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Abstract

Viruses such as human cytomegalovirus (HCMV), human papillomavirus (HPV),
Epstein-Barr virus (EBV), human immunodeficiency virus (HIV), and coronavirus
(severe acute respiratory syndrome coronavirus 2 [SARS-CoV-2]) represent a great
burden to human health worldwide. FDA-approved anti-parasite drug ivermectin is
also an antibacterial, antiviral, and anticancer agent, which offers more potentiality
to improve global public health, and it can effectively inhibit the replication of
SARS-CoV-2 in vitro. This study sought to identify ivermectin-related virus infection
pathway alterations in human ovarian cancer cells. Stable isotope labeling by amino
acids in cell culture (SILAC) quantitative proteomics was used to analyze human
ovarian cancer cells TOV-21G treated with and without ivermectin (20 umol/L) for
24 h, which identified 4447 ivermectin-related proteins in ovarian cancer cells.
Pathway network analysis revealed four statistically significant antiviral pathways,
including HCMV, HPV, EBV, and HIV1 infection pathways. Interestingly, compared
with the reported 284 SARS-CoV-2/COVID-19-related genes from GencLip3, we
identified 52 SARS-CoV-2/COVID-19-related protein alterations when treated with
and without ivermectin. Protein-protein network (PPI) was constructed based on
the interactions between 284 SARS-CoV-2/COVID-19-related genes and between
52 SARS-CoV-2/COVID-19-related proteins regulated by ivermectin. Molecular
complex detection analysis of PPl network identified three hub modules, including
cytokines and growth factor family, MAP kinase and G-protein family, and HLA class
proteins. Gene Ontology analysis revealed 10 statistically significant cellular com-
ponents, 13 molecular functions, and 11 biological processes. These findings
demonstrate the broad-spectrum antiviral property of ivermectin benefiting for
COVID-19 treatment in the context of predictive, preventive, and personalized

medicine in virus-related diseases.
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1 | INTRODUCTION

Omura discovered a unique and extraordinary microorganism that
could produce ivermectin in 1973 (Burg et al,, 1979). Ivermectin was
subsequently commercialized because it showed great safety and
effectivity in human health. The current status of ivermectin was
continuing to surprise and excite scientists (Laing, Gillan, & Devaney,
2017). It was originally intended to be a broad-spectrum antiparasitic
agent, and treat onchocerciasis, strongyloidiasis, lymphatic filariasis,
and scabies in veterinary and human medicine (Chabala et al., 1980).
There was an outstanding advantage of ivermectin that no confirmed
or increased drug resistance appears in parasites, even in those
human populations who have been receiving ivermectin as a mono-
therapy for more than 30 years (van Wyk & Malan, 1988). In terms of
mechanism, the primary target of ivermectin is glutamate-gated
chloride channels (Abdeltawab et al, 2020). However, it was in-
creasingly believed that ivermectin was closely related to the im-
mune defense mechanism and acted like immunomodulatory agents
to help suppress the parasite's ability to evade the host's immune
(Schaller et al., 2017). Today, the new use of ivermectin made it
become a relatively unknown drug. Drug repurposing and re-
positioning has been shown to control a completely new range of
diseases (Ashour, 2019). For example, orbital myiasis, trichinosis,
malaria, leishmaniasis, African trypanosomiasis, asthma, epilepsy,
neurological disease, antiviral (e.g., human immunodeficiency virus
[HIV], dengue, encephalitis; Yang et al., 2020), antibacterial (tu-
berculosis and Buruli ulcer; Cséka et al.,, 2018), anticancer (breast
cancer, leukemia, glioblastoma, cervical cancer, gastric cancer,
ovarian cancer, colon cancer, melanoma, and lung cancer; Crump,
2017). Multifaceted ‘wonder’ ivermectin may become an even more
exceptional drug in the future. An international patent ‘Use of iver-
mectin and derivatives thereof’ caught people's increasing attention
to ivermectin those years. lvermectin would be developed to use
for metabolic-related diseases (diabetes, hypercholesterolemia, in-
sulin resistance, obesity, hypertriglyceridemia, and hyperglycemia),
Famesoid X receptor-mediated diseases (atherosclerosis, nonalcohol
fatty liver disease, cholestasia, and gallstones), inflammation, and
cancer (Crump, 2017).

Viruses such as HIV, human cytomegalovirus (HCMV),
Epstein-Barr virus (EBV), human papillomavirus (HPV), and novel
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) re-
present a great burden for human health worldwide. For example,
there were almost 37 million people infected with HIV-1 in the whole
world, and nearly 1 million patients died of human immunodeficiency
virus infection and acquired immune deficiency syndrome (AIDS)-
related disease each year (Huynh & Gulick, 2020). HIV damaged the
immune system and majorly killed CD4 cells to make patients vul-
nerable to various illnesses, including pneumonia, cytomegalovirus,
cryptococcal meningitis, tuberculosis, cryptosporidiosis, oral thrush,
toxoplasmosis, and cancer (Kaposi's sarcoma and lymphoma; (Nash &
Robertson, 2019). HCMV is a p-herpesvirus that closely has a pre-
valence of 55%-100% within the human population. HCMV is one of
the most common infection in all live births (1%-2.5%) in the

Western world (Buxmann, Hamprecht, Meyer-Wittkopf, & Friese,
2017). HCMV intrauterine infection could lead to congenital ab-
normalities, including visual impairment, low birth weight, hearing
loss, varying degrees of mental retardation, hepatosplenomegaly, and
microcephaly (Zavattoni et al, 2014). HCMV acquired different
mechanisms to evade the human immune response (Britt, 2008). For
example, the HCMV prevented NK cell activity by virus UL16 and
UL142 proteins. HCMV has acquired a viral homolog of IL-10 to
suppress anti-cytomegalovirus immunity (Holder & Grant, 2019).
HCMV also downregulated the expression of major histocompat-
ibility complex to prevent the antigen processing and presentation
by virus US11, US2, and US3 proteins (Britt, 2008). HCMV has also
evolved proteins (UL36 and UL37) to prevent apoptosis of infected
cells, which promoted HCMV dissemination within the host
(Andoniou & Degli-Esposti, 2006). EBV was a member of the her-
pesvirus family that could cause mononucleosis. Though lots of
people were asymptomatic infections, but potential links between
EBV and other lymphoproliferative diseases (nonmalignant, pre-
malignant, and malignant diseases) were widely studied (Rezk, Zhao,
& Weiss, 2018), such as Burkitt lymphoma, Hodgkin's lymphoma,
hemophagocytic lymphohistiocytosis, gastric cancer, central nervous
system lymphomas, acute cerebellar ataxia (Nussinovitch, Prais,
Volovitz, Shapiro, & Amir, 2003), nasopharyngeal carcinoma, and
hairy leukoplakia (Marques-Piubelli et al., 2020). EBV can infect
different kinds of cells, but viral tropism is preferred to B cells and
epithelial cells. B cell membrane fusion was mediated by the three-
part glycoprotein complexes of gHgL gp42; although epithelial cell
membrane fusion was mediated by the two-part complexes of gHgL
(Shannon-Lowe, Rowe, 2014). About 90% of HPV were asympto-
matic infections, but HPV infection would lead to either warts or
precancerous lesions. The infected sites by HPV, especially the
subtype HPV16 and HPV18, showed high risk of cancer, including
cervix, vagina, vulva, mouth, penis, throat, and anus (Athanasiou
et al., 2020). HPV was believed to cause cancers in nonintegrated
episomes and integrating into DNA. Some of the HPV genes (E6 and
E7), acted as oncogenes to promote malignant transformation
(Hoppe-Seyler, Bossler, Braun, Herrmann, & Hoppe-Seyler, 2018). E6
protein bound to p53 protein and resulted in the inactivation of p53
(Almeida, Queiroz, Sousa, & Sousa, 2019). E7 acted as the trans-
forming protein and competed between retinoblastoma protein
(pRb) for binding to transcription factor E2F, which pushed the cell
cycle forward (Almeida et al., 2019). SARS-CoV-2 lead to the out-
break of coronavirus disease 2019 (COVID-19) and rapidly grew into
a global pandemic. Scientists set out to develop a treatment for
COVID-19, but no anti-SARS-CoV-2 drug or vaccine has been ap-
proved to solve the serious challenge (H. Li et al., 2020). In the whole
world, more than 7 million people have infected SARS-CoV-2, in-
cluding more than 400,000 deaths at the national level (Lai, Shih, Ko,
Tang, & Hsueh, 2020). Further studies to develop the safest and most
effective ways to combat viral infections were urgent. lvermectin has
been demonstrated to limit infection by a number of viruses with
potential broad-spectrum activity (Yang et al., 2020). For example,
ivermectin has been reported anti-HIV-1 reliant on importin o/f
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nuclear import (Wagstaff, Sivakumaran, Heaton, Harrich, & Jans,
2012). Ivermectin could reduce MAPK pathway activation through
the inhibition of PAK-1 activity. The high content screening also
identified ivermectin as a promising drug against EBV-positive and
EBV-negative nasopharyngeal carcinoma cells (Gallardo, Mariamé,
Gence, & Tilkin-Mariamé, 2018). Herpes genitalis and infections,
which are caused by HPV in males, might have an effective treatment
choice for oral ivermectin, but it has not been officially approved
until now (Buechner, 2002). More importantly, ivermectin was re-
ported as an inhibitor of the SARS-CoV-2, which was able to produce
an effect ~5000-fold reduction in viral RNA with a single addition to
cells infected with SARS-CoV-2 (Caly, Druce, Catton, Jans, &
Wagstaff, 2020).

Viruses remain one of the least well-understood pathogens. The
lack of knowledge about mechanisms and host-parasite interactions
limited success in developing vaccines. It is facing challenges on sev-
eral fronts, including limitations in availability, high cost of production,
high mutation probability, and high prevalence of resistance. Iver-
mectin, as an antiparasitic, anticancer, antibacterial, and antiviral
agent, provided more potentiality to improve global public health. The
present study used stable isotope labeling by amino acids in cell cul-
ture (SILAC) quantitative proteomics analysis to reveal ivermectin-
related proteomics profiling and molecular network alterations. We
focused our attention on the virus-related pathways, such as HCMV
infection, HPV infection, EBV infection, and HIV1 infection. More in-
terestingly, a large number of identified proteins were reported to be
related to SARS-CoV-2/COVID-19. These results indicated that iver-
mectin might be a broad-spectrum antiviral drug. SILAC quantitative
proteomics proved the molecular mechanisms of ivermectin in virus-
related pathways. Furthermore, protein-protein interaction (PPI)-
based hub modules for SARS-CoV-2-related proteins discovered a key
molecule in COVID-19 disease in the context of predictive, preventive,
and personalized medicine (PPPM) in COVID-19.

2 | MATERIALS AND METHODS

2.1 | SILAC-treated cells

Human ovarian cell line (TOV-21G; Keibai Academy of Science, Nanjing,
China) was cultured with two different SILAC reagents (Thermo Fisher
Scientific) (One was RPMI 1640 medium without L-lysine [K] and
-Arginine [R] supplemented with 100 mg/L L-lysine-2HCI and 100 mg/L
L-arginine-HCI [“light” labeling reagent = L] and 10% fetal bovine serum
[FBS; Gibco], and another was RPMI 1640 medium without L-lysine
[K] and tr-arginine [R] supplemented with 100 mg/L L-lysine-2HCI
[*3C6,°N2] and 100 mg/L L-arginine-HCI[*3C6,*°N4] [“heavy” labeling
reagent = H; [*3C6,2°N2] means 8 mass units increased in residue K,
[*3C6,>°N4] means 10 mass units increased in residue R] and 10% FBS),
and maintained with 5% CO, and 37°C and medium renewal every 2
days. A total of 10 passages were treated with SILAC reagents with
12C14N (light = L) and **C*°N (heavy = H)-labeled amino acids to ensure
complete incorporation of stable isotope into the cultured cells.
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2.2 | Ivermectin treatment of SILAC-labeled cells
Our previous study found that when TOV-21G cells were treated
with ivermectin (0-60uM) for 24 h, the ICso was 22.54uM for
ivermectin, and also 20uM ivermectin (it was less than ICsq
22.54 uM) significantly suppressed cell proliferation and migration of
TOV-21G, and maintained TOV-21G cells in good shape (N. Li &
Zhan, 2020). Thus, TOV-21G cells cultured in the H- and L-stable
isotope-labeled media were treated with 20 uM ivermectin in di-
methyl sulfoxide (DMSO) or with the same amount of the DMSO as
control, for 24 h. lvermectin-treated TOV-21G cells were centrifuged
(800g), washed with PBS (x3), and then suspended (30 min, 4°C) in
protein isolation buffer [7 M urea, 2 mM thiourea, 4% CHAPS (3-[(3-
cholamidopropyl)-dimethylammonio]-1-propane), 100 mM dithio-
threitol (DTT), and 2% ampholyte] with a vortex (x5). The extracted
protein solution was centrifuged (13,0008, 20 min, 4°C). The super-
natants were the extracted protein samples whose protein con-
centrations were examined with 2-D quant kit.

2.3 | SILAC-labeling efficiency analysis

The extracted protein samples were ultrasonicated and centrifuged
(14,0004, 25°C, 40 min). The H- and L-stable isotope-labeled proteins
were equally mixed (1:1), separated with 12.5% sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE; 20 ug/lane;
constant current 14 mA, 90 min), and stained with Coomassie bril-
liant blue. SDS-PAGE-separated proteins were subjected to reduc-
tion, alkylation, digestion with trypsin, and identification with mass
spectrometry (MS). The efficiency of SILAC-isotope incorporation
into proteins was estimated with Rappsilber's method (Rappsilber,
Ishihama, & Mann, 2003). For this study, the SILAC labeling effi-
ciency was up to 97%.

2.4 | Protein digestion and LC-fractionation

The extracted protein samples were treated with a final concentra-
tion of 100mM DTT, boiled (water bath; 5 min), transferred to a
10 kD ultrafiltration centrifuge tube with 200 ul of 8 M urea in 0.1 M
Tris-HCI, pH 8.5, and centrifuged (14,000g, 15 min; x2). The protein
samples in ultrafiltration centrifuge tube were treated (dark room,
30 min, room temperature) with 100 ul solution of 0.05 M iodoace-
tamide, 8 M urea, and 0.1 M Tris-HCI, pH 8.5), followed by cen-
trifugation (14,0008, 15 min). The iodoacetamide-treated protein
sample was treated with 100 ul of 8 M urea in 0.1 M Tris-HCI, pH
8.5, and centrifuged (14,000g, 15 min; x3), followed by treatment
with 100 ul of 25mM NH4HCO; solution, and centrifugation
(14,0008, 15 min; x3). The treated protein samples were mixed
(shaking with 600 rpm, 1 min) with 40 ul of 2ug trypsin in 40 ul
100 mM NH4HCO3, shaked, stayed (37°C, 16-18 h), and transferred
into a new collection tube for centrifugation (14,000g, 15 min), fol-
lowed by mixing with 40 ul of 25 mM NH4HCOg, and centrifugation
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(14,0004, 15 min) to collect the filtrate as the tryptic peptide mixture.
The peptide content was quantified (OD,gg). Liquid chromatography
(LC) was used to fractionate the tryptic peptide mixture into 15 peptide
fractions for reverse LC-tandem mass spectrometry (LC-MS/MS)
analysis.

25 | LC-MS/MS

Each peptide fraction was subjected to LC-MS/MS analysis for
60 min on an Easy nLC (Proxeon Biosystems, now Thermo Fisher
Scientific) coupled with Q Exactive mass spectrometer (Thermo
Fisher Scientific). The obtained MS/MS spectra data were used to
identify and quantify proteins with MaxQuant software against the
protein database. The intensities of the light and heavy isotopes
were used to determine the protein differentially expressed levels
between TOV-21G cells treated with (heavy labeling = H) and with-

out (light labeling = L) ivermectin.

2.6 | Bioinformatics and statistical analysis

Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis
was performed with clusterProfiler (https://bioconductor.org/
packages/release/bioc/html/clusterProfiler.html; Yu, Wang, Han, &
He, 2012) to find the signaling pathway based on the identified
protein (p<.05, and adjusted p <.05). The reported SARS-CoV-2-
related genes were searched by GenCLiP3 (http://ci.smu.edu.cn/
genclip3/; Wang et al,, 2019). Cytoscape ClueGO (Bindea et al,
2009) was used to reveal the biological processes (BPs), molecular
functions (MFs), and cellular components (CCs) enriched from iden-
tified proteins (two-sided hypergeometric test, adjusted p < .05 cor-
rected with Benjamini-Hochberg). The reported SARS-CoV-2-related
genes were analyzed by STRING 10.0 (http://string-db.org/cgi/input.
pl; Szklarczyk et al., 2015) with the confidence of parameter (co-
expression score > 0.700) for PPl network construction. Then, the
entire PPls were analyzed with the molecular complex detection
(MCODE; Bader & Hogue, 2003) using Cytoscape software (version
3.2.1; National Resource for Network Biology) to obtain hub modules
(score > 6). The statistical significance was set as p<.05. A
Benjamini-Hochberg was used to adjust p value for the probability of
the association between the proteins in the pathway.

3 | RESULTS

3.1 | SILAC quantitative proteomics analysis
revealed a broad-spectrum antiviral property of
ivermectin

A total of 4447 ivermectin-related proteins were identified in ovar-
ian cancer cells treated with and without ivermectin with SILAC-
based quantitative proteomics (Table S1). Further KEGG pathway

analysis revealed four virus-related pathways (Table 1), including
HCMV (Figure S1A), HPV (Figure S1b), EBV (Figure S1C), and HIV1
(Figure S1d) infection pathways, and eight bacteria-related pathways
(Table 1), including bacterial invasion of epithelial cells, vibrio cho-
lerae infection, epithelial cell signaling in Helicobacter pyloriinfection,
pathogenic Escherichia coli infection, shigellosis, salmonella infection,
legionellosis, and yersinia infection (Figure S2). Those enriched
pathways indicated that ivermectin was an antibacterial and antiviral

agent, and provided clues to relevant mechanisms of ivermectin.

3.2 | SARS-CoV-2-related proteins regulated by
ivermectin

The reported SARS-CoV-2-related genes were searched by Gen-
CLiP3, and 284 SARS-CoV-2-related genes were summarized
(Table S2). Furthermore, 52 SARS-CoV-2-related proteins were
regulated by ivermectin (Table 2), including AKT1, ALB, ANPEP,
APOE, APP, ATG5, B2M, BSG, CASP3, CAV1, CDC42, COL4A2,
COPB2, CTSB, EEF1A2, EGFR, G6PD, HLA-A, HMGB1, HSPA4,
IDH2, IFITMS3, IL18, ITCH, ITPA, KPNA2, KPNB1, LIMS1, MAPK1,
MAPK14, MAPK8, MB, MGMT, MTOR, NFKB1, PAK1, PARP1, PML,
PPP1CA, PRKAA1, RB1, SARS, SARS2, SLTM, STAT1, TGFB1,
TIMMBS8A, TRPV1, UBL5, ZC3HAV1, HMOX1, and IL1F10. Those
ivermectin-regulated SARS-CoV-2-related proteins included 50 pro-
teins with the decreased abundance in ivermectin-treated TOV-21G
group (SILAC: H) compared with normal TOV-21G group (SILAC: L)
with the abundance ratio (H/L) <1 and two (HMOX1 and IL1F10)
proteins with the increased abundance in ivermectin-treated
TOV-21G group (SILAC: H) compared with normal TOV-21G group
(SILAC: L), with an increased abundance ratio (H/L) > 1, identified
with SILAC quantitative proteomics.

The protein-protein interacted molecules with a coexpression
score more than 0.7 were selected to construct PPl network of 284
SARS-CoV-2-related genes (Figure 1a and Table S3). The entire PPI
network was further analyzed using MCODE, which found three
modules (module 1 score =18, module 2 score =11, and module 3
score = 7; Figure 1b-d). Those hub molecules assisted in improving
the understanding of the key molecular mechanisms underlying
SARS-CoV-2. The hub module 1 was mainly involved in cytokines and
growth factor family, including 20 hub molecules IL1B, IL1A, IL18,
CCL2, CCL3, IL13, CCL4, CXCL8, CCL5, TNF, IL10, IL7, IL5, CSF2,
CSF3, TLR2, IFNG, CXCL10, IL4, and IL17A. The hub module 2 was
mainly involved in MAP kinase family and G-protein family, including
23 hub molecules MAPK14, MAPK3, VEGFA, AGT, AGTR2, MAPK1,
IL6R, STAT1, MAPKS, P2RY12, JUN, KNG1, JAK1, EGFR, JAK2, CRP,
PTGS2, HMOX1, C3, IL6, TLR4, IL2, and SAA1. The hub module 3
was mainly involved in HLA class proteins, including 7 hub molecules
HLA-A, HLA-DRB1, B2M, NCAM1, PML, HLA-DPB1, and HLA-E.
Furthermore, 52 SARS-CoV-2-related proteins that were regulated
by ivermectin were also used to construct a PPl network (Figure 1e).
Some important molecules were well-known to play crucial roles in
proliferation and growth (MAPK1, MAPK14, MAPKS8, EGFR, and
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FIGURE 1 Construction of the PPl network. (a) Construction of the PPl network of 284 SARS-CoV-2-related genes with a co-expression
score more than 0.7. (b-d) MCODE analysis of the entire PPl network identified three modules (module 1 score = 18, module 2 score = 11,
and module 3 score = 7). (e) Construction of the PPl network of 52 ivermectin-regulated SARS-CoV-2-related proteins with co-expression score
more than 0.7. PPI, protein-protein interaction; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2

PAK1), autophagy (AKT1, MTOR, and ATGS5), and inflammation
(IL18, IL1F10, STAT1, TGFB1, and NFKB1). It should be concerned
that those ivermectin-regulated SARS-CoV-2-related proteins

located in the center of PPI network.

3.3 | Cellular process changes of 52 SARS-CoV-2-
related proteins regulated by ivermectin

Gene Ontology (GO) enrichment analysis of SARS-CoV-2-related
proteins regulated by ivermectin obtained many cellular process
changes (Figure 2 and Table S4), including 11 statistically significant
BPs, 10 cellular components (CCs), and 13 MFs. BP analysis showed
that many SARS-COV-2-related proteins were enriched in protein
import, regulation of reactive oxygen species metabolic process,
muscle cell proliferation, positive regulation of binding, interaction
with the host, cellular response to lipopolysaccharide, cellular re-
sponse to a metal ion, positive regulation of intracellular protein
transport, myeloid cell homeostasis, homeostasis of a number of
cells, and erythrocyte homeostasis (Figure 2a). CC analysis showed
that many SARS-CoV-2-related proteins were enriched in caveola,
early endosome membrane, specific granule lumen, platelet a gran-

ule, platelet o granule lumen, ficolin-1-rich granule, ficolin-1-rich

granule lumen, endosome lumen, COPIl-coated ER to Golgi transport
vesicle, and phagocytic vesicle membrane (Figure 2b). MF analysis
showed that many SARS-CoV-2-related proteins were enriched in
phosphoprotein binding, negative regulation of protein binding, lipid
kinase activity, regulation of lipid kinase activity, positive regulation
of binding, positive regulation of protein binding, regulation of DNA
binding, positive regulation of DNA binding, regulation of oxidor-
eductase activity, oxidoreductase activity, regulation of mono-
oxygenase activity, nitric-oxide synthase activity, and regulation of
nitric-oxide synthase activity (Figure 2c).

3.4 | The overlap of 52 ivermectin-regulated
SARS-CoV-2-related proteins among virus-related
pathways

The overlap of ivermectin-regulated SARS-CoV-2-related proteins
on virus-related pathways was constructed by Venn diagrams
(Figure 3a and Table S5), and four ivermectin-regulated SARS-CoV-2-
related proteins were identified among those five groups (EBV,
HCMV, HIV, HPV, and SARS-COV-2), including HLA-A, AKT1,
NFKB1, and CASP3. SILAC quantitative proteomics analysis revealed
a broad-spectrum antiviral property of ivermectin, so further study
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(a) % terms per group

erythrocyte
homeostasis 7.9%***

homeostasis of n
of cells 11.8%***
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homeostasis 9.9%***

positive regulation of intrac:
protein transport 7.9%***

cellular response to
metal ion 8.9%***

protein import 8.9%***

regulation of reactive oxygen
species metabolic process 8.9%***

muscle cell proliferation 8.9%***

positive regulation of binding 7.9%***

Sk

interaction with host 9.9%

cellular response to
lipopolysaccharide 8.9% ***

(b) % terms per group

endosome lumen 30.0% ** ——_

ficolin-1-rich granule
20.0% **

(C) % terms per group

regulation of monooxygenase
activity 38.46% **

__————caveola 10.0% **

~_early endosome membrane
10.0% **

| specific granule lumen
10.0% **

~—______ platelet alpha granule
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___phosphoprotein binding 7.69%
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_____negative regulation of protein

binding 7.69% **

| regulation of lipid kinase
1 activity 15.38% **

____ positive regulation of binding
30.77% **

FIGURE 2 Functional and pathway enrichment analysis. (a) The biological process enrichment analysis of 52 ivermectin-regulated
SARS-CoV-2-related proteins. (b) The cellular component enrichment analysis of 52 ivermectin-regulated SARS-CoV-2-related proteins. (c) The
molecular function enrichment analysis of 52 ivermectin-regulated SARS-CoV-2-related proteins. Only gene sets with adjusted p value <.05
corrected with the Benjamini-Hochberg procedure were considered significant. The less p value and more significant enrichment were shown
with the greater node size. The same color indicated the same function group. Among the groups, we chose a representative of the most
significant term and lag highlighted. SARS-CoV-2, severe acute respiratory syndrome coronavirus 2

of the overlap of ivermectin-regulated SARS-CoV-2-related proteins
among virus-related pathways might be important. Because of the
importance of SARS-COV-2 currently, the specially SARS-CoV-2-
related proteins were also specifically mentioned, including
ZC3HAV1, ITPA, ALB, COPB2, IL1F10, KPNB1, SLTM, HMOX1,
CTSB, IDH2, LIMS1, G6PD, UBL5, TGFB1, PML, IFITM3, CAV1,
SARS, ITCH, MGMT, ATG5, HSPA4, SARS2, KPNA2, PRKAAL,

ANPEP, APP, MB, BSG, TRPV1, IL18, TIMMB8A, PPP1CA, HMGB],
APOE, PARP1, and EEF1A2.

The chromosomal locations corresponding with protein expres-
sion of SARS-CoV-2-related proteins that were regulated by iver-
mectin were plotted. Four ivermectin-regulated SARS-CoV-2-related
proteins identified among those five groups (EBV, HCMV, HIV, HPV,
and SARS-COV-2) were localized in different chromosomes,
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FIGURE 3 The overlapping analysis of ivermectin-regulated SARS-CoV-2-related proteins among virus-related pathways and their
chromosomal locations. (a) The overlap of ivermectin-regulated SARS-CoV-2-related proteins among virus-related pathways was constructed
by Venn diagrams. (b) The chromosomal locations corresponding with protein expression of 52 SARS-CoV-2-related proteins that were
regulated by ivermectin. EBV, Epstein-Barr virus; HCMV, human cytomegalovirus; HPV, human papillomavirus; SARS-CoV-2, severe acute

respiratory syndrome coronavirus 2

including HLA-A in chromosome 6, AKT1 in chromosome 14, and
NFKB1 and CASP3 in chromosome 4 (Figure 3b and Table Sé).

4 | DISCUSSION

Ivermectin, as an antiparasitic drug for a long time, was proved very
safe in highly developed animals because the major mechanism was
targeting the chloride-dependent channels of both glutamate and
y-aminobutyric acid that interrupts neurotransmission in in-
vertebrates (lower developed animals). In human, a blood-brain
barrier exists, which can well protect the central nervous system
(Develoux, 2004). Ivermectin rarely provoked drug resistance, and
most of the side effects were related to the release of antigen, not
ivermectin itself (Boussinesq, 2005). The good tolerance of iver-
mectin was even shown in children or infants. A total of 170 infants
and children (weight < 15 kg) were treated with oral ivermectin, and
only seven subjects were reported mild adverse events but not very
serious (Levy et al., 2020). When evaluated the existing evidence for
serious events (stillbirths, spontaneous abortions, neonatal death,
and congenital anomalies) after ivermectin exposure in pregnant
women, 893 women with pregnancy did not report low birth weight,
neonatal deaths, preterm births, or maternal morbidity, which in-
dicated that high safety of ivermectin, but it was still insufficient
evidence to conclude the certain safety of ivermectin during preg-
nancy (Nicolas et al., 2020). The study of pharmacokinetics for the
antiparasitic drug ivermectin provided some reference values, which

would be helpful for ivermectin used in other diseases. Subjects
(n = 68) were treated with higher or more frequent doses than cur-
rently approved for human use (the highest FDA-approved iver-
mectin dose of 200 pg/kg). The results showed that ivermectin was
generally well-tolerated even at 10 times the highest FDA-approved
dose (2000 ug/kg), and rarely appeared associated with CNS toxicity.
Additionally, the mean area under the curve ratios were 1.24 and
1.40 for the 30 and 60 mg doses, respectively, which indicated that
the accumulation of ivermectin was minimal (Guzzo et al., 2002). The
great number of patients treated with ivermectin showed that it was
a safe and well-tolerated drug. It made ivermectin more likely to turn
to great value in clinical application.

Ivermectin appeared to be a basis for the future development of
antiviral agents, and many studies have been reported as a broad
antiviral activity of ivermectin. For example, ivermectin caused the
reduced synthesis of Chikungunya virus RNA, as well as down-
regulation of viral protein expression, to affect viral infectious cycle
(Varghese et al., 2016). lvermectin has nuclear transport inhibitory
properties and was proved to be a broad-spectrum inhibitor of im-
portin o/f nuclear import through a high-throughput screen. Further,
ivermectin was able to inhibit the replication of HIV-1 and dengue
virus (Wagstaff et al., 2012). One study also demonstrated that
ivermectin treatment inhibits pseudorabies virus infection by dis-
rupting viral DNA synthesis and progeny virus production in a dose-
dependent manner. In this process, the nuclear localization of UL42
was also affected by ivermectin via targeting the nuclear localization
signal pathways (Lv et al, 2018). In the present study, KEGG
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pathway analysis showed four virus-related pathways, including
HCMV, HPV, EBV, and HIV1 infection pathways. Those four
ivermectin-regulated virus-related pathways totally contained 362
proteins. Many of these proteins were closely associated with the
outcomes of virus infection. NFKB is a transcription regulator that is
activated by various intra- and extracellular stimuli such as ultra-
violet irradiation, oxidant-free radicals, cytokines, and bacterial or
viral products. Herpes simplex virus ICPO protein, a viral E3 ubiquitin
ligase, significantly suppressed tumor necrosis factor-a (TNF-a)-
mediated nuclear factor-xB (NF-xB) activation by binding with the
p65 and p50 subunits of NF-xB, which may contribute to patho-
genesis and immune evasion of herpes simplex virus (J. Zhang, Wang,
Wang, & Zheng, 2013). DDX58 encoded a protein containing RNA
helicase-DEAD box protein motifs and a caspase recruitment do-
main. It is involved in viral regulation of immune response and
double-stranded RNA recognition. Additionally, DDX58 mediated
the transcriptional induction of other host-derived genes and type |
interferons, which lead to immunopathology alteration (Rehwinkel &
Gack, 2020). EIF2AK2 encoded a serine/threonine protein kinase
that is activated by autophosphorylation after binding to dsRNA. The
activated form of the encoded protein can phosphorylate translation
initiation factor EIF2S1, which, in turn, inhibits protein synthesis.
EIF2AK2, as one of Type | interferon-stimulated genes, showed im-
portant biological and immunological functions. In viral infections,
EIF2AK2 inhibited or promoted viral replication (Wei et al., 2020). In
terms of the HCMV infection pathway, a total of 85 ivermectin-
related proteins have been identified. Some of them have been re-
ported mediated by the ivermectin in previous studies. For example,
ivermectin induced apoptosis of epithelial cells through loss of
mitochondrial calcium ion overload, mitochondrial membrane po-
tential, and reactive oxygen species generation. As a mechanistic
approach, ivermectin regulated cell signaling pathways, including
AKT, PI3K, and MAPK pathways (Lee et al., 2019). Ivermectin also
regulated cell cycle arrest at the G1 phase via downregulation of
CCND1 and CDK4 to inhibit cell growth (Diao et al, 2019). In
terms of HPV infection pathway, a total of 107 ivermectin-related
proteins have been identified. Some of the identified and related
proteins have been reported mediated by the ivermectin in previous
studies. For example, ivermectin induced apoptosis by the down-
regulation of BCL-2 expression, and upregulation of BAX expression,
cleaved poly [ADP-ribose] polymerase, and CASP3 activity (Deng, Xu,
Long, & Xie, 2018). lIvermectin reduced the transcription of
P-glycoprotein by bounding with the extracellular domain of the
EGFR to inhibit the activation of EGFR and its downstream signaling,
not by directly inhibiting P-glycoprotein activity (Jiang, Wang, Sun, &
Wu, 2019). In terms of EBV infection pathway, a total of 79
ivermectin-related proteins have been identified. Some of them have
been reported mediated by ivermectin in previous studies. For ex-
ample, ivermectin was proved to inhibit nitric oxide synthase and
cyclooxygenase-2 enzymes by inhibiting phosphorylation of mitogen-
activated protein kinases (MAPKS) after stimulated cells with LPS
(X. Zhang et al., 2009). Ivermectin could be from an antiparasitic
agent to a repositioned antibacterial, antiviral, and anticancer

drug because ivermectin interacts with multitargeted, including
certain epigenetic deregulator SIN3A (Juarez, Schcolnik-Cabrera, &
Duenas-Gonzalez, 2018). In terms of HIV1 infection pathway, a total
of 91 ivermectin-related proteins have been identified. Some of them
have been reported mediated by ivermectin in previous studies.
For example, ivermectin-induced autophagy was associated with
decreased P21-activated kinase 1 (PAK1) expression via the
ubiquitination-mediated degradation pathway (Dou et al., 2016).
Due to the outbreak and pandemic of SARS-CoV-2, the whole
world is concerned about this public health emergency. Epidemio-
logical studies showed that SARS-CoV-2 had a quick transmission,
and it estimated that each infection might result in 1.4 to 3.9 new
infections when no preventive measures are taken (Benvenuto et al.,
2020). The virus primarily spreads through close contact or re-
spiratory droplets. Many researchers proved that SARS-CoV-2 could
bind to the receptor angiotensin-converting enzyme 2 (ACE2) to
enter human cells (Letko, Marzi, & Munster, 2020). Ivermectin, an
FDA-approved antiparasitic drug, was reported many times in recent
studies as an inhibitor of the SARS-CoV-2 (Caly et al., 2020). Iver-
mectin mediated viral import by inhibiting the importin (IMPa/g1)
and creating the acidic environment (Caly et al., 2020). Caly et al.
reported a 5000-fold reduction between the ivermectin treatment
group (5 uM ivermectin) and the control group in SARS-CoV-2 RNA
levels. The ICsq of ivermectin for the SARS-CoV-2 was calculated at
approximately 2.5 uM. According to previous pharmacokinetic stu-
dies in healthy volunteers, it suggested that single doses up to
120mg of ivermectin proved to be safe and well-tolerated
(Chaccour, Hammann, Ramén-Garcia, & Rabinovich, 2020). In re-
cent study, quantitative translatomics and SILAC-based proteomics
identified the signaling pathway profile of the cellular responses to
SARS-CoV-2 infection in human colon epithelial carcinoma cell line,
including glycolysis, translation, splicing, proteostasis, and nucleotide
synthesis (Bojkova et al., 2020). In this study, SILAC was used to
analyze the human ovarian cancer cell line TOV-21G. After 10 pas-
sages, TOV-21G cells were treated by 20 umol/L ivermectin for 24 h.
Interestingly, compared with reported SARS-CoV-2/COVID-19-
related genes from GencLip3 (n = 284), we identified 52 SARS-CoV-
2/COVID-19-related protein alterations when treated with and
without ivermectin. For example, CD147 (BSG)-encoded protein was
also a member of the immunoglobulin superfamily, and the reported
possible direct viral invasion of progenitor/stem cells was via CD147
(BSG; Ulrich & Pillat, 2020). RB1 was a negative regulator of the cell
cycle and was the first tumor suppressor gene found. Structural
homology with SARS-CoV-1 indicated that SARS-CoV-2 might di-
rectly impair pRb. Considering preeminent inflammatory response
and strong oxidative stress by SARS-CoV-2, whether SARS-CoV-2
would be associated with high carcinogenic risk should be watched
for long periods (Alpalhdo, Ferreira, & Filipe, 2020). Expression of
elevated levels of pro-inflammatory cytokines was closely related to
the acute lung injury and pathogenesis in SARS-CoV-infected pa-
tients, including IL-18, MCP-1, IL-6, TNF-a, and TGF-f1 (He et al,
2006). Our data also identified that ivermectin-regulated key inter-
leukins in SARS-CoV-2-induced cytokine storm, such as TNFB1, IL18,
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and IL1F10. Ivermectin seemed to potentially act against novel
coronavirus infection. We provided mechanisms of ivermectin used
in the treatment of SARS-CoV-2 infection.

5 | CONCLUSION

This study, to best of our knowledge, was the first to provide
ivermectin-regulated virus-related pathways by SILAC quantitative
proteomics analysis, which revealed a broad-spectrum antiviral
property of ivermectin. More exciting thing was that the identified
ivermectin-regulated proteins included some reported SARS-CoV-2-
related proteins, and it could assist in exploiting potential ivermectin-
related biomarkers and the novel mechanisms in the treatment of
SARS-CoV-2 infection. The combination of ivermectin with other
drugs might result in more favorable prognoses for patients with
COVID-19. For example, one study hypothesized that the combina-
tion of hydroxychloroquine and ivermectin might show a con-
sequential and synergistic action for treatment of COVID-19 (Patri &
Fabbrocini, 2020). We anticipate our results to guide efforts to un-
derstand the molecular mechanisms underlying ivermectin used for
the treatment of SARS-CoV-2 infection. Furthermore, our findings
provide insight into the development of ivermectin as an option for
the treatment of COVID-19 in the context of PPPM research and

practice.
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