protein.

3.3. Purification and Structure Determination of Anti-PV Compound in F. Sachalinensis

The methanolic extracts of the F. sachalinensis (Polygonaceae) root was purified by silica-
gel column chromatography with chloroform–methanol as an eluent to give 20 fractions
(Figure 3A). Fractions eluted with 50% methanol/chloroform were combined and subjected
to HPLC separation to obtain vanicoside B (VCB, 1.1 mg). The chemical structure was
determined via comparison with NMR data from the literature [53].

3.4. Characterization of Anti-PV Activity of VCB

To evaluate the potency of VCB as an anti-PV compound, we determined the 50%
cytotoxic concentration (CC50) in human RD cells and 50% effective concentration (EC50)
for the PV infection of VCB (Figure 3B). The cytotoxicity of VCB was not observed when the
cells were treated with 100 µM VCB for 7 h, but the CC50 of VCB after 2 days of treatment
was 27 µM. The EC50 of VCB for PV1pv infection was 9.2 µM. The selectivity index (SI) of
VCB for anti-PV activity in RD cells was 2.9, suggesting a low specificity for the anti-PV
activity of VCB (e.g., SI of PI4KB inhibitors for the anti-PV activities could be >1000) [25].
VCB protected the RD cells from the infection of PV1(Sabin 1), EV-A71(Nagoya), or EV-
D68(Fermon) only at 20 µM, suggesting that the potential therapeutic window of VCB is
quite narrow.

3.5. Mechanism of Anti-PV Activity of VCB

To evaluate the specificity of the anti-PV activity for VCB, we analyzed the antivi-
ral activity with a panel of drug-resistant PV mutants in parental (wild-type) RD cells
(RD[WT]) and PI4KB-knockout RD cells (RD[∆PI4KB]) (Figure 4A). The panel included
resistant mutants to the direct-acting antivirals guanidine hydrochloride (GuHCl) (viral
2C helicase inhibitor), rupintrivir (viral 3C protease inhibitor), and disoxaril (viral capsid-
binding uncoating inhibitor) and to the host-targeting antivirals brefeldin A (host GBF1
inhibitor), enviroxime (host PI4KB inhibitor), and a PI4KB/OSBP-independent mutant
(∆PI4KB-resistant [−2C]). The antiviral effect of VCB on the infection of the PV1pv mu-
tants was analyzed in RD(WT) cells, except for that of the ∆PI4KB-resistant (−2C) mutant.
The potential antiviral effects on PI4KB/OSBP-independent replication was analyzed in
the infection of the ∆PI4KB-resistant (−2C) mutant in RD(∆PI4KB) cells. Among the
mutants, the enviroxime-resistant mutant and ∆PI4KB-resistant (−2C) mutant showed
significant resistance to VCB, suggesting that VCB targets the host PI4KB/OSBP pathway in
PV replication.
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infected with PV1pv, then luciferase activity was measured at 7 h p.i. Marked precipitation of 

Figure 2. Identification and purification of an anti-PV compound from R. rhaponticum extract.
(A) Procedure of purification of anti-PV compound from R. rhaponticum extract. Boxes highlight the
fraction containing chrysophanol. Arrow indicates the band of chrysophanol. (B) Antiviral effect of
chrysophanol on PV infection. (Left) Structure, cytotoxicity, and antiviral effect of chrysophanol. Viral
infection and viability of RD cells in the presence of chrysophanol are shown. RD cells were infected
with PV1pv, then luciferase activity was measured at 7 h p.i. Marked precipitation of chrysophanol
was observed above 98 µM. Viral infection or the cell viability in the absence of chrysophanol were
taken as 100%. (Right) Inhibitory effect of chrysophanol on the infection of a panel of drug-resistant
PV1pv mutants. PV1pv infection at 7 h p.i. in RD(WT) cells in the presence or absence of chrysophanol
(790 µM) is shown. PV1pv infection in the absence of chrysophanol is taken as 100%. n.s., not
significant. ***, p < 0.001.
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Figure 3. Identification and purification of an anti-PV compound from F. sachalinensis extract.
(A) Procedure of purification of anti-PV compound from F. sachalinensis root extract. Boxes highlight
the fraction containing vanicoside B. (B) Antiviral effect of VCB on PV infection. (Left) Structure
of VCB, cytotoxicity, and antiviral activity of VCB. Viral infection and viability of RD cells in the
presence of VCB are shown. RD cells were infected with PV1pv or SeV-luc, then luciferase activity
was measured at 7 h p.i. (for PV1pv) or 24 h p.i. (for SeV-luc). Viral infection or the cell viability
in the absence of VCB were taken as 100%. (Right) Antiviral effect of VCB on EV infection. RD
cells on 96-well plates were infected with EV at an MOI of 0.005 (for PV), 0.05 (for EV-A71) or 0.5
(for EV-D68) in the absence (mock-treated) or the presence (VCB treated) of VCB at the indicated
final concentration. The cells were fixed and stained at 2 days p.i. (for PV) or 4 days p.i. (for
EV-A71 and EV-D68). The data are representative of two independent experiments with two to three
biological replicates.
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Figure 4. VCB is a novel PI4KB inhibitor. (A) Inhibitory effect of VCB on the infection of a panel
of drug-resistant PV1pv mutants. PV1pv infection at 7 h p.i. in RD(WT) cells in the presence or
absence of VCB is shown, except for the infection of the ∆PI4KB-resistant [−2C] mutant, which was
analyzed at 17 h p.i. in RD(∆PI4KB) cells. PV1pv infection in the absence of VCB is taken as 100%.
(B) OSBP-EGFP-expressing HEK293 cells were incubated at 37 ◦C for 30 min in the presence of the
compounds (10 µM T-00127-HEV2, 20 or 40 µM VCB, respectively). Localization of OSBP-EGFP in
the cells is shown. (C) (Left) Inhibitory effect of VCB on in vitro PI4KB activity. (Right) Trans-rescue
of PV infection in RD(∆PI4KB) cells by indicated PI4KB variants in the presence of the compounds
(20 µM T-00127-HEV1, 40 µM MDL-860, or 20 µM VCB, respectively). PV1pv infection in RD(∆PI4KB)
cells transfected with pTK-N-FLAG-PI4KB(WT, C646S, or D653A variants) in the absence of the
compound is taken as 100%. The data are representative of two independent experiments with three
biological replicates.
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To further dissect the target of VCB, we analyzed the effect of VCB on the subcellular lo-
calization of host OSBP. OSBP relocalizes to the Golgi in the presence of OSBP inhibitors via
the lipid-transfer domain [30,54,55]. HEK293 cells overexpressing C-terminally EGFP-fused
OSBP were treated with an OSBP inhibitor T-00127-HEV2 or VCB (Figure 4B). While treat-
ment of the cells with T-00127-HEV2 caused the relocalization of the ectopically expressed
OSBP to the Golgi, the treatment with VCB did not affect the subcellular localization,
suggesting that OSBP is not the target of VCB. Next, we analyzed the effect of VCB on the
PI4KB activity (Figure 4C). VCB showed an inhibitory effect on the in vitro PI4KB activity
albeit with low potency (IC50 = 5000 nM) compared to a PI4KB inhibitor T-00127-HEV1
(IC50 = 34 nM), which possibly targets the ATP-binding site of PI4KB, similar to its ana-
logue [26]. We also analyzed a potential allosteric effect of VCB on the PI4KB activity. VCB
inhibited the activity of a PI4KB variant (C646S) as well as T-00127-HEV1, in contrast to
MDL-860 that has an allosteric inhibitory effect on PI4KB via a covalent modification of the
Cys646 residue [27,56]. These results suggested that PI4KB is the direct target of VCB for
the anti-PV activity.

4. Discussion

Several potent anti-EV compounds have been isolated from plants: pachypodol (Ro
09-0179) (PI4KB inhibitor) [57], oxoglaucine (PI4KB inhibitor) [58,59], chrysin (viral 3C
protease inhibitor) [60], prunin (viral protein synthesis inhibitor) [61], and avoenin (viral
capsid-binding uncoating inhibitor) [35]. However, the availability of these plant-derived
compounds for treatment or prophylactic use in PV infection has yet to be established. In
the present study, we isolated chrysophanol and vanicoside B (VCB) as anti-PV compounds
from an R. rhaponticum extract and F. sachalinensis extract, respectively.

The petiole of R. rhaponticum is edible, called rhubarb, and is used mainly as a jam.
On the other hand, the roots of many Rheum spp. are considered medicinal and laxative
because they contain many anthraquinones. F. sachalinensis is a large herbaceous plant
whose grass can grow up to 2 m tall. The Ainu tribe of Japan traditionally eats its young
stems and sprouts. The rhizome of F. sachalinensis has antibacterial, antitussive, and diuretic
properties, as well as an improvement in its laxative effects. The Japanese name for this
plant (“ooitadori”) is derived from the fact that when bruised, its leaves can be applied to
the affected area to relief pain. Approximately 360 g of the root of R. rhaponticum contained
0.2 g of chrysophanol (about 0.05%w/w). The content of VCB in the roots of F. sachalinensis
dry was estimated to be about 0.001%w/w, based on the weight of the isolate and its
presence in other fractions. Although the roots of these two plant species are not edible
parts, other parts have been traditionally consumed. Therefore, a certain degree of safety is
considered to be assured.

Chrysophanol is a well-known purgative component of the roots of the Rheum spp.
and Senna leaf (the leaves of Cassia angustifolia, C. acutifolia). It has also been reported as a
constituent of Fallopia japonica, a closely related plant to F. sachalinensis. Chrysophanol is also
known as an anti-PV compound [52]. Emodin, a compound structurally related to chryso-
phanol, has anti-EV activity targeting viral protein synthesis or virion maturation [62,63].
Chrysophanol targeted a site of a PV capsid protein similar to the capsid-binding uncoating
inhibitors; however, the inhibitory effect of the chrysophanol on PV1pv infection was rather
weak even at a high concentration (about an 8-fold reduction at 790 µM, Figure 2B). The
infection cycle of PV1pv includes viral binding, uncoating, and replication, but not virion
production (assembly, encapsidation, maturation, and egress) [37]; therefore, chrysophanol
may have additional targets after the replication step, such as virion maturation, similar to
emodin. The partial resistance of a brefeldin A-resistant mutant and a rupintrivir-resistant
mutant against chrysophanol suggest the effects on the replication step that could have
functional coupling to virion production [64,65]. Pocapavir (viral capsid-binding uncoating
inhibitor) [66,67] and V-7404 (3C protease inhibitor) [68–70] have been considered as candi-
date antivirals in the polio eradication program [71,72]. The availability of chrysophanol in
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a broad plant species would allow further evaluation of the potency of the extracts, possibly
in combination with other drugs/extracts with different antiviral mechanisms.

VCB was first isolated from nature in 1994 as a protein kinase C inhibitor from
Polygonum pensylvanicum (Polygonaceae) together with vanicoside A [73]. Vanicosides
have inhibitory effects on the viral proteases of the human immunodeficiency virus or
SARS-CoV-2 [74,75], but its antiviral effects have yet to be evaluated. Unexpectedly, re-
sistant mutants (the enviroxime-resistant mutant and ∆PI4KB-resistant [−2C] mutant)
suggested that the target of VCB for the anti-PV activity is the host PI4KB/OSBP path-
way rather than viral proteases (Figure 3). The inhibitory effect on in vitro PI4KB activity
(IC50 = 5.0 µM) suggested that VCB is a novel PI4KB inhibitor. PI4KB is a host factor
required for the replication of EV identified by Hsu et al. [22]. The subsequent analysis
on a group of anti-EV compounds (designated enviroxime-like compounds), which have
PI4KB and an unknown factor as the targets for the anti-EV activity [23,29], revealed
the host oxysterol-binding protein (OSBP) family I (OSBP and OSBP2/ORP4) as another
target of this compound group [30,31]. PI4KB and OSBP form an inseparable functional
axis for the formation of a viral replication complex by providing phosphatidylinositol
4-monophosphate (PI4P) for the recruitment of OSBP on viral replication organelles (ROs),
and the accumulation of unesterified cholesterol on the ROs by OSBP [76]. This process
enhances the cleavage of the viral 3AB protein and development of the RO for the synthesis
of viral plus-strand RNA [36,57,77–79]. In addition to the 3AB protein, the viral 2B protein
is essential to complement the functional axis [36,65], while the functional role of the 2B
protein remains largely unknown. PI4KB inhibitors generally show low cytotoxicity to cul-
tured cells [20,21,23,28,43,80,81]; however, the antiproliferative effect in lymphocytes [80]
and lethality in a mouse line [81] raised concerns on the safety in vivo. A recent study
revealed a protective effect in PI4KB heterozygous kinase-dead mice against EV infection
and the therapeutic potency of a specific PI4KB inhibitor in vivo [82], supporting the po-
tential safety of PI4KB inhibitors in clinical use as opposed to earlier findings. Therefore,
the PI4KB inhibitors isolated from edible plants could have a more important role than
ever thought.

The limitations of this study include elucidation of the mechanism of the inhibitory
effect of VCB on PI4KB activity and its off-target effect against clinical applicability. Most of
the identified PI4KB inhibitors target the ATP-binding site of PI4KB [26,83], with MDL-860
as the exception. The inhibitory effect of VCB on in vitro PI4KB activity might suggest
the direct interaction with PI4KB (Figure 3C), but the target site remained to be deter-
mined. While the specificity to the PI4KB/OSBP pathway in terms of the anti-PV activity
was clear, we could not exclude the potential contribution of the off-target effect of VCB
(CC50 = 27 µM) to the observed anti-PV activity, which had quite a narrow therapeutic
window (complete protection of the cells from PV1[Sabin 1] infection at 20 µM).

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/v15040903/s1, Figure S1: Antiviral effect of chrysophanol on EV
infection. Supplementary data 1: HPLC chart. Supplementary data 2: NMR spectra.
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List of Abbreviations

CCID50 50% cell culture infectious dose
cVDPV circulating vaccine-derived poliovirus
EC50 50% effective concentration
EV enterovirus
GuHCl guanidine hydrochloride
IC50 50% inhibitory concentration
IPV inactivated PV vaccine
MOI multiplicity of infection
OPV oral PV vaccine
OSBP oxysterol-binding protein
P.i. post-infection
PI4P phosphatidylinositol 4-monophosphate
PV poliovirus
PV1pv type 1 PV pseudovirus
RO replication organelle
SeV-luc luciferase-encoding Sendai virus
SI selectivity index
VCB vanicoside B
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Abstract: Antiviral properties of different oxa- and aza-heterocycles are identified and properly
correlated with their structural features and discussed in this review article. The primary objective
is to explore the activity of such ring systems as antiviral agents, as well as their synthetic routes
and biological significance. Eventually, the structure–activity relationship (SAR) of the heterocyclic
compounds, along with their salient characteristics are exhibited to build a suitable platform for
medicinal chemists and biotechnologists. The synergistic conclusions are extremely important for the
introduction of a newer tool for the future drug discovery program.

Keywords: antiviral agents; heterocycles; natural products; Structure Activity Relationship (SAR);
synthetic methods

1. Introduction

The terrible impact of viral diseases has become a severe concern for the whole animal
kingdom, including human beings, during the last few decades [1–3]. Several categories
of viruses, given their diverse behavior against biological systems, are the major reasons
for the incidence of chronic health issues. It is indeed extremely important to address the
epidemic nature and the corresponding mortality rate of such diseases in comparison to
other fatal infections [4,5]. According to recent reports, the highest number of deaths have
been caused by cardiovascular diseases throughout the globe [6], but still, viral infections
also have been responsible for millions of human casualties every year (Figure 1). Human
immunodeficiency virus (HIV) is considered to be very fatal in nature [7], but it is also very
important to note the pervasive nature of other viruses with respect to geographic and
economic diversity [8]. As, for example, Rabies disease (originated from domestic dogs) is
100% fatal to humans, but not a pandemic [9]. Disease due to the Ebola virus is a global
pandemic with very high average fatality rate (~55%), but it varies depending upon the
region [10–12].
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Figure 1. Global mortality rate per year due to different viral infections [13]. 
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In the year of 1918, there was an outbreak of the H1N1 Influenza virus, which is
definitely considered to be the world’s biggest pandemic, known as the Spanish flu [14,15].
It was exceptionally severe; 50 million people (~2% of the world’s population) become
infected during 1918–1920 [16,17]. In recent times, the entire world has gone through a
catastrophic situation due to the rapid spread of a newly emerged COVID-19, or severe
acute respiratory syndrome CoV-2 (SARS-CoV-2) virus [18]. The existence of this highly
contagious virus was first reported in December 2019 in Wuhan, China. The World Health
Organization (WHO) began immediate special surveillance on this particular issue and
effectively framed several protocols throughout the globe. But to the present day, there are
very limited remedies available to fight against this COVID-19 [19–23]. The vaccines listed
and recommended by WHO are the only solutions to combat these deadly infections [24].
After facing such situations, it is undoubtedly needed to develop libraries of newer drug
candidates corresponding to each and every virus, in order to control their fatal outcomes.

In drug discovery research, the role of heterocyclic moieties is extremely significant
in order to make stable interactions with the targeted proteins [25,26]. Such ring systems
offer suitable coordination with the specific proteins by tailoring the bulk size and perti-
nent electron density to modulate the efficacy of the drug compounds in the biological
environments [27–32]. For these reasons, the synthetic and biological studies of structurally
designed heterocyclic moieties are really a crucial measure for the development of future
generation drug candidates [33–37]. In this review article, our main focus will be on the
structural features, along with the synthetic routes, of oxygen- and nitrogen-containing ring
systems (saturated/unsaturated derivatives) present in several natural products, marketed
drugs and synthetic analogues having prominent antiviral activities.

2. Overview of the Viral Diseases

Based on its genomic aspects, a virus could be classified as a DNA virus [38] (DNA
as a genetic material), which replicates with the help of DNA polymerase (e.g., HSV and
HCMV). Secondly, it could be categorized as an RNA virus (RNA as a genetic material),
which replicates in the presence of RNA polymerase (e.g., HCV, HBV, RSV and Ebola
virus) [39]. Thirdly, it could be categorized as a reverse-transcribing virus [40]; for these
viruses, the genome is RNA, but by using a reverse transcriptase enzyme, it is able to form
DNA (e.g., HIV) [41].

2.1. Human Immunodeficiency Virus (HIV)

This retrovirus was discovered in the year 1983 [42] and is mainly transmitted through
bodily fluids or by bodily contacts of HIV-positive patients. According to the WHO global
health survey, there are 38.0 million people living with HIV, and 690,000 people had died
by the year 2021 [43]. There is no specific vaccine or medicine available to cure AIDS, but
there are some natural and synthetic drug candidates available [44,45]. Dolutegravir, sold
under the brand name of Tivicay, was the bestselling anti-HIV drug in 2018 [46]. Some
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other synthetic drugs like zalcitabine [47], zidovudine [48] and emtricitabine [49] terminate
the viral DNA chain by inhibiting the reverse transcriptase.

2.2. Hepatitis C Virus (HCV)

This is a blood-borne virus, discovered in 1989, which generally is transmitted in a
similar way to HIV [50]. According to the WHO global health survey, hepatitis C generates
chronic diseases like liver cirrhosis and jaundice. Till now there is no specific vaccine
or medicine available for the treatment of hepatitis C. There are some marketed drugs
available for the general treatment of HCV.

Mavyret, which is the composition of glecaprevir and pibrentasvir, was the best-selling
anti-HCV drug in 2018 [51]. Asunaprevir, boceprevir and grazoprevir inhibit the proteolytic
activity of HCV NS3/4A protease and show promising anti-HCV properties [52–54].

2.3. Hepatitis B Virus (HBV)

The existence of this virus was confirmed in the year of 1963; it generally is transmitted
through sexual contact, blood transfusion or by bodily fluids [55]. According to the WHO
global health survey, HBV causes approximately 780,000 deaths every year. The vaccine that
corresponds to HBV is available in the market as a hepatitis B surface antigen (HBsAg) [56];
along with that, there are several other drugs that are also available in the market for the
treatment of hepatitis B, with the names entecavir, telbivudine and lamivudine [57–59].

2.4. Respiratory Syncytial Virus (RSV)

The World Health Organization (WHO) has reported that RSV causes a significant
number of casualties each year, ranging from 66,000 to 199,000 [60]. Moreover, in the year
2005, it was estimated that RSV had infected around 33.8 million children [61,62]. This
virus is transmitted through the respiratory systems, by droplets, or from contaminated
substances [63].

2.5. Human Cytomegalovirus (HCMV)

HCMV, a member of the herpes virus family, is a prevalent virus that often presents
with mild or no symptoms in healthy individuals [64]. Moreover, individuals with weak-
ened immune systems, including newborns, pregnant women and immune compromised
individuals can experience severe complications. This infectious virus generally spreads
with the help of bodily fluids; it causes serious organ damage, including gastrointestinal
problems and colitis [65]. The management of HCMV infection involves the use of antiviral
medications which effectively control the virus and alleviate symptoms [66].

2.6. Herpes Simplex Virus (HSV)

Herpes simplex virus (HSV) is a highly contagious virus that causes recurrent in-
fections. The virus is transmitted through direct contact with an infected person’s skin,
mucous membranes, or bodily fluids [67]. Although there is no cure for HSV, antiviral
medications can help to manage symptoms and reduce the frequency and severity of
outbreaks. According to the WHO global health survey (2016), over half a billion people
worldwide are estimated to have genital herpes caused by herpes simplex virus type 1
(HSV-1) or type 2 (HSV-2) [68].

2.7. Ebola Virus (EBOV)

The existence of the Ebola virus was first understood in the year of 1976 [69]. The
primary mode of transmission for the Ebola virus is through direct contact with infected
blood, bodily fluids, or tissues [70]. In the year 2018, WHO documented approximately
11,500 deaths globally attributed to Ebola. However, it is important to note that these
figures are not fixed and can fluctuate over time and across different regions. The impact of
Ebola outbreaks can vary depending on factors such as healthcare infrastructure, access to
resources, and public health interventions. Efforts are continuously underway to improve
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surveillance and response capabilities and institute preventive measures to minimize the
spread of the virus and reduce the number of Ebola-related fatalities.

2.8. Severe Acute Respiratory Syndrome CoV-2 (SARS-CoV-2) Virus

Coronaviruses are positive single-stranded RNA viruses that have an enveloped struc-
ture and can infect humans and various animals [71]. In 1965, Tyrrell and Bynoe made
a significant contribution to the history of human coronaviruses [72]. They discovered
that a virus named B814, obtained from the respiratory tract of an adult with a common
cold, could be successfully propagated in human embryonic tracheal organ cultures. This
discovery paved the way for further research on coronaviruses and their potential impact
on human health [73]. These viruses have a spherical shape, with surface projections re-
sembling the solar corona, hence their name “coronaviruses” (derived from the Latin word
“corona”, meaning “crown”). There are four subfamilies of coronaviruses, including alpha,
beta, gamma and delta. The alpha and beta variants likely originate from mammals, pre-
dominantly bats, while gamma and delta are associated with pigs and birds. Coronaviruses
have genome sizes ranging from 26 to 32 kb. Among the seven subtypes of coronaviruses
that can infect humans, beta-coronaviruses can lead to severe illness and fatalities, whereas
alpha-coronaviruses typically result in mild or asymptomatic infections [74].

2.9. The Human Papillomavirus (HPV)

The human papillomavirus is a common virus that can infect the body’s skin and mu-
cous membranes. It is usually transferred through sexual contact or skin-to-skin contact [75].
According to the WHO report, the consequence of this virus is very much prominent in
patients with cervical cancer; the majority of the deaths of such women patients are due to
a HPV infection [76].

2.10. Rabies Virus

Rabies virus is a deadly virus that affects the central nervous system of mammals,
including humans. It primarily spreads through the saliva of infected animals, usually
through a bite. The virus is believed to have originated from bats, but is also found in other
animals such as dogs, cats and other wild animals (e.g., fox, raccoon and skunk) [77].

2.11. Zika Virus

The Zika virus is a mosquito-borne virus that was first identified in the Zika Forest of
Uganda in 1947 [78]. It remained relatively unknown until a major outbreak occurred in the
year 2015 in Brazil, which rapidly spread throughout the Americas and the Caribbean [79].

Most people infected by the Zika virus experience mild symptoms, and the incidence
of casualties is also rare, but the viral infection is found to link with birth defects in newborn
babies. In most cases, it causes microcephaly, in which the infants are born with abnormally
small or underdeveloped brains [80]. The exact number of deaths related to the Zika virus
is difficult to determine, as many deaths may have been caused by co-infections or other
complications [81].

2.12. The Poliovirus

The poliovirus was first isolated in 1909 by Karl Landsteiner and Erwin Popper; it is
a highly contagious virus that primarily affects young children and can lead to paralysis,
and even death [82]. It is believed to have originated in ancient times and has been a major
public health concern worldwide since the early 20th century [83].

Polio generally is transmitted through contaminated food and water or direct contact
with an infected person’s saliva [84]. As per the WHO report, the Global Polio Eradication
Initiative has led to an impressive 99% reduction in polio infections. In 2020, only 140 polio
cases were found worldwide [85].
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2.13. West Nile Virus

West Nile virus (WNV) is a virus that generally enters into humans through the bite of
infected mosquitoes. The virus originated in Africa, and was first identified in the West
Nile district of Uganda in 1937 [86]. The virus can cause a range of symptoms, from mild
flu to more severe neurological problems like meningitis and encephalitis [87].

2.14. The Chickenpox Virus

The virus that corresponds to chickenpox is known as varicella–zoster virus (VZV),
which is a highly contagious virus that causes a characteristic itchy rash and fever. The
virus mostly spreads through respiratory droplets or direct contact with the fluid from the
blisters of infected individuals [88].

2.15. The Influenza Virus

The influenza virus is a highly infectious respiratory virus that can cause mild to severe
illness, and even death. It is believed that this virus originated in birds and transmitted to
humans through close contact with the infected birds or contaminated surfaces [89]. The
severity of the illness varies from a mild fever to severe symptoms, or even death. Globally,
this annual epidemic leads to approximately three to five million cases of severe illness
each year [90].

2.16. Yellow Fever

Yellow fever virus is a Flavivirus which originated in Africa and is transmitted by the
Aedes aegypti mosquito. The virus can cause a wide range of symptoms, from mild flu
to hemorrhagic fever [91]. Yellow fever is endemic in tropical regions of Africa and South
America, where it affects thousands of people every year. The majority of infections are
asymptomatic, but in severe cases, the virus can cause liver damage, kidney failure and
death. According to the WHO report, yellow fever still causes an estimated 200,000 cases
and 30,000 deaths per year, mostly in the tropical regions where it is endemic [92].

3. Overview of the Antiviral Drugs

The period of antiviral drugs begins from the year 1959 with the introduction of Idoxuri-
dine (5-iodo-2′-deoxyuridine) (Figure 2), the first antiviral drug (Figure 2), by the American
pharmacologist William H. Prusoff for the treatment of HSV keratitis in humans [93–95].
This drug was formally approved by FDA in June of 1963; subsequently, different categories
of drugs have been discovered and marketed to combat other viral infections [96].
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3.1. Representative Antiviral Drug Candidates

Antiviral drugs (Figure 3) target specific enzymes and proteins involved in the viral
life cycle, such as RNA-dependent DNA polymerase, RNA-dependent RNA polymerase,
proteases and neuraminidases. RNA-dependent DNA polymerase inhibitors are used
for retroviral infections like HIV, while RNA-dependent RNA polymerase inhibitors are
efficient against RNA viral infections. Protease inhibitors are effective against viruses that
require proteases, and neuraminidase inhibitors treat influenza [97].
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3.2. Antiviral Drugs Containing Nucleoside Subunit

These drugs contain nucleobase/substituted nucleobase and a sugar derivative
(Figure 4) having prominent antiviral properties. Arabinosyl nucleoside analogues were
isolated initially from sponges [98].
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3.3. Examples of Natural Products with Antiviral Properties

Nature is a continuous source for the provision of different kinds of natural products
having excellent biological activities (Figure 5). The alkaloids found in numerous plants
and marine algae show important antiviral properties.

• Chalepin (29), from a Ruta angustifolia species plant, shows a good inhibitory effect
against HCV [99].

• Lamellarin α-20 sulfate (30) is an alkaloid found in marine Lamellarins [100], and is
responsible for inhibiting the integration of HIV-1 replication in its very early stages.

• Lycogarubins (A, B and C) are isolated from fruit bodies of Myxomycetes
Lycogala epidendnrm, and contain two indole groups connected with dimethyl pyrrole-
dicarboxylate, in which Lycogarubin C (31) shows activity against HSV [101].

• Silvestrol (32), from the bark of the Aglaia foveolate type of plants, contains a substituted
dioxane and acts as a potent inhibitor of the Ebola virus [102].

• Manassantin B (33), extracted from Saururus chinensis Baill plants, shows inhibitory
properties against the Epstein–Barr virus [103].

• Harmaline (34) is an indole alkaloid from Peganum harmala, and shows antiviral
properties against HSV-1 [104].

• Dehydro-Andrographolide (35) and Andrographolide (36) are two types of natural
diterpenoids that have been extracted from Andrographis paniculata. These compounds
have demonstrated the ability to inhibit the replication of HBV DNA [105].
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• (+)-Dehydrod-iconiferyl alcohol (37) that has been isolated from Swertia patens shows
inhibitory activities on the secretion of HBsAg, with IC50 value of 1.94 mM [106].

• Syringaresinol 4′′-O-β-D-glucopyranoside (38), which was extracted from
Swertia chirayita, exhibited an inhibitory effect on the secretion of HBsAg, with IC50
values of 1.49 ± 0.033 mM [107].
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4. Importance of Heterocyclic Ring Systems as Antiviral Agents

Nitrogen- and oxygen-containing ring systems offer significant activities as antiviral
candidates [108–111]. These ring systems have either been constructed by linear synthetic
steps or could be present from particular starting substrates (like sugar or aza-sugar
derivatives). Several research groups have made immense efforts seeking the development
of such heterocyclic subunits. Here, the heterocyclic moieties have been screened based on
their profound antiviral properties and the corresponding synthetic protocols have been
discussed.

5. Synthetic Outlines of Representative Antiviral Drug Candidates
5.1. Anti-HIV Agent
5.1.1. Anti-HIV Agent Darunavir

Kate et al. have demonstrated the synthesis of darunavir (Figure 6), which is con-
sidered to be a protease inhibitor [112] and used in low doses for the treatment of HIV.
Raltegravir [113] and stavudine [114] are the other available drugs which also show similar
properties in this particular domain.
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Darunavir becomes stabilized inside the cavity of the enzyme by making a hydrogen
bonding interaction through the coordination of the hydroxyl group, 4-amino phenyl
and tetrahydrofuran ring system with the active site (Asp25′) or near to the active site
(Asp29/29′, Asp30/30′) of the amino acid residues as present in HIV-1 PR (Figure 7) [115].
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Key synthetic steps for Scheme 1 [116]: (a) ring opening of epoxide with primary amine;
(b) N-protected 4-aminobenzenesulfonyl halide; (c) Boc deprotection; and (d) nucleophilic
addition followed by separation of the product 1.

Reagents and conditions: (a) A mixture of (2S,3S)-1,2-Epoxy-3-(Boc-amino)–4-phenylbutane
and isobutyl amine was heated at 65–75 ◦C and (b) N-acetyl sulphanilyl chloride was added at
5–15 ◦C to the pre-cooled mixture of (1S,2R)-(1-Benzyl-2-hydroxy-3-(isobutyl-amino) propyl)
carbamic acid tert-butyl ester in N, N-dimethylacetamide. Then, triethyl amine was added
to the reaction mixture at a temperature below 30 ◦C and (c) Boc deprotection was done by
taking the corresponding carbamic acid tert-butyl ester in isopropyl alcohol at 25–35 ◦C; after
that, aqueous sulphuric acid solution was added to the reaction mixture at 25–35 ◦C. Then,
the amino- N-((2R,3S)-3-amino-2-hydroxy-4-phenylbutyl)-N-isobutylbenzene sulfonamide sul-
phate salt was treated with potassium carbonate solution in water and 4-Amino-N-((2R,3S)-3-
amino–2-hydroxy-4-phenylbutyl)-N–isobutylbenzenesulfonamide was obtained above in water.
Then, to a stirred mixture of (d) potassium carbonate, isopropyl acetate and water, 4-amino-N-
((2R,3S)-3-amino-2-hydroxy-4-phenylbutyl)-N-isobutyl benzene sulphonamide was added at
25–35 ◦C, and the reaction mixture was cooled to 15–25 ◦C; after that, (3R,3aS,6aR)-Hydroxyhexa
hydrofuro [2,3-b] furanyl succinimidyl carbonate was added at 15–25 ◦C. After completion of
the reaction, the crude reaction mixture was purified to obtain the final product 1.
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Structure–Activity Relationship of Darunavir: The structure–activity relationship of
darunavir analogues is shown in Table 1, in which the incorporation of thiazole and ethyl
phosphonate subunit as R1, along with benzo[d][1,3]dioxole moiety as R2, increases its
activity significantly [117]. Darunavir and its corresponding synthetic analogues show a
distinctive mechanism of action, as characterized by dual functionality. It works as HIV-1
protease inhibitor and also hinders the dimerization process of the HIV-1 protease [118].
Mostly, the Darunavir class of compounds exhibits a binding affinity towards plasma
proteins such as alpha-1-acid glycoprotein (AAG or AGP) [119]. The CheckMateTM Mam-
malian Two-Hybrid System was utilized to establish a dual luciferase assay. This assay was
employed to assess the susceptibility of HIV-1LAI to a variety of drugs and evaluate the
cytotoxic effects of the drugs.

A 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay was employed
for determining drug susceptibility and cytotoxicity [120]. The chromogenic substrate
Lys-Ala-Arg-Val-Nle-paranitro-Phe-Glu-Ala-Nle-amide was used to determine the kinetic
parameters [121].

Mechanism of Action of Darunavir: Darunavir interacts with the protease enzyme
of HIV-1 to prevent the dimerization and enhance the catalytic activity. As a result, the
cleavage of the proteins is disturbed, and ultimately the replication of the virus is stopped,
after the application of this drug to HIV-infected cells [122]. Generally, the interaction takes
place with the primary chains of Asp-29 and Asp-30 amino acids present in the active site
of the protease enzyme.
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Table 1. SAR analysis of darunavir.

Compound
Substitution Activity

−R1 −R2 Inhibition
Concentration (nM)

Inhibitor Constant
(Ki)
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teins such as alpha‐1‐acid glycoprotein (AAG or AGP) [119]. The CheckMateTM Mamma‐

lian Two‐Hybrid System was utilized to establish a dual luciferase assay. This assay was 

employed to assess the susceptibility of HIV‐1LAI to a variety of drugs and evaluate the 

cytotoxic effects of the drugs. 

A  3‐(4,5‐dimethylthiazol‐2‐yl)‐2,5‐diphenyltetrazolium  bromide  assay  was  em‐

ployed for determining drug susceptibility and cytotoxicity [120]. The chromogenic sub‐

strate Lys‐Ala‐Arg‐Val‐Nle‐paranitro‐Phe‐Glu‐Ala‐Nle‐amide was used to determine the 

kinetic parameters [121]. 

Table 1. SAR analysis of darunavir. 

Compound 

Substitution  Activity 

−R1  −R2 
Inhibition Concentra‐

tion (nM) 

Inhibitor Constant 

(Ki) 

 

 
 

IC90 = 4.1  16 pM 

 
 

IC90 = 1.4  14 pM 

 
 

IC50 = 0.22  14 pM 

   

IC50 = 0.7  15 fM 

   
IC50 = 1  8 pM 

IC90 = 1.4 14 pM
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Reagents and conditions:  (a) A mixture of  (2S,3S)‐1,2‐Epoxy‐3‐(Boc‐amino)–4‐phe‐

nylbutane and isobutyl amine was heated at 65–75 °C and (b) N‐acetyl sulphanilyl chlo‐

ride was added at 5–15 °C  to  the pre‐cooled mixture of  (1S,2R)‐(1‐Benzyl‐2‐hydroxy‐3‐

(isobutyl‐amino) propyl) carbamic acid tert‐butyl ester in N, N‐dimethylacetamide. Then, 

triethyl amine was added to the reaction mixture at a temperature below 30 °C and (c) Boc 

deprotection was done by taking the corresponding carbamic acid tert‐butyl ester in iso‐

propyl alcohol at 25–35 °C; after that, aqueous sulphuric acid solution was added to the 

reaction mixture at 25–35 °C. Then, the amino‐ N‐((2R,3S)‐3‐amino‐2‐hydroxy‐4‐phenyl‐

butyl)‐N‐isobutylbenzene  sulfonamide  sulphate  salt was  treated with  potassium  car‐

bonate solution in water and 4‐Amino‐N‐((2R,3S)‐3‐amino–2‐hydroxy‐4‐phenylbutyl)‐N–

isobutylbenzenesulfonamide was obtained above in water.    Then, to a stirred mixture of 

(d) potassium carbonate, isopropyl acetate and water, 4‐amino‐N‐((2R,3S)‐3‐amino‐2‐hy‐

droxy‐4‐phenylbutyl)‐N‐isobutyl benzene sulphonamide was added at 25–35 °C, and the 

reaction mixture was cooled to 15–25 °C; after that, (3R,3aS,6aR)‐Hydroxyhexa hydrofuro 

[2,3‐b]  furanyl succinimidyl carbonate was added at 15–25 °C. After completion of  the 

reaction, the crude reaction mixture was purified to obtain the final product 1. 

Structure–Activity Relationship of Darunavir: The structure–activity relationship of 

darunavir analogues is shown in Table 1, in which the incorporation of thiazole and ethyl 

phosphonate subunit as R1, along with benzo[d][1,3]dioxole moiety as R2,  increases  its 

activity significantly [117]. Darunavir and its corresponding synthetic analogues show a 

distinctive mechanism of action, as characterized by dual functionality. It works as HIV‐

1 protease inhibitor and also hinders the dimerization process of the HIV‐1 protease [118]. 

Mostly, the Darunavir class of compounds exhibits a binding affinity towards plasma pro‐

teins such as alpha‐1‐acid glycoprotein (AAG or AGP) [119]. The CheckMateTM Mamma‐

lian Two‐Hybrid System was utilized to establish a dual luciferase assay. This assay was 

employed to assess the susceptibility of HIV‐1LAI to a variety of drugs and evaluate the 

cytotoxic effects of the drugs. 

A  3‐(4,5‐dimethylthiazol‐2‐yl)‐2,5‐diphenyltetrazolium  bromide  assay  was  em‐

ployed for determining drug susceptibility and cytotoxicity [120]. The chromogenic sub‐

strate Lys‐Ala‐Arg‐Val‐Nle‐paranitro‐Phe‐Glu‐Ala‐Nle‐amide was used to determine the 

kinetic parameters [121]. 

Table 1. SAR analysis of darunavir. 

Compound 

Substitution  Activity 

−R1  −R2 
Inhibition Concentra‐

tion (nM) 

Inhibitor Constant 

(Ki) 

 

 
 

IC90 = 4.1  16 pM 

 
 

IC90 = 1.4  14 pM 

 
 

IC50 = 0.22  14 pM 

   

IC50 = 0.7  15 fM 

   
IC50 = 1  8 pM 
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Reagents and conditions:  (a) A mixture of  (2S,3S)‐1,2‐Epoxy‐3‐(Boc‐amino)–4‐phe‐

nylbutane and isobutyl amine was heated at 65–75 °C and (b) N‐acetyl sulphanilyl chlo‐

ride was added at 5–15 °C  to  the pre‐cooled mixture of  (1S,2R)‐(1‐Benzyl‐2‐hydroxy‐3‐

(isobutyl‐amino) propyl) carbamic acid tert‐butyl ester in N, N‐dimethylacetamide. Then, 

triethyl amine was added to the reaction mixture at a temperature below 30 °C and (c) Boc 

deprotection was done by taking the corresponding carbamic acid tert‐butyl ester in iso‐

propyl alcohol at 25–35 °C; after that, aqueous sulphuric acid solution was added to the 

reaction mixture at 25–35 °C. Then, the amino‐ N‐((2R,3S)‐3‐amino‐2‐hydroxy‐4‐phenyl‐

butyl)‐N‐isobutylbenzene  sulfonamide  sulphate  salt was  treated with  potassium  car‐

bonate solution in water and 4‐Amino‐N‐((2R,3S)‐3‐amino–2‐hydroxy‐4‐phenylbutyl)‐N–

isobutylbenzenesulfonamide was obtained above in water.    Then, to a stirred mixture of 

(d) potassium carbonate, isopropyl acetate and water, 4‐amino‐N‐((2R,3S)‐3‐amino‐2‐hy‐

droxy‐4‐phenylbutyl)‐N‐isobutyl benzene sulphonamide was added at 25–35 °C, and the 

reaction mixture was cooled to 15–25 °C; after that, (3R,3aS,6aR)‐Hydroxyhexa hydrofuro 

[2,3‐b]  furanyl succinimidyl carbonate was added at 15–25 °C. After completion of  the 

reaction, the crude reaction mixture was purified to obtain the final product 1. 

Structure–Activity Relationship of Darunavir: The structure–activity relationship of 

darunavir analogues is shown in Table 1, in which the incorporation of thiazole and ethyl 

phosphonate subunit as R1, along with benzo[d][1,3]dioxole moiety as R2,  increases  its 

activity significantly [117]. Darunavir and its corresponding synthetic analogues show a 

distinctive mechanism of action, as characterized by dual functionality. It works as HIV‐

1 protease inhibitor and also hinders the dimerization process of the HIV‐1 protease [118]. 

Mostly, the Darunavir class of compounds exhibits a binding affinity towards plasma pro‐

teins such as alpha‐1‐acid glycoprotein (AAG or AGP) [119]. The CheckMateTM Mamma‐

lian Two‐Hybrid System was utilized to establish a dual luciferase assay. This assay was 

employed to assess the susceptibility of HIV‐1LAI to a variety of drugs and evaluate the 

cytotoxic effects of the drugs. 

A  3‐(4,5‐dimethylthiazol‐2‐yl)‐2,5‐diphenyltetrazolium  bromide  assay  was  em‐

ployed for determining drug susceptibility and cytotoxicity [120]. The chromogenic sub‐

strate Lys‐Ala‐Arg‐Val‐Nle‐paranitro‐Phe‐Glu‐Ala‐Nle‐amide was used to determine the 

kinetic parameters [121]. 

Table 1. SAR analysis of darunavir. 

Compound 

Substitution  Activity 

−R1  −R2 
Inhibition Concentra‐

tion (nM) 

Inhibitor Constant 

(Ki) 

 

 
 

IC90 = 4.1  16 pM 

 
 

IC90 = 1.4  14 pM 

 
 

IC50 = 0.22  14 pM 

   

IC50 = 0.7  15 fM 

   
IC50 = 1  8 pM 

IC50 = 0.22 14 pM
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Reagents and conditions:  (a) A mixture of  (2S,3S)‐1,2‐Epoxy‐3‐(Boc‐amino)–4‐phe‐

nylbutane and isobutyl amine was heated at 65–75 °C and (b) N‐acetyl sulphanilyl chlo‐

ride was added at 5–15 °C  to  the pre‐cooled mixture of  (1S,2R)‐(1‐Benzyl‐2‐hydroxy‐3‐

(isobutyl‐amino) propyl) carbamic acid tert‐butyl ester in N, N‐dimethylacetamide. Then, 

triethyl amine was added to the reaction mixture at a temperature below 30 °C and (c) Boc 

deprotection was done by taking the corresponding carbamic acid tert‐butyl ester in iso‐

propyl alcohol at 25–35 °C; after that, aqueous sulphuric acid solution was added to the 

reaction mixture at 25–35 °C. Then, the amino‐ N‐((2R,3S)‐3‐amino‐2‐hydroxy‐4‐phenyl‐

butyl)‐N‐isobutylbenzene  sulfonamide  sulphate  salt was  treated with  potassium  car‐

bonate solution in water and 4‐Amino‐N‐((2R,3S)‐3‐amino–2‐hydroxy‐4‐phenylbutyl)‐N–

isobutylbenzenesulfonamide was obtained above in water.    Then, to a stirred mixture of 

(d) potassium carbonate, isopropyl acetate and water, 4‐amino‐N‐((2R,3S)‐3‐amino‐2‐hy‐

droxy‐4‐phenylbutyl)‐N‐isobutyl benzene sulphonamide was added at 25–35 °C, and the 

reaction mixture was cooled to 15–25 °C; after that, (3R,3aS,6aR)‐Hydroxyhexa hydrofuro 

[2,3‐b]  furanyl succinimidyl carbonate was added at 15–25 °C. After completion of  the 

reaction, the crude reaction mixture was purified to obtain the final product 1. 

Structure–Activity Relationship of Darunavir: The structure–activity relationship of 

darunavir analogues is shown in Table 1, in which the incorporation of thiazole and ethyl 

phosphonate subunit as R1, along with benzo[d][1,3]dioxole moiety as R2,  increases  its 

activity significantly [117]. Darunavir and its corresponding synthetic analogues show a 

distinctive mechanism of action, as characterized by dual functionality. It works as HIV‐

1 protease inhibitor and also hinders the dimerization process of the HIV‐1 protease [118]. 

Mostly, the Darunavir class of compounds exhibits a binding affinity towards plasma pro‐

teins such as alpha‐1‐acid glycoprotein (AAG or AGP) [119]. The CheckMateTM Mamma‐

lian Two‐Hybrid System was utilized to establish a dual luciferase assay. This assay was 

employed to assess the susceptibility of HIV‐1LAI to a variety of drugs and evaluate the 

cytotoxic effects of the drugs. 

A  3‐(4,5‐dimethylthiazol‐2‐yl)‐2,5‐diphenyltetrazolium  bromide  assay  was  em‐

ployed for determining drug susceptibility and cytotoxicity [120]. The chromogenic sub‐

strate Lys‐Ala‐Arg‐Val‐Nle‐paranitro‐Phe‐Glu‐Ala‐Nle‐amide was used to determine the 

kinetic parameters [121]. 

Table 1. SAR analysis of darunavir. 

Compound 

Substitution  Activity 

−R1  −R2 
Inhibition Concentra‐

tion (nM) 

Inhibitor Constant 

(Ki) 

 

 
 

IC90 = 4.1  16 pM 

 
 

IC90 = 1.4  14 pM 

 
 

IC50 = 0.22  14 pM 

   

IC50 = 0.7  15 fM 

   
IC50 = 1  8 pM 
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Reagents and conditions:  (a) A mixture of  (2S,3S)‐1,2‐Epoxy‐3‐(Boc‐amino)–4‐phe‐

nylbutane and isobutyl amine was heated at 65–75 °C and (b) N‐acetyl sulphanilyl chlo‐

ride was added at 5–15 °C  to  the pre‐cooled mixture of  (1S,2R)‐(1‐Benzyl‐2‐hydroxy‐3‐

(isobutyl‐amino) propyl) carbamic acid tert‐butyl ester in N, N‐dimethylacetamide. Then, 

triethyl amine was added to the reaction mixture at a temperature below 30 °C and (c) Boc 

deprotection was done by taking the corresponding carbamic acid tert‐butyl ester in iso‐

propyl alcohol at 25–35 °C; after that, aqueous sulphuric acid solution was added to the 

reaction mixture at 25–35 °C. Then, the amino‐ N‐((2R,3S)‐3‐amino‐2‐hydroxy‐4‐phenyl‐

butyl)‐N‐isobutylbenzene  sulfonamide  sulphate  salt was  treated with  potassium  car‐

bonate solution in water and 4‐Amino‐N‐((2R,3S)‐3‐amino–2‐hydroxy‐4‐phenylbutyl)‐N–

isobutylbenzenesulfonamide was obtained above in water.    Then, to a stirred mixture of 

(d) potassium carbonate, isopropyl acetate and water, 4‐amino‐N‐((2R,3S)‐3‐amino‐2‐hy‐

droxy‐4‐phenylbutyl)‐N‐isobutyl benzene sulphonamide was added at 25–35 °C, and the 

reaction mixture was cooled to 15–25 °C; after that, (3R,3aS,6aR)‐Hydroxyhexa hydrofuro 

[2,3‐b]  furanyl succinimidyl carbonate was added at 15–25 °C. After completion of  the 

reaction, the crude reaction mixture was purified to obtain the final product 1. 

Structure–Activity Relationship of Darunavir: The structure–activity relationship of 

darunavir analogues is shown in Table 1, in which the incorporation of thiazole and ethyl 

phosphonate subunit as R1, along with benzo[d][1,3]dioxole moiety as R2,  increases  its 

activity significantly [117]. Darunavir and its corresponding synthetic analogues show a 

distinctive mechanism of action, as characterized by dual functionality. It works as HIV‐

1 protease inhibitor and also hinders the dimerization process of the HIV‐1 protease [118]. 

Mostly, the Darunavir class of compounds exhibits a binding affinity towards plasma pro‐

teins such as alpha‐1‐acid glycoprotein (AAG or AGP) [119]. The CheckMateTM Mamma‐

lian Two‐Hybrid System was utilized to establish a dual luciferase assay. This assay was 

employed to assess the susceptibility of HIV‐1LAI to a variety of drugs and evaluate the 

cytotoxic effects of the drugs. 

A  3‐(4,5‐dimethylthiazol‐2‐yl)‐2,5‐diphenyltetrazolium  bromide  assay  was  em‐

ployed for determining drug susceptibility and cytotoxicity [120]. The chromogenic sub‐

strate Lys‐Ala‐Arg‐Val‐Nle‐paranitro‐Phe‐Glu‐Ala‐Nle‐amide was used to determine the 

kinetic parameters [121]. 

Table 1. SAR analysis of darunavir. 

Compound 

Substitution  Activity 

−R1  −R2 
Inhibition Concentra‐

tion (nM) 

Inhibitor Constant 

(Ki) 

 

 
 

IC90 = 4.1  16 pM 

 
 

IC90 = 1.4  14 pM 

 
 

IC50 = 0.22  14 pM 

   

IC50 = 0.7  15 fM 

   
IC50 = 1  8 pM 

IC50 = 0.7 15 fM

Viruses 2023, 15, x FOR PEER REVIEW  12  of  58 
 

 

Reagents and conditions:  (a) A mixture of  (2S,3S)‐1,2‐Epoxy‐3‐(Boc‐amino)–4‐phe‐

nylbutane and isobutyl amine was heated at 65–75 °C and (b) N‐acetyl sulphanilyl chlo‐

ride was added at 5–15 °C  to  the pre‐cooled mixture of  (1S,2R)‐(1‐Benzyl‐2‐hydroxy‐3‐

(isobutyl‐amino) propyl) carbamic acid tert‐butyl ester in N, N‐dimethylacetamide. Then, 

triethyl amine was added to the reaction mixture at a temperature below 30 °C and (c) Boc 

deprotection was done by taking the corresponding carbamic acid tert‐butyl ester in iso‐

propyl alcohol at 25–35 °C; after that, aqueous sulphuric acid solution was added to the 

reaction mixture at 25–35 °C. Then, the amino‐ N‐((2R,3S)‐3‐amino‐2‐hydroxy‐4‐phenyl‐

butyl)‐N‐isobutylbenzene  sulfonamide  sulphate  salt was  treated with  potassium  car‐

bonate solution in water and 4‐Amino‐N‐((2R,3S)‐3‐amino–2‐hydroxy‐4‐phenylbutyl)‐N–

isobutylbenzenesulfonamide was obtained above in water.    Then, to a stirred mixture of 

(d) potassium carbonate, isopropyl acetate and water, 4‐amino‐N‐((2R,3S)‐3‐amino‐2‐hy‐

droxy‐4‐phenylbutyl)‐N‐isobutyl benzene sulphonamide was added at 25–35 °C, and the 

reaction mixture was cooled to 15–25 °C; after that, (3R,3aS,6aR)‐Hydroxyhexa hydrofuro 

[2,3‐b]  furanyl succinimidyl carbonate was added at 15–25 °C. After completion of  the 

reaction, the crude reaction mixture was purified to obtain the final product 1. 

Structure–Activity Relationship of Darunavir: The structure–activity relationship of 

darunavir analogues is shown in Table 1, in which the incorporation of thiazole and ethyl 

phosphonate subunit as R1, along with benzo[d][1,3]dioxole moiety as R2,  increases  its 

activity significantly [117]. Darunavir and its corresponding synthetic analogues show a 

distinctive mechanism of action, as characterized by dual functionality. It works as HIV‐

1 protease inhibitor and also hinders the dimerization process of the HIV‐1 protease [118]. 

Mostly, the Darunavir class of compounds exhibits a binding affinity towards plasma pro‐

teins such as alpha‐1‐acid glycoprotein (AAG or AGP) [119]. The CheckMateTM Mamma‐

lian Two‐Hybrid System was utilized to establish a dual luciferase assay. This assay was 

employed to assess the susceptibility of HIV‐1LAI to a variety of drugs and evaluate the 

cytotoxic effects of the drugs. 

A  3‐(4,5‐dimethylthiazol‐2‐yl)‐2,5‐diphenyltetrazolium  bromide  assay  was  em‐

ployed for determining drug susceptibility and cytotoxicity [120]. The chromogenic sub‐

strate Lys‐Ala‐Arg‐Val‐Nle‐paranitro‐Phe‐Glu‐Ala‐Nle‐amide was used to determine the 

kinetic parameters [121]. 

Table 1. SAR analysis of darunavir. 

Compound 

Substitution  Activity 

−R1  −R2 
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tion (nM) 

Inhibitor Constant 

(Ki) 
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IC90 = 1.4  14 pM 
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IC50 = 1  8 pM 

Viruses 2023, 15, x FOR PEER REVIEW  12  of  58 
 

 

Reagents and conditions:  (a) A mixture of  (2S,3S)‐1,2‐Epoxy‐3‐(Boc‐amino)–4‐phe‐

nylbutane and isobutyl amine was heated at 65–75 °C and (b) N‐acetyl sulphanilyl chlo‐

ride was added at 5–15 °C  to  the pre‐cooled mixture of  (1S,2R)‐(1‐Benzyl‐2‐hydroxy‐3‐

(isobutyl‐amino) propyl) carbamic acid tert‐butyl ester in N, N‐dimethylacetamide. Then, 

triethyl amine was added to the reaction mixture at a temperature below 30 °C and (c) Boc 

deprotection was done by taking the corresponding carbamic acid tert‐butyl ester in iso‐

propyl alcohol at 25–35 °C; after that, aqueous sulphuric acid solution was added to the 

reaction mixture at 25–35 °C. Then, the amino‐ N‐((2R,3S)‐3‐amino‐2‐hydroxy‐4‐phenyl‐

butyl)‐N‐isobutylbenzene  sulfonamide  sulphate  salt was  treated with  potassium  car‐

bonate solution in water and 4‐Amino‐N‐((2R,3S)‐3‐amino–2‐hydroxy‐4‐phenylbutyl)‐N–

isobutylbenzenesulfonamide was obtained above in water.    Then, to a stirred mixture of 

(d) potassium carbonate, isopropyl acetate and water, 4‐amino‐N‐((2R,3S)‐3‐amino‐2‐hy‐

droxy‐4‐phenylbutyl)‐N‐isobutyl benzene sulphonamide was added at 25–35 °C, and the 
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Table 1. SAR analysis of darunavir. 

Compound 

Substitution  Activity 

−R1  −R2 
Inhibition Concentra‐

tion (nM) 

Inhibitor Constant 

(Ki) 

 

 
 

IC90 = 4.1  16 pM 

 
 

IC90 = 1.4  14 pM 

 
 

IC50 = 0.22  14 pM 

   

IC50 = 0.7  15 fM 

   
IC50 = 1  8 pM IC50 = 1 8 pM

5.1.2. Anti-HIV Agent Fluoroquinolone-Isatin-Thiosemicarbazone Hybrids

The molecular-hybrid approach was introduced to understand the synergistic ef-
fects of the two compounds in order to generate a new structural entity with superior
properties [123] for inhibiting the viral replication. Isatin derivatives have been shown
to exhibit antiviral activity against a range of viruses, including HIV-1. Recently, hybrid
fluoroquinolone-isatin derivatives have attracted attention due to their promising anti-HIV
properties (Figure 8) [124].
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Key synthetic steps for Scheme 2 [125]: (a) A solution of N-hydroxylamine in abso-
lute ethanol was added to potassium hydroxide and carbon disulphide, and the mixture
was stirred at 0−5 ◦C to form the corresponding potassium salt of dithiocarbamates;
(b) hydrazine hydrate was added to the reaction mixture and stirred at 80 ◦C; after comple-
tion of the reaction, it was cooled to 0 ◦C to obtain the corresponding thiosemicarbazide;
(c) to a hot dispersion of thiosemicarbazide in ethanol was added an equimolar aqueous
solution of sodium acetate, and to this solution a further equimolar ethanolic solution of
5-F-isatin was added, and the mixture was stirred while being heated on a hot plate for
4−15 min. The resultant precipitate was filtered off and dried. The product was recrystal-
lized from 95% ethanol; (d) the N-Mannich bases were further synthesized by condensing
the acidic imino group of isatin derivatives with formaldehyde and secondary amine
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(4-ethyl-7-fluoro-1-oxo-6-(piperazin-1-yl)-1,4-dihydronaphthalene-2-carboxylic acid) by
irradiating the reaction vessel in a microwave reactor for 3−15 min at 455 W, followed by
purification to obtain the corresponding product 2.
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Mechanism of Action of Fluoroquinolone-isatin-thiosemicarbazone: Isatinyl thiosemi-
carbazone derivatives have been found to exhibit anti-HIV activity by hindering the viral
protease enzyme’s function. The viral protease enzyme plays a pivotal role in the mat-
uration of the HIV virion by interrupting its activity; as a result, the production of the
corresponding infectious virions stops. Isatinyl thiosemicarbazone derivatives interact
with the active site of the viral protease enzyme, and hence its activity is stopped [126,127].

5.1.3. Anti-HIV Agent Amprenavir

The drug amprenavir (Figure 9) is primarily used to treat HIV infections; it acts as
a protease inhibitor. It binds to the active site of the enzyme and inhibits its activity. It
prevents the cleavage of viral polyproteins, which leads to the development of immature
non-infectious viruses [128]. Amprenavir’s hydroxyl group interacts with Asp25 and
Asp25′ residues of the protein at the catalytic site. Along with that, there are stable H-
bonding interactions between the hydroxyl group of the drug with the catalytic site of the
aspartic acid side chains (Figure 10) [129].
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Figure 10. H-bonds and water-mediated interactions formed by amprenavir with the active site.

Key synthetic steps for Scheme 3 [130]: (a) Formation of chalcone by the reaction
of 2-phenylacetaldehyde and Ph3PCHCO2Et at 90 ◦C in toluene; (b) reduction of the
ester by lithium aluminium hydride and AlCl3 in diethyl ether; (c) chiral epoxidation;
(d) epoxide ring opening, followed by (e) epoxide ring closing and further(f) ring opening;
and formation of gem-diol derivatives which formed product 3 by reacting with (g) isobutyl
amine and (h) N-hydroxysuccinimidyl carbonate of (S)-3-hydroxytetrahydrofuran.
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Scheme 3. Synthesis of amprenavir.

Reagents and conditions: (a) Ph3PCHCO2Et, PhH, 90 ◦C; (b) LiAlH4, AlCl3 (30 mol %),
Et2O, 0 ◦C; (c) mCPBA, CH2Cl2, 0 ◦C; (d) Ti(OiPr)4, TMSN3, C6H6, 70 ◦C; (e) p-TsCl, Bu2SnO
(2 mol %), Et3N, DMAP (10 mol %), CH2Cl2, 0 ◦C; (f) K2CO3, MeOH, 0 ◦C; (g) (S,S)-
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Co(salen)OAc (0.5 mol %), THF, H2O (0.5 equiv), 25 ◦C; (h) (1) iBuNH2, iPrOH, 50 ◦C, (2) PPh3,
H2O, THF, 25 ◦C; (2) N-hydroxysuccinimidyl carbonate of (S)-3-hydroxytetrahydrofuran, Et3N,
CH2Cl2, 25 ◦C.

Structure–Activity Relationship of Amprenavir: It shows antiviral properties against
the HIV-1 virus in an in vitro study against the C8166 cell line [131]. The efficacy of HIV-1
protease inhibitors was assessed using the fluorescence resonance energy transfer (FRET)
technique. A specific protease substrate [Arg-Glu(EDANS)-Ser-Gln-Asn-Tyr-Pro-Ile-Val-
Gln-Lys(DABCYL)-Arg], was employed. The determination of the inhibitor’s binding
dissociation constant (Ki) involved fitting the initial velocity plot against inhibitor con-
centrations to the Morrison equation through non-linear regression analysis [132]. The
EC50 values were compared with those of amprenavir, resulting in the conclusion that the
biaryl subunit with varying substituents showed lower efficiency. However, compounds
that featured substituents of –NH2 for R1 and 3-pyridyl or 4-pyridyl for R2 exhibited in-
creased solubility and stronger enzyme inhibitory activity at a sub-nanomolar level. These
compounds were found to be 2–10 times more active than amprenavir, as described in
Table 2 [133].

Table 2. SAR analysis of amprenavir.

Compound
Substitution Activity

−R1 −R2 EC50 (nM) Inhibitor Constant
(Ki) (nM)

Viruses 2023, 15, x FOR PEER REVIEW  16  of  58 
 

 

Co(salen)OAc (0.5 mol %), THF, H2O (0.5 equiv), 25 °C; (h) (1) iBuNH2, iPrOH, 50 °C, (2) 

PPh3, H2O, THF, 25 °C; (2) N‐hydroxysuccinimidyl carbonate of (S)‐3‐hydroxytetrahydro‐

furan, Et3N, CH2Cl2, 25 °C.` 

Structure–Activity Relationship of Amprenavir: It shows antiviral properties against 

the HIV‐1 virus in an in vitro study against the C8166 cell line [131]. The efficacy of HIV‐

1  protease  inhibitors was  assessed  using  the  fluorescence  resonance  energy  transfer 

(FRET) technique. A specific protease substrate [Arg‐Glu(EDANS)‐Ser‐Gln‐Asn‐Tyr‐Pro‐

Ile‐Val‐Gln‐Lys(DABCYL)‐Arg],  was  employed.  The  determination  of  the  inhibitor’s 

binding dissociation constant (Ki) involved fitting the initial velocity plot against inhibitor 

concentrations to the Morrison equation through non‐linear regression analysis [132]. The 

EC50 values were compared with those of amprenavir, resulting in the conclusion that the 

biaryl subunit with varying substituents showed lower efficiency. However, compounds 

that featured substituents of −NH2 for R1 and 3‐pyridyl or 4‐pyridyl for R2 exhibited in‐

creased solubility and stronger enzyme inhibitory activity at a sub‐nanomolar level. These 

compounds were found to be 2–10 times more active than amprenavir, as described  in 

Table 2 [133]. 

Table 2. SAR analysis of amprenavir. 

Compound 

Substitution  Activity 

−R1  −R2  EC50 (nM) 
Inhibitor Constant 

(Ki) (nM) 

 

    2.93  0.84 

 
4.29  5.8 

   
2.32  6.4 

   
6.89  5.8 

   
6.04  7.4 

   
3.63  5.2 

 
 

5.53  1.8 

   
4.30  1.9 

 
 

3.46  4.3 

 
 

9.2  1.6 

 
 

4.48  8.1 

 

S

 

3.08  3.5 

Viruses 2023, 15, x FOR PEER REVIEW  16  of  58 
 

 

Co(salen)OAc (0.5 mol %), THF, H2O (0.5 equiv), 25 °C; (h) (1) iBuNH2, iPrOH, 50 °C, (2) 

PPh3, H2O, THF, 25 °C; (2) N‐hydroxysuccinimidyl carbonate of (S)‐3‐hydroxytetrahydro‐

furan, Et3N, CH2Cl2, 25 °C.` 

Structure–Activity Relationship of Amprenavir: It shows antiviral properties against 

the HIV‐1 virus in an in vitro study against the C8166 cell line [131]. The efficacy of HIV‐

1  protease  inhibitors was  assessed  using  the  fluorescence  resonance  energy  transfer 

(FRET) technique. A specific protease substrate [Arg‐Glu(EDANS)‐Ser‐Gln‐Asn‐Tyr‐Pro‐

Ile‐Val‐Gln‐Lys(DABCYL)‐Arg],  was  employed.  The  determination  of  the  inhibitor’s 

binding dissociation constant (Ki) involved fitting the initial velocity plot against inhibitor 

concentrations to the Morrison equation through non‐linear regression analysis [132]. The 

EC50 values were compared with those of amprenavir, resulting in the conclusion that the 

biaryl subunit with varying substituents showed lower efficiency. However, compounds 

that featured substituents of −NH2 for R1 and 3‐pyridyl or 4‐pyridyl for R2 exhibited in‐

creased solubility and stronger enzyme inhibitory activity at a sub‐nanomolar level. These 

compounds were found to be 2–10 times more active than amprenavir, as described  in 

Table 2 [133]. 

Table 2. SAR analysis of amprenavir. 

Compound 

Substitution  Activity 

−R1  −R2  EC50 (nM) 
Inhibitor Constant 

(Ki) (nM) 

 

    2.93  0.84 

 
4.29  5.8 

   
2.32  6.4 

   
6.89  5.8 

   
6.04  7.4 

   
3.63  5.2 

 
 

5.53  1.8 

   
4.30  1.9 

 
 

3.46  4.3 

 
 

9.2  1.6 

 
 

4.48  8.1 

 

S

 

3.08  3.5 

Viruses 2023, 15, x FOR PEER REVIEW  16  of  58 
 

 

Co(salen)OAc (0.5 mol %), THF, H2O (0.5 equiv), 25 °C; (h) (1) iBuNH2, iPrOH, 50 °C, (2) 

PPh3, H2O, THF, 25 °C; (2) N‐hydroxysuccinimidyl carbonate of (S)‐3‐hydroxytetrahydro‐

furan, Et3N, CH2Cl2, 25 °C.` 

Structure–Activity Relationship of Amprenavir: It shows antiviral properties against 

the HIV‐1 virus in an in vitro study against the C8166 cell line [131]. The efficacy of HIV‐

1  protease  inhibitors was  assessed  using  the  fluorescence  resonance  energy  transfer 

(FRET) technique. A specific protease substrate [Arg‐Glu(EDANS)‐Ser‐Gln‐Asn‐Tyr‐Pro‐

Ile‐Val‐Gln‐Lys(DABCYL)‐Arg],  was  employed.  The  determination  of  the  inhibitor’s 

binding dissociation constant (Ki) involved fitting the initial velocity plot against inhibitor 

concentrations to the Morrison equation through non‐linear regression analysis [132]. The 

EC50 values were compared with those of amprenavir, resulting in the conclusion that the 

biaryl subunit with varying substituents showed lower efficiency. However, compounds 

that featured substituents of −NH2 for R1 and 3‐pyridyl or 4‐pyridyl for R2 exhibited in‐

creased solubility and stronger enzyme inhibitory activity at a sub‐nanomolar level. These 

compounds were found to be 2–10 times more active than amprenavir, as described  in 

Table 2 [133]. 

Table 2. SAR analysis of amprenavir. 

Compound 

Substitution  Activity 

−R1  −R2  EC50 (nM) 
Inhibitor Constant 

(Ki) (nM) 

 

    2.93  0.84 

 
4.29  5.8 

   
2.32  6.4 

   
6.89  5.8 

   
6.04  7.4 

   
3.63  5.2 

 
 

5.53  1.8 

   
4.30  1.9 

 
 

3.46  4.3 

 
 

9.2  1.6 

 
 

4.48  8.1 

 

S

 

3.08  3.5 

2.93 0.84
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Co(salen)OAc (0.5 mol %), THF, H2O (0.5 equiv), 25 °C; (h) (1) iBuNH2, iPrOH, 50 °C, (2) 

PPh3, H2O, THF, 25 °C; (2) N‐hydroxysuccinimidyl carbonate of (S)‐3‐hydroxytetrahydro‐

furan, Et3N, CH2Cl2, 25 °C.` 

Structure–Activity Relationship of Amprenavir: It shows antiviral properties against 

the HIV‐1 virus in an in vitro study against the C8166 cell line [131]. The efficacy of HIV‐

1  protease  inhibitors was  assessed  using  the  fluorescence  resonance  energy  transfer 

(FRET) technique. A specific protease substrate [Arg‐Glu(EDANS)‐Ser‐Gln‐Asn‐Tyr‐Pro‐

Ile‐Val‐Gln‐Lys(DABCYL)‐Arg],  was  employed.  The  determination  of  the  inhibitor’s 

binding dissociation constant (Ki) involved fitting the initial velocity plot against inhibitor 

concentrations to the Morrison equation through non‐linear regression analysis [132]. The 

EC50 values were compared with those of amprenavir, resulting in the conclusion that the 

biaryl subunit with varying substituents showed lower efficiency. However, compounds 

that featured substituents of −NH2 for R1 and 3‐pyridyl or 4‐pyridyl for R2 exhibited in‐

creased solubility and stronger enzyme inhibitory activity at a sub‐nanomolar level. These 

compounds were found to be 2–10 times more active than amprenavir, as described  in 

Table 2 [133]. 

Table 2. SAR analysis of amprenavir. 

Compound 

Substitution  Activity 

−R1  −R2  EC50 (nM) 
Inhibitor Constant 

(Ki) (nM) 

 

    2.93  0.84 

 
4.29  5.8 

   
2.32  6.4 

   
6.89  5.8 

   
6.04  7.4 

   
3.63  5.2 

 
 

5.53  1.8 

   
4.30  1.9 

 
 

3.46  4.3 

 
 

9.2  1.6 

 
 

4.48  8.1 

 

S

 

3.08  3.5 
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Co(salen)OAc (0.5 mol %), THF, H2O (0.5 equiv), 25 °C; (h) (1) iBuNH2, iPrOH, 50 °C, (2) 

PPh3, H2O, THF, 25 °C; (2) N‐hydroxysuccinimidyl carbonate of (S)‐3‐hydroxytetrahydro‐

furan, Et3N, CH2Cl2, 25 °C.` 

Structure–Activity Relationship of Amprenavir: It shows antiviral properties against 

the HIV‐1 virus in an in vitro study against the C8166 cell line [131]. The efficacy of HIV‐

1  protease  inhibitors was  assessed  using  the  fluorescence  resonance  energy  transfer 

(FRET) technique. A specific protease substrate [Arg‐Glu(EDANS)‐Ser‐Gln‐Asn‐Tyr‐Pro‐

Ile‐Val‐Gln‐Lys(DABCYL)‐Arg],  was  employed.  The  determination  of  the  inhibitor’s 

binding dissociation constant (Ki) involved fitting the initial velocity plot against inhibitor 

concentrations to the Morrison equation through non‐linear regression analysis [132]. The 

EC50 values were compared with those of amprenavir, resulting in the conclusion that the 

biaryl subunit with varying substituents showed lower efficiency. However, compounds 

that featured substituents of −NH2 for R1 and 3‐pyridyl or 4‐pyridyl for R2 exhibited in‐

creased solubility and stronger enzyme inhibitory activity at a sub‐nanomolar level. These 

compounds were found to be 2–10 times more active than amprenavir, as described  in 

Table 2 [133]. 

Table 2. SAR analysis of amprenavir. 

Compound 

Substitution  Activity 

−R1  −R2  EC50 (nM) 
Inhibitor Constant 

(Ki) (nM) 

 

    2.93  0.84 

 
4.29  5.8 

   
2.32  6.4 

   
6.89  5.8 

   
6.04  7.4 

   
3.63  5.2 

 
 

5.53  1.8 

   
4.30  1.9 

 
 

3.46  4.3 

 
 

9.2  1.6 

 
 

4.48  8.1 

 

S

 

3.08  3.5 

4.29 5.8
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Co(salen)OAc (0.5 mol %), THF, H2O (0.5 equiv), 25 °C; (h) (1) iBuNH2, iPrOH, 50 °C, (2) 

PPh3, H2O, THF, 25 °C; (2) N‐hydroxysuccinimidyl carbonate of (S)‐3‐hydroxytetrahydro‐

furan, Et3N, CH2Cl2, 25 °C.` 

Structure–Activity Relationship of Amprenavir: It shows antiviral properties against 

the HIV‐1 virus in an in vitro study against the C8166 cell line [131]. The efficacy of HIV‐

1  protease  inhibitors was  assessed  using  the  fluorescence  resonance  energy  transfer 

(FRET) technique. A specific protease substrate [Arg‐Glu(EDANS)‐Ser‐Gln‐Asn‐Tyr‐Pro‐

Ile‐Val‐Gln‐Lys(DABCYL)‐Arg],  was  employed.  The  determination  of  the  inhibitor’s 

binding dissociation constant (Ki) involved fitting the initial velocity plot against inhibitor 

concentrations to the Morrison equation through non‐linear regression analysis [132]. The 

EC50 values were compared with those of amprenavir, resulting in the conclusion that the 

biaryl subunit with varying substituents showed lower efficiency. However, compounds 

that featured substituents of −NH2 for R1 and 3‐pyridyl or 4‐pyridyl for R2 exhibited in‐

creased solubility and stronger enzyme inhibitory activity at a sub‐nanomolar level. These 

compounds were found to be 2–10 times more active than amprenavir, as described  in 

Table 2 [133]. 

Table 2. SAR analysis of amprenavir. 

Compound 

Substitution  Activity 

−R1  −R2  EC50 (nM) 
Inhibitor Constant 

(Ki) (nM) 

 

    2.93  0.84 

 
4.29  5.8 

   
2.32  6.4 

   
6.89  5.8 

   
6.04  7.4 

   
3.63  5.2 

 
 

5.53  1.8 

   
4.30  1.9 

 
 

3.46  4.3 

 
 

9.2  1.6 

 
 

4.48  8.1 

 

S

 

3.08  3.5 
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Co(salen)OAc (0.5 mol %), THF, H2O (0.5 equiv), 25 °C; (h) (1) iBuNH2, iPrOH, 50 °C, (2) 

PPh3, H2O, THF, 25 °C; (2) N‐hydroxysuccinimidyl carbonate of (S)‐3‐hydroxytetrahydro‐

furan, Et3N, CH2Cl2, 25 °C.` 

Structure–Activity Relationship of Amprenavir: It shows antiviral properties against 

the HIV‐1 virus in an in vitro study against the C8166 cell line [131]. The efficacy of HIV‐

1  protease  inhibitors was  assessed  using  the  fluorescence  resonance  energy  transfer 

(FRET) technique. A specific protease substrate [Arg‐Glu(EDANS)‐Ser‐Gln‐Asn‐Tyr‐Pro‐

Ile‐Val‐Gln‐Lys(DABCYL)‐Arg],  was  employed.  The  determination  of  the  inhibitor’s 

binding dissociation constant (Ki) involved fitting the initial velocity plot against inhibitor 

concentrations to the Morrison equation through non‐linear regression analysis [132]. The 

EC50 values were compared with those of amprenavir, resulting in the conclusion that the 

biaryl subunit with varying substituents showed lower efficiency. However, compounds 

that featured substituents of −NH2 for R1 and 3‐pyridyl or 4‐pyridyl for R2 exhibited in‐

creased solubility and stronger enzyme inhibitory activity at a sub‐nanomolar level. These 

compounds were found to be 2–10 times more active than amprenavir, as described  in 

Table 2 [133]. 

Table 2. SAR analysis of amprenavir. 

Compound 

Substitution  Activity 

−R1  −R2  EC50 (nM) 
Inhibitor Constant 

(Ki) (nM) 

 

    2.93  0.84 

 
4.29  5.8 

   
2.32  6.4 

   
6.89  5.8 

   
6.04  7.4 

   
3.63  5.2 

 
 

5.53  1.8 

   
4.30  1.9 

 
 

3.46  4.3 

 
 

9.2  1.6 

 
 

4.48  8.1 

 

S

 

3.08  3.5 

2.32 6.4
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Co(salen)OAc (0.5 mol %), THF, H2O (0.5 equiv), 25 °C; (h) (1) iBuNH2, iPrOH, 50 °C, (2) 

PPh3, H2O, THF, 25 °C; (2) N‐hydroxysuccinimidyl carbonate of (S)‐3‐hydroxytetrahydro‐

furan, Et3N, CH2Cl2, 25 °C.` 

Structure–Activity Relationship of Amprenavir: It shows antiviral properties against 

the HIV‐1 virus in an in vitro study against the C8166 cell line [131]. The efficacy of HIV‐

1  protease  inhibitors was  assessed  using  the  fluorescence  resonance  energy  transfer 

(FRET) technique. A specific protease substrate [Arg‐Glu(EDANS)‐Ser‐Gln‐Asn‐Tyr‐Pro‐

Ile‐Val‐Gln‐Lys(DABCYL)‐Arg],  was  employed.  The  determination  of  the  inhibitor’s 

binding dissociation constant (Ki) involved fitting the initial velocity plot against inhibitor 

concentrations to the Morrison equation through non‐linear regression analysis [132]. The 

EC50 values were compared with those of amprenavir, resulting in the conclusion that the 

biaryl subunit with varying substituents showed lower efficiency. However, compounds 

that featured substituents of −NH2 for R1 and 3‐pyridyl or 4‐pyridyl for R2 exhibited in‐

creased solubility and stronger enzyme inhibitory activity at a sub‐nanomolar level. These 

compounds were found to be 2–10 times more active than amprenavir, as described  in 

Table 2 [133]. 

Table 2. SAR analysis of amprenavir. 

Compound 

Substitution  Activity 

−R1  −R2  EC50 (nM) 
Inhibitor Constant 

(Ki) (nM) 

 

    2.93  0.84 

 
4.29  5.8 

   
2.32  6.4 

   
6.89  5.8 

   
6.04  7.4 

   
3.63  5.2 

 
 

5.53  1.8 

   
4.30  1.9 

 
 

3.46  4.3 

 
 

9.2  1.6 

 
 

4.48  8.1 

 

S

 

3.08  3.5 
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Co(salen)OAc (0.5 mol %), THF, H2O (0.5 equiv), 25 °C; (h) (1) iBuNH2, iPrOH, 50 °C, (2) 

PPh3, H2O, THF, 25 °C; (2) N‐hydroxysuccinimidyl carbonate of (S)‐3‐hydroxytetrahydro‐

furan, Et3N, CH2Cl2, 25 °C.` 

Structure–Activity Relationship of Amprenavir: It shows antiviral properties against 

the HIV‐1 virus in an in vitro study against the C8166 cell line [131]. The efficacy of HIV‐

1  protease  inhibitors was  assessed  using  the  fluorescence  resonance  energy  transfer 

(FRET) technique. A specific protease substrate [Arg‐Glu(EDANS)‐Ser‐Gln‐Asn‐Tyr‐Pro‐

Ile‐Val‐Gln‐Lys(DABCYL)‐Arg],  was  employed.  The  determination  of  the  inhibitor’s 

binding dissociation constant (Ki) involved fitting the initial velocity plot against inhibitor 

concentrations to the Morrison equation through non‐linear regression analysis [132]. The 

EC50 values were compared with those of amprenavir, resulting in the conclusion that the 

biaryl subunit with varying substituents showed lower efficiency. However, compounds 

that featured substituents of −NH2 for R1 and 3‐pyridyl or 4‐pyridyl for R2 exhibited in‐

creased solubility and stronger enzyme inhibitory activity at a sub‐nanomolar level. These 

compounds were found to be 2–10 times more active than amprenavir, as described  in 

Table 2 [133]. 

Table 2. SAR analysis of amprenavir. 

Compound 

Substitution  Activity 

−R1  −R2  EC50 (nM) 
Inhibitor Constant 

(Ki) (nM) 

 

    2.93  0.84 

 
4.29  5.8 

   
2.32  6.4 

   
6.89  5.8 

   
6.04  7.4 

   
3.63  5.2 

 
 

5.53  1.8 

   
4.30  1.9 

 
 

3.46  4.3 

 
 

9.2  1.6 

 
 

4.48  8.1 

 

S

 

3.08  3.5 

6.89 5.8
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Co(salen)OAc (0.5 mol %), THF, H2O (0.5 equiv), 25 °C; (h) (1) iBuNH2, iPrOH, 50 °C, (2) 

PPh3, H2O, THF, 25 °C; (2) N‐hydroxysuccinimidyl carbonate of (S)‐3‐hydroxytetrahydro‐

furan, Et3N, CH2Cl2, 25 °C.` 

Structure–Activity Relationship of Amprenavir: It shows antiviral properties against 

the HIV‐1 virus in an in vitro study against the C8166 cell line [131]. The efficacy of HIV‐

1  protease  inhibitors was  assessed  using  the  fluorescence  resonance  energy  transfer 

(FRET) technique. A specific protease substrate [Arg‐Glu(EDANS)‐Ser‐Gln‐Asn‐Tyr‐Pro‐

Ile‐Val‐Gln‐Lys(DABCYL)‐Arg],  was  employed.  The  determination  of  the  inhibitor’s 

binding dissociation constant (Ki) involved fitting the initial velocity plot against inhibitor 

concentrations to the Morrison equation through non‐linear regression analysis [132]. The 

EC50 values were compared with those of amprenavir, resulting in the conclusion that the 

biaryl subunit with varying substituents showed lower efficiency. However, compounds 

that featured substituents of −NH2 for R1 and 3‐pyridyl or 4‐pyridyl for R2 exhibited in‐

creased solubility and stronger enzyme inhibitory activity at a sub‐nanomolar level. These 

compounds were found to be 2–10 times more active than amprenavir, as described  in 

Table 2 [133]. 

Table 2. SAR analysis of amprenavir. 

Compound 

Substitution  Activity 

−R1  −R2  EC50 (nM) 
Inhibitor Constant 

(Ki) (nM) 

 

    2.93  0.84 

 
4.29  5.8 

   
2.32  6.4 

   
6.89  5.8 

   
6.04  7.4 

   
3.63  5.2 

 
 

5.53  1.8 

   
4.30  1.9 

 
 

3.46  4.3 

 
 

9.2  1.6 

 
 

4.48  8.1 

 

S

 

3.08  3.5 
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Co(salen)OAc (0.5 mol %), THF, H2O (0.5 equiv), 25 °C; (h) (1) iBuNH2, iPrOH, 50 °C, (2) 

PPh3, H2O, THF, 25 °C; (2) N‐hydroxysuccinimidyl carbonate of (S)‐3‐hydroxytetrahydro‐

furan, Et3N, CH2Cl2, 25 °C.` 

Structure–Activity Relationship of Amprenavir: It shows antiviral properties against 

the HIV‐1 virus in an in vitro study against the C8166 cell line [131]. The efficacy of HIV‐

1  protease  inhibitors was  assessed  using  the  fluorescence  resonance  energy  transfer 

(FRET) technique. A specific protease substrate [Arg‐Glu(EDANS)‐Ser‐Gln‐Asn‐Tyr‐Pro‐

Ile‐Val‐Gln‐Lys(DABCYL)‐Arg],  was  employed.  The  determination  of  the  inhibitor’s 

binding dissociation constant (Ki) involved fitting the initial velocity plot against inhibitor 

concentrations to the Morrison equation through non‐linear regression analysis [132]. The 

EC50 values were compared with those of amprenavir, resulting in the conclusion that the 

biaryl subunit with varying substituents showed lower efficiency. However, compounds 

that featured substituents of −NH2 for R1 and 3‐pyridyl or 4‐pyridyl for R2 exhibited in‐

creased solubility and stronger enzyme inhibitory activity at a sub‐nanomolar level. These 

compounds were found to be 2–10 times more active than amprenavir, as described  in 

Table 2 [133]. 

Table 2. SAR analysis of amprenavir. 

Compound 

Substitution  Activity 

−R1  −R2  EC50 (nM) 
Inhibitor Constant 

(Ki) (nM) 

 

    2.93  0.84 

 
4.29  5.8 

   
2.32  6.4 

   
6.89  5.8 

   
6.04  7.4 

   
3.63  5.2 

 
 

5.53  1.8 

   
4.30  1.9 

 
 

3.46  4.3 

 
 

9.2  1.6 

 
 

4.48  8.1 

 

S

 

3.08  3.5 
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Viruses 2023, 15, x FOR PEER REVIEW  16  of  58 
 

 

Co(salen)OAc (0.5 mol %), THF, H2O (0.5 equiv), 25 °C; (h) (1) iBuNH2, iPrOH, 50 °C, (2) 

PPh3, H2O, THF, 25 °C; (2) N‐hydroxysuccinimidyl carbonate of (S)‐3‐hydroxytetrahydro‐

furan, Et3N, CH2Cl2, 25 °C.` 

Structure–Activity Relationship of Amprenavir: It shows antiviral properties against 

the HIV‐1 virus in an in vitro study against the C8166 cell line [131]. The efficacy of HIV‐

1  protease  inhibitors was  assessed  using  the  fluorescence  resonance  energy  transfer 

(FRET) technique. A specific protease substrate [Arg‐Glu(EDANS)‐Ser‐Gln‐Asn‐Tyr‐Pro‐

Ile‐Val‐Gln‐Lys(DABCYL)‐Arg],  was  employed.  The  determination  of  the  inhibitor’s 

binding dissociation constant (Ki) involved fitting the initial velocity plot against inhibitor 

concentrations to the Morrison equation through non‐linear regression analysis [132]. The 

EC50 values were compared with those of amprenavir, resulting in the conclusion that the 

biaryl subunit with varying substituents showed lower efficiency. However, compounds 

that featured substituents of −NH2 for R1 and 3‐pyridyl or 4‐pyridyl for R2 exhibited in‐

creased solubility and stronger enzyme inhibitory activity at a sub‐nanomolar level. These 

compounds were found to be 2–10 times more active than amprenavir, as described  in 

Table 2 [133]. 

Table 2. SAR analysis of amprenavir. 

Compound 

Substitution  Activity 

−R1  −R2  EC50 (nM) 
Inhibitor Constant 

(Ki) (nM) 

 

    2.93  0.84 

 
4.29  5.8 

   
2.32  6.4 

   
6.89  5.8 

   
6.04  7.4 

   
3.63  5.2 

 
 

5.53  1.8 

   
4.30  1.9 

 
 

3.46  4.3 

 
 

9.2  1.6 

 
 

4.48  8.1 

 

S

 

3.08  3.5 
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Co(salen)OAc (0.5 mol %), THF, H2O (0.5 equiv), 25 °C; (h) (1) iBuNH2, iPrOH, 50 °C, (2) 

PPh3, H2O, THF, 25 °C; (2) N‐hydroxysuccinimidyl carbonate of (S)‐3‐hydroxytetrahydro‐

furan, Et3N, CH2Cl2, 25 °C.` 

Structure–Activity Relationship of Amprenavir: It shows antiviral properties against 

the HIV‐1 virus in an in vitro study against the C8166 cell line [131]. The efficacy of HIV‐

1  protease  inhibitors was  assessed  using  the  fluorescence  resonance  energy  transfer 

(FRET) technique. A specific protease substrate [Arg‐Glu(EDANS)‐Ser‐Gln‐Asn‐Tyr‐Pro‐

Ile‐Val‐Gln‐Lys(DABCYL)‐Arg],  was  employed.  The  determination  of  the  inhibitor’s 

binding dissociation constant (Ki) involved fitting the initial velocity plot against inhibitor 

concentrations to the Morrison equation through non‐linear regression analysis [132]. The 

EC50 values were compared with those of amprenavir, resulting in the conclusion that the 

biaryl subunit with varying substituents showed lower efficiency. However, compounds 

that featured substituents of −NH2 for R1 and 3‐pyridyl or 4‐pyridyl for R2 exhibited in‐

creased solubility and stronger enzyme inhibitory activity at a sub‐nanomolar level. These 

compounds were found to be 2–10 times more active than amprenavir, as described  in 

Table 2 [133]. 

Table 2. SAR analysis of amprenavir. 

Compound 

Substitution  Activity 

−R1  −R2  EC50 (nM) 
Inhibitor Constant 

(Ki) (nM) 

 

    2.93  0.84 

 
4.29  5.8 

   
2.32  6.4 

   
6.89  5.8 

   
6.04  7.4 

   
3.63  5.2 

 
 

5.53  1.8 

   
4.30  1.9 

 
 

3.46  4.3 
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Co(salen)OAc (0.5 mol %), THF, H2O (0.5 equiv), 25 °C; (h) (1) iBuNH2, iPrOH, 50 °C, (2) 

PPh3, H2O, THF, 25 °C; (2) N‐hydroxysuccinimidyl carbonate of (S)‐3‐hydroxytetrahydro‐

furan, Et3N, CH2Cl2, 25 °C.` 

Structure–Activity Relationship of Amprenavir: It shows antiviral properties against 

the HIV‐1 virus in an in vitro study against the C8166 cell line [131]. The efficacy of HIV‐

1  protease  inhibitors was  assessed  using  the  fluorescence  resonance  energy  transfer 

(FRET) technique. A specific protease substrate [Arg‐Glu(EDANS)‐Ser‐Gln‐Asn‐Tyr‐Pro‐

Ile‐Val‐Gln‐Lys(DABCYL)‐Arg],  was  employed.  The  determination  of  the  inhibitor’s 

binding dissociation constant (Ki) involved fitting the initial velocity plot against inhibitor 

concentrations to the Morrison equation through non‐linear regression analysis [132]. The 

EC50 values were compared with those of amprenavir, resulting in the conclusion that the 

biaryl subunit with varying substituents showed lower efficiency. However, compounds 

that featured substituents of −NH2 for R1 and 3‐pyridyl or 4‐pyridyl for R2 exhibited in‐

creased solubility and stronger enzyme inhibitory activity at a sub‐nanomolar level. These 

compounds were found to be 2–10 times more active than amprenavir, as described  in 

Table 2 [133]. 

Table 2. SAR analysis of amprenavir. 

Compound 

Substitution  Activity 

−R1  −R2  EC50 (nM) 
Inhibitor Constant 

(Ki) (nM) 

 

    2.93  0.84 

 
4.29  5.8 

   
2.32  6.4 

   
6.89  5.8 

   
6.04  7.4 

   
3.63  5.2 

 
 

5.53  1.8 

   
4.30  1.9 

 
 

3.46  4.3 

 
 

9.2  1.6 

 
 

4.48  8.1 

 

S

 

3.08  3.5 
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Co(salen)OAc (0.5 mol %), THF, H2O (0.5 equiv), 25 °C; (h) (1) iBuNH2, iPrOH, 50 °C, (2) 

PPh3, H2O, THF, 25 °C; (2) N‐hydroxysuccinimidyl carbonate of (S)‐3‐hydroxytetrahydro‐

furan, Et3N, CH2Cl2, 25 °C.` 

Structure–Activity Relationship of Amprenavir: It shows antiviral properties against 

the HIV‐1 virus in an in vitro study against the C8166 cell line [131]. The efficacy of HIV‐

1  protease  inhibitors was  assessed  using  the  fluorescence  resonance  energy  transfer 

(FRET) technique. A specific protease substrate [Arg‐Glu(EDANS)‐Ser‐Gln‐Asn‐Tyr‐Pro‐

Ile‐Val‐Gln‐Lys(DABCYL)‐Arg],  was  employed.  The  determination  of  the  inhibitor’s 

binding dissociation constant (Ki) involved fitting the initial velocity plot against inhibitor 

concentrations to the Morrison equation through non‐linear regression analysis [132]. The 

EC50 values were compared with those of amprenavir, resulting in the conclusion that the 

biaryl subunit with varying substituents showed lower efficiency. However, compounds 

that featured substituents of −NH2 for R1 and 3‐pyridyl or 4‐pyridyl for R2 exhibited in‐

creased solubility and stronger enzyme inhibitory activity at a sub‐nanomolar level. These 

compounds were found to be 2–10 times more active than amprenavir, as described  in 

Table 2 [133]. 

Table 2. SAR analysis of amprenavir. 

Compound 

Substitution  Activity 

−R1  −R2  EC50 (nM) 
Inhibitor Constant 

(Ki) (nM) 

 

    2.93  0.84 

 
4.29  5.8 

   
2.32  6.4 

   
6.89  5.8 

   
6.04  7.4 

   
3.63  5.2 

 
 

5.53  1.8 

   
4.30  1.9 

 
 

3.46  4.3 
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Co(salen)OAc (0.5 mol %), THF, H2O (0.5 equiv), 25 °C; (h) (1) iBuNH2, iPrOH, 50 °C, (2) 

PPh3, H2O, THF, 25 °C; (2) N‐hydroxysuccinimidyl carbonate of (S)‐3‐hydroxytetrahydro‐

furan, Et3N, CH2Cl2, 25 °C.` 

Structure–Activity Relationship of Amprenavir: It shows antiviral properties against 

the HIV‐1 virus in an in vitro study against the C8166 cell line [131]. The efficacy of HIV‐

1  protease  inhibitors was  assessed  using  the  fluorescence  resonance  energy  transfer 

(FRET) technique. A specific protease substrate [Arg‐Glu(EDANS)‐Ser‐Gln‐Asn‐Tyr‐Pro‐

Ile‐Val‐Gln‐Lys(DABCYL)‐Arg],  was  employed.  The  determination  of  the  inhibitor’s 

binding dissociation constant (Ki) involved fitting the initial velocity plot against inhibitor 

concentrations to the Morrison equation through non‐linear regression analysis [132]. The 

EC50 values were compared with those of amprenavir, resulting in the conclusion that the 

biaryl subunit with varying substituents showed lower efficiency. However, compounds 

that featured substituents of −NH2 for R1 and 3‐pyridyl or 4‐pyridyl for R2 exhibited in‐

creased solubility and stronger enzyme inhibitory activity at a sub‐nanomolar level. These 

compounds were found to be 2–10 times more active than amprenavir, as described  in 

Table 2 [133]. 

Table 2. SAR analysis of amprenavir. 

Compound 

Substitution  Activity 

−R1  −R2  EC50 (nM) 
Inhibitor Constant 

(Ki) (nM) 

 

    2.93  0.84 

 
4.29  5.8 

   
2.32  6.4 

   
6.89  5.8 

   
6.04  7.4 

   
3.63  5.2 

 
 

5.53  1.8 

   
4.30  1.9 

 
 

3.46  4.3 

 
 

9.2  1.6 
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S
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Co(salen)OAc (0.5 mol %), THF, H2O (0.5 equiv), 25 °C; (h) (1) iBuNH2, iPrOH, 50 °C, (2) 

PPh3, H2O, THF, 25 °C; (2) N‐hydroxysuccinimidyl carbonate of (S)‐3‐hydroxytetrahydro‐

furan, Et3N, CH2Cl2, 25 °C.` 

Structure–Activity Relationship of Amprenavir: It shows antiviral properties against 

the HIV‐1 virus in an in vitro study against the C8166 cell line [131]. The efficacy of HIV‐

1  protease  inhibitors was  assessed  using  the  fluorescence  resonance  energy  transfer 

(FRET) technique. A specific protease substrate [Arg‐Glu(EDANS)‐Ser‐Gln‐Asn‐Tyr‐Pro‐

Ile‐Val‐Gln‐Lys(DABCYL)‐Arg],  was  employed.  The  determination  of  the  inhibitor’s 

binding dissociation constant (Ki) involved fitting the initial velocity plot against inhibitor 

concentrations to the Morrison equation through non‐linear regression analysis [132]. The 

EC50 values were compared with those of amprenavir, resulting in the conclusion that the 

biaryl subunit with varying substituents showed lower efficiency. However, compounds 

that featured substituents of −NH2 for R1 and 3‐pyridyl or 4‐pyridyl for R2 exhibited in‐

creased solubility and stronger enzyme inhibitory activity at a sub‐nanomolar level. These 

compounds were found to be 2–10 times more active than amprenavir, as described  in 

Table 2 [133]. 

Table 2. SAR analysis of amprenavir. 

Compound 

Substitution  Activity 

−R1  −R2  EC50 (nM) 
Inhibitor Constant 

(Ki) (nM) 

 

    2.93  0.84 

 
4.29  5.8 

   
2.32  6.4 

   
6.89  5.8 

   
6.04  7.4 

   
3.63  5.2 

 
 

5.53  1.8 
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Co(salen)OAc (0.5 mol %), THF, H2O (0.5 equiv), 25 °C; (h) (1) iBuNH2, iPrOH, 50 °C, (2) 

PPh3, H2O, THF, 25 °C; (2) N‐hydroxysuccinimidyl carbonate of (S)‐3‐hydroxytetrahydro‐

furan, Et3N, CH2Cl2, 25 °C.` 

Structure–Activity Relationship of Amprenavir: It shows antiviral properties against 

the HIV‐1 virus in an in vitro study against the C8166 cell line [131]. The efficacy of HIV‐

1  protease  inhibitors was  assessed  using  the  fluorescence  resonance  energy  transfer 

(FRET) technique. A specific protease substrate [Arg‐Glu(EDANS)‐Ser‐Gln‐Asn‐Tyr‐Pro‐

Ile‐Val‐Gln‐Lys(DABCYL)‐Arg],  was  employed.  The  determination  of  the  inhibitor’s 

binding dissociation constant (Ki) involved fitting the initial velocity plot against inhibitor 

concentrations to the Morrison equation through non‐linear regression analysis [132]. The 

EC50 values were compared with those of amprenavir, resulting in the conclusion that the 

biaryl subunit with varying substituents showed lower efficiency. However, compounds 

that featured substituents of −NH2 for R1 and 3‐pyridyl or 4‐pyridyl for R2 exhibited in‐

creased solubility and stronger enzyme inhibitory activity at a sub‐nanomolar level. These 

compounds were found to be 2–10 times more active than amprenavir, as described  in 

Table 2 [133]. 

Table 2. SAR analysis of amprenavir. 

Compound 

Substitution  Activity 

−R1  −R2  EC50 (nM) 
Inhibitor Constant 

(Ki) (nM) 

 

    2.93  0.84 

 
4.29  5.8 

   
2.32  6.4 

   
6.89  5.8 

   
6.04  7.4 

   
3.63  5.2 

 
 

5.53  1.8 

   
4.30  1.9 

 
 

3.46  4.3 

 
 

9.2  1.6 

 
 

4.48  8.1 
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Co(salen)OAc (0.5 mol %), THF, H2O (0.5 equiv), 25 °C; (h) (1) iBuNH2, iPrOH, 50 °C, (2) 

PPh3, H2O, THF, 25 °C; (2) N‐hydroxysuccinimidyl carbonate of (S)‐3‐hydroxytetrahydro‐

furan, Et3N, CH2Cl2, 25 °C.` 

Structure–Activity Relationship of Amprenavir: It shows antiviral properties against 

the HIV‐1 virus in an in vitro study against the C8166 cell line [131]. The efficacy of HIV‐

1  protease  inhibitors was  assessed  using  the  fluorescence  resonance  energy  transfer 

(FRET) technique. A specific protease substrate [Arg‐Glu(EDANS)‐Ser‐Gln‐Asn‐Tyr‐Pro‐

Ile‐Val‐Gln‐Lys(DABCYL)‐Arg],  was  employed.  The  determination  of  the  inhibitor’s 

binding dissociation constant (Ki) involved fitting the initial velocity plot against inhibitor 

concentrations to the Morrison equation through non‐linear regression analysis [132]. The 

EC50 values were compared with those of amprenavir, resulting in the conclusion that the 

biaryl subunit with varying substituents showed lower efficiency. However, compounds 

that featured substituents of −NH2 for R1 and 3‐pyridyl or 4‐pyridyl for R2 exhibited in‐

creased solubility and stronger enzyme inhibitory activity at a sub‐nanomolar level. These 

compounds were found to be 2–10 times more active than amprenavir, as described  in 

Table 2 [133]. 

Table 2. SAR analysis of amprenavir. 

Compound 

Substitution  Activity 

−R1  −R2  EC50 (nM) 
Inhibitor Constant 

(Ki) (nM) 

 

    2.93  0.84 

 
4.29  5.8 

   
2.32  6.4 

   
6.89  5.8 

   
6.04  7.4 

   
3.63  5.2 

 
 

5.53  1.8 
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Co(salen)OAc (0.5 mol %), THF, H2O (0.5 equiv), 25 °C; (h) (1) iBuNH2, iPrOH, 50 °C, (2) 

PPh3, H2O, THF, 25 °C; (2) N‐hydroxysuccinimidyl carbonate of (S)‐3‐hydroxytetrahydro‐

furan, Et3N, CH2Cl2, 25 °C.` 

Structure–Activity Relationship of Amprenavir: It shows antiviral properties against 

the HIV‐1 virus in an in vitro study against the C8166 cell line [131]. The efficacy of HIV‐

1  protease  inhibitors was  assessed  using  the  fluorescence  resonance  energy  transfer 

(FRET) technique. A specific protease substrate [Arg‐Glu(EDANS)‐Ser‐Gln‐Asn‐Tyr‐Pro‐

Ile‐Val‐Gln‐Lys(DABCYL)‐Arg],  was  employed.  The  determination  of  the  inhibitor’s 

binding dissociation constant (Ki) involved fitting the initial velocity plot against inhibitor 

concentrations to the Morrison equation through non‐linear regression analysis [132]. The 

EC50 values were compared with those of amprenavir, resulting in the conclusion that the 

biaryl subunit with varying substituents showed lower efficiency. However, compounds 

that featured substituents of −NH2 for R1 and 3‐pyridyl or 4‐pyridyl for R2 exhibited in‐

creased solubility and stronger enzyme inhibitory activity at a sub‐nanomolar level. These 

compounds were found to be 2–10 times more active than amprenavir, as described  in 

Table 2 [133]. 

Table 2. SAR analysis of amprenavir. 

Compound 

Substitution  Activity 

−R1  −R2  EC50 (nM) 
Inhibitor Constant 

(Ki) (nM) 

 

    2.93  0.84 

 
4.29  5.8 

   
2.32  6.4 

   
6.89  5.8 

   
6.04  7.4 

   
3.63  5.2 

 
 

5.53  1.8 

   
4.30  1.9 

 
 

3.46  4.3 

 
 

9.2  1.6 

 
 

4.48  8.1 

 

S

 

3.08  3.5 

Viruses 2023, 15, x FOR PEER REVIEW  16  of  58 
 

 

Co(salen)OAc (0.5 mol %), THF, H2O (0.5 equiv), 25 °C; (h) (1) iBuNH2, iPrOH, 50 °C, (2) 

PPh3, H2O, THF, 25 °C; (2) N‐hydroxysuccinimidyl carbonate of (S)‐3‐hydroxytetrahydro‐

furan, Et3N, CH2Cl2, 25 °C.` 

Structure–Activity Relationship of Amprenavir: It shows antiviral properties against 

the HIV‐1 virus in an in vitro study against the C8166 cell line [131]. The efficacy of HIV‐

1  protease  inhibitors was  assessed  using  the  fluorescence  resonance  energy  transfer 

(FRET) technique. A specific protease substrate [Arg‐Glu(EDANS)‐Ser‐Gln‐Asn‐Tyr‐Pro‐

Ile‐Val‐Gln‐Lys(DABCYL)‐Arg],  was  employed.  The  determination  of  the  inhibitor’s 

binding dissociation constant (Ki) involved fitting the initial velocity plot against inhibitor 

concentrations to the Morrison equation through non‐linear regression analysis [132]. The 

EC50 values were compared with those of amprenavir, resulting in the conclusion that the 

biaryl subunit with varying substituents showed lower efficiency. However, compounds 

that featured substituents of −NH2 for R1 and 3‐pyridyl or 4‐pyridyl for R2 exhibited in‐

creased solubility and stronger enzyme inhibitory activity at a sub‐nanomolar level. These 

compounds were found to be 2–10 times more active than amprenavir, as described  in 

Table 2 [133]. 

Table 2. SAR analysis of amprenavir. 

Compound 

Substitution  Activity 

−R1  −R2  EC50 (nM) 
Inhibitor Constant 

(Ki) (nM) 

 

    2.93  0.84 

 
4.29  5.8 

   
2.32  6.4 

   
6.89  5.8 

   
6.04  7.4 

   
3.63  5.2 
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Table 2. Cont.

Compound
Substitution Activity

−R1 −R2 EC50 (nM) Inhibitor Constant
(Ki) (nM)
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Co(salen)OAc (0.5 mol %), THF, H2O (0.5 equiv), 25 °C; (h) (1) iBuNH2, iPrOH, 50 °C, (2) 

PPh3, H2O, THF, 25 °C; (2) N‐hydroxysuccinimidyl carbonate of (S)‐3‐hydroxytetrahydro‐

furan, Et3N, CH2Cl2, 25 °C.` 

Structure–Activity Relationship of Amprenavir: It shows antiviral properties against 

the HIV‐1 virus in an in vitro study against the C8166 cell line [131]. The efficacy of HIV‐

1  protease  inhibitors was  assessed  using  the  fluorescence  resonance  energy  transfer 

(FRET) technique. A specific protease substrate [Arg‐Glu(EDANS)‐Ser‐Gln‐Asn‐Tyr‐Pro‐

Ile‐Val‐Gln‐Lys(DABCYL)‐Arg],  was  employed.  The  determination  of  the  inhibitor’s 

binding dissociation constant (Ki) involved fitting the initial velocity plot against inhibitor 

concentrations to the Morrison equation through non‐linear regression analysis [132]. The 

EC50 values were compared with those of amprenavir, resulting in the conclusion that the 

biaryl subunit with varying substituents showed lower efficiency. However, compounds 

that featured substituents of −NH2 for R1 and 3‐pyridyl or 4‐pyridyl for R2 exhibited in‐

creased solubility and stronger enzyme inhibitory activity at a sub‐nanomolar level. These 

compounds were found to be 2–10 times more active than amprenavir, as described  in 

Table 2 [133]. 

Table 2. SAR analysis of amprenavir. 

Compound 

Substitution  Activity 

−R1  −R2  EC50 (nM) 
Inhibitor Constant 

(Ki) (nM) 

 

    2.93  0.84 

 
4.29  5.8 

   
2.32  6.4 

   
6.89  5.8 

   
6.04  7.4 

   
3.63  5.2 
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Mechanism of Action of Amprenavir: Amprenavir binds to the active site of the pro‐

tease and inhibits the activity of the enzyme. This inhibition prevents the cleavage of the 

gag‐pol polyprotein. Amprenavir competes with the natural substrate of the viral protease 

enzyme, which is a precursor protein of the viral genome. This competition leads to the 

formation of a stable complex between the drug and the enzyme, preventing the enzyme 

from cleaving the protein. As a result, non‐infectious viral particles are produced, leading 

to a reduction in the number of viral particles in the body [134]. In Table 3 other marketed 

anti‐HIV drugs are listed with their mechanism of action, ways of use and side effects. 

Table 3. Anti‐HIV drugs. 

Sl. No.  Drug Name  Drug Target  Mechanism of Action 
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Use 
Side Effect 

Brand 

Name 

1. 
Zalcitabine 

[135] 

Reverse transcrip‐

tase/RNase H 

(Human immunodefi‐

ciency virus 1) 

Inhibiting reverse tran‐

scriptase and terminat‐

ing the viral DNA chain 

Oral 

Liver failure, in‐

flammation of the 

pancreas 

Hivid 

2. 
Amprenavir 

[136] 

Human immunodefi‐

ciency virus type 1 

protease 

Blocks the active site of 

HIV protease to prevent 

cleavage of the viral pre‐

cursor 

proteins 

Oral 

Diarrhea, kidney 

failure, 

weakness 

Agenerase 

3.  Maraviroc [137] 
C‐C chemokine   

receptor type 5 

Blocks GP120‐CCR5 in‐

teraction to inhibit 

HIV entry 

Oral 

Liver problems, 

nausea, allergic re‐

actions 

Selzentry 

4. 

Tenofovir 

disoproxil 

Fumarate [138] 

Reverse transcrip‐

tase/RNaseH 

(Human immunodefi‐

ciency virus 1) 

Competes with dATP 

and inhibits the activity 

of HIV RT 

Oral 
Trouble sleeping, 

dizziness, diarrhea 
Viread 

5. 
Emtricitabine 

[139] 

Reverse transcrip‐

tase/RNase H 

(Human immunodefi‐

ciency virus 1) 

Through nucleoside re‐

verse transcriptase inhi‐

bition 

Oral 

Body aches, 

ough, diarrhea, 

fever 

Truvada 

6. 
Cabotegravir 

[140] 

Integrase 

(Human immunodefi‐

ciency virus 1) 

By HIV‐1 integrase inhi‐

bition 
Oral 

Abnormal dreams, 

dark urine, 

difficulty in breath‐

ing 

Vocabria 

7. 
Lenacapavir 

[141] 

Gag‐Pol   

polyprotein 

Lenacapavir works by 

blocking the HIV‐1 vi‐

rus’ protein shell (the 

Oral/ sub‐

cutaneous 

injection 

Nausea 

 
Sunlenca 
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Mechanism of Action of Amprenavir: Amprenavir binds to the active site of the
protease and inhibits the activity of the enzyme. This inhibition prevents the cleavage of the
gag-pol polyprotein. Amprenavir competes with the natural substrate of the viral protease
enzyme, which is a precursor protein of the viral genome. This competition leads to the
formation of a stable complex between the drug and the enzyme, preventing the enzyme
from cleaving the protein. As a result, non-infectious viral particles are produced, leading
to a reduction in the number of viral particles in the body [134]. In Table 3 other marketed
anti-HIV drugs are listed with their mechanism of action, ways of use and side effects.

Table 3. Anti-HIV drugs.

Sl. No. Drug Name Drug Target Mechanism of Action Ways of Use Side Effect Brand Name

1. Zalcitabine [135]

Reverse
transcriptase/RNase H

(Human
immunodeficiency virus 1)

Inhibiting reverse
transcriptase and

terminating the viral
DNA chain

Oral
Liver failure,

inflammation of the
pancreas

Hivid

2. Amprenavir [136] Human immunodeficiency
virus type 1 protease

Blocks the active site
of HIV protease to

prevent cleavage of
the viral precursor

proteins

Oral
Diarrhea, kidney

failure,
weakness

Agenerase

3. Maraviroc [137] C-C chemokine
receptor type 5

Blocks GP120-CCR5
interaction to inhibit

HIV entry
Oral

Liver problems,
nausea, allergic

reactions
Selzentry

4. Tenofovir disoproxil
Fumarate [138]

Reverse
transcriptase/RNaseH

(Human
immunodeficiency virus 1)

Competes with dATP
and inhibits the

activity of HIV RT
Oral Trouble sleeping,

dizziness, diarrhea Viread
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Table 3. Cont.

Sl. No. Drug Name Drug Target Mechanism of Action Ways of Use Side Effect Brand Name

5. Emtricitabine [139]

Reverse
transcriptase/RNase H

(Human
immunodeficiency virus 1)

Through nucleoside
reverse transcriptase

inhibition
Oral

Body aches,
ough, diarrhea,

fever
Truvada

6. Cabotegravir [140]
Integrase
(Human

immunodeficiency virus 1)

By HIV-1 integrase
inhibition Oral

Abnormal dreams,
dark urine,

difficulty in breathing
Vocabria

7. Lenacapavir [141] Gag-Pol
polyprotein

Lenacapavir works by
blocking the HIV-1
virus’ protein shell

(the capsid), thereby
interfering with

multiple essential
steps of the viral

lifecycle

Oral/subcutaneous
injection

Nausea Sunlenca

Some other synthesized compounds that show activity against HIV are given
in Table 4.

Table 4. Synthesized anti-HIV compounds.

Sl. No. Antiviral Agent Drug Target Activity

1.
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5.2. Anti‐HCV Agent 

5.2.1. Anti‐HCV Agent Asunaprevir 
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HIV [142]
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phytohemagglutinin-activated peripheral blood mononuclear
cells with EC50(HIV-1NL4-3) = 50 pM.
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Deoxythreosyl phosphonate nucleosides exhibit potent
anti-HIV-1 activity (EC50(HIV-1) = 2.53 µM) by binding effectively
to the active site pocket of HIV-1 reverse transcriptase. These
compounds show no cytotoxicity, even at high concentrations
(CC50 > 316 µM). The incorporation kinetics of these compounds
into DNA were studied using their diphosphate form as a
substrate and HIV-1 reverse transcriptase as the catalyst.
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HIV-1 [146]

Flavopiridol, a cyclin-dependent kinase (CDK) inhibitor, blocks
HIV-1 Tat transactivation and viral replication by inhibiting
P-TEFb kinase activity. The cytotoxicity of Flavopiridol and its
analogues was evaluated using an MTT-based cell viability assay,
demonstrating their potential as anti-HIV-1 therapeutics with
EC50 = 7.4 nM.

5.2. Anti-HCV Agent
5.2.1. Anti-HCV Agent Asunaprevir

Asunaprevir (Figure 11) is an orally efficacious NS3 protease inhibitor used for the
treatment of hepatitis C virus infection. This tripeptidic acyl sulfonamide is an inhibitor of
the enzyme NS3/4A, and is now in phase III clinical trials for the treatment of hepatitis
C virus infection. The activity of asunaprevir showed a robust antiviral response in early
clinical trials. Suzuki et al. have studied the antiviral activity and toxicological profile
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of asunaprevir [147]. It inhibits the activity of proteases by binding to the active site.
Viral polyproteins cannot be cleaved by this inhibition, which produces undeveloped and
non-infectious viral particles (Figure 12) [148].
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Figure 12. Structure of HCV NS3/4A protease in complex with asunaprevir.

Key synthetic steps for the Scheme 4 [149]: (a,b) (E)-3-(4-chlorophenyl)acrylic acid is
cyclized, and the derivatization (c) reacts with N-Boc-3-(R)-hydroxy-L-proline via nucle-
ophilic addition (d) by peptide coupling reaction. The synthesized fragment reacts with
(1R,2S)-1-amino-N-(cyclopropylsulfonyl)-2-vinylcyclopropanecarboxamide (TsOH salt),
followed by (e) deprotection of proline nitrogen. (f) The final product 4 was obtained by
the peptide coupling reaction with N-Boc-t-butyl-L-glycine.
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Scheme 4. Synthesis of anti-HCV agent asunaprevir.

Reagents and conditions: (a) (i) DPPA, Et3N, benzene, rt; (ii) Ph2CH2, reflux;
(iii) NBS, MeCN, reflux. (b) (i) POCl3, reflux; (ii) (1) n-Bu-Li, THF, −78 ◦C, (2) (i-PrO)3B,
−78 ◦C; (3) 50% H2O2, Na2SO3 −78 ◦C; (iii) MeOH, MeCN, TMSCHN2, 0 ◦C–rt. (c) N-
Boc-3-(R)-hydroxy-L-proline, t-BuOK, DMSO, 10 ◦C. (d) HATU, Hunig’s base i-Pr2Net,
(1R,2S)-1-amino-N-(cyclopropylsulfonyl)-2-vinylcyclopropanecarboxamide (TsOH salt),
rt; (e) HCl (conc.), MeOH, reflux; (f) HATU, Hunig’s base, N-Boc-t-butyl-L-glycine, DCM,
0 ◦C–rt.

Structure–Activity Relationship of Asunaprevir: The structure-activity relationship
studies show that the incorporation of a hydroxyl group at the R1 position decreases its
antiviral activity (Table 5). The isoquinoline series with methoxy and chlorinated analogues
proved to be potent inhibitors of the NS3/4A protease (GT-1a NS3/4A enzyme) which
extended to excellent inhibitory activity in the replicon at the R2 substituent. The antiviral
activity of the drug was evaluated through a two-part study. Initially, a single ascending
dose (SAD) study was conducted in patients infected with genotype 1, followed by a
subsequent multiple ascending dose (MAD) study [149].
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Table 5. SAR analysis of asunaprevir derivatives.

Compound
Substitution Activity

−R1 −R2 −R3 −R4 IC50 (nM)
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Mechanism of Action of Asunaprevir: Asunaprevir is highly active against HCV NS3 

protease [150], which is responsible for processing the HCV polyprotein into individual 

viral proteins. The production of new viral proteins is prevented with the use of this drug 

compound, and as a result, the progression of HCV‐related liver disease is reduced. It is 

Viruses 2023, 15, x FOR PEER REVIEW  21  of  58 
 

 

Table 5. SAR analysis of asunaprevir derivatives. 

Compound 
Substitution  Activity 

−R1  −R2  −R3  −R4  IC50 (nM) 

 

       

2 

 

     

247 

 
     

2 

 
   

 

4 

 
   

4 

   
   

2 

 
     

7 

   
   

1 

   
   

7 

   
   

2 

Mechanism of Action of Asunaprevir: Asunaprevir is highly active against HCV NS3 

protease [150], which is responsible for processing the HCV polyprotein into individual 

viral proteins. The production of new viral proteins is prevented with the use of this drug 

compound, and as a result, the progression of HCV‐related liver disease is reduced. It is 

Viruses 2023, 15, x FOR PEER REVIEW  21  of  58 
 

 

Table 5. SAR analysis of asunaprevir derivatives. 

Compound 
Substitution  Activity 

−R1  −R2  −R3  −R4  IC50 (nM) 

 

       

2 

 

     

247 

 
     

2 

 
   

 

4 

 
   

4 

   
   

2 

 
     

7 

   
   

1 

   
   

7 

   
   

2 

Mechanism of Action of Asunaprevir: Asunaprevir is highly active against HCV NS3 

protease [150], which is responsible for processing the HCV polyprotein into individual 

viral proteins. The production of new viral proteins is prevented with the use of this drug 

compound, and as a result, the progression of HCV‐related liver disease is reduced. It is 

Viruses 2023, 15, x FOR PEER REVIEW  21  of  58 
 

 

Table 5. SAR analysis of asunaprevir derivatives. 

Compound 
Substitution  Activity 

−R1  −R2  −R3  −R4  IC50 (nM) 

 

       

2 

 

     

247 

 
     

2 

 
   

 

4 

 
   

4 

   
   

2 

 
     

7 

   
   

1 

   
   

7 

   
   

2 

Mechanism of Action of Asunaprevir: Asunaprevir is highly active against HCV NS3 

protease [150], which is responsible for processing the HCV polyprotein into individual 

viral proteins. The production of new viral proteins is prevented with the use of this drug 

compound, and as a result, the progression of HCV‐related liver disease is reduced. It is 

Viruses 2023, 15, x FOR PEER REVIEW  21  of  58 
 

 

Table 5. SAR analysis of asunaprevir derivatives. 

Compound 
Substitution  Activity 

−R1  −R2  −R3  −R4  IC50 (nM) 

 

       

2 

 

     

247 

 
     

2 

 
   

 

4 

 
   

4 

   
   

2 

 
     

7 

   
   

1 

   
   

7 

   
   

2 

Mechanism of Action of Asunaprevir: Asunaprevir is highly active against HCV NS3 

protease [150], which is responsible for processing the HCV polyprotein into individual 

viral proteins. The production of new viral proteins is prevented with the use of this drug 

compound, and as a result, the progression of HCV‐related liver disease is reduced. It is 

2

Viruses 2023, 15, x FOR PEER REVIEW  21  of  58 
 

 

Table 5. SAR analysis of asunaprevir derivatives. 

Compound 
Substitution  Activity 

−R1  −R2  −R3  −R4  IC50 (nM) 

 

       

2 

 

     

247 

 
     

2 

 
   

 

4 

 
   

4 

   
   

2 

 
     

7 

   
   

1 

   
   

7 

   
   

2 

Mechanism of Action of Asunaprevir: Asunaprevir is highly active against HCV NS3 

protease [150], which is responsible for processing the HCV polyprotein into individual 

viral proteins. The production of new viral proteins is prevented with the use of this drug 

compound, and as a result, the progression of HCV‐related liver disease is reduced. It is 

Viruses 2023, 15, x FOR PEER REVIEW  21  of  58 
 

 

Table 5. SAR analysis of asunaprevir derivatives. 

Compound 
Substitution  Activity 

−R1  −R2  −R3  −R4  IC50 (nM) 

 

       

2 

 

     

247 

 
     

2 

 
   

 

4 

 
   

4 

   
   

2 

 
     

7 

   
   

1 

   
   

7 

   
   

2 

Mechanism of Action of Asunaprevir: Asunaprevir is highly active against HCV NS3 

protease [150], which is responsible for processing the HCV polyprotein into individual 

viral proteins. The production of new viral proteins is prevented with the use of this drug 

compound, and as a result, the progression of HCV‐related liver disease is reduced. It is 

Viruses 2023, 15, x FOR PEER REVIEW  21  of  58 
 

 

Table 5. SAR analysis of asunaprevir derivatives. 

Compound 
Substitution  Activity 

−R1  −R2  −R3  −R4  IC50 (nM) 

 

       

2 

 

     

247 

 
     

2 

 
   

 

4 

 
   

4 

   
   

2 

 
     

7 

   
   

1 

   
   

7 

   
   

2 

Mechanism of Action of Asunaprevir: Asunaprevir is highly active against HCV NS3 

protease [150], which is responsible for processing the HCV polyprotein into individual 

viral proteins. The production of new viral proteins is prevented with the use of this drug 

compound, and as a result, the progression of HCV‐related liver disease is reduced. It is 

Viruses 2023, 15, x FOR PEER REVIEW  21  of  58 
 

 

Table 5. SAR analysis of asunaprevir derivatives. 

Compound 
Substitution  Activity 

−R1  −R2  −R3  −R4  IC50 (nM) 

 

       

2 

 

     

247 

 
     

2 

 
   

 

4 

 
   

4 

   
   

2 

 
     

7 

   
   

1 

   
   

7 

   
   

2 

Mechanism of Action of Asunaprevir: Asunaprevir is highly active against HCV NS3 

protease [150], which is responsible for processing the HCV polyprotein into individual 

viral proteins. The production of new viral proteins is prevented with the use of this drug 

compound, and as a result, the progression of HCV‐related liver disease is reduced. It is 

247

Viruses 2023, 15, x FOR PEER REVIEW  21  of  58 
 

 

Table 5. SAR analysis of asunaprevir derivatives. 

Compound 
Substitution  Activity 

−R1  −R2  −R3  −R4  IC50 (nM) 

 

       

2 

 

     

247 

 
     

2 

 
   

 

4 

 
   

4 

   
   

2 

 
     

7 

   
   

1 

   
   

7 

   
   

2 

Mechanism of Action of Asunaprevir: Asunaprevir is highly active against HCV NS3 

protease [150], which is responsible for processing the HCV polyprotein into individual 

viral proteins. The production of new viral proteins is prevented with the use of this drug 

compound, and as a result, the progression of HCV‐related liver disease is reduced. It is 

Viruses 2023, 15, x FOR PEER REVIEW  21  of  58 
 

 

Table 5. SAR analysis of asunaprevir derivatives. 

Compound 
Substitution  Activity 

−R1  −R2  −R3  −R4  IC50 (nM) 

 

       

2 

 

     

247 

 
     

2 

 
   

 

4 

 
   

4 

   
   

2 

 
     

7 

   
   

1 

   
   

7 

   
   

2 

Mechanism of Action of Asunaprevir: Asunaprevir is highly active against HCV NS3 

protease [150], which is responsible for processing the HCV polyprotein into individual 

viral proteins. The production of new viral proteins is prevented with the use of this drug 

compound, and as a result, the progression of HCV‐related liver disease is reduced. It is 

Viruses 2023, 15, x FOR PEER REVIEW  21  of  58 
 

 

Table 5. SAR analysis of asunaprevir derivatives. 

Compound 
Substitution  Activity 

−R1  −R2  −R3  −R4  IC50 (nM) 

 

       

2 

 

     

247 

 
     

2 

 
   

 

4 

 
   

4 

   
   

2 

 
     

7 

   
   

1 

   
   

7 

   
   

2 

Mechanism of Action of Asunaprevir: Asunaprevir is highly active against HCV NS3 

protease [150], which is responsible for processing the HCV polyprotein into individual 

viral proteins. The production of new viral proteins is prevented with the use of this drug 

compound, and as a result, the progression of HCV‐related liver disease is reduced. It is 

Viruses 2023, 15, x FOR PEER REVIEW  21  of  58 
 

 

Table 5. SAR analysis of asunaprevir derivatives. 

Compound 
Substitution  Activity 

−R1  −R2  −R3  −R4  IC50 (nM) 

 

       

2 

 

     

247 

 
     

2 

 
   

 

4 

 
   

4 

   
   

2 

 
     

7 

   
   

1 

   
   

7 

   
   

2 

Mechanism of Action of Asunaprevir: Asunaprevir is highly active against HCV NS3 

protease [150], which is responsible for processing the HCV polyprotein into individual 

viral proteins. The production of new viral proteins is prevented with the use of this drug 

compound, and as a result, the progression of HCV‐related liver disease is reduced. It is 

2

Viruses 2023, 15, x FOR PEER REVIEW  21  of  58 
 

 

Table 5. SAR analysis of asunaprevir derivatives. 

Compound 
Substitution  Activity 

−R1  −R2  −R3  −R4  IC50 (nM) 

 

       

2 

 

     

247 

 
     

2 

 
   

 

4 

 
   

4 

   
   

2 

 
     

7 

   
   

1 

   
   

7 

   
   

2 

Mechanism of Action of Asunaprevir: Asunaprevir is highly active against HCV NS3 

protease [150], which is responsible for processing the HCV polyprotein into individual 

viral proteins. The production of new viral proteins is prevented with the use of this drug 

compound, and as a result, the progression of HCV‐related liver disease is reduced. It is 

Viruses 2023, 15, x FOR PEER REVIEW  21  of  58 
 

 

Table 5. SAR analysis of asunaprevir derivatives. 

Compound 
Substitution  Activity 

−R1  −R2  −R3  −R4  IC50 (nM) 

 

       

2 

 

     

247 

 
     

2 

 
   

 

4 

 
   

4 

   
   

2 

 
     

7 

   
   

1 

   
   

7 

   
   

2 

Mechanism of Action of Asunaprevir: Asunaprevir is highly active against HCV NS3 

protease [150], which is responsible for processing the HCV polyprotein into individual 

viral proteins. The production of new viral proteins is prevented with the use of this drug 

compound, and as a result, the progression of HCV‐related liver disease is reduced. It is 

Viruses 2023, 15, x FOR PEER REVIEW  21  of  58 
 

 

Table 5. SAR analysis of asunaprevir derivatives. 

Compound 
Substitution  Activity 

−R1  −R2  −R3  −R4  IC50 (nM) 

 

       

2 

 

     

247 

 
     

2 

 
   

 

4 

 
   

4 

   
   

2 

 
     

7 

   
   

1 

   
   

7 

   
   

2 

Mechanism of Action of Asunaprevir: Asunaprevir is highly active against HCV NS3 

protease [150], which is responsible for processing the HCV polyprotein into individual 

viral proteins. The production of new viral proteins is prevented with the use of this drug 

compound, and as a result, the progression of HCV‐related liver disease is reduced. It is 

Viruses 2023, 15, x FOR PEER REVIEW  21  of  58 
 

 

Table 5. SAR analysis of asunaprevir derivatives. 

Compound 
Substitution  Activity 

−R1  −R2  −R3  −R4  IC50 (nM) 

 

       

2 

 

     

247 

 
     

2 

 
   

 

4 

 
   

4 

   
   

2 

 
     

7 

   
   

1 

   
   

7 

   
   

2 

Mechanism of Action of Asunaprevir: Asunaprevir is highly active against HCV NS3 

protease [150], which is responsible for processing the HCV polyprotein into individual 

viral proteins. The production of new viral proteins is prevented with the use of this drug 

compound, and as a result, the progression of HCV‐related liver disease is reduced. It is 

4

Viruses 2023, 15, x FOR PEER REVIEW  21  of  58 
 

 

Table 5. SAR analysis of asunaprevir derivatives. 

Compound 
Substitution  Activity 

−R1  −R2  −R3  −R4  IC50 (nM) 

 

       

2 

 

     

247 

 
     

2 

 
   

 

4 

 
   

4 

   
   

2 

 
     

7 

   
   

1 

   
   

7 

   
   

2 

Mechanism of Action of Asunaprevir: Asunaprevir is highly active against HCV NS3 

protease [150], which is responsible for processing the HCV polyprotein into individual 

viral proteins. The production of new viral proteins is prevented with the use of this drug 

compound, and as a result, the progression of HCV‐related liver disease is reduced. It is 

Viruses 2023, 15, x FOR PEER REVIEW  21  of  58 
 

 

Table 5. SAR analysis of asunaprevir derivatives. 

Compound 
Substitution  Activity 

−R1  −R2  −R3  −R4  IC50 (nM) 

 

       

2 

 

     

247 

 
     

2 

 
   

 

4 

 
   

4 

   
   

2 

 
     

7 

   
   

1 

   
   

7 

   
   

2 

Mechanism of Action of Asunaprevir: Asunaprevir is highly active against HCV NS3 

protease [150], which is responsible for processing the HCV polyprotein into individual 

viral proteins. The production of new viral proteins is prevented with the use of this drug 

compound, and as a result, the progression of HCV‐related liver disease is reduced. It is 

Viruses 2023, 15, x FOR PEER REVIEW  21  of  58 
 

 

Table 5. SAR analysis of asunaprevir derivatives. 

Compound 
Substitution  Activity 

−R1  −R2  −R3  −R4  IC50 (nM) 

 

       

2 

 

     

247 

 
     

2 

 
   

 

4 

 
   

4 

   
   

2 

 
     

7 

   
   

1 

   
   

7 

   
   

2 

Mechanism of Action of Asunaprevir: Asunaprevir is highly active against HCV NS3 

protease [150], which is responsible for processing the HCV polyprotein into individual 

viral proteins. The production of new viral proteins is prevented with the use of this drug 

compound, and as a result, the progression of HCV‐related liver disease is reduced. It is 

Viruses 2023, 15, x FOR PEER REVIEW  21  of  58 
 

 

Table 5. SAR analysis of asunaprevir derivatives. 

Compound 
Substitution  Activity 

−R1  −R2  −R3  −R4  IC50 (nM) 

 

       

2 

 

     

247 

 
     

2 

 
   

 

4 

 
   

4 

   
   

2 

 
     

7 

   
   

1 

   
   

7 

   
   

2 

Mechanism of Action of Asunaprevir: Asunaprevir is highly active against HCV NS3 

protease [150], which is responsible for processing the HCV polyprotein into individual 

viral proteins. The production of new viral proteins is prevented with the use of this drug 

compound, and as a result, the progression of HCV‐related liver disease is reduced. It is 

4

Viruses 2023, 15, x FOR PEER REVIEW  21  of  58 
 

 

Table 5. SAR analysis of asunaprevir derivatives. 

Compound 
Substitution  Activity 

−R1  −R2  −R3  −R4  IC50 (nM) 

 

       

2 

 

     

247 

 
     

2 

 
   

 

4 

 
   

4 

   
   

2 

 
     

7 

   
   

1 

   
   

7 

   
   

2 

Mechanism of Action of Asunaprevir: Asunaprevir is highly active against HCV NS3 

protease [150], which is responsible for processing the HCV polyprotein into individual 

viral proteins. The production of new viral proteins is prevented with the use of this drug 

compound, and as a result, the progression of HCV‐related liver disease is reduced. It is 

Viruses 2023, 15, x FOR PEER REVIEW  21  of  58 
 

 

Table 5. SAR analysis of asunaprevir derivatives. 

Compound 
Substitution  Activity 

−R1  −R2  −R3  −R4  IC50 (nM) 

 

       

2 

 

     

247 

 
     

2 

 
   

 

4 

 
   

4 

   
   

2 

 
     

7 

   
   

1 

   
   

7 

   
   

2 

Mechanism of Action of Asunaprevir: Asunaprevir is highly active against HCV NS3 

protease [150], which is responsible for processing the HCV polyprotein into individual 

viral proteins. The production of new viral proteins is prevented with the use of this drug 

compound, and as a result, the progression of HCV‐related liver disease is reduced. It is 

Viruses 2023, 15, x FOR PEER REVIEW  21  of  58 
 

 

Table 5. SAR analysis of asunaprevir derivatives. 

Compound 
Substitution  Activity 

−R1  −R2  −R3  −R4  IC50 (nM) 

 

       

2 

 

     

247 

 
     

2 

 
   

 

4 

 
   

4 

   
   

2 

 
     

7 

   
   

1 

   
   

7 

   
   

2 

Mechanism of Action of Asunaprevir: Asunaprevir is highly active against HCV NS3 

protease [150], which is responsible for processing the HCV polyprotein into individual 

viral proteins. The production of new viral proteins is prevented with the use of this drug 

compound, and as a result, the progression of HCV‐related liver disease is reduced. It is 

Viruses 2023, 15, x FOR PEER REVIEW  21  of  58 
 

 

Table 5. SAR analysis of asunaprevir derivatives. 

Compound 
Substitution  Activity 

−R1  −R2  −R3  −R4  IC50 (nM) 

 

       

2 

 

     

247 

 
     

2 

 
   

 

4 

 
   

4 

   
   

2 

 
     

7 

   
   

1 

   
   

7 

   
   

2 

Mechanism of Action of Asunaprevir: Asunaprevir is highly active against HCV NS3 

protease [150], which is responsible for processing the HCV polyprotein into individual 

viral proteins. The production of new viral proteins is prevented with the use of this drug 

compound, and as a result, the progression of HCV‐related liver disease is reduced. It is 

2

Viruses 2023, 15, x FOR PEER REVIEW  21  of  58 
 

 

Table 5. SAR analysis of asunaprevir derivatives. 

Compound 
Substitution  Activity 

−R1  −R2  −R3  −R4  IC50 (nM) 

 

       

2 

 

     

247 

 
     

2 

 
   

 

4 

 
   

4 

   
   

2 

 
     

7 

   
   

1 

   
   

7 

   
   

2 

Mechanism of Action of Asunaprevir: Asunaprevir is highly active against HCV NS3 

protease [150], which is responsible for processing the HCV polyprotein into individual 

viral proteins. The production of new viral proteins is prevented with the use of this drug 

compound, and as a result, the progression of HCV‐related liver disease is reduced. It is 

Viruses 2023, 15, x FOR PEER REVIEW  21  of  58 
 

 

Table 5. SAR analysis of asunaprevir derivatives. 

Compound 
Substitution  Activity 

−R1  −R2  −R3  −R4  IC50 (nM) 

 

       

2 

 

     

247 

 
     

2 

 
   

 

4 

 
   

4 

   
   

2 

 
     

7 

   
   

1 

   
   

7 

   
   

2 

Mechanism of Action of Asunaprevir: Asunaprevir is highly active against HCV NS3 

protease [150], which is responsible for processing the HCV polyprotein into individual 

viral proteins. The production of new viral proteins is prevented with the use of this drug 

compound, and as a result, the progression of HCV‐related liver disease is reduced. It is 

Viruses 2023, 15, x FOR PEER REVIEW  21  of  58 
 

 

Table 5. SAR analysis of asunaprevir derivatives. 

Compound 
Substitution  Activity 

−R1  −R2  −R3  −R4  IC50 (nM) 

 

       

2 

 

     

247 

 
     

2 

 
   

 

4 

 
   

4 

   
   

2 

 
     

7 

   
   

1 

   
   

7 

   
   

2 

Mechanism of Action of Asunaprevir: Asunaprevir is highly active against HCV NS3 

protease [150], which is responsible for processing the HCV polyprotein into individual 

viral proteins. The production of new viral proteins is prevented with the use of this drug 

compound, and as a result, the progression of HCV‐related liver disease is reduced. It is 

Viruses 2023, 15, x FOR PEER REVIEW  21  of  58 
 

 

Table 5. SAR analysis of asunaprevir derivatives. 

Compound 
Substitution  Activity 

−R1  −R2  −R3  −R4  IC50 (nM) 

 

       

2 

 

     

247 

 
     

2 

 
   

 

4 

 
   

4 

   
   

2 

 
     

7 

   
   

1 

   
   

7 

   
   

2 

Mechanism of Action of Asunaprevir: Asunaprevir is highly active against HCV NS3 

protease [150], which is responsible for processing the HCV polyprotein into individual 

viral proteins. The production of new viral proteins is prevented with the use of this drug 

compound, and as a result, the progression of HCV‐related liver disease is reduced. It is 

7

Viruses 2023, 15, x FOR PEER REVIEW  21  of  58 
 

 

Table 5. SAR analysis of asunaprevir derivatives. 

Compound 
Substitution  Activity 

−R1  −R2  −R3  −R4  IC50 (nM) 

 

       

2 

 

     

247 

 
     

2 

 
   

 

4 

 
   

4 

   
   

2 

 
     

7 

   
   

1 

   
   

7 

   
   

2 

Mechanism of Action of Asunaprevir: Asunaprevir is highly active against HCV NS3 

protease [150], which is responsible for processing the HCV polyprotein into individual 

viral proteins. The production of new viral proteins is prevented with the use of this drug 

compound, and as a result, the progression of HCV‐related liver disease is reduced. It is 

Viruses 2023, 15, x FOR PEER REVIEW  21  of  58 
 

 

Table 5. SAR analysis of asunaprevir derivatives. 

Compound 
Substitution  Activity 

−R1  −R2  −R3  −R4  IC50 (nM) 

 

       

2 

 

     

247 

 
     

2 

 
   

 

4 

 
   

4 

   
   

2 

 
     

7 

   
   

1 

   
   

7 

   
   

2 

Mechanism of Action of Asunaprevir: Asunaprevir is highly active against HCV NS3 

protease [150], which is responsible for processing the HCV polyprotein into individual 

viral proteins. The production of new viral proteins is prevented with the use of this drug 

compound, and as a result, the progression of HCV‐related liver disease is reduced. It is 

Viruses 2023, 15, x FOR PEER REVIEW  21  of  58 
 

 

Table 5. SAR analysis of asunaprevir derivatives. 

Compound 
Substitution  Activity 

−R1  −R2  −R3  −R4  IC50 (nM) 

 

       

2 

 

     

247 

 
     

2 

 
   

 

4 

 
   

4 

   
   

2 

 
     

7 

   
   

1 

   
   

7 

   
   

2 

Mechanism of Action of Asunaprevir: Asunaprevir is highly active against HCV NS3 

protease [150], which is responsible for processing the HCV polyprotein into individual 

viral proteins. The production of new viral proteins is prevented with the use of this drug 

compound, and as a result, the progression of HCV‐related liver disease is reduced. It is 

Viruses 2023, 15, x FOR PEER REVIEW  21  of  58 
 

 

Table 5. SAR analysis of asunaprevir derivatives. 

Compound 
Substitution  Activity 

−R1  −R2  −R3  −R4  IC50 (nM) 

 

       

2 

 

     

247 

 
     

2 

 
   

 

4 

 
   

4 

   
   

2 

 
     

7 

   
   

1 

   
   

7 

   
   

2 

Mechanism of Action of Asunaprevir: Asunaprevir is highly active against HCV NS3 

protease [150], which is responsible for processing the HCV polyprotein into individual 

viral proteins. The production of new viral proteins is prevented with the use of this drug 

compound, and as a result, the progression of HCV‐related liver disease is reduced. It is 

1

Viruses 2023, 15, x FOR PEER REVIEW  21  of  58 
 

 

Table 5. SAR analysis of asunaprevir derivatives. 

Compound 
Substitution  Activity 

−R1  −R2  −R3  −R4  IC50 (nM) 

 

       

2 

 

     

247 

 
     

2 

 
   

 

4 

 
   

4 

   
   

2 

 
     

7 

   
   

1 

   
   

7 

   
   

2 

Mechanism of Action of Asunaprevir: Asunaprevir is highly active against HCV NS3 

protease [150], which is responsible for processing the HCV polyprotein into individual 

viral proteins. The production of new viral proteins is prevented with the use of this drug 

compound, and as a result, the progression of HCV‐related liver disease is reduced. It is 

Viruses 2023, 15, x FOR PEER REVIEW  21  of  58 
 

 

Table 5. SAR analysis of asunaprevir derivatives. 

Compound 
Substitution  Activity 

−R1  −R2  −R3  −R4  IC50 (nM) 

 

       

2 

 

     

247 

 
     

2 

 
   

 

4 

 
   

4 

   
   

2 

 
     

7 

   
   

1 

   
   

7 

   
   

2 

Mechanism of Action of Asunaprevir: Asunaprevir is highly active against HCV NS3 

protease [150], which is responsible for processing the HCV polyprotein into individual 

viral proteins. The production of new viral proteins is prevented with the use of this drug 

compound, and as a result, the progression of HCV‐related liver disease is reduced. It is 

Viruses 2023, 15, x FOR PEER REVIEW  21  of  58 
 

 

Table 5. SAR analysis of asunaprevir derivatives. 

Compound 
Substitution  Activity 

−R1  −R2  −R3  −R4  IC50 (nM) 

 

       

2 

 

     

247 

 
     

2 

 
   

 

4 

 
   

4 

   
   

2 

 
     

7 

   
   

1 

   
   

7 

   
   

2 

Mechanism of Action of Asunaprevir: Asunaprevir is highly active against HCV NS3 

protease [150], which is responsible for processing the HCV polyprotein into individual 

viral proteins. The production of new viral proteins is prevented with the use of this drug 

compound, and as a result, the progression of HCV‐related liver disease is reduced. It is 

Viruses 2023, 15, x FOR PEER REVIEW  21  of  58 
 

 

Table 5. SAR analysis of asunaprevir derivatives. 

Compound 
Substitution  Activity 

−R1  −R2  −R3  −R4  IC50 (nM) 

 

       

2 

 

     

247 

 
     

2 

 
   

 

4 

 
   

4 

   
   

2 

 
     

7 

   
   

1 

   
   

7 

   
   

2 

Mechanism of Action of Asunaprevir: Asunaprevir is highly active against HCV NS3 

protease [150], which is responsible for processing the HCV polyprotein into individual 

viral proteins. The production of new viral proteins is prevented with the use of this drug 

compound, and as a result, the progression of HCV‐related liver disease is reduced. It is 

7

Viruses 2023, 15, x FOR PEER REVIEW  21  of  58 
 

 

Table 5. SAR analysis of asunaprevir derivatives. 

Compound 
Substitution  Activity 

−R1  −R2  −R3  −R4  IC50 (nM) 

 

       

2 

 

     

247 

 
     

2 

 
   

 

4 

 
   

4 

   
   

2 

 
     

7 

   
   

1 

   
   

7 

   
   

2 

Mechanism of Action of Asunaprevir: Asunaprevir is highly active against HCV NS3 

protease [150], which is responsible for processing the HCV polyprotein into individual 

viral proteins. The production of new viral proteins is prevented with the use of this drug 

compound, and as a result, the progression of HCV‐related liver disease is reduced. It is 

Viruses 2023, 15, x FOR PEER REVIEW  21  of  58 
 

 

Table 5. SAR analysis of asunaprevir derivatives. 

Compound 
Substitution  Activity 

−R1  −R2  −R3  −R4  IC50 (nM) 

 

       

2 

 

     

247 

 
     

2 

 
   

 

4 

 
   

4 

   
   

2 

 
     

7 

   
   

1 

   
   

7 

   
   

2 

Mechanism of Action of Asunaprevir: Asunaprevir is highly active against HCV NS3 

protease [150], which is responsible for processing the HCV polyprotein into individual 

viral proteins. The production of new viral proteins is prevented with the use of this drug 

compound, and as a result, the progression of HCV‐related liver disease is reduced. It is 

Viruses 2023, 15, x FOR PEER REVIEW  21  of  58 
 

 

Table 5. SAR analysis of asunaprevir derivatives. 

Compound 
Substitution  Activity 

−R1  −R2  −R3  −R4  IC50 (nM) 

 

       

2 

 

     

247 

 
     

2 

 
   

 

4 

 
   

4 

   
   

2 

 
     

7 

   
   

1 

   
   

7 

   
   

2 

Mechanism of Action of Asunaprevir: Asunaprevir is highly active against HCV NS3 

protease [150], which is responsible for processing the HCV polyprotein into individual 

viral proteins. The production of new viral proteins is prevented with the use of this drug 

compound, and as a result, the progression of HCV‐related liver disease is reduced. It is 

Viruses 2023, 15, x FOR PEER REVIEW  21  of  58 
 

 

Table 5. SAR analysis of asunaprevir derivatives. 

Compound 
Substitution  Activity 

−R1  −R2  −R3  −R4  IC50 (nM) 

 

       

2 

 

     

247 

 
     

2 

 
   

 

4 

 
   

4 

   
   

2 

 
     

7 

   
   

1 

   
   

7 

   
   

2 

Mechanism of Action of Asunaprevir: Asunaprevir is highly active against HCV NS3 

protease [150], which is responsible for processing the HCV polyprotein into individual 

viral proteins. The production of new viral proteins is prevented with the use of this drug 

compound, and as a result, the progression of HCV‐related liver disease is reduced. It is 

2

238



Viruses 2023, 15, 1826

Mechanism of Action of Asunaprevir: Asunaprevir is highly active against HCV NS3
protease [150], which is responsible for processing the HCV polyprotein into individual
viral proteins. The production of new viral proteins is prevented with the use of this drug
compound, and as a result, the progression of HCV-related liver disease is reduced. It is
typically used in combination with other antiviral drugs to enhance efficacy and minimize
drug resistance [52].

5.2.2. Anti-HCV Agent 3-(1,2,4-oxadiazole)-quinolone

Studies have shown that 3-heterocyclic quinolones (Figure 13) can inhibit NS5B poly-
merase activity by binding to an allosteric site. This binding triggers a change in the
protein’s structure, resulting in the inhibition of RNA replication. In vitro and in vivo
studies have demonstrated the significant antiviral activity of these compounds against
HCV and indicated their roles as promising lead candidates for further development [151].
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Figure 13. 3-(1,2,4-oxadiazole)-quinolone derivative (5) with anti-HCV activities.

Key synthetic steps for Scheme 5 [151]: (a) The nitrile moiety of quinolone is converted
to the intermediate hydroxyamidine through reaction with hydroxyl amine; (b) the result-
ing hydroxyamidine intermediates are converted to a variety of 1,2,4-oxadiazole target
compounds by reacting with appropriate carboxylic acids to obtain product 5.
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Structure–Activity Relationship of 3-(1,2,4-oxadiazole)-quinolone derivatives: The
activity (IC50) against the NS5B polymerase enzyme (Table 6) was determined by scin-
tillation proximity assays (SPA) [152]. For a high-throughput screening (HTS) campaign
to identify inhibitors of NS5B polymerase, a scintillation proximity assay (SPA) format
was employed. Scintillation proximity assays (SPAs) are an efficient technique that can
be used to detect enzymes, receptors, radioimmunoassays and molecular interac-tions.
This assay format allowed for the screening of compounds that effectively inhibited the
enzymatic function of NS5B polymerase, specifically targeting the wild-type (genotype 1b)
enzyme. The IC50 values of the compounds were assessed against NS5B polymerase, and
their efficacy was determined in using a cell-based viral replication surrogate assay called
the replicon system [152]. R1 and R2 mainly stabilize the compounds in the hydrophobic
pockets. The inhibition activity of these two functionalities present in the quinolone moiety
is shown in Table 6 [153]. It is clearly found that the presence of the –F or –CF3 group in
either R1 or R2 is very much responsible for modulating the corresponding activity [153].

Table 6. SAR analysis of 3-(1,2,4-oxadiazole)-quinolone derivatives.

Compound Ubstitution Activity
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Mechanism of Action of 3-(1,2,4-oxadiazole)-quinolone derivatives: 3-(1,2,4-oxadiazole)-
quinolone derivatives show promising inhibitory activity against HCV NS5B polymerase
and NS3 protease. Cyclophilin, a protein present in the host cell of HCV, also is affected
by the interaction of such heterocyclic compounds; consequently, the replication process
of this virus becomes affected. By targeting multiple stages of the HCV life-cycle, these
compounds can reduce the amount of virus and slow or stop the progression of HCV-related
liver diseases [154].

5.2.3. Anti-HCV Agent Grazoprevir

Grazoprevir (Figure 14) is a potent inhibitor of RNA synthesis in HCV (due to the
action of two different DAAs as NS5A and NS3/4A inhibitors), representing high genetic
barriers to resistance. The mechanism of action and pharmacodynamic properties, as
well as the pharmacokinetics, clinical uses, safety and efficacy of elbasvir/grazoprevir
in managing a large variety of conditions, including cases in the presence of cirrhosis,
co-infection with HIV and patients having inherited blood disorders, were nicely reviewed
by Kassas et al. [155]. Sofosbuvir [156], ledipasvir [157] and telaprevir [158] are the reported
anti-HCV drugs with similar synthetic procedures.
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Key synthetic steps for Scheme 6 [159]: Grazoprevir was synthesized starting from
the (a) cross coupling strategy of 2,3-dichloro-6-methoxyquinoxaline with substituted
proline derivative to obtain the corresponding five membered heterocyclic core followed
by (b) esterification of the (1R,2R)-2-(pent-4-yn-1-yl)cyclopropan-1-ol with (S)-2-amino-
3,3-dimethylbutanoic acid and (c) metal catalyzed coupling reactions of the fragments,
followed by (d) cyclization through intramolecular peptide coupling (e). The final product
7 was obtained by the peptide coupling with the allylic sulfonamide, as shown in Scheme 6.
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Scheme 6. Synthesis of grazoprevir.

Reagents and conditions: (a) DBU (1.05 equiv.), DMAc, 50 ◦C; (b) CDI, Hunig’s base,
95 ◦C, 2.5 h; (c) Pb(OAc)2, P(t-Bu)3BF4, K2CO3, CPME/MeCN; (d) (1) Pd/C, H2, IPAc/MeOH;
(2) (i) PhSO3H, (ii) HATU, NEt3, MeCN; (e) DEC, pyridine, MeCN.

Structure–Activity Relationship of Grazoprevir: A group of linear HCV NS3/4A pro-
tease inhibitors was created by removing the macrocyclic linker found in grazoprevir. This
allows for the exploration of diverse quinoxalines while conferring conformational flexibil-
ity. Inhibitors with small substituents at the 3-position (R1) of quinoxaline were found to
be effective in maintaining potency. The 3-chloroquinoxaline demonstrated outstanding
potency against wild-type HCV NS3/4A protease. Replacing the cyclopropyl-sulfonamide
with a more hydrophobic 1-methyl cyclopropyl-sulfonamide group (R2) generally enhances
the potency of the resulting analogues. Similarly, substituting the tert-butyl group (R3)
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with a bulkier cyclopentyl moiety led to the development of compounds with improved
potency (Table 7) [160]. The enzyme inhibition constants (Ki) were determined for the
wild-type genotype 1a NS3/4A protease, as well as the resistant variants R155K and D168A.
Additionally, a subset of compounds underwent testing to determine their cellular antiviral
potencies (EC50) using replicon-based antiviral assays. These assays, which assessed the
efficacy of the compounds, were not only run against the wild-type HCV strain but also
against the drug-resistant variants R155K, A156T, D168A, and D168V [161].

Table 7. SAR Analysis of grazoprevir derivatives.

Compound
Substitution Activity

−R1 −R2 −R3 EC50 (nM) Inhibitor Constant
(Ki) (nM)
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NS3/4A protease 

Oral 

Flu‐like symp‐

toms, skin rash, 

irritability, head‐

ache 

Sunvepra 

2.  Boceprevir [164] 
NS3/4A protein 

(Hepatitis C Virus) 

Inhibits the proteo‐

lytic activity of HCV 

NS3/4A protease 

Oral 

Vomiting, dry 

skin, fever, sore 

throat 

Victrelis 
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enhances  the potency  of  the  resulting  analogues.  Similarly,  substituting  the  tert‐butyl 
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boceprevir, sofosbuvir, etc. Their mechanisms of action, ways of use and side effects are 

given in Table 8. 
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(Hepatitis C virus 
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lytic activity of HCV 
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Flu‐like symp‐

toms, skin rash, 

irritability, head‐
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Sunvepra 
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zyme plays a critical role in HCV replication by cleaving the HCV polyprotein into the 
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previr’s mechanism of action has been extensively studied and documented. Grazoprevir 

effectively inhibited the NS3/4A protease enzyme by binding to the enzyme’s active site, 

thereby preventing the cleavage of the HCV polyprotein and inhibiting HCV replication 

[162]. There are other drugs available on the market for the treatment of HCV, such as 

boceprevir, sofosbuvir, etc. Their mechanisms of action, ways of use and side effects are 

given in Table 8. 
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Genome   

polyprotein 

(Hepatitis C virus 

genotype 1b) 

Inhibits the proteo‐

lytic activity of HCV 

NS3/4A protease 
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enhances  the potency  of  the  resulting  analogues.  Similarly,  substituting  the  tert‐butyl 

group (R3) with a bulkier cyclopentyl moiety led to the development of compounds with 

improved potency (Table 7) [160]. The enzyme inhibition constants (Ki) were determined 

for the wild‐type genotype 1a NS3/4A protease, as well as the resistant variants R155K 
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cellular  antiviral  potencies  (EC50)  using  replicon‐based  antiviral  assays.  These  assays, 
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3.1  3.9 ± 0.7 

Mechanism of Action of Grazoprevir: Grazoprevir is a potent and selective inhibitor 

of the NS3/4A protease enzyme in the hepatitis C virus (HCV). The NS3/4A protease en‐

zyme plays a critical role in HCV replication by cleaving the HCV polyprotein into the 

individual functional proteins necessary for the virus to replicate and propagate. Grazo‐

previr’s mechanism of action has been extensively studied and documented. Grazoprevir 

effectively inhibited the NS3/4A protease enzyme by binding to the enzyme’s active site, 
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[162]. There are other drugs available on the market for the treatment of HCV, such as 

boceprevir, sofosbuvir, etc. Their mechanisms of action, ways of use and side effects are 

given in Table 8. 

Table 8. Anti‐HCV drugs. 

Sl. No.  Drug Name  Drug Target 
Mechanism of Ac‐

tion 
Ways of Use  Side Effect  Brand Name 

1.  Asunaprevir [163] 

Genome   

polyprotein 

(Hepatitis C virus 

genotype 1b) 

Inhibits the proteo‐

lytic activity of HCV 

NS3/4A protease 

Oral 

Flu‐like symp‐

toms, skin rash, 

irritability, head‐

ache 

Sunvepra 

2.  Boceprevir [164] 
NS3/4A protein 

(Hepatitis C Virus) 

Inhibits the proteo‐
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skin, fever, sore 

throat 
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(Hepatitis C virus 
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enhances  the potency  of  the  resulting  analogues.  Similarly,  substituting  the  tert‐butyl 

group (R3) with a bulkier cyclopentyl moiety led to the development of compounds with 
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given in Table 8. 
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(Hepatitis C virus 
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enhances  the potency  of  the  resulting  analogues.  Similarly,  substituting  the  tert‐butyl 

group (R3) with a bulkier cyclopentyl moiety led to the development of compounds with 

improved potency (Table 7) [160]. The enzyme inhibition constants (Ki) were determined 

for the wild‐type genotype 1a NS3/4A protease, as well as the resistant variants R155K 

and D168A. Additionally, a subset of compounds underwent testing to determine their 

cellular  antiviral  potencies  (EC50)  using  replicon‐based  antiviral  assays.  These  assays, 

which assessed the efficacy of the compounds, were not only run against the wild‐type 

HCV strain but also against the drug‐resistant variants R155K, A156T, D168A, and D168V 

[161]. 

Table 7. SAR Analysis of grazoprevir derivatives. 

Compound 

Substitution  Activity 

−R1  −R2  −R3  EC50 (nM) 
Inhibitor Constant 

(Ki) (nM) 

 

   
 

24  19 ± 2.7 

   
 

6.6  7.8 ± 1.1 

   
 

6.3  6.1 ± 1.1 

    10  9.2 ± 0.9 

   
 

4.5  7.1 ± 1.1 

   
 

3.1  3.9 ± 0.7 

Mechanism of Action of Grazoprevir: Grazoprevir is a potent and selective inhibitor 

of the NS3/4A protease enzyme in the hepatitis C virus (HCV). The NS3/4A protease en‐

zyme plays a critical role in HCV replication by cleaving the HCV polyprotein into the 

individual functional proteins necessary for the virus to replicate and propagate. Grazo‐

previr’s mechanism of action has been extensively studied and documented. Grazoprevir 

effectively inhibited the NS3/4A protease enzyme by binding to the enzyme’s active site, 

thereby preventing the cleavage of the HCV polyprotein and inhibiting HCV replication 

[162]. There are other drugs available on the market for the treatment of HCV, such as 

boceprevir, sofosbuvir, etc. Their mechanisms of action, ways of use and side effects are 

given in Table 8. 

Table 8. Anti‐HCV drugs. 

Sl. No.  Drug Name  Drug Target 
Mechanism of Ac‐

tion 
Ways of Use  Side Effect  Brand Name 

1.  Asunaprevir [163] 

Genome   

polyprotein 

(Hepatitis C virus 

genotype 1b) 

Inhibits the proteo‐

lytic activity of HCV 

NS3/4A protease 

Oral 

Flu‐like symp‐

toms, skin rash, 

irritability, head‐

ache 

Sunvepra 

2.  Boceprevir [164] 
NS3/4A protein 

(Hepatitis C Virus) 

Inhibits the proteo‐
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Oral 
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skin, fever, sore 

throat 

Victrelis 

6.3 6.1 ± 1.1
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enhances  the potency  of  the  resulting  analogues.  Similarly,  substituting  the  tert‐butyl 

group (R3) with a bulkier cyclopentyl moiety led to the development of compounds with 

improved potency (Table 7) [160]. The enzyme inhibition constants (Ki) were determined 

for the wild‐type genotype 1a NS3/4A protease, as well as the resistant variants R155K 
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[162]. There are other drugs available on the market for the treatment of HCV, such as 

boceprevir, sofosbuvir, etc. Their mechanisms of action, ways of use and side effects are 

given in Table 8. 
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(Hepatitis C virus 
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1.  Asunaprevir [163] 
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polyprotein 

(Hepatitis C virus 

genotype 1b) 

Inhibits the proteo‐

lytic activity of HCV 

NS3/4A protease 
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3.1 3.9 ± 0.7

Mechanism of Action of Grazoprevir: Grazoprevir is a potent and selective inhibitor of
the NS3/4A protease enzyme in the hepatitis C virus (HCV). The NS3/4A protease enzyme
plays a critical role in HCV replication by cleaving the HCV polyprotein into the individual
functional proteins necessary for the virus to replicate and propagate. Grazoprevir’s mech-
anism of action has been extensively studied and documented. Grazoprevir effectively
inhibited the NS3/4A protease enzyme by binding to the enzyme’s active site, thereby
preventing the cleavage of the HCV polyprotein and inhibiting HCV replication [162].
There are other drugs available on the market for the treatment of HCV, such as bocepre-
vir, sofosbuvir, etc. Their mechanisms of action, ways of use and side effects are given
in Table 8.

Table 8. Anti-HCV drugs.

Sl. No. Drug Name Drug Target Mechanism of
Action Ways of Use Side Effect Brand Name

1. Asunaprevir [147]

Genome
polyprotein

(Hepatitis C virus
genotype 1b)

Inhibits the
proteolytic activity of

HCV NS3/4A
protease

Oral
Flu-like symptoms,

skin rash, irritability,
headache

Sunvepra

2. Boceprevir [163] NS3/4A protein
(Hepatitis C Virus)

Inhibits the
proteolytic activity of

HCV NS3/4A
protease

Oral Vomiting, dry skin,
fever, sore throat Victrelis
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Table 8. Cont.

Sl. No. Drug Name Drug Target Mechanism of
Action Ways of Use Side Effect Brand Name

3. Grazoprevir [164] NS3/4A protein
(Hepatitis C Virus)

Inhibits the
proteolytic activity of

HCV NS3/4A
protease

Oral Headache, nausea,
trouble breathing Zepatier

4. Sofosbuvir [165]
RNA-dependent
RNA-polymerase

(Hepatitis C Virus)

Inhibits
RNA-dependent RNA
polymerases of HCV
NS5B (non-structural

protein 5B)

Oral Fatigue, headache,
decreased appetite Vosevi

5. Daclatasvir [166]
Nonstructural

protein 5A
(Hepatitis C Virus)

Disrupts the NS5A
proteins that have
undergone hyper-
phosphorylation;

interferes with the
functioning of newly

formed HCV
replication complexes.

Oral Headache, feeling
tired, nausea Daklinza

Some other synthesized compounds that show activity against HCV are given
in Table 9.

Table 9. Synthesized anti-HCV compounds.

Sl. No. Antiviral Agent Drug Target Activity

1.
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cells shows promising activity, which reflects in
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5.3. Anti-HBV Agent
5.3.1. Anti-HBV Agent Lamivudine

Lamivudine (Figure 15) is a nucleoside reverse transcriptase inhibitor that inhibits
the reverse transcriptase of the human hepatitis B virus (HBV). It is a safe medicine with
minimal side effects and can be prescribed for pregnant women and children over five
years of age [172].
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Key synthetic steps for Scheme 7 [173,174]: Formation of mixture of diastereomer at
0 ◦C (b) separation of diastereomers is done by recrystallization, (c) diastereo pure com-
pound is treated with methanolic K2CO3 to obtain product 6.

Viruses 2023, 15, x FOR PEER REVIEW  27  of  58 
 

 

 

Figure 15. Chemical structure of lamivudine (6). 

Key synthetic steps for Scheme 7 [174,175]: Formation of mixture of diastereomer at 

0 °C (b) separation of diastereomers is done by recrystallization, (c) diastereo pure com‐

pound is treated with methanolic K2CO3 to obtain product 6. 

 

Scheme 7. Synthesis of anti‐HBV agent lamivudine. 

Reagents and conditions: (a) Reactants are mixed and cooled to 0 °C in MeOH; (b) 

separation of diastereomers; (c) MeOH, K2CO3. 

Mechanism of Action of Lamivudine: Lamivudine is a nucleoside analogue that is 

used  in the treatment of hepatitis B virus (HBV)  infection. The mechanism of action of 

lamivudine is based on its ability to inhibit HBV reverse transcriptase, which is a critical 

enzyme for viral replication. Once inside the infected cell, lamivudine is phosphorylated 

by cellular enzymes into its active triphosphate form. This active form of lamivudine com‐

petes with the natural nucleotide building blocks for incorporation into the growing viral 

DNA chain. However, lamivudine lacks the 3′‐OH group required for further chain ex‐

tension, thereby resulting in the termination of viral DNA synthesis [176]. 

5.3.2. Anti‐HBV Agent Entecavir 

Entecavir (Figure 16) is a guanosine nucleoside analogue active against hepatitis B 

(HBV). It is highly efficient in preventing all stages of replication. Compared to the other 

Hepatitis B drugs,  lamivudine and entecavir are more effective;  the corresponding  tri‐

phosphate binds with HBVpol with amino acid residues ARG A: 23, LYS A: 14, ASN A: 

18 and ALA A: 68 and effectively inhibits its activity (Figure 17) [177,178]. 

 

Scheme 7. Synthesis of anti-HBV agent lamivudine.

Reagents and conditions: (a) Reactants are mixed and cooled to 0 ◦C in MeOH;
(b) separation of diastereomers; (c) MeOH, K2CO3.

Mechanism of Action of Lamivudine: Lamivudine is a nucleoside analogue that is
used in the treatment of hepatitis B virus (HBV) infection. The mechanism of action of
lamivudine is based on its ability to inhibit HBV reverse transcriptase, which is a critical
enzyme for viral replication. Once inside the infected cell, lamivudine is phosphorylated by
cellular enzymes into its active triphosphate form. This active form of lamivudine competes
with the natural nucleotide building blocks for incorporation into the growing viral DNA
chain. However, lamivudine lacks the 3′-OH group required for further chain extension,
thereby resulting in the termination of viral DNA synthesis [175].

5.3.2. Anti-HBV Agent Entecavir

Entecavir (Figure 16) is a guanosine nucleoside analogue active against hepatitis
B (HBV). It is highly efficient in preventing all stages of replication. Compared to the
other Hepatitis B drugs, lamivudine and entecavir are more effective; the corresponding
triphosphate binds with HBVpol with amino acid residues ARG A: 23, LYS A: 14, ASN A:
18 and ALA A: 68 and effectively inhibits its activity (Figure 17) [176,177].
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Scheme 8. Synthesis of entecavir. 

Reagents and conditions: (a) TBSCI (1.1 equiv.), imidazole, THF, rt; (b) K2CO3 cat., 

MeOH; (c) m‐CPBA, CH2Cl2; (d) Ac2O, NEt3, DMAP cat., CH2Cl2; (e) Cp2TiCl2 20 mol%, 

Figure 17. Entecavir triphosphate docking with HBVpol.

Key synthetic steps for Scheme 8 [178]: (a) Protection of aliphatic alcohol; (b) activa-
tion of the terminal alkyne; (c,d) synthesis of the epoxide followed by (e) intramolecular
cyclization; (f,g) protection and deprotection of the alcohols; (h) Mitsunobu reaction with
2-amino-6-chloropurine; followed by (i) acid treatment; and (j) saponification to obtain the
Entecavir 28.

Reagents and conditions: (a) TBSCI (1.1 equiv.), imidazole, THF, rt; (b) K2CO3 cat.,
MeOH; (c) m-CPBA, CH2Cl2; (d) Ac2O, NEt3, DMAP cat., CH2Cl2; (e) Cp2TiCl2 20 mol%,
IrCl(CO)(PPh3)2 10 mol%, Mn (2 equiv.), collidine, TMSCl, H2 (4 bar), THF; (f) p-O2NBzCl,
NEt3, CH2Cl2; (g) 5% (+)-CSA, MeOH; (h) 2-amino-6-chloropurine, DIAD, PPh3, THF,
−10 ◦C; (i) HCOOH, 50 ◦C; (j) MeONa, MeOH.

Structure–Activity Relationship of Entecavir: An extensive investigation of the structure–
activity relationship (SAR) of entecavir and its analogues is shown in Table 10. It was discovered
that these compounds are the most potent inhibitors of HBV replication, with the ability to
effectively inhibit lamivudine-resistant HBV. These compounds are carbocyclic guanosine
nucleoside analogues (R1) and are highly effective when tested against HBV in HepG2.2.15
cells [179]. The plasma half-life of entecavir in rats and dogs is 4–9 h. It is metabolized by
HepG2 cells to the corresponding mono-, di-, and triphosphates.
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Scheme 8. Synthesis of entecavir.

Table 10. SAR analysis of entecavir derivatives.

Compound
Substitution Activity

−R1 −R2 IC50 (µM)
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Mechanism of Action of Entecavir: Entecavir is a nucleoside analogue that inhibits
hepatitis B virus (HBV) DNA replication by interfering with the activity of viral polymerase,
an enzyme essential for the virus to replicate its genetic material. In HBV-infected cells,
it is phosphorylated into its active form, entecavir triphosphate, which competes with
the natural substrate, deoxyguanosine triphosphate, for incorporation into the elongating
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viral DNA chain. The incorporation of entecavir triphosphate into the viral DNA chain
leads to chain termination, preventing further extension of the viral DNA and ultimately
inhibiting HBV replication. Entecavir’s mechanism of action has been extensively studied
and has been shown to be highly effective in suppressing HBV replication and reducing
liver damage. Due to its high potency and low risk of developing viral resistance, entecavir
has become one of the preferred first-line treatments for chronic HBV infection [180,181].

5.3.3. Anti-HBV Agent Dehydro-Andrographolide and Andrographolide Derivatives

Dehydro-andrographolide and andrographolide compounds have demonstrated the
ability to inhibit the replication of HBV DNA, with IC50 values of 22.58 and 54.07 µM,
respectively [172].

Key synthetic steps for Scheme 9 [172]: (a) Compounds are obtained with the help
of esterification reaction with acids in the presence of 4-dimethylaminopyridine (DMAP)
and N′,N′-dicyclohexylcarbodiimide (DCC) in anhydrous dichloromethane to obtain the
product 35.
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Scheme 9. Synthesis of dehydro-andrographolide (35) and andrographolide (36) derivatives.

Reagents and conditions: (a) corresponding acids, DMAP, DCC, CH2Cl2, rt.
Structure–Activity Relationship of dehydro-Andrographolide: The SARs of the deriva-

tives indicate that having a free hydroxyl group at C-2 can result in enhanced anti-HBV
properties. Additionally, maintaining the double bond between C-8 and C-17, as well
as the conjugated double bonds between C-11 and C-14, or C-12 and C-15, is crucial for
preserving anti-HBV activity and decreasing cytotoxicity. To improve the anti-HBV activ-
ity, it is useful to incorporate the 3-methoxycinnamoyl, nicotinoyl, 2-furoyl, or 2-thenoyl
groups shown in Table 11 [105]. The anti-HBV activity of the compounds derived from
dehydro-andrographolide and andrographolide were investigated. Specifically, their abil-
ity to inhibit the secretion of HBsAg and HBeAg, as well as HBV DNA replication, was
evaluated using HepG 2.2.15 cells in vitro. Tenofovir, a known antiviral agent, was used as
the positive control in the study [182].
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Table 11. SAR analysis of dehydro-andrographolide and andrographolide derivatives.

Compound
Substitution Activity

−R IC50 (µM)
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Mechanism of Action of dehydro‐Andrographolide: Dehydro‐andrographolide  in‐

hibits HBV replication by blocking the binding of the HBV core protein to viral RNA. It 

also activates the host immune response, which can help control HBV replication and clear 

infected cells  [184]. Overall, dehydro‐andrographolide has shown promising anti‐HBV 

activity through  its ability to  inhibit viral replication and enhance the host immune re‐

sponse. However, further studies are needed to fully understand its mechanisms of action 

and potential clinical applications [185]. The details of other anti‐HBV drugs, along with 

their mechanisms of action, are mentioned in Table 12. 

Table 12. Anti‐HBV drugs. 
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Action 

Ways of 

Use 
Side Effect  Brand Name 

1.  Entecavir [186] 
DNA   

polymerase 

Inhibits the activity of 

HBV DNA 

polymerase 

Oral 
Headache, diz‐

ziness, nausea 
Baraclude 

2.  Telbivudine [187] 
DNA   

polymerase 

Inhibits the activity of 

HBV DNA polymerase 
Oral 

Diarrhea, 

cough, head‐

ache, dizziness 

Tyzeka 

3.  Lamivudine [188] 
Protein P 

(HBV‐F) 

Inhibits reverse tran‐

scriptase 
Oral 

Nausea, diar‐

rhea, headaches 
Lamivudine 

Some other synthesized compounds with activity against HBV are tabulated below 

(Table 13). 

Capsid assembly modulators (CpAMs) belong to a novel category of antiviral com‐

pounds that specifically target the core protein of the hepatitis B virus (HBV) to interfere 

with the assembly process. HepG2.2.15 cells are a type of human hepatoblastoma cells 
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Mechanism of Action of dehydro-Andrographolide: Dehydro-andrographolide in-
hibits HBV replication by blocking the binding of the HBV core protein to viral RNA. It
also activates the host immune response, which can help control HBV replication and clear
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infected cells [183]. Overall, dehydro-andrographolide has shown promising anti-HBV ac-
tivity through its ability to inhibit viral replication and enhance the host immune response.
However, further studies are needed to fully understand its mechanisms of action and
potential clinical applications [184]. The details of other anti-HBV drugs, along with their
mechanisms of action, are mentioned in Table 12.

Table 12. Anti-HBV drugs.

Sl. No. Drug Name Drug Target Mechanism of
Action Ways of Use Side Effect Brand Name

1. Entecavir [185] DNA
polymerase

Inhibits the activity of HBV
DNA

polymerase
Oral Headache,

dizziness, nausea Baraclude

2. Telbivudine [186] DNA
polymerase

Inhibits the activity of HBV
DNA polymerase Oral

Diarrhea, cough,
headache,
dizziness

Tyzeka

3. Lamivudine [187] Protein P
(HBV-F)

Inhibits reverse
transcriptase Oral Nausea, diarrhea,

headaches Lamivudine

Some other synthesized compounds with activity against HBV are tabulated below
(Table 13).

Capsid assembly modulators (CpAMs) belong to a novel category of antiviral com-
pounds that specifically target the core protein of the hepatitis B virus (HBV) to interfere
with the assembly process. HepG2.2.15 cells are a type of human hepatoblastoma cells
that have been genetically modified to stably express the hepatitis B virus (HBV). The
compounds under investigation inhibit HBV replication by interfering with the assembly
of the HBV capsid protein [188].

Table 13. Synthesized anti-HBV compounds.

Sl. No. Antiviral Agent Drug Target Activity

1.
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Mechanism of Action of Ribavirin: Ribavirin is a broad‐spectrum antiviral agent that 
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HBV [189]

Capsid assembly modulators (CpAMs) are antiviral
compounds that target the core protein of the hepatitis B
virus (HBV) to disrupt assembly. In HepG2.2.15 cells,
which express HBV, these compounds inhibit HBV
replication by interfering with capsid protein assembly
with EC50 = 511 nM.
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HBV [190]
The anti-HCV activities were tested in the Huh-Luc/neo
cell line and cytotoxicity of the test compound was
determined on both MT-2 cell lines with EC50 = 10 µM.

5.4. Anti-RSV Agent
Anti-RSV Agent Ribavirin

The antiviral property of this drug (Figure 18) was studied in 1972 [191]. This drug
is presently used for the treatment of RSV. DeVincenzo et al. have studied the inhibitory
activities of ribavirin against the RSV F-protein [192].

Key synthetic step for the Scheme 10 [193]: (a) Nucleophilic substitution in the presence
of bio-catalyst, (b) amide formation in the presence of NH3 to obtain product 10.
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Reagents and conditions: (a) Purine nucleoside phosphorylase, buffer solution of
pH = 7; (b) NH3, MeOH.

Mechanism of Action of Ribavirin: Ribavirin is a broad-spectrum antiviral agent that
has activity against a range of RNA and DNA viruses, including respiratory syncytial
virus (RSV). The mechanism of action of ribavirin is not completely understood, but it
is believed to involve several different mechanisms [194]. One proposed mechanism is
that ribavirin interferes with the synthesis of viral RNA by inhibiting the activity of the
viral RNA-dependent RNA polymerase. Another proposed mechanism is that ribavirin
induces mutations in the viral genome, leading to non-functional or less-virulent viral
particles. Additionally, ribavirin has been shown to stimulate the host’s immune response,
which may contribute to its antiviral effects [195–197]. RSV-IGIV and palivizumab are the
available drugs on the market for the treatment of RSV. Their mechanisms of action, ways
of use and side effects are given in Table 14.

Table 14. Anti-RSV drugs.

Sl. No. Drug Name Drug Target Mechanism of
Action Ways of Use Side Effect Brand Name

1. Ribavirin [198]
RNA-directed RNA

polymerase L
(HPIV-2)

Targets viral RNA
polymerase to inhibit

mRNA synthesis
Oral or inhaled

Hemolytic
anemia, asthenia,

rigors, fevers
Rebetol

2. RSV-IGIV [199] RSV G protein
Prevents the

binding of RSV surface
glycoproteins F and G

- - RespiGam

3. Palivizumab [200]

Fusion glycoprotein F0
(Human respiratory

syncytial
virus B)

Prevents the
binding of RSV surface

glycoprotein F
Injection

Sore throat,
runny nose,

vomiting
Synagis

Some other synthesized compounds that show activity against RSV are given
in Table 15.
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Table 15. Synthesized anti-RSV compounds.

Sl. No. Antiviral Agent Drug Target Activity
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[202]

The screening of the compounds against
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done by high-throughput protocol with
EC50 = 0.36–0.55 µM.

5.5. Anti-HCMV Agent
5.5.1. Anti-HCMV Agent Iso-Valganciclovir Hydrochloride

Iso-Valganciclovir hydrochloride (Figure 19) is used for the treatment of cytomegalovirus
(CMV). It is a type of nucleoside analogue and is the cutting-edge drug candidate against
CMV [203].
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Figure 19. Chemical structure of iso-Valganciclovir hydrochloride (21).

Key synthetic step for Scheme 11 [204]: (a) Addition of reaction of 3-(chloromethoxy)prop-
1-ene to o-benzyl guanine in the presence of a base, followed by oxidation; (b) addition reaction
with S-2-azido-3-methylbutanoic acid and further reduction gives the final product 21, as
shown in Scheme 11.
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Reagents and conditions: (a) (i) NaH, DMF; (ii) KMnO4, acetone; (ii) 10% Pd/C,
MeOH; (iv) (S)-2-azido-3-methylbutanoic acid, DCC, DMSO; (b) 10% Pd/C, MeOH.

Mechanism of Action of Iso-Valganciclovir Hydrochloride: Iso-Valganciclovir hy-
drochloride is a prodrug of the antiviral agent ganciclovir, which is converted to its active
form by hydrolysis of the valine ester in the liver and blood. The active form of ganciclovir
works by inhibiting the viral DNA polymerase, which is essential for the replication of
HCMV. By inhibiting the viral DNA polymerase, ganciclovir prevents the formation of new
viral DNA chains, which ultimately inhibits HCMV replication [205].

5.5.2. Anti-HCMV Agent Ganciclovir

Ganciclovir (Figure 20) is a marketed drug for the treatment of HCMV; it acts as a
DNA polymerase to inhibit synthesis of viral DNA [206].

Viruses 2023, 15, x FOR PEER REVIEW  34  of  58 
 

 

 

Figure 19. Chemical structure of iso‐Valganciclovir hydrochloride (21). 

Key synthetic step  for Scheme 11  [205]:  (a) Addition of reaction of 3‐(chlorometh‐

oxy)prop‐1‐ene to o‐benzyl guanine in the presence of a base, followed by oxidation; (b) 

addition reaction with S‐2‐azido‐3‐methylbutanoic acid and further reduction gives the 

final product 21, as shown in Scheme 11. 

 

Scheme 11. Synthesis of iso‐valganciclovir hydrochloride. 

Reagents  and  conditions:  (a)  (i) NaH, DMF;  (ii) KMnO4,  acetone;  (ii)  10%  Pd/C, 

MeOH; (iv) (S)‐2‐azido‐3‐methylbutanoic acid, DCC, DMSO; (b) 10% Pd/C, MeOH. 

Mechanism of Action of Iso‐Valganciclovir Hydrochloride: Iso‐Valganciclovir hydro‐

chloride is a prodrug of the antiviral agent ganciclovir, which  is converted to its active 

form by hydrolysis of the valine ester in the liver and blood. The active form of ganciclovir 

works by inhibiting the viral DNA polymerase, which is essential for the replication of 

HCMV. By inhibiting the viral DNA polymerase, ganciclovir prevents the formation of 

new viral DNA chains, which ultimately inhibits HCMV replication [206]. 

5.5.2. Anti‐HCMV Agent Ganciclovir 

Ganciclovir (Figure 20) is a marketed drug for the treatment of HCMV; it acts as a 

DNA polymerase to inhibit synthesis of viral DNA [207]. 

 

Figure 20. Chemical structure of ganciclovir (22).

Key synthetic steps for Scheme 12 [207]: (a) N-Acylation of the guanine then (d) reacts
with 2-(acetoxymethoxy)propane-1,3-diyl diacetate to form N-(9-(((1,3-dihydroxypropan-2-
yl)oxy)methyl)-6-oxo-6,9-dihydro-1H-purin-2-yl)acetamide (prepared from 4-(chloromethyl)-
1,3-dioxolane) (e) by the deprotection of the amine and alcohol group; the final product 22
was thereby obtained.
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Mechanism of Action of Ganciclovir: Ganciclovir is an antiviral drug used to treat
HCMV infections. It stops viral DNA synthesis by acting as a chain terminator, which
inhibits the elongation of the viral DNA strand. Ganciclovir triphosphate, its active form, is
similar to guanosine and is selectively toxic to infected cells as it is preferentially incorpo-
rated into viral DNA, reducing viral replication and controlling infections [206].

5.5.3. Anti-HCMV Agent 1,2,4-Triazol-Quinoxalin Derivative

Another potential anti-HCMV agent is represented by quinoxaline derivatives, which
have been found in recent research studies. Quinoxaline is a heterocyclic compound con-
taining a benzene ring fused to a pyrazine ring, and its derivatives have diverse biological
activities, including antiviral properties. These compounds have exhibited greater antiviral
activity against HCMV compared to the standard drug ganciclovir [208]. The triazole and
quinoxaline moieties in 1,2,4-triazoloquinoxaline (Figure 21) have been reported to exhibit
antiviral activity against HCMV. The triazole moiety is a five-membered heterocyclic ring
containing three nitrogen atoms, which has been reported to possess antiviral activity. The
quinoxaline moiety is a bicyclic aromatic ring system that has also been reported to exhibit
antiviral activity. Studies have shown that 1,2,4-triazoloquinoxaline derivatives can inhibit
HCMV replication by targeting the viral DNA polymerase, which is a key enzyme involved
in viral replication. These compounds have also been reported to have low cytotoxicity
toward human cells, making them potentially useful as antiviral agents [209].
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Figure 21. 1,2,4-triazol-quinoxalin derivative (19), a new anti-human-cytomegalovirus (HCMV)
agent.

Key synthetic steps for Scheme 13 [210]: (a) The compound 2-(6,7-dimethyl-3-oxo-3,4-
dihydroquinoxalin-2-yl)acetohydrazide was reacted with triethylorthoformate in ethanol
to afford ethyl [(6,7-dimethyl-3-oxo-3,4- dihydroquinoxalin-2-yl)acetyl]hydrazonoformate;
further, (b) treatment of the hydrazonoformate with 2-aminopyridine in acetic acid reflux
afforded 6,7-dimethyl-3-{[4-(pyridin-2-yl)- 4H-1,2,4-triazol-3-yl]methyl}quinoxalin-2(1H)-
one to obtain the product 19.

Reagents and conditions: (a) C2H5OH, rt; (b) CH3COOH, reflux.
Mechanism of Action of 1,2,4-triazol-quinoxalin Derivatives: 1,2,4-triazol-quinoxalin

derivatives have potential as antiviral agents against HCMV, but their exact mechanism
of action is not fully understood. They may inhibit viral DNA replication and interfere
with viral gene expression or virion assembly. Additionally, they may have immunomodu-
latory effects that enhance antiviral activity or inhibit immune evasion strategies against
HCMV [211]. Valganciclovir is another available drug for the treatment of HCMV. The
mechanism of action, ways of use and side effects of valganciclovir and ganciclovir are
given in Table 16.
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Scheme 13. Synthesis of 1,2,4-triazol-quinoxalin derivative.

Table 16. Anti-HCMV drugs.

Sl. No. Drug Name Drug Target Mechanism of
Action Ways of Use Side Effects Brand Name

1. Valganciclovir [212] DNA polymerase
Inhibits the activity

of viral DNA
polymerase

Oral Diarrhea, upset
stomach, dizziness Valcyte

2. Ganciclovir [213] DNA polymerase
catalytic subunit

DNA polymerase to
inhibit viral DNA

synthesis
Oral

Diarrhea, loss of
appetite, increased

sweating
Cytovene

Some other synthesized compounds that show activity against HCMV are given in
the Table 17.

Table 17. Synthesized anti-HCMV compounds.

Sl. No. Antiviral Agent Drug Target Activity

1.
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quantitation in KB cells [216]. The IC50 was found to be
0.23 µM.
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HCMV [217]

The compound was assayed for antiviral activity against
HCMV (Davis, VR-807) cells in a cytotoxic assay.
The EC50 value of 53.1 µM showed only moderate
antiviral activity against HCMV.

5.6. Anti-HSV Agent

Lycogarubins have been reported as the first naturally occurring dimethyl pyrrole-
dicarboxylate attached to two indole moieties [218]. These compounds were isolated from
the fruit bodies of the slime molds Arcyria denudate, and are closely related to Arcyriarubins
and Arycyriaflavins. Three novel dimethyl pyrrole dicarboxylates named Lycogarubins
A–C were isolated by Haahimoto et al. from the Myxomycetes Lycogala epidendrum, among
which Lycogarubin C showed the effective potency against HSV-I [219]. Idoxuridine, tri-
fluridine and brivudine are marketed anti-HSV drugs used as ointments for the treatment
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of eye infections due to HSV. They act by inhibiting DNA polymerase of HSV and inter-
rupting viral DNA synthesis. The mechanisms of action, ways of use, and side effects of
idoxuridine, trifluridine and brivudine are given in Table 18.

Table 18. Anti-HSV drugs.

Sl. No. Drug Name Drug Target Mechanism of Action Ways of Use Side Effect Brand Name

1. Idoxuridine [95] DNA polymerase
HSV DNA polymerase

to inhibit viral DNA
synthesis

Used as an
ointment

Eye irritation or pain,
swelling of the eye Dendrid

2. Trifluridine [220] DNA polymerase Inhibits HSV DNA
replication Eye drop Eye pain, mild burning

of eyes Viroptic

3. Brivudine [221] DNA polymerase Inhibits HSV DNA
replication Oral No side effect Zostex

Mechanism of Action of Anti-HSV Drugs: Anti-HSV drugs target the herpes simplex
virus (HSV) and work by inhibiting viral replication and/or reducing the severity and
duration of HSV symptoms. There are three main classes of anti-HSV drugs:

Nucleoside analogues: These drugs mimic the structure of the nucleotides that the
virus needs to replicate its DNA. When the virus interacts with the DNA part of the
nucleoside, it disrupts the replication process, preventing the virus from making new
copies of it. Examples of nucleoside derivatives used to treat HSV include acyclovir,
valacyclovir, and famciclovir [58].

Non-nucleoside inhibitors: These drugs target specific viral enzymes that are essential
for viral replication. They work by binding to the enzyme and blocking its activity, thereby
preventing the virus from replicating. Examples of non-nucleoside inhibitors used to treat
HSV include foscarnet and cidofovir [222].

Interferons: These drugs are proteins that the body naturally produces in response
to viral infections. They provoke activity by stimulating the immune system to produce
antiviral proteins that can inhibit viral replication. Examples of interferons used to treat
HSV include interferon alpha and interferon beta [223]. Here, it is important to note that
while these drugs can help reduce the severity and duration of HSV symptoms, they do
not cure the infection. The virus remains in the body and can reactivate, causing recurrent
outbreaks.

5.7. Anti-Ebola Agent

Anti-Ebola agents are drugs that target the Ebola virus by preventing its replication or
entry into human cells. Examples include ZMapp, a combination of three monoclonal anti-
bodies, and remdesivir (Figure 22) [224,225], which is used as a broad-spectrum antiviral
drug. The other treatments developed include RNA-based therapies and gene therapies.
Such advanced treatments offer genuine hope for a better future, in which EVD will not be
considered to be a major concern of public health.

Viruses 2023, 15, x FOR PEER REVIEW  38  of  58 
 

 

of it. Examples of nucleoside derivatives used to treat HSV include acyclovir, valacyclovir, 

and famciclovir [58]. 

Non‐nucleoside inhibitors: These drugs target specific viral enzymes that are essen‐

tial for viral replication. They work by binding to the enzyme and blocking its activity, 

thereby  preventing  the  virus  from  replicating.  Examples  of  non‐nucleoside  inhibitors 

used to treat HSV include foscarnet and cidofovir [223]. 

Interferons: These drugs are proteins that the body naturally produces in response to 

viral infections. They provoke activity by stimulating the immune system to produce an‐

tiviral proteins that can inhibit viral replication. Examples of interferons used to treat HSV 

include interferon alpha and interferon beta [224]. Here, it is important to note that while 

these drugs can help reduce the severity and duration of HSV symptoms, they do not cure 

the  infection. The virus remains  in  the body and can reactivate, causing recurrent out‐

breaks. 

5.7. Anti‐Ebola Agent 

Anti‐Ebola agents are drugs that target the Ebola virus by preventing its replication 

or entry into human cells. Examples include ZMapp, a combination of three monoclonal 

antibodies, and remdesivir (Figure 22) [225,226], which is used as a broad‐spectrum anti‐

viral drug. The other treatments developed include RNA‐based therapies and gene ther‐

apies. Such advanced treatments offer genuine hope for a better future, in which EVD will 

not be considered to be a major concern of public health. 

 

Figure 22. Anti Ebola agent remdesivir (15). 

Key synthetic steps for Scheme 14 [227]: (a) The iodopyrazole was dissolved in THF 

and cooled  to 0  °C, TMSCl was added, and after 1 h, phenylmagnesium chloride was 

added. The reaction mixture was cooled to –20 °C and iso‐propylmagnesium chloride was 

added slowly to (b) a pre‐cooled (–40 °C.) solution of (3R,4R,5R)‐2‐(4‐aminopyrrolo[2,1‐

f][1.2.4]triazin‐7‐yl)‐3,4‐bis(benzyloxy)‐5‐((benzyloxy)methyl)tetrahydrofuran‐2‐ol  in 

DCM  trifluoroacetic  acid was  added,  followed  by  a  pre‐cooled  (–30  °C.)  solution  of 

TMSOTf and TMSCN in DCM at rt; (c) the tribenzyl cyano nucleoside was dissolved in 

anhydrous CH2Cl2 and cooled to about –20 °C. A solution of BCl3, the reaction mixture, 

was  stirred  for  1  h  at  about  –20  °C. MeOH was  added dropwise  (d)  to  a mixture  of 

(2R,3R,4S.5R)‐2‐(4‐aminopyrrolo[2,1‐f][1.2.4]  triazin‐7‐yl)‐3,4‐dihydroxy‐5‐(hydroxyme‐

thyl)tetrahydrofuran‐2‐carbonitrile, 2,2‐dimethoxypropane and acetone at ambient tem‐

perature, to which    sulfuric acid was added. The mixture was warmed to about 45 °C and 

(e)  N,N‐dimethylacetamide  was  added  to  a  mixture  of  (2R,3R,4S.5R)‐2‐(4‐amino‐

pyrrolo[2,1‐f][1.2.4]triazin‐7‐yl)‐3,4‐dihydroxy‐5‐(hydroxymethyl)tetrahydrofuran‐2‐car‐

bonitrile,  (S)‐2‐ethylbutyl2‐(((S)‐(4‐nitrophenoxy)(phenoxy)phosphoryl)amino)propano‐

ate and MgCl2. Then the resulting reaction mixture was warmed at 30 °C with constant 

stirring and N,N‐diisopropylethylamine was added slowly, (f) the deprotection of the al‐

cohols was performed by conc. HCl to obtain the product 15. 

Figure 22. Anti Ebola agent remdesivir (15).

255



Viruses 2023, 15, 1826

Key synthetic steps for Scheme 14 [226]: (a) The iodopyrazole was dissolved in THF
and cooled to 0 ◦C, TMSCl was added, and after 1 h, phenylmagnesium chloride was
added. The reaction mixture was cooled to −20 ◦C and iso-propylmagnesium chloride
was added slowly to (b) a pre-cooled (−40 ◦C.) solution of (3R,4R,5R)-2-(4-aminopyrrolo[2,1-
f][1.2.4]triazin-7-yl)-3,4-bis(benzyloxy)-5-((benzyloxy)methyl)tetrahydrofuran-2-ol in DCM
trifluoroacetic acid was added, followed by a pre-cooled (−30 ◦C.) solution of TMSOTf
and TMSCN in DCM at rt; (c) the tribenzyl cyano nucleoside was dissolved in anhydrous
CH2Cl2 and cooled to about −20 ◦C. A solution of BCl3, the reaction mixture, was stirred
for 1 h at about −20 ◦C. MeOH was added dropwise (d) to a mixture of (2R,3R,4S.5R)-2-(4-
aminopyrrolo[2,1-f][1.2.4] triazin-7-yl)-3,4-dihydroxy-5-(hydroxymethyl)tetrahydrofuran-2-
carbonitrile, 2,2-dimethoxypropane and acetone at ambient temperature, to which sulfuric
acid was added. The mixture was warmed to about 45 ◦C and (e) N,N-dimethylacetamide was
added to a mixture of (2R,3R,4S.5R)-2-(4-aminopyrrolo[2,1-f][1.2.4]triazin-7-yl)-3,4-dihydroxy-
5-(hydroxymethyl)tetrahydrofuran-2-carbonitrile, (S)-2-ethylbutyl2-(((S)-(4-nitrophenoxy)
(phenoxy)phosphoryl)amino)propanoate and MgCl2. Then the resulting reaction mixture was
warmed at 30 ◦C with constant stirring and N,N-diisopropylethylamine was added slowly,
(f) the deprotection of the alcohols was performed by conc. HCl to obtain the product 15.
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Reagents and conditions: (a) TMSCl, PhMgCl, iPrMgCl·LiCl, THF,−20 ◦C; (b) TMSCN,
TMSOTf, TfOH, CH2Cl2, −78 ◦C; (c) (1) BCl3, CH2Cl2, −40 ◦C; (2) Et3N, MeOH, −78 ◦C–rt;
(d) 2,2-DMP, H2SO4, Me2CO, rt; 45 ◦C; (e) MgCl2, DIPEA, MeCN, 50 ◦C; (f) 12 N HCl, THF
(1:5), rt.

Mechanism of Action of Remdesivir: Remdesivir interferes with the Ebola virus’s
replication by inhibiting its RNA-dependent RNA polymerase enzyme. It acts as a chain
terminator, preventing the virus from replicating further and causing harm to the host [97].
The mechanism of action and ways of use are given in Table 19.

Table 19. Anti-EBOV drugs.

Sl. No. Drug Name Drug Target Mechanism of
Action Ways of Use Side Effect Brand Name

1. BCX4430 [227] RNA-directed RNA
polymerase L

Acts as a nonobligate
RNA chain terminator

upon incorporation
into viral RNA

Intramuscular
or oral - BioCryst

2. Neplanocin A [228]

S-adenosyl-l-
homocysteine

(SAH) hydrolase
inhibitor

- - - -

3. Lectins [229] - - - - -

4. Remdesivir [230] RNA-directed RNA
polymerase L

Inhibits the viral RNA
polymerase enzyme,
which is essential for
the replication of the

virus

Intravenously

Nausea, vomiting,
diarrhea, and
elevated liver

enzymes

Veklury

5. TKM-130803 [231] mRNA of EBOV
Degrades the viral
RNA of the Ebola

virus

Intravenous
infusion

Immune
reactions,

off-target effects,
and toxicity due

to high doses

-

Synthesized compounds that show activity against the Ebola virus are given in Table 20.

Table 20. Synthesized anti-Ebola compounds.

Sl. No. Antiviral Agent Drug Target Activity

1.
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SARS-CoV-2 is a beta-coronavirus in the B lineage that is closely related to the SARS-
CoV virus [234]. The major structural genes include N, S, SM and M, while an additional
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glycoprotein HE occurs in HCoV-OC43 and HKU1 beta-coronaviruses. SARS-CoV-2 shares
96% of its genome with a bat coronavirus. There are several types of anti-SARS-CoV-2
medications, each with its own mechanism of action. The examples are mentioned below:

Vaccines: Vaccines stimulate the immune system to produce antibodies that can
neutralize the virus before it can cause an infection. There are currently several COVID-19
vaccines available, including mRNA vaccines, viral vector vaccines, and inactivated or
protein subunit vaccines [235].

As of 12 January 2022, the following vaccines have been granted Emergency Use
Listing:

• Comirnaty vaccine by Pfizer/BioNTech, approved 31 December 2020.
• SII/COVISHIELD and AstraZeneca/AZD1222 vaccines, approved 16 February 2021.
• Janssen/Ad26.COV 2.S vaccine developed by Johnson & Johnson, approved

12 March 2021.
• Moderna COVID-19 vaccine (mRNA 1273), approved 30 April 2021.
• Sinopharm COVID-19 vaccine, approved 7 May 2021.
• Sinovac-CoronaVac vaccine, approved 1 June 2021.
• Bharat Biotech BBV152 COVAXIN vaccine, approved 3 November 2021.
• Covovax (NVX-CoV2373) vaccine, approved 17 December 2021.
• Nuvaxovid (NVX-CoV2373) vaccine, approved 20 December 2021.

Monoclonal antibodies: Monoclonal antibodies are laboratory-made proteins that
mimic the immune system’s ability to fight off harmful pathogens. They can neutralize the
virus by binding to specific proteins on its surface and preventing it from entering host
cells [236].

Antiviral drugs (Table 21): Antiviral drugs can inhibit viral replication by targeting
specific viral proteins or enzymes. For example, remdesivir is an antiviral drug that inhibits
the viral RNA polymerase enzyme which is essential for the replication of the virus [237].

Immune-modulators: Immune modulators help modulate the immune response to
the virus. For example, dexamethasone is a corticosteroid drug that reduces inflammation
and has been shown to improve outcomes in severe COVID-19 cases [238].

Table 21. Anti-SARS-CoV-2 drugs.

Sl. No. Drug Name Drug Target Mechanism of Action Ways of Use Side Effect Brand Name

1.
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SARS-CoV-2 [239]

Nirmatrelvir inhibits
cysteine residue in the

3C-like protease
(3CLPRO) of
SARS-CoV-2

Oral There is no such
side effect observed Paxlovid
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Monoclonal  antibodies: Monoclonal  antibodies  are  laboratory‐made  proteins  that 

mimic the immune system’s ability to fight off harmful pathogens. They can neutralize 

the virus by binding to specific proteins on  its surface and preventing  it from entering 

host cells [237]. 

Antiviral drugs (Table 21): Antiviral drugs can inhibit viral replication by targeting 

specific viral proteins or enzymes. For example, remdesivir is an antiviral drug that inhib‐

its the viral RNA polymerase enzyme which is essential for the replication of the virus 

[238]. 

Immune‐modulators: Immune modulators help modulate the  immune response to 

the virus. For example, dexamethasone is a corticosteroid drug that reduces inflammation 

and has been shown to improve outcomes in severe COVID‐19 cases [239]. 

Table 21. Anti‐SARS‐CoV‐2 drugs. 

Sl. No.  Drug Name  Drug Target  Mechanism of Action  Ways of Use  Side Effect  Brand Name 

1. 

 

SARS‐CoV‐2 

[240] 

Nirmatrelvir inhibits cys‐

teine residue in the 3C‐

like protease (3CLPRO) of 

SARS‐CoV‐2 

Oral 

There is no 

such side ef‐

fect observed 

Paxlovid 

2. 

 

COVID‐19 [241] 

Baricitinib inhibits the ac‐

tivity of JAK proteins and 

modulates the signaling 

pathway of various inter‐

leukins, interferons 

Oral 

There is no 

such side ef‐

fect observed 

Olumiant 

Some  other  synthesized  compounds  that  show  activity  against  SARS‐COV‐2  are 

given in Table 22. 

   

COVID-19 [240]

Baricitinib inhibits the
activity of JAK proteins

and modulates the
signaling pathway of
various interleukins,

interferons

Oral There is no such
side effect observed Olumiant

Some other synthesized compounds that show activity against SARS-COV-2 are given
in Table 22.
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Table 22. Synthesized anti-SARS-COV-2 compounds.

Sl. No. Antiviral Agent Drug Target Activity

1.
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2. 
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molecule that specifically targets non‐na‐
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rate. 

3. 
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against various RNA and DNA viruses, 

including SARS‐CoV‐2 (EC50 = 3.16 μM). 

Further studies are needed to understand 

its mode of action and specificity [246]. 

4. 

 

SARS‐CoV‐2 [247] 

This compound targets the SARS‐CoV‐2 

methyltransferases MTase and Nsp14. 

Which demonstrates superior anti‐SARS‐

CoV‐2 inhibition (EC50 = 0.72 μM), as evi‐

denced by the compound’s high antiviral 

activity and low cytotoxicity.   
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A synthesized compound that shows activity as an anti‐HPV agent is given in Table 

23. 

   

SARS-CoV-2 [241]

Indomethacin exhibits potent antiviral activity
against SARS coronavirus by selectively inhibiting
viral RNA synthesis, independent of its COX
inhibition and anti-inflammatory properties [242],
with a promising EC50 value of 50 µM.
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Nitazoxanide (NTZ), originally an antiparasitic
agent, shows potent activity against various RNA
and DNA viruses, including SARS-CoV-2
(EC50 = 3.16 µM). Further studies are needed to
understand its mode of action and specificity [245].
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SARS-CoV-2 [246]

This compound targets the SARS-CoV-2
methyltransferases MTase and Nsp14. Which
demonstrates superior anti-SARS-CoV-2 inhibition
(EC50 = 0.72 µM), as evidenced by the compound’s
high antiviral activity and low cytotoxicity.

5.9. Anti-HPV Agent

HPV can infect both men and women, and it is predicted that most sexually active
adults will become infected at some point in their lives. It can cause genital warts and
certain types of cancer, including cervical, anal and oropharyngeal cancer [247]. There
is no cure for HPV; however, there are various treatment options available (as below) to
minimize the symptoms in a controlled way [248].

Imiquimod (Aldara): This topical cream stimulates the immune system to fight the
virus and is used to treat external genital warts and certain pre-cancerous skin lesions
caused by HPV.

Podofilox (Condylox): This topical solution works by destroying the skin cells infected
with HPV and is used to treat external genital warts.

Trichloroacetic acid (TCA): This topical solution is used to treat genital warts and
certain pre-cancerous skin lesions caused by HPV.

Cidofovir (Vistide): This antiviral drug is used to treat severe cases of HPV infections,
including those that have spread to other parts of the body.

Gardasil and Cervarix: These are vaccines that protect against several strains of HPV,
including those that are known to cause most cases of cervical cancer.

A synthesized compound that shows activity as an anti-HPV agent is given in Table 23.

Table 23. Synthesized anti-HPV compound.

Sl. No. Antiviral Agent Drug Target Activity
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be effective against the Zika virus [252,253]. In addition, multiple vaccine candidates, such 

as DNA vaccines and RNA vaccines, are in various stages of development. These vaccines 

are being tested in preclinical and clinical trials to determine their safety and effectiveness 

in preventing Zika virus infection [254]. 
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1. 

 

Zika virus [255] 

These compounds have demonstrated significant 

efficacy in both cellular and in vivo studies, partic‐

ularly in U87 glioma cells infected with the ZIKV 

FLR strain [256], with IC50 values ranging from 

200–790 nM. Their mode of action involves bind‐

ing to an allosteric pocket of NS3, which is a viable 

target within the Flavivirus protease. This binding 

occurs in contrast to the shallow active site, which 

typically recognizes polar and positively charged 

residues in the substrate, such as arginine (Arg) or 

lysine (Lys) [257]. 

2. 

 

Zika virus [258] 

Doramectin has been investigated as a potential 

broad‐spectrum antiviral agent against ZIKV. It 

has shown strong inhibitory effects against ZIKV 

infection in SNB19 cells. It shows an EC50 value of 

less than 3 μM.   

Human papillomavirus
(HPV-18) [249]

The compound octadecyloxyethyl benzyl
9-[(2-phosphonomethoxy)ethyl]guanine effectively
inhibited the amplification of HPV-11 plasmid DNA in
transfected cells (EC50 = 0.10 µM). Cell viability was
assessed using CellTiter-Glo reagent (Promega) and
measured with a luminometer.
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5.10. Anti-Rabies Agent

There are two main ways to prevent and treat rabies virus infection: vaccination
and post-exposure prophylaxis (PEP) with immunoglobulin and vaccines. In the case of
suspected rabies virus exposure, PEP is recommended to prevent the virus from causing an
infection. PEP typically involves the administration of both rabies immunoglobulin (RIG),
which contains antibodies against the virus, and a series of rabies vaccine injections [250].

5.11. Anti-Zika Agent

There is currently no specific antiviral treatment for Zika virus infection, and treatment
is generally supportive. For example, drugs that are used to treat other Flaviviruses, such
as dengue and yellow fever, are being tested in clinical trials to see if they can also be
effective against the Zika virus [251,252]. In addition, multiple vaccine candidates, such as
DNA vaccines and RNA vaccines, are in various stages of development. These vaccines are
being tested in preclinical and clinical trials to determine their safety and effectiveness in
preventing Zika virus infection [253].

Synthesized compounds that show activity against the Zika virus are given in Table 24.
Several compounds have shown a broad inhibition activity against Flavivirus proteases

and have been extensively studied.

Table 24. Synthesized anti-Zika compounds.

Sl. No. Antiviral Agent Drug Target Activity
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Another substituted Glycosylated diphyllin has shown
strong inhibitory effects against ZIKV infection in various
cell lines, including CHME3 cells (human microglia cells),
with IC50 values ranging from 10–70 Nm.
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Zika virus [259]

Cyanohydrazones have also exhibited noteworthy antiviral
activity against ZIKV, with an IC90 value of 4.2 ± 0.2.
These compounds target the E-mediated membrane fusion
process, effectively inhibiting ZIKV infection [260].

5.12. Anti-Polio Agent

Remediation of polio involves immunization through the administration of the oral
polio vaccine (OPV) or the inactivated polio vaccine (IPV). OPV is the preferred vaccine
for most countries, as it is easy to administer and can also provide herd immunity by
interrupting the transmission of the virus from person to person [261].
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5.13. Anti-West Nile Agent

There is currently no specific treatment or vaccine for West Nile virus, but several
vaccines are being developed and tested in clinical trials. Nonetheless, several promising
vaccine candidates are currently being studied, and ongoing research in this area is very
promising and provides hope for the future [262].

5.14. Anti-Chickenpox Agent

Remediation for chickenpox includes management of the symptoms, such as the use
of antihistamines to alleviate itching and pain relievers to reduce fever. There are two
major ways to prevent and treat chickenpox: through vaccination and antiviral medications.
The chickenpox vaccine is a live, attenuated vaccine that contains a weakened form of
the varicella–zoster virus [263]. Antiviral medications such as acyclovir, valacyclovir,
and famciclovir can also be used to treat chickenpox. These drugs work by inhibiting
the replication of the virus and are typically used in individuals who are at high risk of
complications, such as pregnant women, immunocompromised individuals, and those
with severe symptoms [264].

5.15. Anti-Influenza Agent

The most commonly used drugs for the treatment of the flu disease are neuraminidase
inhibitors, which generally work by blocking the intracellular spread of the virus in the body.
The two main neuraminidase inhibitors used for this purpose are oseltamivir (Tamiflu) [265]
and zanamivir (Relenza) [266]. These drugs are effective in reducing the duration and
severity of flu symptoms, as well as preventing complications.

Synthesized compounds with prominent activity against the influenza virus are men-
tioned in Table 25.

Table 25. Synthesized anti-influenza compounds.

Sl. No. Antiviral Agent Drug Target Activity
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[267]
The above-mentioned method (Table 25, Sl. No. 1)
was used to determine the activity of the
compound. It showed an IC50 > 0.02 µM.
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Influenza virus [271]
The compound inhibits human dihydroorotate
dehydrogenase (DHODH) and viral replication of
WSN-Influenza, with an EC50 of 41 nM.

5.16. Anti-Yellow Fever Agent

Currently, there is no specific antiviral drug available to treat yellow fever. Treatment is
primarily supportive, with measures such as fluid replacement, pain relief and management
of other symptoms [272].

6. Conclusions

In this review article, we have precisely discussed the antiviral activities of structurally
diverse oxa- and aza-cycles with respect to different diseases. We have highlighted the
role of representative small molecules, from natural products to synthetic compounds with
heterocyclic subunits, and demonstrated their antiviral features. Taking into consideration
of the severity of the viral infections, it is undoubtedly necessary to have a complete data
set, along with the structure–activity relationship (SAR) of various drug candidates against
the infectious viruses. In this regard, this review article could definitely play a crucial role
in the discovery of antiviral drugs.

7. Scope, Limitation and the Presentation of the Future Trend of Antiviral Drugs

Antiviral drugs have revolutionized the treatment and control of infections caused
by viral diseases. They target specific viral mechanisms, by such means as inhibiting
replication, preventing viral entry into cells and blocking the activity of the viral enzyme.
These drugs have significantly improved patient outcomes and reduced the spread of
contagions. They are capable enough to tackle infections like HIV, hepatitis, influenza,
herpes, and more. In spite of the suitability of such drugs in terms of the proper treatment
and control of viral infections, they do have limitations. Viruses can develop resistance to
certain drugs, necessitating the development of new classes of drugs or combination thera-
pies. Moreover, antiviral drugs may cause side effects and interact with other medications,
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a situation which requires careful management. The challenges are even greater when
facing the newly emerged viruses, and the lack of specific and effective treatment options
becomes apparent. The development of drugs targeting such viruses is very complicated
and involves extensive research and development, advanced computational support and
dedicated clinical trials. Additionally, viral mutations and the potential for drug resistance
further impede the effectiveness of existing therapies against newly arrived viruses.

Furthermore, emerging technologies like CRISPR/Cas9-based gene editing hold the
potential for targeted viral genome disruption, offering innovative approaches to combat
viral infections. The ongoing research and development of antiviral drugs aim to address
current limitations, including drug resistance, side effects and access issues, while providing
more effective, safer and accessible treatments for viral infections in the future.

Author Contributions: Investigation, S.S. and E.V.N.; resources, S.S. and E.V.N.; writing—original
draft preparation, K.D. and S.H.; writing—review and editing, S.S.; E.V.N. and G.V.Z.; literature
Search, S.M. and K.D.; structure Draw, S.M. and K.D.; referencing, S.H.; editing, S.H. All authors have
read and agreed to the published version of the manuscript.

Funding: Science and Engineering Research Board; ECR/2017/000966.

Acknowledgments: S.H. is thankful to SERB, India (grant no. ECR/2017/000966) and DST, India (grant
no. INT/RUS/RFBR/P-293/G) for the financial support. S. Santra and G.V. Zyryanov are grateful to the
Ministry of Science and Higher Education of the Russian Federation (Agreement # 075-15-2022-1118
dated 29.06.2022) for funding. S.M. thanks VNIT Nagpur, India, for the research fellowship. K.D. is
grateful to DST, India for providing a research fellowship. We all are thankful to the department of
Chemistry VNIT Nagpur for providing infrastructure and a research facility.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

Abbreviation Full Name
DNA Deoxyribonucleic Acid
RNA Ribonucleic Acid
AIDS Acquired Immune Deficiency Syndrome
HIV Human Immunodeficiency Virus
HCV Hepatitis C Virus
HBV Hepatitis B Virus
RSV Respiratory Syncytial Virus
HCMV Human Cytomegalovirus
HSV Herpes Simplex Virus
EBOV Ebola Virus
SARS-CoV-2 Severe Acute Respiratory Syndrome CoV-2
PNBA Para Nitro Benzoic Acid
GP120-CCR5 Beta chemokine receptors
dATP Deoxyadenosine triphosphate
mRNA Messenger Ribonucleic Acid
eIF4A Eukaryotic initiation factor 4A
ToS Toluenesulfonyl
OiPr Isopropoxide
OSBT O-(Tert-Butyldimethylsilyl)hydroxylamine
Boc tert-butoxycarbonyl
PMP Polymethylpentene
OBn Benzyl group
mCPBA meta-chloroperoxybenzoic acid
DMSO Dimethyldioxirane
TFAA Trifluoroacetic anhydride
TFA Trifluoroacetic acid
DSC N,N′-Disuccinimidyl carbonate
DEC Diethylcarbamazine
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DMAP 4-Dimethylaminopyridine
LDA Lithium diisopropylamide
DDQ 2,3-Dichloro-5,6-Dicyanobenzoquinone
THF Tetrahydrofuran
NBS N-Bromosuccinimide
DPPA Diphenylphosphoryl azide
HATU Hexafluorophosphate Azabenzotriazole Tetramethyl Uronium
DCM Dichloromethane
DMAc N,N-Dimethylacetamide
DBU 1,8-Diazabicyclo(5.4.0)undec-7-ene
CDI Carbonyldiimidazole
CPME Cyclopentyl methyl ether
DIAD Diisopropyl azodicarboxylate
IPAc Isopropyl acetate
DMF Dimethylformamide
DCC N,N′-Dicyclohexylcarbodiimide
DEAD Diethyl azodicarboxylate
TBAF Tetra-n-butylammonium fluoride
4Å MS 4Å Molecular Sieve
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