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A B S T R A C T   

Coronavirus disease 2019 (COVID-19) is a global pandemic and respiratory infection that has enormous damage 
to human lives and economies. It is caused by SARS-CoV-2 (severe acute respiratory syndrome coronavirus 2), a 
non-pair-stranded positive-sense RNA virus. With increasing global threats and few therapeutic options, the 
discovery of new potential drug targets and the development of new therapy candidates against COVID-19 are 
urgently needed. Based on these premises, we conducted an analysis of transcriptomic datasets from SARS-CoV- 
2-infected patients and identified several SARS-CoV-2 infection signatures, among which TNFRSF5/PTPRC/ 
IDO1/MKI67 appeared to be the most pertinent signature. Subsequent integrated bioinformatics analysis iden-
tified the signature as an important immunomodulatory and inflammatory signature of SARS-CoV-2 infection. It 
was suggested that this gene signature mediates the interplay of immune and immunosuppressive cells leading to 
infiltration-exclusion of effector memory T cells in the lungs, which is of translation relevance for developing 
novel SARS-CoV-2 drug and vaccine candidates. Consequently, we designed and synthesized a novel small- 
molecule quinoline derivative (RXn-02) and evaluated its pharmacokinetics in rats, revealing a peak plasma 
concentration (Cmax) and time to Cmax (Tmax) of 1.756 μg/mL and 0.6 h, respectively. Values of the area under 
the curve (AUC) (0–24 h) and AUC (0 h~∞) were 18.90 and 71.20 μg h/mL, respectively. Drug absorption from 
the various regional segments revealed that the duodenum (49.84%), jejunum (47.885%), cecum (1.82%), and 
ileum (0.32%) were prime sites of RXn-02 absorption. No absorption was detected from the stomach, and the 
least was from the colon (0.19%). Interestingly, RXn-02 exhibited in vitro antiproliferative activities against hub 
gene hyper-expressing cell lines; A549 (IC50 = 48.1 μM), K-562 (IC50 = 100 μM), and MCF7 (IC50 = 0.047 μM) 
and against five cell lines originating from human lungs (IC50 range of 33.2–69.5 μM). In addition, RXn-02 
exhibited high binding efficacies for targeting the TNFRSF5/PTPRC/IDO1/MK signature with binding affin-
ities (ΔG) of − 6.6, − 6.0, − 9.9, − 6.9 kcal/mol respectively. In conclusion, our study identified a novel signature 
of SARS-CoV-2 pathogenesis. RXn-02 is a drug-like candidate with good in vivo pharmacokinetics and hence 
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possesses great translational relevance worthy of further preclinical and clinical investigations for treating SARS- 
CoV-2 infections.   

1. Introduction 

Coronavirus disease 2019 (COVID-19) is a respiratory infection that 
has created a global pandemic which has produced enormous damage to 
human lives and economies [1,2]. It is caused by SARS-CoV-2 (severe 
acute respiratory syndrome coronavirus 2), a non-pair-stranded pos-
itive-sense RNA virus [3]. As of June 07, 2022, the COVID-19 pandemic 
has infected 535,601,240 people and claimed 6,320,955 lives according 
to an epidemiological report [4]. Similar to other fatal coronaviruses 
such as the SARS-CoV and MERS-CoV (Middle East respiratory syn-
drome coronavirus), SARS-CoV-2 activates a cascade of undue immune 
responses that can lead to multi-organ failure and death [5]. However, 
the death rates were reportedly high in old-aged patients and patients 
suffering from underlying diseases conditions such as high blood pres-
sure, diabetes, cardiovascular disease, and other respiratory diseases [6, 
7]. 

The pandemic of COVID-19 is undergoing rapid evolution over time, 
with new viral strains appearing at frequent and regular intervals [8]. 
Among the various classes of SARS-CoV-2 variants, the delta and omi-
cron variants collectively known as the Variant of Concern (VOC), are 
associated with significant changes in the behavior of the virus and its 
effect on the host [9]. Massive collaborative research all over the world 
on the viral structure, life cycle, properties, and functions has led to the 
development of several potent vaccines [10–15], with the aim of elic-
iting immunological responses by neutralizing antibodies (NAbs) 
against the SARS-CoV-2 spike protein [16], hence giving hope for an end 
to the era of the COVID-19 pandemic [3]. However, the emergence of 
the SARS-CoV-2 delta variant, and omicron variant in November 2021 in 
Botswana and South Africa [17,18], led to increased transmission and 
resistance to therapeutic monoclonal antibodies and vaccine-elicited 
antibodies [19]. Each of the SARS-CoV-2 variants has 10–15 muta-
tions compared with the wild type [20], however, the omicron variant is 
described by the existence of about thirty-two (32) mutations in the 
receptor-binding and N-terminal domains of the spike protein which 
improve viral fitness and mediate antibody evasion [19]. 

Several computational and experimental studies [21,22], as well as 
clinical trials [19,23,24], were instigated to establish evidence around 
new investigational drug and vaccine candidates against viral infections. 
However, despite significant research efforts and available vaccines, 
effective therapeutics to limit the disease severity and mortality remain 
an unmet clinical need [25]. Therefore, the discovery and development 
of novel interventions strategies, including new drugs and vaccines that 
could avoid or alleviate the transmission and burden of SARS-CoV-2 
infection have become a global health priority [26]. 

Among the various potential pharmacological targets, the ACE2 
(angiotensin-converting enzyme 2) membrane receptor, RdRp (RNA- 
dependent RNA polymerase), TMPRSS2 (transmembrane protease 
serine 2), and PLpro (papain-like protease) have been well explored for 
the development of potential drugs against COVID-19. Several antiviral 
drugs, including lopinavir, hydroxychloroquine, interferon, molnupir-
avir, and remdesivir, an RNA-dependent RNA polymerase (RdRp) in-
hibitor, have been used to treat COVID-19. However, the success of these 
drugs is limited by poor efficacy, safety concerns, and poor pharmaco-
kinetic (PK) properties [27]. Molnupiravir, an orally administered 
anti-SARS-CoV-2 drug, has been reported to be well-tolerated, has oral 
bioavailability and good safety profile in humans [23,24]; however, its 
use is associated with risks of tumorigenesis, mutations in sperm pre-
cursor cell generation, and to embryo development [28]. Other drugs, 
including remdesivir, lopinavir, hydroxychloroquine, and interferon, 
had little or no effect on hospitalized patients with SARS-COV-2 infec-
tion as indicated by the initiation of ventilation, hospital stay duration, 

and overall mortality in interim World Health Organization (WHO) 
solidarity trial results [19]. This highlight the urgent need to expand and 
explore new drug targets as well as develop novel drug candidates for 
post-exposure targeted treatment of COVID-19. 

Based on these premises, we conducted a comprehensive bioinfor-
matics analysis using RNA sequencing datasets. We integrated differ-
entially expressed genes (DEGs) from various transcriptomic datasets of 
SARS-COV-2 and identified CTLA3 (GZMA), TNFRSF5 (CD40), PTPRC 
(CD45), IDO1, and MKI67 (KI-67) as a novel biomarker signature for 
SARS-COV-2 pathogenesis which could be explored for targeted ther-
apy. Subsequent integrated bioinformatics analysis suggested that this 
gene signature is associated with lung diseases, and mediates autoim-
munity, and inflammatory and immune responses in SARS-CoV-2 
infection. In addition, we report the design and development, PKs, and 
potential therapeutic efficacy of RXn-02 (10-chloro-6-(ethylamino)- 
12H-thiochromeno[2,3-quinolin-12-one), a novel small-molecule de-
rivative of quinoline for treating SARS-CoV-2. We first evaluated the PK 
properties in a rat model, Next, we tested the potential of the drug for 
targeting the gene signature using in silico molecular docking studies. 
Interestingly, the drug exhibited good PKs and potential for targeting the 
signature with higher efficacy against the IDO1 protein. We also 
measured the antiproliferative activity of RXn-02 against cell lines 
expressing this gene signature. Collectively, this work has increased our 
understanding of the pathogenesis of COVID-19 and warrants in-depth 
evaluation of RXn-02 as a new therapy against SARS-CoV-2 infection 
via acting as a potential inhibitor of IDOI with the prospect of clinical 
translation. 

1.1. Methods 

1.1.1. Acquisition of SARS-CoV-2 transcriptomic data to identify a novel 
signature 

The transcriptomic datasets of SARS-CoV-2 patients and healthy 
cohorts were acquired from the public domain database, the NCBI-GEO 
(Gene Expression Omnibus) microarray datasets. RNA expression pro-
files of patients and normal human control (no SARS-CoV-2 infection) 
were included (Table 1). The datasets were then analyzed for DEGs 
between infected and normal samples using the LIMMA package of R 
based on the log[fold change (FC)] selection cutoff points, adjusted p- 
value, and FDR (false discovery rate) of <0.05 [29]. The DEGs from each 
dataset were sorted and integrated to identify overlapping DEGs which 
were visualized using the online tool Multiple List Comparator. 

1.2. Interaction and functional enrichment network analysis of the gene 
signature 

The gene-gene interaction network of the novel gene signature was 
analyzed via the online gene interaction platform, GENEMANIA (htt 
ps://genemania.org/) [30], while the protein-protein interaction (PPI) 
network of the gene signature was analyzed via the search tool for 
retrieval of interacting genes/proteins (STRING) server (http://strin 
g-db.org/, v10.5). PPI interactions were restricted to Homo sapiens 
depicted under default confidence (0.70) search and at a significance 
level of p < 0.05. Functional enrichment of the novel DEGs, including 
the Kyoto Encyclopedia of Genes and Genomes (KEGG) and gene 
ontology (GO) terms, was analyzed using Enrichr, an online gene set 
enrichment analysis (GSEA) server [31,32]. Enrichment analyses were 
conducted under a default enrichment cutoff value of p < 0.05. All 
enriched terms were visualized using the GO modules of ImageGP 
visualization tools. 
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1.3. Drugs, reagents, and chemicals 

The RXn-02 synthesis protocol is described below. A 10-mM stock 
solution of the drug was prepared in dimethyl sulfoxide (DMSO) and 
kept frozen at a temperature of − 20 ◦C. Dulbecco’s modified Eagle 
medium (DMEM) was obtained from Gibco-Invitrogen (Grand Island, 
NY, USA). All chemicals and organic solvents required for the synthe-
sized reactions were purchased from either Sigma Aldrich Chemical (St. 
Louis, MO, USA) or Merck Chemical. 

1.4. Cell lines and culture 

Hub gene-expressing cell lines, including K-562, MCF-7, and A549, 
and four other human cell lines of lung origin, viz., HOP-62, NCI–H226, 
NCI–H322 M, and NCI–H522, were sourced from the US National Cancer 
Institute. Cells were cultured in DMEM supplemented with penicillin (25 
U/mL), streptomycin (25 U/mL), and 10% fetal bovine serum (FBS) and 
incubated under 95% humidity, 37 ◦C in a 5% CO2 condition. Cells were 
re-suspended in a fresh medium after 44–72 h and were sub-cultured at 

75%–85% confluence. 

1.5. In vitro antiproliferative assay 

In vitro antiproliferative activities of RXn-02 against hub gene- 
expressing cell lines, including K-562, MCF-7, and A549 cells, and 
four other human cell lines of lung origin, viz., HOP-62, NCI–H226, 
NCI–H322 M, and NCI–H522 cells, were evaluated using the sulfo-
rhodamine B (SRB) reagent protocol [33]. About 5000–40,000 viable 
cells were seeded in each well of 96-well plates for 24 h. After 24 h of 
incubation, the medium was replaced, and cells were treated with 
RXn-02 at increasing concentrations of 0, 0.1, 1.0, 10, and 100 μM for 
48 h. After incubation, cells were washed with 1% phosphate-buffered 
saline (PBS) and incubated with 10% trichloroacetic acid (TCA) at 
room temperature for 1 h [34]. The plates were washed with 
double-distilled (dd)H2O, and further incubated with 0.4% SRB for 60 
min. The plates were washed with 1% acetic acid to remove any un-
bound SRB dye. The plates were air-dried, and cells were re-dissolved in 
a 20 mM Tris-based solution for 15 min under constant agitation. Cell 
viabilities with different RXn-02 treatments were monitored at 515 nm. 
The 50% maximal inhibition of cell proliferation (GI50) and the total 
growth inhibition (TGI) were calculated as described previously [35, 
36]. 

1.6. In vivo PKs and in silico GastroPlus-Based simulation: parameter 
sensitivity assessment (PSA) analysis 

Male albino Wistar rats (105.90 ± 4.25g, 6 weeks old) from Bio-
LASCO (Taipei, Taiwan) and maintained under standard lab conditions 
(12-h light/dark cycle) at the Animal Center of Taipei Medical Univer-
sity. They were fed on a pelleted diet and water ad libitum and were 
allowed to acclimatize for one week. Animal experiments were approved 
by and conducted in strict compliance with the ethical conduct of Taipei 
Medical University as contained in the Affidavit of Approval (approval 
no. LAC-2017-0161). The rats were administered 5 mg/kg body weight 
(BW) of RXn-02 to determine its systemic PK parameters. A total of 24 
blood samples were collected within the period of 24 h (1 h interval). 
Samples were collected in a disodium ethylenediamine tetra acetate 
(Na2EDTA)-containing tube, centrifuged and processed to separate the 
plasma as described previously [37,38]. Samples were quantified for 
RXn-02 using a previously validated ultra-precision liquid chromato-
graphic (UPLC) method [39]. The plasma concentration-time curve 
generated from the in vivo experiment was used to calculate the various 
PK parameters using the PKPlus™ module of GastroplusTM software 
(version 9.0, Simulations Plus Inc., Lancaster, CA, USA). The “peak 
plasma concentrations (Cmax), time to reach Cmax (Tmax) and area 
under the plasma concentration-time curve (AUC0-t) from time zero to 
the last measured concentration (Clast) were obtained from the plasma 
concentration-time curves. The rate constant (K) was calculated from 
the slope of the terminal phase of the log plasma concentration-time 
points. AUC from time zero extrapolated to infinity (AUC0→∞) was 
calculated as AUC0-t + Clast/K. In addition, the GastroPlusTM software 
based on the advanced compartmental absorption and transit (ACAT) 
model, was used to predict the regional drug absorption characteristics 
from nine gastrointestinal tracts (GIT) compartments, including the 
cecum, colon, stomach, jejunum-1, jejunum-2, duodenum, ileum-2, 
ileum-1, and ileum-3. 

1.7. In silico analysis of the drug-likeness, metabolism, and permeability 
of RXn-02 

We modelled and evaluated the drug-likeness, HIA (human intestinal 
absorption), and BBB (blood-brain barrier) permeability of RXn-02 using 
the SwissADME algorithm. BBB permeability was simulated using the 
BOILED EGG model of the algorithm. In addition, we explored the 
support vector machine_LiCABEDS algorithm model [40], and 

Table 1 
Characteristic of the microarray datasets of SARS-CoV2 patients used to identify 
the novel signature.  

GSE-ID Platform SARS- 
COV-2 

Control 

GSE164571 GPL27956: NanoString Human nCounter 
PanCancer IO 360 Panel 

5 2 

GSE163529 GPL29514: NanoString GeoMx 2020 Broad 
COVID Platform 

260 70 

GSE159785 GPL29263: NanoString GeoMx Human 
Protein for nCounter 2020 

6 3 

GSE163530 GPL29514: NanoString GeoMx 2020 Broad 
COVID Platform 

260 70 

GSE159788 GPL29263; NanoString GeoMx Human 
Protein for nCounter 2020 

99 99  

Datasets of the SARS-CoV-2 pathological hub gene validation of 
the signature 

GSE-ID Organism Remark 
GSE162208 Mesocricetus auratus lung and blood of 

infected animals at 
different time points 
post infection 

GSE150847 Mus musculus SARS-CoV-2 infected 
transduced human 
ACE2 mouse 

GSE162113 Homo sapiens; Mus musculus expression changes of 
mouse organs with 
nCOV2 infection 

GSE158069 Mus musculus SARS-CoV-2 
infection in mice at 
different time 

GSE146074 Mus musculus Mechanistic study of 
LY6E inhibits CoV 
entry into cells 

GSE148729 Homo sapiens SARS-CoV-1/2 
infected human cell 
lines 

GSE150392 Homo sapiens Human iPSC- 
cardiomyocytes 
infected with SARS- 
CoV-2 

GSE156701 Macaca mulatta SARS-CoV-2 Infected 
Humans and Rhesus 
Macaques 

GSE154613 Homo sapiens transformed lung 
alveolar (A549) 
infected with SARS- 
CoV2 

GSE47961 Homo sapiens SARS-CoV-2 Infected 
HAE cultures 

GSE162131 Homo sapiens SARS-CoV-2 Infected 
human Nasal 
Epithelial Cells  
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mathematical calculations based on the molecular weight (MW) and 
number of H bonds to evaluate the BBB permeability of RXn-02 [41]. 

1.8. Molecular docking analysis 

The three-dimensional (3D) crystal structures of the protein targets, 
namely, TNFRSF5 (PDB:1LB6), PTPRC (PDB:5FN6), IDO1 (PDB:4PK6), 
and MKI67 (PDB:1R21), were retrieved in protein data bank (PDB) 
format from the protein data bank and were converted to PDBQT format 
using AutoDock Vina software (vers. 0.8) [42]. The 3D structure of the 
ligand compound (RXn-02) was developed in MOL2 format using vers. 
1.XX of the Avogadro molecular builder tool [43], and was subsequently 
converted to PDB format using the PyMOL Molecular Graphics System. 
The ligand (RXn-02) and receptors (target proteins) were prepared for 
the addition of hydrogen atoms (polar only), removal of water (H20) 
molecules, and the addition of Kollman charges [44–46], prior to the 
docking simulation according to the methods described in previous 
studies [47,48]. Docking simulations were conducted using the default 
settings of AutoDock Vina (vers. 0.8). All bonds in the ligand rotated 
freely while considering the receptor to be rigid. A grid box of 40 × 40 ×
40 Å at X, Y, and Z dimensions and a spacing of 1.0 Å were used. All 
docking was performed at exhaustiveness of 8 [36]. Docking complexes 
were visualized and analyzed for various interactions using the Dis-
covery studio visualizer vers. 19.1.0.18287 (BIOVIA, San Diego, CA, 
USA) [49], and protein-ligand interaction profiler (PLIP) server. 

1.9. Statistical analysis 

All in vitro analyses were conducted in triplicate and analyzed using 
Graph-pad vers. 8.0. Data are presented as the mean ± SD (standard 
deviation). Statistical analysis of the results obtained was done via one- 
way analysis of variance (ANOVA) and the Tukey multiple ranges post- 
hoc Student’s t-test was employed for statistical significance analysis 
between treatment doses. Data were considered statistically significant 
at ***p<0.001, **p<0.001, *p<0.05. 

2. Results and discussion 

2.1. Transcriptomic identification of a novel biomarker signature of 
SARS-CoV-2 pathogenesis 

We integrated DEGs from various SARS-CoV-2 datasets and identi-
fied a novel biomarker signature for targeted therapy. Based on the 
frequencies of gene occurrences from the SARS-CoV-2 databases, three 
clusters of DEGs were identified (Fig. 1A). The first cluster consisted 
solely of CTLA3 (GZMA), the second cluster consisted of four genes 
including TNFRSF5 (CD40), PTPRC (CD45), IDO1, and MKI67 (KI-67), 
while the third cluster consisted of B7–H3, BCLXL, ITGAX (CD11c), 
CD14, SCARI1 (CD163), HCAM (CD44), NCAM (CD56), LAMP4 (CD68), 
and EGFR (Fig. 1A, B, and C). Further validation analysis of these sig-
natures as a hub of pathological factors in SARS-CoV-2 cohorts revealed 
their significant roles in the pathology of various experimental and 
clinical SARS-CoV-2 infections (Fig. 1D). Altogether, our analysis of 
SARS-CoV-2 transcriptomic datasets identified new biomarker 

Fig. 1. Transcriptomic database identification of novel signatures for SARS-CoV-2. (A) Venn diagram of the DEGs identified based on log [fold change (FC)] 
integration of the DEGs from the SARS-CoV-2 datasets (B) Expression profiling of DEGs from each dataset (C) Heat map of the data associations from the datasets. (D) 
Pathological hub gene validation of the signatures in SARS-CoV-2 infections. 
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signatures that could be explored for SARS-CoV-2 targeted 
interventions. 

2.2. Interactions and enrichment of the novel gene signature for SARS- 
COV-2 

By utilizing the “STRING server, a database of known and predicted 
protein-protein interactions, based on physical and functional associa-
tions from knowledge transfer between organisms, and from in-
teractions aggregated from other databases” [50], we found that the 
protein-protein interaction of the signature achieved the enrichment 
p-value of <1.0e-16, and generated 17 nodes, 62 edges, with an average 
node degree of 7.29 and average local clustering coefficient of 0.729 
(Fig. 2A). GeneMANIA is an online interaction server that predicts the 
interactions and functions of a gene set. It finds other genes that are 
related to a set of input genes, using a very large set of functional as-
sociation data including the protein and genetic interactions, 
co-localization, co-expression, pathways, and protein domain similarity 
[30]. Interestingly, our GGI network analysis based on the GeneMania 
database revealed enrichment in several immunological responses 

associated with neuroinflammatory response, T cell and leukocyte pro-
liferation (Supplementary file). Furthermore, the enrichment analysis of 
the gene signature via the Enrichr server, an online gene set enrichment 
analysis (GSEA) server [31,32] revealed that the gene signature is 
enriched in several KEGG pathways; NF-kappa B signaling, asthma, the 
intestinal immune network for the production of IgG, primary immu-
nodeficiency, autoimmune thyroid disease, transcriptional mis-
regulation in cancer, Epstein-Barr virus infection, adherens junction, 
NSCLC, and PD-L1 expression and PD-1 checkpoint pathway (Fig. 2B, 
and C), while the enriched biological process included the regulation of 
protein kinase C activity, nitric oxide-mediated signal transduction, 
lymphocyte aggregation and apoptotic processes, TRIF-dependent 
toll-like receptor signaling, CD40 signaling, dendritic cell antigen pro-
cessing and presentation, NIK/NF-kappaB signaling and immune 
response-regulating cell surface receptor signaling pathway. Interest-
ingly, our analysis of human phenotypes ontologies identified the role of 
the signature mainly in the immune response and lung disorders: IgG 
deficiency, alveolar cell carcinoma, neoplasma of the lung, tracheo-
bronchial and respiratory system (Fig. 2D). Collectively our PPI network 
and enrichment analysis strongly suggest the involvement of the 

Fig. 2. Interactions and enrichment of the novel gene signature for SARS-COV-2. (A) The Gene-gene and protein-protein interaction networks of the hub gene 
signature of COVID-19 infection. (B and C) The enriched biological process and KEGG pathways of the hub gene signature. (D) Enriched human phenotypes on-
tologies of the hub gene signature. 
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signature in mediating infections, immunological and inflammatory 
response in the lungs, and hence the possible role of the signature in the 
pathology of SARS-COV2 infection. 

2.3. Biomedical and clinical mapping suggested hub gene involvement in 
inflammatory and immune responses and identified cell line models for 
exploration of therapies against COVID-19 infection 

We conducted biomedical and clinical mind mapping of hub genes 
and identified several network connections based on verified data: 
TNFRSF5 (22,742 connections), GZMA (5393 connections), IDO1 
(10,942 connections), MKI67 (11,364 connections), and PTPRC (19,594 
connections). The most significant clinical mapping associations are 
summarized in Fig. 3. Clinical mapping of cell line expressions identified 
HeLa, K-562, MCF-7, and A549 cells as hub-gene-expressing cell lines, 
which could be explored as models for therapeutic targeting of hub 
genes. Interestingly, the hub gene co-expression analysis identified 
several inflammatory and immunoregulatory genes including NFκB1, 
RELA, CD83, NDUFA2, CD14, CD34, CD86 and CD80, that were associ-
ated with the roles of the hub genes in the pathology of COVID-19 in-
fections. In addition, the biology of the hub genes was mainly related to 
T-cell activities, cell proliferation, and immune responses. Altogether, 
clinical mapping of the hub genes suggested the strict involvement of 
these genes in regulating inflammatory and immune responses during 

COVID-19 infection. Hence, they could serve as novel targets for treating 
COVID-19. 

2.4. The gene signature was suggested to mediate the interplay of immune 
and immunosuppressive cells leading to infiltration-exclusion of effector 
memory T cells in the lungs; translation for the development of novel 
SARS-CoV-2 drug and vaccine candidates 

SARS-CoV-2, just like other fatal coronaviruses (SARS-CoV and 
MERS-CoV) mitigate a cascade of undue immune responses that can lead 
to the failure of the various organs and death [5]. However, the un-
derstanding of immunity to SARS-CoV-2 is improving along with the 
development of candidate drug and vaccine interventions [51]. Herein, 
we evaluated the role of the gene signature of SARS-CoV-2 in immune 
infiltrations of the lungs. Based on the immune infiltration of the gene 
signature, we found that the most abundant MKi67-induced infiltrating 
cells were the T helper type 1 (Th1), induced regulatory T cells (iTregs), 
and natural (n)Tregs suggesting that Tregs are the most likely cells that 
may be associated with role of MKi67 in SARS-CoV-2 pathogenesis in the 
lungs. On a contrary note, cytotoxic T cells, macrophages, natural killer 
(NK) cells, iTregs, Th1 cells, and follicular helper T (Tfh) cells, were the 
most abundant cells that infiltrated the lungs in the presence of high 
IDO1, PTPRC, and CD40 expressions (Fig. 4A). These findings strongly 
suggest that the pathogenic role of the SARS-CoV-2 novel signature is 

Fig. 3. Plot of biomedical and clinical mind mapping of hub genes based on verified data: TNFRSF5 (22,742 connections), GZMA (5393 connections), IDO1 (10,942 
connections), MKI67 (11,364 connections), and PTPRC (19,594 connections). 
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associated with the interplay between immune and immunosuppressive 
cells that infiltrate into the lungs. This interplay of immune and 
immunosuppressive cells within the lungs of SARS-CoV-2 novel signa-
ture expression, however, was found to lead to the infiltration-exclusion 
of effector memory T cells, monocytes, neutrophils, and Th17 cells. 
Th17 cells are a pro-inflammatory subset of T helper cells responsible for 
the production of interleukin (IL)-17 [52]. Th17 cells have an important 
function in adaptive immunity by protecting the body against pathogens 
[53]. They exhibit protective and non-pathogenic roles by maintaining 
mucosal barriers and aiding pathogen clearance at mucosal surfaces [52, 
53]. Effector memory T cells play a vital role in immunity against 
pathogenic agents [54]. Effector cells are short-lived cells, while mem-
ory cells are long-lived survival-memory cells. When a pathogenic an-
tigen is presented to naive T cells by antigen-presenting cells, the T cells 
become activated, proliferate, and differentiate into effector cells which 
move to the infection site to eliminate the pathogen [55]. Consequently, 
during re-exposure to an antigen, a secondary immune response is 
activated, and memory T cells undergo rapid expansion, secrete 
high-affinity neutralizing antibodies, and cause more-effective immune 
responses (Fig. 4B) and pathogen elimination [55,56]. These effector 
memory T cells have potential relevance for effective immunity against 
SARS-CoV-2 infection [57], and hence the exclusion of infiltration by 
these effector memory T cells can be attributed to increased cases of 
SARS-CoV-2 re-infection after having received vaccinations [58–62]. 
Altogether, our study sheds more light on SARS-CoV-2 pathogenesis and 
identifies a novel signature target with translational relevance for 
developing novel SARS-CoV-2 drug and vaccine candidates. 

2.5. Rationale for the structurally guided pharmacophore hybridization 
strategy for the design of RXn-02 

Pharmacophore hybridization and hopping of bioactive compound 
scaffolds are important approaches for the design and development of 
novel drugs [63]. Quinolines and their derivatives play important roles 
in heterocyclic chemistry due to their various biological activities, 
including antioxidant [64], anti-plasmodial [65], anti-inflammatory 
[66], anticancer [67], antibacterial [68], and antiviral properties [69, 
70], as well as several other biological activities [71]. 
Hydroxy-chloroquine (HCQ) and chloroquine (CQ) are quinoline-based 
antiplasmodial drugs with repurposing potential for treating COVID-19. 

Several in silico, in vitro, in vivo, and clinical studies have reported the 
efficacy of chloroquine for treating SARS-CoV-2 infections [72–78], and 
it has received US Food and Drug Administration (FDA) authorization 
for compassionate use in COVID-19 patients. In addition to reducing the 
viral load, chloroquine also exhibited anti-inflammatory [79], anti-
proliferative [80], and immunomodulatory [81] activities. In addition, 
several other anti-inflammatories, anti-proliferative and immunomod-
ulatory drugs, including camptothecin, irinotecan, and topotecan, 
contain quinolones as their major backbone responsible for their bio-
logical activities [82,83]. 

The thiochromeno moiety is a privileged structure in modern me-
dicinal chemistry, especially in the discovery of new anti-cancer, anti- 
angiogenic, and anti-infectious agents [84,85]. Due to the importance of 
thiochromeno, we directed our efforts toward developing its derivatives 
to treat COVID-19 infections. Therefore, due to the various activities 
mentioned above, these compounds (quinoline and thiochromeno) and 
their derivatives may represent target compounds worthy of preclinical 
evaluation and future clinical trials for treating COVID-19. In the present 
study, we developed RXn-02 (Fig. 5), a hybridized novel small molecule 
using structurally guided pharmacophore hybridization and scaffold 
hopping of these bioactive compounds from natural products (quino-
line) and thiochromeno. RXn-02 (10-chloro-6-(ethylamino)-12 H-thio--
chromeno[2,3-c]quinolin-12-one) was synthesized using isatin as the 
starting material via several patented protocols [86–88]. 

2.6. In vivo PK properties of RXn-02 

Determining the PK properties of a drug is an integral part of early 
drug discovery and development. It is an important feature that defines 
the clinical success of a therapeutic agent [89,90]. Many drugs fail in 
clinical trials due to poor PKs [91–93]. Based on this premise, we 
evaluated the drug-likeness and PKs of RXn-02 using in silico studies and 
in vivo animal models. Plasma concentration-time profiles of RXn-02 
after administration and its PKs are presented in Fig. 6. Values of the 
peak plasma concentration (Cmax) and time to reach Cmax (Tmax) were 
found to be 1.756 μg/mL and 0.6 h, respectively, when administered 
orally. Values of the AUC (0–24) and AUC (0~∞) after oral adminis-
tration were 18.90 and 71.20 μg h/mL, respectively. GastroPlusTM 
simulation and prediction software is the most advanced and reliable 
method of determining the amount of drug absorbed from the nine 

Fig. 4. The gene signature was suggested to mediate the interplay of immune and immunosuppressive cells leading to infiltration-exclusion of effector memory T 
cells in the lungs. (A) Gene signature expression correlations with the infiltration of immunosuppressive and immune cells in the lungs. (B) Effector memory T cells 
during primary and secondary SARS-CoV-2 infections. 
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segments of the GIT. Values of the drug absorption from the various 
regional segments are illustrated in Fig. 6. The duodenum (49.84%), 
jejunum (47.88%), cecum (1.82%), and ileum (0.32%) were prime sites 
of RXn-02 absorption. The least absorption occurred in the colon 

(0.19%), and no absorption was detected in the stomach. 

Fig. 5. Rationale for the structurally guided pharmacophore hybridization strategy for designing RXn-02 (10-chloro-6-(ethylamino)-12H-thiochromeno[2,3-c] 
quinolin-12-one). 

Fig. 6. Pharmacokinetic parameters of orally administered RXn-02. Cmax, maximum concentration in plasma; Tmax, time to reach Cmax; AUC, area under plasma 
concentration-time curve. 

B. Lawal et al.                                                                                                                                                                                                                                   



Computers in Biology and Medicine 148 (2022) 105814

9

2.7. Drug likeness, membrane permeation, and metabolism of RXn-02 

RXn-02 was found to satisfy the criteria of drug-like candidates based 
on the Lipinski rule. High topological polar surface area (TPSA) (70.23), 
human intestinal absorption (HIA), and bioavailability (>50%) sug-
gested its good permeation of various biological barriers (Fig. 7A). In 
addition, RXn-03 was able to permeate the BBB and was not a substrate 
for P-glycoprotein 1 (P-gp) or multidrug-resistance protein 1 (MDR1), 
which pumps drugs and various compounds out of cells [94]. These 
findings suggest the good absorption, permeability, retention, and 
optimal drug delivery of RXn-02 [95]. Inhibition of CYP450 isoforms, a 
group of drug-metabolizing isozymes, may lead to inhibition of a drug’s 
biotransformation and induce drug-drug interactions in which 
co-administered drugs accumulate to toxic levels [96,97]. Among the 
various isoforms of CYP450, we found that RXn-02 is a substrate for 
CYP1A2, CYP2C9, and CYP3A4 (Fig. 7B and C). CYP1A2 is localized to 
the endoplasmic reticulum, while CYP3A4 is mainly found in the liver 
and intestines [98]. CYP2C9 on the other hand is mainly expressed in the 
liver, duodenum, and small intestine [99], and makes up about 18% of 
the cytochrome P450 protein in liver microsomes [99]. Our findings are 
in line with our in vivo results which demonstrated that the duodenum 
(49.84%) was the major site for RXn-02 absorption. The presence of 
these isoforms in the liver, duodenum, and small intestine indicates that 
these organs are sites of clearance of RXn-02. 

2.8. RXn-02 demonstrated in vitro antiproliferative properties against hub 
gene hyper-expressing cell lines and cell line subsets of human lung origin; 
translational relevance for treating SARS-CoV-2 infection 

The severity of COVID-19 complications can be attributed to 
increased expression levels of TMPRSS2, ACE2 and hub genes in over- 
actively dividing cells, leading to compromised immune responses and 
a worse prognosis of COVID-19 infection. It is therefore of utmost sig-
nificance to evaluate therapeutic approaches against SARS-CoV-2 using 

experimental models that reiterate aspects of the human disease [26]. 
On this premise, therapeutic agents with anti-proliferative effects 
against cell lines originating from the human lungs would be useful in 
treating or alleviating COVID-19 infections. Based on this premise, we 
evaluated the anti-proliferative activities of RXn-02 against five subsets 
of human lung cell lines. Interestingly, RXn-02 exhibited 
dose-dependent anti-proliferative activities against hub gene 
hyper-expressing cell lines including A549, K-562, and MCF7 with IC50 
values of 48.1, 100, and 0.047 μM respectively (Table 2). In addition, 
RXn-02 demonstrated its activity against all five cell lines originating 
from human lungs with an IC50 range of 33.2–69.5 μM. These cell lines 
exhibited high expression levels of the signature (TNFRSF5, PTPRC, 
IDO1, and MKI67). Therefore, by translation, the anti-proliferative ef-
fects of RXn-02 on these cell lines strongly suggested its potential for 
decreasing the risk of SARS-CoV-2 infection and its severe complica-
tions. Altogether, our study points out the potential role of RXn-02 in 
preventing and treating COVID-19 infection. 

Values are from triplicate determination (n = 3) of the mean optical 
densities (SD ± 0.02). * p < 0.05, ** p < 0.01, and *** p < 0.001 
significantly differ compared to the untreated control. 

2.9. Exploring the potential of RXn-02 for targeting the TNFRSF5/ 
PTPRC/IDO1/MKI67 signature 

Molecular docking is a widely explored simulation tool for modeling 
the potential binding efficacy of a small-molecule drug candidate and its 
targeted protein molecules, and for evaluating interactions between the 
protein-ligand docked complex [89,100–102], thus providing insights 
into the biological activities of the drug candidate and aiding drug dis-
covery and development [103–107]. 

RXn-02_IDO1 docking complex: Consequently, our molecular 
docking analysis revealed that RXn-02 is bound to IDO1 with the highest 
binding affinity (ΔG) of − 9.9 kcal/mol (Fig. 8). RXn-02 is bound to IDO1 
by a single hydrogen bond with His 346(3.24) residues of the IDO1- 

Fig. 7. (A) Drug likeness, membrane permeation, and (B, C) metabolism of RXn-02.  
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binding domain. Several pi-interactions, including p-pi stacking (Phe16, 
and Phe214), pi-sigma (Val350) pi-pi T shape (Tyr353), and p-alkyl 
(Leu384, Ile349, and Val221), were found within the RXn-02_IDO1 
complex. These high numbers of pi interactions may be attributed to 
the higher binding efficacy of RXn-02 towards IDO1 compared to its 
affinity for other targets. In addition, the RXn-02_IDO1 complex was 
enriched with six Van der Waals forces (Ser167, Ile354, Phe2256, 
Lys352, Val166, and His218) and several hydrophobic contacts with 
Phe214A (3.71 Å), His218A (3.99 Å), Ile349A (3.54 Å), Val350A (3.58 
Å), Val221(3.49 Å), and Tyr353A (3.43 Å). 

MKi67_RXn-02 docking complex: RXn-02 is bound to MKi67 with a 
binding affinity (ΔG) of − 6.9 kcal/mol, and a binding proximity range of 
2.49 Å in hydrogen bonds with Arg5 and Leu22 residues of the MKI67- 
binding domain. Four alkyl interactions (Ile53, Arg6, Pro21, and Pro3) 
van der Waals forces (Trp2 and Met01), and five hydrophobic contacts 

with Thr44A (3.94 Å), Arg5A (3.65 Å), Pro21A (3.90 Å), Leu22A (3.33 
Å), and Ile53A (3.77 Å) placed MKi67 as the second most preferred 
target for RXn-02 ligand-binding ability (Fig. 9). 

TNFRSF5_RXn-02 docking complex: RXn-02 is bound to TNFRSF5 
with a binding affinity (ΔG) of − 6.6 kcal/mol, and a binding proximity 
range of 2.08–2.32 Å in hydrogen bonds with Arg402, Gln396, and 
Cys403 residues of the TNFRSF5-binding domain. In addition, alkyl 
(Ile607, Phe609, Val474, His394), pi-sigma (Ala400), and pi-sulfur 
(Cys403) interactions were found for the TNFRSF5 and RXn-02 
docked complex. Several van der Waals forces with Gln605, Thr399, 
Gln401, Phe410, Ser408, and Leu397, and hydrophobic contacts with 
Al400A (3.98 Å), Arg402A (3.68 Å), Val474A (3.19 Å), Ile607B (3.79 Å), 
and Phe609B (3.74 Å) were found intercalated with RXn-02 within the 
TNFRSF5 cavity (Fig. 10). 

RXn-02_PTPRC docking complex: RXn-02 demonstrated the least 

Table 2 
In vitro activities of RXn-02 against hub gene hyper-expressing cell lines and cell line subsets of human lung origin.    

RXn-02 (μM)   

Cell line Ctrl 0 0.1 1.0 10 100 IC50 (μM) 

Hub gene hyper-expressing cell lines A549 2.039 2.059 1.997 1.883 1.602** 1.129** 48.1 
K-562 1.681 1.787 1.771 1.668 1.242 1.056* 100 
MCF7 2.250 1.855 1.083 0.873 0.735*** 0.699*** 0.047 

Human cell lines of human lung origin HOP-62 1.883 1.841 1.859 1.761 1.463* 0.319*** 13.3 
NCI–H226 2.573 2.446 2.389 2.367 2.142* 1.704** 33.2 
NCI–H322 M 1.501 1.445 1.491 1.386 1.209* 1.020* 69.5 
NCI–H522 2.408 2.387 2.405 2.362 2.110* 1.395** 24.8 
A549/ATCC 2.039 2.059 1.997 1.883 1.602** 1.129** 48.1  

Fig. 8. Ligand receptor interaction simulation of RXn-02 withindolamine 2,3-dioxygenase 1 (IDO1). Two-dimensional view of the IDO1-RXn-02 complex showing 
interacting amino acids and interaction distances of hydrogen bonds between the receptor and ligand (left panel). The right panel displays hydrophobic contacts 
occurring between RXn-02 and IDO1. 

Fig. 9. Ligand receptor interaction simulation of RXn-02 with marker of proliferation Ki-67 (MKi67). Two-dimensional view of the MKi67-RXN-02 complex showing 
interacting amino acids and interaction distances of hydrogen bonds between the receptor and ligand (left panel). The right panel displays hydrophobic contacts 
occurring between RXn-02 and MKi67. 

B. Lawal et al.                                                                                                                                                                                                                                   



Computers in Biology and Medicine 148 (2022) 105814

11

binding affinity (ΔG of − 6.0 kcal/mol) and molecular interactions to-
wards the binding domain of PTPRC. Although three hydrogen bonding 
interactions (Ser174 (2.59 Å), Asp101 (2.39 Å), and Thr102 (3.05 Å)) 
were engaged in the docked complex, the fewer alkyl interactions 
(Val250, Arg252, and Lys99), van der Waals forces (only Gly173, Glu98, 
Gln251, and Pro144), and hydrophobic contacts made PTPRC a less- 
favourable target for RXn-02 ligand-binding ability (Fig. 11). 

Altogether, our molecular docking analysis hinted at the trans-
lational therapeutic role of RXn-02 for treating SARS-CoV-2 infection via 
targeting the TNFRSF5, PTPRC, IDO1, and MKI67 signatures. However, 
further preclinical studies to evaluate the direct effect of RXn-02 on the 
SARS-CoV-2 virus are required. 

3. Conclusions 

The present study leveraged the transcriptomic datasets from SARS- 
CoV-2-infected patients and identified a novel immune-inflammatory 
signature of SARS-CoV-2 infection. This gene signature was suggested 
to mediate the infiltration-exclusion of effector memory T cells in the 
lungs. RXn-02, a novel small molecule derivative of quinoline demon-
strated good drug-likeness, pharmacokinetics properties, and trans-
lational relevance for the treatment of SARS-CoV-2 infection. 
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