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Abstract

The global emergence of coronavirus disease 2019 (COVID-19) has caused
substantial human casualties. Clinical manifestations of this disease vary from
asymptomatic to lethal, and the symptomatic form can be associated with cytokine
storm and hyperinflammation. In face of the urgent demand for effective drugs to
treat COVID-19, we have searched for candidate compounds using in silico
approach followed by experimental validation. Here we identified celastrol, a
pentacyclic triterpene isolated from Tripterygium wilfordii Hook F, as one of the best
compounds out of 39 drug candidates. Celastrol reverted the gene expression
signature from severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)-
infected cells and irreversibly inhibited the recombinant forms of the viral and
human cysteine proteases involved in virus invasion, such as MP™ (main protease),
PLP™ (papain-like protease), and recombinant human cathepsin L. Celastrol
suppressed SARS-CoV-2 replication in human and monkey cell lines and decreased
interleukin-6 (IL-6) secretion in the SARS-CoV-2-infected human cell line. Celastrol
acted in a concentration-dependent manner, with undetectable signs of cytotoxicity,
and inhibited in vitro replication of the parental and SARS-CoV-2 variant. Therefore,

celastrol is a promising lead compound to develop new drug candidates to face
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1 | INTRODUCTION

COVID-19 (coronavirus disease 2019), caused by the B-coronavirus
SARS-CoV-2 (severe acute respiratory syndrome coronavirus 2), was
first reported to the World Health Organization in January 2020 after
a local pneumonia outbreak of unknown etiology in Wuhan, China
(World Health Organization, 2020; N. Zhu et al., 2020). SARS-CoV-2
has been rapidly and effectively transmitted from human to human
and became a worldwide pandemic that affected more than 446
million people in March 2022 (Dong et al., 2020; Q. Li et al., 2020).

The devastating effects of COVID-19 on global public health and
the economy have demanded urgent efforts to discover potential
drug and vaccine candidates to prevent and treat this disease. Since
the pandemic's beginning, many immunization strategies have been
studied to develop vaccines for COVID-19. Although there are many
vaccine candidates under development (Polack et al., 2020; Voysey
et al, 2021; Wouters et al., 2021), there are many challenges to
achieve an efficient global immunization, such as production
limitations, efficacy levels, restrictions on use, dosing procedures,
storage requirements, price, the emergence of SARS-CoV-2 lineages,
and promotion of durable immunological memory (Baric, 2020; Faria
et al., 2021; Fontanet et al., 2021; Teijaro & Farber, 2021; Thomson
et al., 2021; Wouters et al., 2021; W. Wang et al., 2020).

Despite the essentiality of effective vaccines, the quick discovery
of drugs to prevent and treat SARS-CoV-2 infection is a critical demand
to face COVID-19 (Atzrodt et al., 2020). The drug reuse strategy
accelerates discovering candidate compounds with known activities that
reduce the SARS-CoV-2 viral load or promote a better clinical evolution
of COVID-19 (Galindez et al., 2021; Guy et al., 2020). One aspect of the
immunopathology of this disease that stands out is non-hemostatic
inflammation associated with cytokine storm involving several media-
tors, including interleukin-6 (IL-6), which is a severity biomarker of this
illness (Hadjadj et al., 2020; Han et al., 2020; Tay et al., 2020).

In this sense, bioinformatics and computational biology are
powerful and multidimensional in silico tools for drug discovery and
repurposing of compounds approved or under clinical trial (Lotfi
Shahreza et al.,, 2018; Pawar, 2020; Shameer et al.,, 2015; Zhou
et al., 2020). Some of the currently employed strategies to find drugs
applicable in COVID-19 have focused on host or virus targets, such
as the receptor-binding domain present in spike glycoprotein and
angiotensin-converting enzyme |1l (ACE2), which mediate virus-host
cell interaction (Gordon et al., 2020; Hanson et al., 2020); enzymes
from host or virus, such as hCatL (Zhao et al., 2021), TMPRSS2
(Hoffmann et al., 2020), main protease (MP™) (Jin et al., 2020),
papain-like protease (PLP™) (Shin et al., 2020), and RNA-dependent

COVID-19 due to its ability to suppress SARS-CoV-2 replication and IL-6 production

celastrol, COVID-19, cysteine protease inhibition, molecular docking, SARS-CoV-2

RNA polymerase (RdRp) (Elfiky, 2020); and reversion of the host gene
expression signature of SARS-CoV-2-infected cells (Belyaeva
et al., 2021; Galindez et al., 2021; Riva et al., 2020). This study used
in silico predictions to search for compound candidates that could
concomitantly reverse the SARS-CoV-2 gene expression induced in
host cells, including IL-6, and target enzymes essential to the

SARS-CoV-2 life cycle, followed by biological validation.

2 | MODELS AND METHODS

2.1 | Identification of signatures from SARS-CoV-2
in vitro infection model and search for compounds
with reversed viral infection signature

The gene expression signature from the SARS-CoV-2-infected
primary human lung epithelium cell line (NHBE) was obtained from
Blanco-Melo and coauthors (Blanco-Melo et al., 2020), by filtering
differentially expressed genes (DEGs) after differential expression
analysis from independent biological triplicates of SARS-CoV-2
(USA-WA1/2020 strain)-infected and mock-treated cells. The signa-
ture was constructed based on DEGs selected considering the
absolute value of fold change in log, scale higher than 1
(llogo(FC)| > 1), and significance accepted at adjusted p value (p,q)
smaller than .05 (p,q; < .05), the p,g; means the correction of nominal
p values determined by differential expression analysis employing the
Benjamini and Hochberg (BH) method (Benjamini & Hochberg, 1995)
to minimize the false discovery ratio in the selection of DEGs. The
signature was submitted to overrepresentation analysis using
Reactome pathways (Jassal et al., 2020) and cluster Profiler R package
(T. Wu et al., 2021) to find enriched biological pathways due to viral
infection, within BH adjusted p < .05.

We used the obtained signature containing upregulated and
downregulated genes to search for compounds with reversed gene
expression signatures compared to viral infection. For this purpose, we
explored the LINCS L1000 data set (Subramanian et al., 2017) using the
web-based search engine application called L1000CDS2 (Duan
et al, 2016) (https://amp.pharm.mssm.edu/L1000CDS2/). We used
the upregulated and downregulated genes as the entry point into
L1000CDS2, generating a list of 50 best-ranked signatures to reverse
the input signature. These were ranked based on decreasing order of
search score (Qscore), defined as the overlap between input and the
signature DEGs divided by the effective input, which is the intersection
length between the input DEGs and the LINCS L1000 genes. In this data
set, some compounds presented multiple signatures defined at different
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concentrations. We also created a new score for compounds based on
biological aspects (Bs.ore). First, a weighting factor (WF) for each DEG
observed in enriched biological pathways perturbated by SARS-CoV-2
infection was defined by multiplying the DEG occurrence in all enriched
pathways by [log2(FC)|. Next, the Bscore for each drug was defined as the
sum of WFs for the DEGs identified in the drug's signature normalized
by the sum of all WFs. Thus, for each compound, the values range from
0 to 1, where 0 indicated no reversion and 1 indicated total reversion of
enriched biological pathways. We obtained the graphical representation
of drug signature data and scores with pheatmap (Kolde, 2019) and
ggplot2 packages (Wickham, 2016) in R software (R Core Team, 2020).

2.2 | Docking of selected compounds on SARS-
CoV-2 protein targets

The compounds capable of reversing the SARS-CoV-2 infection
signature (selected in Section 2.1) were submitted to molecular
docking on the catalytic site of M.P™ Here we used ensemble docking
to increase the sampling and avoid individual conformational bias.
The multiple MP™ structures were obtained from Protein Data Bank
(Berman et al., 2000) (Supporting Information: Table S1). We
removed the heteroatoms from M,”™ then the resulting structures
were repaired, and the energy was minimized with FoldX
(Schymkowitz et al., 2005), and we used AutoDockTools (Morris
et al., 2009) to prepare input structures for docking analysis and grid
box definitions (Supporting Information: Table S1). The docking
analysis we carried out using Autodock Vina (Trott & Olson, 2010)
with an exhaustiveness parameter equal to 20. We plotted graphical
energy results with the ggplot2 R package and the molecular model
structures we obtained with Pymol (Schrodinger, 2015) and Discovery
Studio Visualizer® (version-2020) (Biovia, 2020).

2.3 | The rationale for selecting a predictable
candidate lead drug for experimental validation

The selection of candidate compounds in silico for their biological
validation considered their abilities to reverse the genetic signature
of SARS-CoV-2 infection and binding affinities to molecular viral
targets. Briefly, 10 best-repurposed compounds were selected based
on Qscore Values. A compound with high predicted median binding
affinity energy for MP™°—and thereby with high potential to inhibit
the functions of this molecular target—was selected using molecular

docking data.

2.4 | Effects of celastrol on SARS-CoV-2
recombinant M,P"® PL,P"® papain, and human cathepsin
L (hCatL)

Recombinant MP™ and PLP™ were expressed from E. coli as
previously described (Freire et al., 2021; L. Zhang et al., 2020). hCatL
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and papain we acquired from Sigma. Fluorescence resonance energy
transfer (FRET) peptides corresponded to cleavage at the non-
structural proteins (nsp) sites were synthesized using published
protocols (Carmona et al., 2006; Korkmaz et al., 2008) and Z-FR-MCA
we obtained from Sigma. All buffer salts were reagent-grade and
purchased from Thermo Fisher Scientific or Sigma-Aldrich. The
hydrolytic activities of recombinant MP™ and PLP™ we assayed with
FRET peptides whose sequences are those of native viral polyprotein
processing sites. For MP™ the substrate was Abz-SAVLQSGFRK
(Dnp)-NH» [Abz = ortho-aminobenzoic acid, fluorescent group; and K
(Dnp) = N-e-2,4-dinitrophenyl-L-lysine, the fluorescence quencher
group], and the peptide SAVLQSGFR, which corresponds to the
sequence between nsp4 and nsp5 with cleavage at Q-S peptide
bound. For PLP™ the substrate was Abz TLKGGAPIK-Q-EDDnp
[Q-EDDnp = N-(2,4-dinitrophenyl)-ethylenediamine, attached to glu-
tamine], and the peptide TLKGGAPIK, which corresponds to the
sequence between nsp2 and nsp3 with cleavage at G-A peptide
bound. Details about the uses of these FRET peptides were described
in the literature (Carmona et al., 2006; Korkmaz et al., 2008;
Okamoto et al., 2010). The assay conditions were: (a) for MP™ and
PLP™: buffer 50 mM Tris 1 mM EDTA pH 7.5, enzyme concentration
54nM for M 25uM for PLP™; (b) for hCatL: buffer 100 mM
sodium acetate 1 mM EDTA pH 5.0, enzyme concentration 9.0 nM,
and Z-FR-MCA as substrate; (c) for papain: buffer 100 mM sodium
phosphate, 0.1 mM EDTA pH 6.0, enzyme concentration 87.5nM,
and Z-FR-MCA as substrate. Before the assays, we activated hCatL
and papain at 25°C in its appropriate buffer with 5mM DTT for
10 min, followed by gel filtration to remove excess DTT and all assays
were performed in degassed buffer solutions.

All assays were performed in a 96-well black plate (Greiner). The
enzymes, celastrol, previously diluted in DMSO, and concentration
adjusted with appropriate assay buffer to give a total reaction volume
of 200 ul. After 10 min of preincubation at 37°C, we started the
reaction by adding the respective substrate. For MP™ and papain,
we also assayed longer preincubation times in order to verify the
inhibition mechanism and evaluated the stability of the complex
celastrol-MP™ and celastrol-papain using the same procedure
reported for the inhibition of MP™ by dalcetrapib (Niesor et al., 2021).
We followed the hydrolysis progress using a SpectraMax M2e
(Molecular Devices) with 320 nm excitation and 420 nm emission for
FRET peptides and 360 nm excitation and 480 nm emission for MCA
substrates.

2.5 | Preparation of viral stocks

We used two SARS-CoV-2 lineages: one obtained from clinical
isolates (SARS-CoV-2 Brazil/SPBR-02/2020 strain) from RT-PCR-
confirmed COVID-19 patients; and the SARS-CoV-2 gamma variant
(MAN_87209) detected in Manaus, State of Amazonas, Brazil,
associated with high transmissibility and immune evasion (Faria
et al., 2021; Sabino et al., 2021). Here, we named these lineages
SARS-CoV and SARS-CoV-2 gamma variant, respectively, and
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propagated them in monkey Vero CCL-81 cells (kidney) under strict
biosafety level 3 conditions. Briefly, for initial viral passages, Vero
CCL-81 cells were cultured in Dulbecco minimal essential medium
(DMEM) supplemented with 10% heat-inactivated fetal bovine serum
(FBS) and antibiotic/antimycotic mix (10,000 U/ml penicillin and
10,000 pg/ml streptomycin). After viral inoculum (1:100 ratio) to the
cells, the cultures were incubated (48 h, 37°C, 5% CO, humidified
atmosphere) in DMEM without FBS but supplemented with
antibiotic/antimycotic mix and trypsin-protease inhibitor, L-1-
tosylamide-2-phenylethylchloromethyl ketone (TPCK) host cell treat-
ment (1 pg/pl) to optimize virus adsorption to the cells (Banerjee
et al, 2020). After confirming the cytopathic effects of the viral
preparation using an inverted Olympus ix51 microscope, infected
Vero CCL-81 cells were detached by scraping, harvested, and
centrifuged (10,000xg, 10 min, room temperature). The resulting
supernatants we stored at —80°C until use. Finally, virus titration was
performed on Vero CCL81 cells using standard limiting dilution to
determine the 50% tissue culture infectious dose (TCID50) of viral
stock (Harcourt et al., 2020; Reed & Muench, 1938).

2.6 | In vitro SARS-CoV-2 infection

The SARS-CoV-2 infection we assessed in vitro in four cell lines: Vero
CCL-81, human Calu-3 (lung), and human Caco-2 (colon). Cells were
seeded into 24-well plates (80,000 cells/well) to ensure 90% of
confluence on the day of inoculation/infection. The three cell lines
were infected with SARS-CoV-2 and treated with celastrol. Cells
were infected with SARS-CoV-2 at a multiplicity of infection 1.0 in
500 ul of infection media composed of DMEM without FBS, 1%
antibiotic/antimycotic mix, and 1 pg/pl trypsin-TPCK. After 2h of
incubation, the supernatant containing SARS-CoV-2 was removed
and replaced by celastrol (125, 250, 500, and 1000 nM) or vehicle
(0.05% DMSO) diluted in a fresh medium, followed by 48h of
incubation at 37°C and under 5% CO,. Photomicrographs were taken
using the Olympus ix51 inverted microscope and analyzed using the
QCapture Pro 6.0 software under x200 magnification (Qlmaging)
(Kang et al., 2020), to examine whether celastrol interfered with
SARS-CoV-2 cytopathic effects in Vero CCL-81 cells. The super-
natants were collected for RNA extraction, and viral load was
guantified using a standard curve. All the infections were conducted
in technical triplicate. In this work, the SARS-CoV-2 gamma variant
was used only to infect Calu-3 cells, using the same procedure for the
SARS-CoV-2 lineage described above.

2.7 | Cell viability

We determined the cytotoxicity of celastrol (Sigma-Aldrich) to Vero
CCL-81, Calu-3, and Caco-2 using the Alamar Blue Cell Viability
protocol (Thermo Fisher Scientific), according to the manufactur-
er's instructions. Briefly, the cells were seeded into a 96-well plate
to grow as monolayers and treated with celastrol (250 or 1000 nM)

in DMSO (0.05%) or DMSO (5%, v/v; cell death reference) for 24 h.
Alamar Blue reagent (10%, v/v) was added to the cells, which were
later incubated on a plate at 37°C for 4 h. Median fluorescence
intensity was measured using the SpectraMax i-3 (Molecular
Devices) microplate reader, with excitation and emission wave-
lengths set at 530 and 590 nm, respectively. The mean value from
the control (untreated cells) was set as 100%, and the viability of
cells from each treatment condition was calculated relative to this

value in triplicate.

2.8 | RT-PCR

SARS-CoV-2 and SARS-CoV-2 gamma variant genomes were
quantified by RT-PCR using the same primer-probe sets for N2
and RNAse-P housekeeping gene, following USA-CDC protocols
(Table 1) (Lu et al., 2020). We determined the viral genome load
from in vitro infection assays testing N2 and RNAse-P gene by
one-step real-time RT-PCR using total nucleic acids extracted with
Trizol® (Invitrogen) from 250ul of culture supernatants. All
RT-PCR tests were carried out using the Step-One Plus real-time
PCR thermocycler (Applied Biosystems). Briefly, we used 100 ng of
RNA for genome amplification, mixed with specific primers
(20 uM), probe (5 uM), and TagPath 1-Step qRT-PCR Master Mix
(Applied Biosystems) in the following conditions: 25°C for 2 min,
50°C for 15 min, 95°C for 2 min, followed by 45 cycles of 95°C for
3s and 55°C for 30s.

A plasmid standard curve, previously plotted, provided the SARS-
CoV-2 or SARS-CoV-2 gamma variant viral load. A 944 bp amplicon
was inserted into aTA cloning vector (PTZ57R/T CloneJetTM Cloning
Kit Thermo Fisher®), starting from residue 14 of the N gene, including
all three sets of primers/probes designed by the CDC protocol (N1,
N2, and N3). We quantify the amount of virus produced, with tenfold
serial dilution of the plasmid in the range from 10° to 1 plasmid copy.
The coefficient of determination (R?) for the plasmid standard curve
was 0.999, with efficiency above 91% reached using any set of
primers/probes (Martins et al., 2021).

TABLE 1 Primers/probe sequences for detection of SARS-CoV-2
and SARS-CoV-2 gamma variant genomes and housekeeping gene
Primer Sequence
Forward 5'-TTA CAA ACA TTG GCC GCA AA-3’
N2 Reverse  5'-GCG CGA CAT TCC GAA GAA-3'
Probe 5’-FAM-ACA ATT TGC CCC CAG CGC TTC
AG-BHQ1-3'
Forward 5'-AGA TTT GGA CCT GCG AGC G-3'
RNAse-P  Reverse  5'-GAG CGG CTG TCT CCA CAA GT-3'
Probe 5'-FAM - TTC TGA CCT GAA GGC TCT GCG

CG - BHQ-1-3'

Abbreviation: SARS-CoV-2, severe acute respiratory syndrome
coronavirus 2.
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2.9 | IL-6 quantification

IL-6 levels were quantified in cell culture supernatants from
SARS-CoV-2-infected Caco-2 and Calu-3 cells using the Human
DuoSet ELISA assay kit (R&D Systems) according to the manufactur-
er's instructions. The IL-6 detection limit was 9.38-1200 pg. ml™%.

2.10 | Statistical analysis

For obtention of IC50 of celastrol in enzymatic inhibition assay, we
plotted and modeled each sample's concentration-response data by a
four-parameter logistic fit. Raw plate reads for each titration point
were first normalized relative to a control containing no inhibitor
(100% activity, full activity). We performed data normalization,
visualization, and curve fitting using Grafit 5.0 software (Erithacus
Software). Raw data for viral load from RT-PCR were transformed
into log scale, normalized, and analyzed by nonlinear regression using
dose-response curve fitting and the equation log (inhibitor) versus
normalized response with variable slope. All the experimental data
are expressed as mean + standard error of the mean, and they were
plotted and analyzed using GraphPad Prism 7 software (Inc., 2016).
Statistical significance was analyzed by one-way analysis of vari-
ance followed by Tukey's posttest for multiple comparisons. Differ-
ences were considered significant at p <.05. The p values were
labeled as *p < .05, **p <.01, ***p <.001, and ****p <.0001.

3 | RESULTS

3.1 | Identification of potential candidates for drug
repurposing to treat COVID-19

We determined the genetic signature of SARS-CoV-2-infected NHBE
cells based on transcriptome data reported in the literature (Blanco-
Melo et al, 2020). Then, we used [log2(FC)|>1 and p,qj<.05 as
selection criteria, and identified 64 upregulated and 8 downregulated
DEGs in infected NHBE cells (Supporting Information: Table S2). The
overrepresentation analysis of selected DEGs in Reactome pathways
annotations indicated the existence of 22 significantly enriched
biological pathways (Figure 1a, Supporting Information: Table S3).
The top enriched pathways were related to interleukin, chemokine,
and interferon signaling, according to literature data (Blanco-Melo
et al., 2020), and were closely related to biological pathways involved
in SARS-CoV-2 human infection (Del Valle et al., 2020; Desai
et al., 2020; Fajgenbaum & June, 2020; Nienhold et al., 2020).
Considering that the genetic signature described here was
composed of DEGs associated with COVID-19 pathophysiology, we
searched for candidate compounds that could reverse the genetic
signature of NHBE-infected cells using the L1000CDS2 protocol to
define the Qscore- The top 50 better-scored compound signatures
derived from 39 compounds were able to modify the expression

pattern of 46 DEGs (42 upregulated and 4 downregulated) from the
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original input of 72 DEGs (Figure 1b; Supporting Information:
Table S4). Based on the Qe Vvalues from these 50 signatures, a
medium value score was defined as 0.26 (Figure 1c). CGP-60474, a
cyclin-dependent kinase inhibitor (Stanetty et al., 2005), exhibited the
best-ranked Qscore (0.33): it downregulated 19 DEGs that were
upregulated by SARS-CoV-2 infection. The second best-ranked Qscore
(0.30) was associated with three compounds that modified the
expression levels of 17 DEGs induced by SARS-CoV-2: (i) celastrol, a
pentacyclic triterpenoid derived from Tripterygium wilfordii Hook F
with anti-inflammatory and anticancer properties (Kannaiyan
et al., 2011); (ii) A443654, a potent inhibitor of all members of the
protein kinase B (Akt/PKB) family (Luo et al., 2005); and (iii) dasatinib,
a small-molecule inhibitor of multiple tyrosine kinases (Kantarjian
et al.,, 2006) (Figure 1c). In the set of best-ranked drugs by Qcore
CGP-60474, celastrol, and A443654 also presented Bg.oe Values
higher than the mean score of 0.49 (Figure 1d), suggesting that
they are potential reversers of biological pathways related to
SARS-CoV-2 infection.

3.2 | Selection of compounds that bind to viral
molecular target MP"® among those that reverse
SARS-CoV-2-induced genetic signature

We have searched for candidate molecules with two potential
actions: to revert the genetic signature of SARS-CoV-2 infection and
interfere with critical events of viral infection. For this purpose, 39
compounds previously identified as reversers of the viral genetic
signature were submitted to molecular docking on the catalytic site
of MP™ (Figure 2a). We determined the pose with the highest binding
affinity energy (AGping in kcal. mol™2) for each ensemble's structures
of all selected compounds (Figure 2b). The median AGy;,4 values for
binding to MP™ ranged from -8.7 kcal. mol™* for the leucine-rich
repeat kinase inhibitor XMD-1150 (J. Wang et al., 2018) to -5.7 kcal.
mol™! for the histone deacetylase inhibitor vorinostat (McGuire &
Lee, 2010). The ensemble dockings led to energetic variations but not
to wide dispersion of AGp,q Vvalues, demonstrating that certain
molecules maintained their high binding affinity to different
conformations of the studied targets. Following the criteria for
selecting a candidate to lead the drug for experimental validation as
rationalized in methods, we chose the compound with high predicted
median binding affinity energy for MP™ among the first 10 com-
pounds with high Qe Values. Celastrol exhibited the most
attractive AGping median energy value for Mpro (-8.3 kcal. mol™)
out of the first 10 best-ranked molecules based on Qgcore. The
chemical pattern of celastrol-target interactions was composed of
conventional hydrogen bonds, carbon-hydrogen bonds, Pi interac-
tions, and van der Waals interactions that favored a more attractive
binding affinity of celastrol to MP™ with AGy;.g equal to -8.7 kcal.
mol™! (Figure 2c,d). The celastrol binding to MP™ catalytic site was
mediated by a sigma Pi interaction between the methyl group of the
E-ring and His41 and a hydrogen bond of the OH group of the A-ring
with Thr25. The mean atomic distance between the B-ring C6 and the
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(a) Enriched Reactome pathways of SARS-CoV-2-infected NHBE cells

T : [ =
Interleukin-10 signaling
Signaling by Interleukins

Interferon alpha/beta signaling
Interferon gamma signaling

[ Interferon Signaling

Chemokine receptors bind chemokines
OAS antiviral response

Antimicrobial peptides

Peptide ligand-binding receptors
Formation of the cornified envelope
NOD?1/2 Signaling Pathway

- Keratinization

Regulation of TNFR1 signaling
Toll-like Receptor Cascades

TNF signaling

TNFR2 non-canonical NF-kB pathway
TNFR1-induced proapoptotic signaling

Ractome pathways

Regulation of TLR by endogenous ligand

IRF9

cxcL2
L8
IL1B,
UIF

S e Ssoppres 5
oy & 39g8g N
2 & 3 R - g
8 8 8=3 &

ICAM1
ons2
0AS1
0AS3.

IFITM1

cxeLt

q o
3 ]
2 -
S &

KRT6B
S100A7,
S100A8,
S100A9

<
K]
|4
4
&
&

TNFSF14
SPRR2E

Number of
genes

@

-infected NH!

9 T
5] &
5 2
© 5

<
2 B

Differenaly expressed genes in SARS-CoV-.

(b) Differential expression: Human cell lines:

[ U3 W oown HME1 HATE mosts [lHcests  [llasrs  [llPc3 MCF10A oveo M+t [lRvMGH

Human cell lines

Genetic signatures

-=1El=!1rh' : '—: i M

© e N\ \A QN

\\Q 0 G:Q§v:W® NPT 3

RIS

\,D\\'O @Q 04?‘
AV

Interleukin-4 and Interleukin-13 signaling
TNF receptor superfamily (TNFSF) members mediating non-canonical NF-kB pathway

TNFR1-induced NFkappaB signaling pathway

W swess

Nucleotide-binding domain, leucine rich repeat containing receptor (NLR) signaling pathways

S K¢
PG PP/ N b{\b&fl, 4 )
Q,'\“b&‘imiio:@é\\@%w@u §%%$\?§Q & 2@‘ SN \65 @ T @Q'\b §\°‘§ S TN
R O R R L I SR NP RN oo S5
S ,ﬁa‘*@)i&é%@' CASRS "z@(‘/ + & <Z q° % ‘{l‘:&@ B @\&
¥ 5 o D & N
¥ SEs® /,\"3 060 $ @Qp & &‘L éz} 0®°® & \,\65
Q
@‘9+ Compound <

FIGURE 1 (See caption on next page)

)



FUZO kT AL

(@)

S
oo e AVTREN

T .
o
E 6 - '. '. L]
S h i * . ° ° . ‘ oly ®
=< ° g i o _© °
2 -7 3 ’ : " .‘ ¥ .
E %75 -‘- - W& RE S BW WL E s BOSEE ERERY A - 98- - - -
= ®
g_g 3 4 0 £ ; ° ! i .' - X
.E L] ° o
.‘E -9 ° °
@
o
X > > 0 D O 0 0 H O 0 D N QD A X O VNN NN A DO 0. > D> & o H»
2 O PP PO PO B O S \é\\é P ‘x\“@é\\é N S S S B AN O o (&SP TN o
W PN F W FXEN PP EN o D OO S NEIUTTRX PR S
PN P RN L & T R DD @ PP P e € N QP (S NP )
g OUY P F YN P TS YL CELYR Y ey N W Y O
Y S S & ks Q' 3 SRS + N = SR
9 QYO X S\ QQ © / D ) Q)
o 9 2 S O L Q
& & 2
J
Compound
c d HIS
(c) MPRO _ celastrol (d) &
Binding affinity: -8.7 kcal.mol"! w3
~ oy § MET
143
THR
26
o/ N
N ASN  MET ¢
TZHSR & &
SER
THR & ?Iég
45
CYS
44
Interactions:

[]van der Waals [l Conventional Hydrogen Bond [l Pi-Sigma

FIGURE 2 Docking analysis of molecular interactions between MP™ and molecules capable of reversing SARS-CoV-2 genetic signature.
(a) Boxplots with the affinity binding energies (kcal. mol™%) were obtained from docking analysis between several structural conformations of 39
molecules and each viral site of 83 MP"® structures. The reverser compounds were sorted based on decreasing order of Qe that indicated their
potential to revert the genetic signature of SARS-CoV-2 infection. Dotted lines indicate median affinity binding energy (-7.3 kcal. mol™)
considering all investigated drugs. (b) Representative structure of MP™ where atoms are represented as lines and secondary structures as a
cartoon with helices highlighted in magenta and sheets in yellow. Colored line circles in brown indicate the binding site region used for docking.
(c) 3D and (d) 2D representations detailing configuration and chemical interactions between the best-ranked pose for celastrol in M.P® 2D
target-drug interaction was constructed using the Discovery Studio® software (version-2020). The distance between the B-ring C6 and the
sulfur atom of the Cys145 residue, which may be related to a possible Michael adduct formation for the best energy poses in each MP™
structure, ranged from 0.43 to 1.33 nm, with an average value of 0.63 nm (black dashed line). M,”"main protease; SARS-CoV-2, severe acute

respiratory syndrome coronavirus 2.

FIGURE 1 Assessment of gene signature in SARS-CoV-2-infected human bronchial epithelial cells (NHBE) for drug discovery to treat
COVID-19. (a) Enriched biological pathways associated with COVID-19 from Reactome annotations (pag; < .05) from DEGs identified in
NHBE-infected cells transcriptome data. The genes that enriched each pathway (left) are indicated together with statistical results and
pathway description (right). (b) Heatmap of genes from the 50 best-ranked compound signatures that reversed the genetic signature of
SARS-CoV-2-infected NHBE cells in decreasing order of Q.. The signature map annotations are related to up- and downregulated genes, and
cell lines are indicated in different colors. (c) Compounds in decreasing order of Q.core following the output of L1000CDS.2 A dashed line
indicates the mean Qqcore (0.26) threshold. Equal Qgcore Values are displayed over the bars. (d) Bseore for each compound, considering the
enrichment analysis and reverse signature. The dashed line corresponds to the mean B, .. (0.49). *Genetic signature that justified the biological
validation of celastrol. COVID-19, coronavirus disease 2019; DEGs, differentially expressed genes; SARS-CoV-2, severe acute respiratory

syndrome coronavirus 2.
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Cys145 sulfur atom—a critical amino acid of the MP™ catalytic site—
was 0.63nm (range: 0.43-1.33nm) (Figure 2d), suggesting an
appropriate geometry for the formation of a covalent bond. In
addition, celastrol exhibited one of the highest By.oe Values (0.53)
among the 50 signatures analyzed, indicating that this compound had
a great potential to revert the genetic signature of SARS-CoV-2
infection (Figure 1d). Some molecules with high affinity to the MP™
such as XMD-1150 were poorly ranked in the reverse signature
strategy but they could be relevant due to their predicted binding
abilities. The AGpind, Qscores aNd Bscore Values of celastrol supported its

selection for biological validation.

3.3 | Celastrol inhibits the activity of papain, hCatL,
and the SARS-CoV-2 recombinant cysteine proteases
MP"® and PLP"™®

As expected, celastrol inhibited the enzymatic activity of papain, a
reference cysteine protease (Mamboya & Amri, 2012). We examined
whether this pentacyclic triterpene affected the hydrolytic activity of

recombinant M P

as part of the experimental validation of our in
silico strategy, and the activity of PLP™ and hCatL, which are other
cysteine proteases involved in SARS-CoV-2 infection (Dominic
et al.,, 2022; Shin et al., 2020; Zhao et al., 2021). The four cysteine
proteases were treated with celastrol for 10 min, and the ICsq values
are reported in Table 2. The mean ICsq values ranged from 6.6 to
9.6 uM, as determined using FRET assays. This validated our in silico
selection once celastrol inhibited MP™ (IC5q = 6.6 £ 0.6 uM) at same
order of model cysteine protease papain (IC50=7.0£0.7uM). In a
subsequent time-dependent inhibition experiment, more extended
preincubation periods with celastrol reduced the 1Csq values for MP™
and papain (Figure 3a,b), indicating that it was an irreversible
inhibitor, as previously reported for other enzymes (Yan et al., 2002).
Next, we analyzed the stability of the celastrol-MP™ and celastrol-
papain complexes using the same procedure reported for the inhibition
of MP™ by dalcetrapib (Niesor et al., 2021), where inhibition of protease
activity was maintained even after high dilution followed by ultra-
filtration. The steps of this procedure and the persistent inhibition of
MP™ and papain activity by celastrol after dilution/filtration cycles are
reported in Figure 4. Additionally, molecular docking of celastrol
resulted in poses with favorable binding energies over catalytic sites

TABLE 2 Inhibition of the activity of the cysteine proteases
M,P™ papain, PL,°" and hCatL by celastrol
Enzyme ICso (LM)
Mere 6.6+0.6
Papain 7.0+0.7
PLP™® 89+038
hCatL 9.6+0.9

Abbreviations: hCatL, human cathepsin L; M,P® promain protease; PL,P™
papain-like protease.

of papain (-7.3 kcal. mol™%), PLP® (-7.4 kcal. mol™®), and hCatL (-8.1

kcal. mol™Y) (Supporting Information: Figure S1).

3.4 | Celastrol inhibits virus propagation and IL-6
secretion by infected cells without cytopathic effect
in vitro

3.4.1 | Celastrol reduces SARS-CoV-2 and
SARS-CoV-2 gamma variant viral load on infected cells

In silico analysis indicated that celastrol is a potential lead compound
candidate for the development of drugs to treat COVID-19 due to its
ability to reverse the genetic signature of SARS-CoV-2 infection and
interact with high affinity with critical molecular viral targets. This in
silico prediction was validated using in vitro SARS-CoV-2 cell
propagation inhibition assays. Celastrol significantly reduced viral
load in a monkey cell line Vero CCL-81 and two human cell lines
(Caco-2 and Calu-3) (Figure 5a-d). Interestingly, the anti-SARS-CoV-
2 effect of celastrol was concentration-dependent and it drastically
inhibited viral replication in Vero CCL-81 and Calu-3 cells when
tested at 1000 nM. Celastrol at higher concentrations strongly
reduced SARS-CoV-2 gamma variant replication in Calu-3 cells
(Figure 5). The ECsq values of celastrol for each cell line ranged from
221 to 1000 nM (Supporting Information: Figure S2 and Table S5).

To examine whether cytotoxicity mediated the antiviral effect of
celastrol, we determined the cell viability of the three cell lines
treated with celastrol at two concentrations, 250 and 1000 nM,
which promoted its minimal and maximum antiviral action in human
cell lines, respectively. Celastrol-treated cells and the negative
control had similar viability levels, of nearly 100% (Figure 6a-c).
Treatment with 5% DMSO (positive control) decreased cell viability
by more than 80%. Celastrol also significantly reduced SARS-CoV-2
cytopathic effect in a concentration-dependent manner (Supporting
Information: Figure S3).

3.4.2 | Celastrol lowers IL-6 production in
SARS-CoV-2-infected human cell lines

SARS-CoV-2 infection of human cell lines increased gene expression
of inflammatory mediators, such as IL-6, as demonstrated by in silico
analysis, and celastrol reversed this effect (Figure 1). To test this
prediction, we determined IL-6 levels in the supernatant of SARS-
CoV-2-infected cells treated or not with celastrol. This compound at
500 and 1000 nM significantly decreased IL-6 production by Caco-2-
infected cells, and at 1000 nM it decreased IL-6 production by Calu-
3-infected cells (Figure 7a,b). Curiously, Caco-2-infected cells
produced around 10-fold lower IL-6 levels than Calu-3-infected
cells. This suggested that this phenomenon may be associated with
the lower viral load in culture supernatants of Caco-2 cells compared
with samples from Calu-3 cells (Figure 5b,c), which was also observed

in hospitalized patients' samples (Brasen et al., 2021).
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FIGURE 3 Time-dependent inhibition of MP™ (a)
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(a) and papain (b) activity by celastrol, expressed 9 MPro g Papain
as ICsp value. M,P™ main protease.
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FIGURE 4 Persistent inhibition of MP™ and papain activity by celastrol. (a) Assay procedure to determine the irreversibility of M

P and

papain inhibition by celastrol. The enzymes were incubated for 30 min with buffer (control) or 22 mM celastrol, as indicated in the Methods
section. Part of the incubation mixture was kept on ice and the other part was submitted to three ultrafiltration cycles to remove free celastrol
and concentrate the enzymes. The MP™ and papain activity was determined in the concentrate. (b) MP™ and (c) papain activity before and after

repeated dilution/filtration cycles. M, main protease.

4 | DISCUSSION

Here, we identified 39 potential compound candidates to combat
SARS-CoV-2 infection based on in silico prediction of their abilities
to revert the genetic signature of SARS-CoV-2-infected cells and
bind with high affinity to viral targets. One of the in silico best-
ranked candidates was celastrol, which could inhibit the virion
particles release and IL-6 secretion by SARS-CoV-2-infected cells.

This combination of computational and experimental analyzes
corroborated the literature predictions about the potential use of
celastrol to face COVID-19 based on its anti-inflammatory and
antiviral properties (Habtemariam et al., 2020; Xian et al., 2020).
Other in with
kinase-inhibition, and anti-inflammatory properties have been
proposed to treat COVID-19, such as CGP-60474, A-443654,
alvocidib, canertinib, dasatinib, vorinostat, and geldanamycin

silico best-ranked candidates antitumor,
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FIGURE 5 Celastrol suppresses SARS-CoV-2 in vitro propagation in nonhuman and human cell lines. RT-PCR quantification of SARS-CoV-2
RNA in supernatants from the infected cell lines (a) Vero CCL-81, (b) Caco-2, and (c) Calu-3, and (d) Calu-3 infected with SARS-CoV-2 gamma
variant treated with celastrol at concentrations of 125, 250, 500, and 1000 nM. DMSO solution (0.05%; vehicle) was used as a negative control.
Cells were infected using MOI = 1.0 for 2 h and then treated with celastrol for 48 h. The detection levels of SARS-CoV-2 RNA were performed in
the supernatants of cultures and expressed in viral load using a standard curve described in Section 2. Statistical differences between celastrol
treatments and the negative control were analyzed by ANOVA followed by Tukey's posttest. The significance levels were indicated as *p < .05,

**p <.01, ***p <.001, and ****p <.0001. ANOVA, analysis of variance; MOI, multiplicity of infection; SARS-CoV-2, severe acute respiratory
syndrome coronavirus 2.
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FIGURE 6 Celastrol does not affect cell viability. Alamar Blue assay was used to measure the potential cytotoxic effect of celastrol. The
monkey cell line (a) Vero CCL-81 and the human cell lines (b) Caco-2 and (c) Calu-3 were treated with celastrol at 250 and 1000 nM, for 48 h.
DMSO solutions at 0.05% and 5.0% were used as the negative and positive controls of cell death, respectively. Statistical analysis was
performed using ANOVA followed by Tukey's posttest to compare treatment with celastrol and 5.0% DMSO. ****p <.0001. ANOVA, analysis of
variance.

(Belyaeva et al., 2021; Gil et al., 2020; He & Lana, 2020; Taguchi & agreement with its reported anti-inflammatory properties (Cascao

Turki, 2020).

The perturbed gene expression during SARS-CoV-2 infection in
vitro modulates biological processes of clinical relevance, such as
cytokine-mediated gene expression, type | interferon pathways, and
antiviral responses as detected in our current analysis and literature
(Blanco-Melo et al., 2020). As expected, genes of proinflammatory
cytokines (IL-1B, IL-6, IL-8, TNF-a, and others), chemokines (CXCL1
and CCL20), and some NF-kB pathway components were upregu-
lated, and are related to the severity and progression of COVID-19
(Chang et al., 2004; Fajgenbaum & June, 2020; Lin et al., 2020; Rauzi
et al., 2016; Tse et al., 2004).

Celastrol was the second best-ranked compound able to
reverse the genetic signature in SARS-CoV-2-infected cells, in

et al, 2017). This triterpene also dampens HIV-1 Tat-induced
inflammatory responses, inhibits the production of proinflamma-
tory chemokines, such as CXCL10, IL-8, and MCP-1 (Youn
et al., 2014), and suppresses replication of Dengue virus serotype
1-4 by promoting IFN-a expression and stimulating downstream
antiviral responses (J.-S. Yu et al., 2017). Celastrol suppresses the
production of cytokines during cytokine storm and chemokines
related to worse disease prognosis, such as IL-8, IL-6, CXCL1, and
CCL20 (Demedts et al, 2007; Liang et al., 2016; Tisoncik
et al., 2012), lowering the anti-inflammatory levels markers
(H. Wang et al., 2020), and stimulates type | interferon production
and expression of interferon-stimulated genes against Dengue
virus infection (J.-S. Yu et al., 2017).
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FIGURE 7 Celastrol inhibits IL-6 production in SARS-CoV-2-infected human cell lines. ELISA quantification of IL-6 in the culture
supernatants from the human cell lines (a) Caco-2 and (b) Calu-3, infected with SARS-CoV-2 (MOI = 1.0) for 2 h. Then, after the washing step,
infected cells were treated with celastrol for 48 h. DMSO solution at 0.05% (vehicle) was used as the negative control. Statistical differences
between celastrol treatment and control were analyzed by ANOVA followed by Tukey's posttest. The significance levels were indicated as
**p <.01, ***p <.001, and ****p < .0001. The results are expressed as mean * standard error of the mean (SEM) of IL-6 (pg/ml). They are representative
of two independent experiments with Caco-2 cells with three replicates and one experiment with Calu-3 cells with four replicates. ANOVA, analysis of
variance; IL-6, interleukin-6; MOI, multiplicity of infection; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.

Considering that the direct interaction between celastrol and
viral targets can also mediate its antiviral activity (Caruso, Singh,
et al., 2020; Gupta et al., 2021), we demonstrated its potential ability
to bind to essential targets to the viral life cycle. Interestingly, Chen
and collaborators (Chen et al., 2022) experimentally demonstrated
that celastrol binds to the S1 domain of SARS-CoV-2 spike protein
(Kg=1.712 M) and inhibits the viral infection rate of ACE2
overexpressing 293T cell infected with lentivirus particles pseudo-
typed with SARS-CoV-2 spike. A previous study has described the
celastrol interaction with the catalytic site of the SARS-CoV MP™
(Ryu et al., 2010), and here, we demonstrated the irreversibility of
celastrol inhibition. Docking simulations on the catalytic site of MP™
revealed that the celastrol binding energy was higher than that of
most compounds tested here. Our models suggested that the high
binding affinity of celastrol to MP™ involved the sigma Pi interaction
between the E-ring O, and His41, associated with the hydrogen bond
between Thr25 and the hydroxyl group of A-ring C3, in agreement
with literature reports (Caruso, Singh, et al., 2020; Gupta et al., 2021).
In addition, our atomic distance analysis suggested that B-ring Cé
interacted with Cys145—a critical amino acid of MP™ catalytic site—
by forming Michael's adduct; this inhibition mechanism of celastrol
was also proposed in other molecular targets (D. Zhang et al., 2018;
Sreeramulu et al., 2009). We also demonstrated that celastrol
inhibited two other cysteine proteases PLP™ and hCatL, which
displayed crucial roles in SARS-CoV-2 infection and COVID-19
aggravation (Shin et al., 2020; Zhao et al., 2021). PL"™ is an essential
SARS-CoV-2 enzyme for processing viral polyproteins and evasion of
host antiviral immune response (Shin et al., 2020) and a critical
antiviral drug target (Fu et al, 2021). Otherwise, hCatL acts in
proteolysis of protein antigens produced by pathogen endocytosis,
and its circulating level was positively associated with COVID-19
severity and an important target for drug development (Zhao
et al., 2021). Interestingly, celastrol was able to promote inhibition

of host and virus enzymes, a promising antivirus drug for treating
COVID-19, including hCatL and MP™ (Dominic et al., 2022;
Hashimoto et al., 2021; Ma et al.,, 2022). The anti-inflammatory
activity of celastrol is associated with downregulation of the NF-
kB pathway mediated by suppression of IKK activation, probably
due to the formation of Michael's adduct between its quinone
methide and Cys179 from IKK (Caruso, Rossi, et al., 2020;
Lee et al., 2006). In silico studies have reported that other quinone
derivatives exhibit antiviral
ability to form Michael's adduct (Caruso, Rossi, et al., 2020), such
as the glucocorticoids methylprednisolone and dexamethasone
used to treat severe COVID-19 patients (Shen et al., 2020;
Tomazini et al., 2020).

Next, we demonstrated that celastrol exerted antiviral and anti-

properties associated with the

inflammatory effects in vitro, which biologically validated our in silico
findings. Celastrol (250-1000nM) reduced the viral progeny of
SARS-CoV-2 in Vero CCL-81 cells and in the pulmonary and intestinal
epithelial human cell lines Calu-3 and Caco-2, respectively. The
antiviral effect of celastrol is selective since it does not inhibit
influenza A virus replication (HIN1; PR8) in Madin-Darby Canine
kidney cell line (MDCK) when tested at 150-600nM (Khalili
et al, 2018), but it significantly reduces HIV replication in U937
cells at 150 nM (Narayan et al., 2011), as we found for SARS-CoV-2.
Celastrol at 1000 nM drastically reduced SARS-CoV-2 gamma variant
replication in Calu-3 cells. Interestingly, this lineage accumulates
multiple mutations in the spike glycoprotein, including K417T,
N501K, and E484K (Faria et al., 2021), similarly to other SARS-
CoV-2 lineages that have been associated with high transmissibility,
resistance to viral neutralization by convalescent sera, and patient's
reinfection (Faria et al., 2021; Sabino et al., 2021). These data
suggested that the antiviral action of celastrol modulated the
replication of SARS-CoV-2 lineages with dangerous phenotypes,
such as high transmissibility and/or immune escape.
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As expected, the reuse of transcriptome data from SARS-CoV-2-
infected NHBE cells, a normal human bronchial epithelial cell line,
evidenced enriched biological pathways associated with non-
hemostatic inflammation, including upregulation of the IL-6 gene
expression. A recent review paper from our team has reported the
relationship between serum IL-6 levels and different outcomes of
COVID-19 patients (Fraga-Silva et al., 2021): compared with severe
patients, critical and mild patients have higher and lower IL-6 levels,
respectively; and non-survivors exhibit significantly higher IL-6 levels
than survivors with COVID-19. In vitro assays using Calu-3, A549,
and NHBE cells have confirmed that SARS-CoV-2 infection induces
IL-6 production (Blanco-Melo et al., 2020). As IL-6 production is
increased in both COVID-19 patients and in vitro SARS-CoV-2
infection models, we examined whether celastrol altered the levels of
this cytokine in vitro. Celastrol at 500 and 1000 nM downregulated
the infection-induced IL-6 production in Caco-2 and Calu-3 cells, and
such effect was associated with the decreased SARS-CoV-2 load. The
inhibition of IL-6 production by celastrol could be associated or not
with the reduced viral load observed on infected cells. The
modulatory effect of celastrol over IL-6 release has been described
(Venkatesha
et al., 2011). In addition, this triterpene downregulates IL-6 secretion

in vitro under sterile inflammatory conditions
and gene expression in PC-3 prostate carcinoma cells, in an NF-kB-
dependent manner (Chiang et al., 2014), suppresses LPS-induced IL-6
production in RAW264.7 macrophages (Kim et al., 2009), and
decreases the IL-6 concentration and mRNA expression but not the
virus title and mRNA expression in influenza A-infected MDCK cells
(Khalili et al., 2018). Of note, celastrol reduced lung injury and the
release of proinflammatory mediators into the pulmonary airways,
including IL-6 production, in an experimental model of acute
respiratory distress syndrome (Majumder et al., 2014).

Our findings demonstrated that celastrol was able to reduce both
SARS-CoV-2 viral load and IL-6 production in two human cell lines,
suggesting that this compound exerts anti-SARS-CoV-2. Several
pharmacological applications of celastrol are associated with
COVID-19 severity, including comorbidities, such as obesity, diabetes,
hypertension, and metabolic syndrome (Liu et al., 2015; Nie et al., 2020;
Ye et al., 2020; Y. Zhu et al., 2021), and pathological events such as non-
homeostatic production of proinflammatory cytokines, thrombus
generation, and formation of neutrophil extracellular traps (Allen
et al,, 2019; Liu et al., 2019; Y. Yu et al., 2015). Celastrol is currently
under clinical trials to treat a variety of diseases, including different
types of cancer, neurodegenerative disorders, and inflammatory
conditions, such as rheumatoid arthritis, psoriasis, and Crohn's disease
(C. Wu et al., 2015; Fang et al, 2017; H.-Y. Li et al., 2015; J. Li &
Hao, 2019; Pinna et al., 2004).

Despite its potential therapeutic effects, there are still some
limitations to the use of celastrol, such as its low solubility results in
poor bioavailability, in vitro and in vivo toxicity, and adverse effects
that remain to be evaluated (J. Wu et al., 2016; T. Zhang et al., 2008).
Celastrol was not cytotoxic to all cell lines tested herein, even at the
highest concentration (1000 nM), corroborating other reports using

Caco-2 cells (Z. Wang et al., 2018). At 1000 nM, this compound

reduced the SARS-CoV-2-cytopathic effect on Vero CCL-81 cells. A
recent study using a mouse model of acute toxicity has demonstrated
that celastrol is safe even when orally administered at a high dose
(62.5 mg/kg body weight) (Hu et al., 2020). Intraperitoneal adminis-
tration of celastrol (0.25 mg/kg body weight) increases the gamma
irradiated-mice survival rate by around 70 (H. Wang et al., 2020). To
surpass celastrol toxicity, solubility, and pharmacokinetic issues,
several pharmaceutical approaches have been proposed, such as
nanoencapsulation, liposomes, and sugar-silica nanoparticles (Nieme-
13 et al., 2015; Sanna et al., 2015; Wolfram et al., 2014). Celastrol has
been considered a lead drug for several human illnesses, but its
toxicity to humans remains to be determined (Bassanini et al., 2021;
Cascio et al., 2017; Habtemariam et al., 2020).

To the best of our knowledge, the present study is the pioneer to
use the combination between bioinformatic tools and biological
approaches to demonstrate that celastrol inhibits the SARS-CoV-2
and SARS-CoV-2 gamma variant replication in human cell lines, and
downregulates IL-6 secretion from infected-human cell lines,
reinforcing that celastrol is a potential lead compound to design of
new drugs to SARS-CoV-2 inhibition and to treat COVID-19.
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